
EDITORIAL: What’s New for 1997

Bioconjugate Chemistry publishes high-quality research in all
areas of conjugation chemistry. The Editors would like to expand
the journal’s coverage of topics relevant to combinatorial chemistry
such as the reagents and methodology of attaching libraries to
reporters, surfaces, or tags that add useful functionality. We will
continue to offer authors of accepted Review articles the op-
portunity to submit an illustration for possible use on the cover
of the issue where their article appears.

The 1997 Instructions to Authors for Bioconjugate Chemistry,
which may be downloaded from the worldwide web address http:
//pubs.acs.org/journals/bcches/index.html, informs authors about
practical aspects of electronic manuscript submission and the
preparation of illustrations.

On an experimental basis, graphics files such as ChemDraw
structures may be submitted on disk for highest-quality reproduc-
tion of some illustrations. Authors are requested to provide a copy
of all illustrations reduced to single-column width (8.25 cm, 3.5
in.) to check legibility. Lettering and numbering should be no
smaller than 2 mm in height upon reduction. Multiple-part figures
should be combined on a single page.

Thanks to Our Reviewers

It is a pleasure to acknowledge the contributions of the
reviewers of manuscripts submitted in 1996 for publication in
Bioconjugate Chemistry. Their unselfish service has been
essential in the shaping of the seventh volume of the journal.
The scientific community is fortunate that its members are
willing to share their time and specialized knowledge in this
way. The list of reviewers is on the following page.

Claude F. Meares
Editor-in-Chief
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COMMUNICATIONS

Comb-Type Polycations Effectively Stabilize DNA Triplex

Atsushi Maruyama,* Maiko Katoh, Tsutomu Ishihara, and Toshihiro Akaike

Department of Biomolecular Engineering, Tokyo Institute of Technology, 4259 Nagatsuta,
Midori, Yokohama 226, Japan. Received May 6, 1996X

DNA triplex formation has been studied as a potential strategy for regulation of gene expression.
The triplex is, however, unstable under physiological conditions, so that an effective stabilizer for the
triplex formation is needed. Here is shown a novel strategy to stabilize the triplex based on the
molecular design of a comb-type polycation. Linear polycations, such as poly(L-lysine) and poly(L-
arginine), thermally stabilize DNA duplexes (and triplexes). The complexes between DNA and the
polycation are irreversible and are liable to precipitate out of aqueous media. The irreversibility and
phase separating properties of the complex impede association of single-stranded (ss) DNAs in the
complex to form duplexes and triplexes. A comb-type polycation consisting of a poly(L-lysine) backbone
and grafted chains of hydrophilic polymers was prepared. The comb-type copolymers increased
solubility of their complex with DNA and suppressed conformational changes of DNA. Thermal melting
curve analyses revealed that the comb-type copolymer markedly stabilized DNA triplexes and did
not disturb ssDNAs in forming duplexes and triplexes. Reversible and one-step melting/reassociation
transitions of poly(dA)‚2poly(dT) triplex were shown in the presence of the copolymers. The stabilizing
effect of the copolymer was larger than that of spermine, a polyamine considered effective in stabilizing
triplexes. These results indicated that molecular design of polycations with a comb-type structure is
a novel strategy to create efficient triplex stabilizers. Such comb-type copolymer consisting of various
types of polycation backbones and hydrophilic graft chains may have many applications in which
specific and precise interactions of polynucleotides are involved.

Deactivation of a target gene with oligonucleotides
which form triplexes with that gene has been proven to
be a potential strategy for regulation of gene translation
(1, 2). Triplex formation is, however, unstable in physi-
ological conditions, which limits the utility of the triplex
strategy. To extend the usefulness of the triplex strategy,
several compounds that stabilize triplexes have been
investigated (3-7).
Polyamines, such as spermine, spermidine, and pu-

trescine, stabilized duplexes and triplexes (8-10). The
stabilizing effect of polyamines was largely due to
neutralization of electrostatic repulsion among phosphate
anions in DNA molecules associating in the triplex and
duplex. Their effect was, however, reduced considerably
under physiological conditions, because interaction of
polyamines with DNA was hampered by coexisting
cations (9-11).
For neutralizing the electrostatic repulsion among

DNA strands associated in triplexes or duplexes, mac-
romolecular polycations, such as poly(L-lysine) (PLL) and
poly(L-arginine), are more effective than oligomeric cat-
ions, leading to a considerable rise in the melting
temperature (Tm) of the duplex (12, 13). Polycations,
however, interact strongly with polyanions to form ir-
reversible polyion complexes (or inter-polyelectrolyte
complexes) (13, 14). Polycations severely compacted the
DNA conformation (15, 16). Coacervation or precipitation

of the complex occurred (12, 14). Single-stranded (ss)
DNAs rarely form duplexes and triplexes in the presence
of polycations, resulting in irreversibility of duplex and
triplex transitions (melting and reassociation).
The reversible transition of DNA might be, therefore,

attainable by increasing the solubility of the complex and
reducing the conformational changes of DNA. For this
approach, the interactions of polycations with DNA have
to be regulated. The interactions of polycations with
DNA could be regulated by modifying polycations with
DNA-immiscible chains such as electrostatically neutral
polymer chains that interfere with these interactions.
Modification of polycations with hydrophilic chains like
polysaccharides may improve the solubility of a DNA/
polycation complex, leading to prevention of phase sepa-
ration of the complex from aqueous medium. On the
basis of the hypothesis mentioned above, we prepared
comb-type copolymers of poly(L-lysine) with polysaccha-
ride side chains and evaluated their ability to stabilize
DNA triplexes.
The comb-type copolymers, PLL-graft-dextran, were

prepared by a reductive amination reaction of PLL‚HBr
(100 mg, Mw ) 4.5 × 104 from Peptide Institute, Inc.,
Osaka, Japan) with dextran (Dex, 600 mg, Mn ) 5900,
Dextran T-10 from Pharmacia Biotech, Uppsala, Sweden)
using sodium cyanoborohydride (30 mg, fromWako Pure
Chemical Industries, Ltd., Osaka, Japan) as a reductant
in dimethyl sulfoxide. After the mixture was incubated
for 48 h at 40 °C, the copolymers were isolated by dialysis
against water for 7 days using Spectra/Por membrane
(MWCO ) 12 000-14 000, Spectrum, Los Angeles, CA).
Isolation of the resulting copolymers from unreacted Dex

* Author to whom correspondence should be addressed
(telephone +81-45-924-5809; fax +81-45-924-5815; e-mail
amaruyam@bio.titech.ac.jp).
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was confirmed by gel permeation chromatography on
Waters Ultrahydrogel 250 and 500 columns connected
with a multiangle light scattering detector and a dif-
ferential refractive index detector. The molecular weight
of the resulting copolymers was determined to be Mn )
2.5 × 105 (as free salt). Composition of the copolymer
was determined by 1H-NMR spectrum in D2O to be 90
wt % Dex and 10 wt % PLL, which meant that Dex chains
were grafted onto an average of one of every five lysine
units. Further, it was estimated that the coupling
efficacy of Dex to PLL was >90%. The structural formula
of the copolymer is given in Figure 1.
The Dex-grafted chains on PLL increased the solubility

of the complex with DNA. Figure 2 shows the turbidity
change of calf thymus DNA in phosphate-buffered saline
(PBS) by an addition of either PLL homopolymer or the
comb-type graft copolymer. While significant turbidity
appeared in PLL/DNAmixture, no turbidity was seen for
corresponding comb-type copolymer mixtures. Thus,
PLL-graft-Dex comb-type copolymer seems to form a
soluble complex with DNA.
We then examined the comb-type copolymer for in-

duced structural changes of DNA. Structural change of
DNA is detectable by circular dichroism (CD). Figure 3
shows CD spectra of calf thymus DNA mixed with PLL
homopolymer or the comb-type copolymer in 1/100 diluted
PBS, where both mixtures are transparent. CD signals
due to DNA base groups were considerably altered by
the addition of PLL homopolymer. Complex formation
between DNA and PLL is known to show cooperative
association and irreversibility (13, 14). PLL condenses
DNA into rod and toroid-like structures (15, 16), which
accompanies a change in CD signals (14). In contrast to
the PLL homopolymer, addition of the comb-type copoly-
mers only shows a slight change. The CD signals did

not vary even when electrostatically excessive amounts
of the copolymer were added (data not shown). Further,
CD spectra of a comb-type copolymer/DNA mixture in
PBS showed almost the same signals as that shown in
Figure 3, while that of a PLL/DNA mixture was not
obtained because of turbidity and precipitation of the
mixture. Thus, the Dex graft was effective in preventing
serious structural changes to DNA.
It was predictable from the results described above that

the DNAs associated with the comb-type copolymer
preserve an ability to form duplexes or triplexes. The
stabilizing effect of the comb-type copolymers on DNA
triplexes was then examined by recording thermal melt-
ing profiles with a UV spectrometer. Figure 4 shows
UV-Tm curves of a poly(dA)‚2poly(dT) triplex in PBS. At
physiological ionic strength, the triplex showed two-step
melting. The first transition at lower temperature (37

Figure 1. Structural formula of PLL-graft-Dex comb-type
copolymer. The copolymer with m ) 36.5 (calculated from the
number-average MW of Dextran T-10) and n ) 0.2 (determined
by 1H-NMR spectrum) was used in this study.

Figure 2. Turbidity of DNA solution to which the indicated
amounts of PLL (O) or PLL-graft-Dex comb-type copolymer (b)
were added. To 1 mL of 100 µg/mL calf thymus DNA in
Dulbecco’s PBS was added the appropriate amount of polymers
from 10 mg/mL stock solution at room temperature. The
mixtures were diluted to 2.5 mL, followed by optical density
measurement at 500 nm.

Figure 3. CD of calf thymus DNA mixed with PLL or PLL-
graft-Dex comb-type copolymer in 1/100 diluted PBS at room
temperature (ca. 20 °C). The samples were created using the
same procedure described in Figure 2, except PBS concentration.
The DNA/comb-type copolymer mixture in PBS showed almost
the same CD signal as that in this figure, while CD of the DNA/
PLL mixture was not obtained because of turbidity and pre-
cipitation of the mixture.

Figure 4. UV-Tm profile of poly(dA)‚2poly(dT) triplex in the
presence or absence of PLL-graft-Dex comb-type copolymer.
Poly(dA) and poly(dT) were dissolved in 150 mM NaCl contain-
ing 10 mM sodium phosphate (pH 7.2) and 0.1 mM EDTA.
Concentrations of the solutions were calculated using molar
extinction coefficients of 8900 at 257 nm for poly(dA) and 9000
at 265 nm for poly(dT) (10). To a 1:2 mixture of poly(dA) and
poly(dT) was added the comb-type copolymer at a polymer/DNA
([amino group]polymer/[phosphate group]DNA) ratio ) 2. After
dilution to a final DNA concentration of 14.5 (bp) µmol/L with
the same buffer, the mixtures were heated at 90 °C for 30 min,
cooled to room temperature, and allowed to stand for 16 h. The
UV-Tm curves were recorded at 0.2 K/min with a DU-640
spectrometer (Beckman) equipped with a micro-Tm apparatus.
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°C) was the melting of the triplex to a duplex and a
ssDNA, and the second transition at higher temperature
(72 °C) was that of the duplex. In the presence of excess
comb-type copolymers over DNAs, only one transition
was observed at higher temperature (89 °C). As the
magnitude in UV absorbance change (∆ABS) at Tm in
the presence of the copolymer was equal to the sum of
those at Tm1 and Tm2 in the absence of the copolymer,
the transition is indicated to be a direct melting of the
triplex to its constituting ssDNAs. The direct melting
of the triplex was further indicated by ∆ABS measure-
ment with changing poly(dT)/poly(dA) molar ratio [while
the concentration of poly(dA) was kept constant]. The
∆ABS values reached a plateau at the changing poly-
(dT)/poly(dA) molar ratio over 2 (data not shown). It
should be noted that the UV-Tm profile in the cooling
process demonstrated reversibility of the transition even
in the presence of the comb-type copolymer. It was
indicated that the comb-type copolymer thermally sta-
bilized the triplex but did not disturb triplex formation
from its constituting ssDNAs. Formation of the poly-
(dA)‚2poly(dT) triplex was further evaluated by CD
measurements. As shown in Figure 5, whereas the CD
spectrum of the poly(dA)‚poly(dT) duplex has a strong
positive band near 220 nm, the poly(dA)‚2poly(dT) triplex
has no positive band near this wavelength (17). The
mixture of poly(dA)‚2poly(dT) and the comb-type copoly-
mers showed almost the same signals as the triplex alone
even after Tm measurement. We conclude that the comb-
type copolymers do not disturb inter-polynucleotide as-
sociations of ssDNAs to form the triplex.
The efficacy of the comb-type copolymer for stabilizing

the triplex was then compared to that of spermine, a
polyamine effective in triplex stabilization (10). Figure
6 shows the effects of comb-type copolymer and spermine
on melting temperatures of the triplex at various stabi-
lizer/DNA ratios. An electrostatically equivalent amount
([amino group]polymer /[phosphate group]DNA) of the comb-
type copolymer increased the melting temperature of the

triplex by 50 °C, while a large excess of spermine
increased it by 20 °C. Moreover, one-step melting of the
triplex was observed in the presence of the comb-type
copolymer at a stabilizer/DNA ratio over 1, whereas two-
step melting was still seen even in the presence of a large
excess of spermine. Poly(dA)‚2poly(dT) triplex stabilized
with 7.5 µM spermine was reported to melt in a one-step
manner in low ionic strength medium (10). The stabiliz-
ing effect was, however, significantly reduced in the
presence of 0.15 M NaCl, resulting in the two-step
melting of the triplex. Spermine is believed to be
competitively displaced with Na cations. In contrast to
spermine, the comb-type copolymer considerably stabi-
lized the triplex of poly(dA)‚2poly(dT). The one-step
melting and considerable rise in Tm observed with an
electrostatically equivalent amount of the comb-type
copolymer implied its stable association with DNA.
The strong and stable stabilizing effect of the comb-

type copolymer was considered to be directed by its high
multivalency of cations. The copolymer, however, allows
ssDNAs to form duplexes and triplexes. The Dex graft
chains on the copolymer interfere with interaction be-
tween the PLL backbones and DNAs. Those graft chains
might inhibit the close contact of DNAs to the PLL
backbones and thereby dehydration and compaction,
which are presumably involved in the irreversible com-
plex formation between DNAs and homopolycations.
Regardless of the weakened interaction, the comb-type
copolymer could suppress the repulsive forces among
DNA strands enough to stabilize the triplex.
In addition to the shielding effect upon the repulsive

forces, Dex chains may play a role in stabilizing hydrogen
bonding between base pairs. As the comb-type copolymer
consists of 90 wt % Dex and 10 wt % PLL, the PLL
backbone in the copolymer is likely surrounded by a
phase concentrated with Dex segments. The DNAs that
are attracted to the PLL backbone by electrostatic
interactions are forced to merge with the Dex-enriched
phases, which are low in dielectric constant. Such low
dielectric environments might enhance hydrogen bonding
between base pairs, leading to DNA triplex stabilization.
It was reported that the triplex in a medium containing
spermine was further stabilized by moderate concentra-
tions of organic solvents (18). If the electrostatic repul-
sion was neutralized by polyamines or polycations,

Figure 5. CDs of poly(dA)‚poly(dT) duplex (dotted line), poly-
(dA)‚2poly(dT) triplex (broken line), and the 2:1 mixture (solid
line) of the comb-type copolymer and the triplex. The samples
were prepared according to the same procedure as that described
in Figure 4, except a 1:1 molar ratio of poly(dA)/poly(dT) was
used for the duplex. CD measurements were done after Tm
measurements. The spectra were recorded on a Jasco J-600
using a 0.5 cm length quartz cell at 20 nm/min as a scanning
speed, 0.1 nm/point as a wavelength step, and 1 s/point as a
time step. Each spectrum shown was the average of three scans
and has been smoothed by a computer. The CD signal attributed
to the comb-type copolymer was negligible under the condition.

Figure 6. Stabilizing effect of spermine and the comb-type
copolymer. All experiments were conducted under the conditions
described in Figure 4. Tm was determined by generating the first
derivative, dA/dT (where A and T are absorbance and temper-
ature, respectively), of the UV-Tm curves.
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medium with a low dielectric constant may further
stabilize triplexes. Furthermore, specific interaction
between Dex chains and DNAmay affect the stabilization
behavior (19).
These results indicate that the molecular design of

polycations with a comb-type structure is a successful
approach to create efficient triplex stabilizers. Comb-
type copolymers consisting of various types of polycation
backbones and hydrophilic graft chains may have many
applications in which specific and precise interactions of
polynucleotides are involved. Conjugation of triplex-
forming oligonucleotides (TFOs) with the comb-type
copolymer may allow specific and stable triplex formation
at target genes. Modification of the comb-type copoly-
mers with a cellular specific ligand and other functional
groups will provide novel types of delivery systems for
TFOs, which is not available with low molecular weight
stabilizers.
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Synthesis of a Novel [125I]Neonicotinoid Photoaffinity Probe for the
Drosophila Nicotinic Acetylcholine Receptor

Bachir Latli, Motohiro Tomizawa, and John E. Casida*

Environmental Chemistry and Toxicology Laboratory, Department of Environmental Science, Policy, and
Management, University of California, Berkeley, California 94720-3112. Received August 12, 1996X

The insect nicotinic acetylcholine receptor (nAChR) is the target for the major insecticide imidacloprid
(IMI) and for the first candidate photoaffinity probe described here. Addition to 1-[(6-chloro-3-
pyridinyl)methyl]-4,5-dihydro-2-nitromethylene-1H-imidazolidine (the nitromethylene analog of the
nitroimine IMI) of formaldehyde and any one of several primary amines is known to give hexahydro-
8-nitroimidazo[1,2-c]pyrimidine derivatives. These imidazopyrimidines with a wide range of N-
substituents were found to inhibit [3H]IMI binding to the Drosophila or Musca nAChR by 50% (IC50)
at 0.7-38 nM. Esterification of the N-(2-hydroxyethyl) derivative with 2-azido-5-(trimethylstannyl)-
benzoic acid and then iododestannylation using Na125I and chloramine-T provide the candidate
photoaffinity probe 6-[2-(2-azido-5-[125I]iodobenzoyl)ethyl]-1-[(6-chloro-3-pyridinyl)methyl]-1,2,3,5,6,7-
hexahydro-8-nitroimidazo[1,2-c]pyrimidine. This compound (unlabeled) has an IC50 of 8 nM for [3H]-
IMI binding in Drosophila head membranes, and the 125I-labeled photoaffinity probe labels only a 66
kDa protein(s) at a specific site inhibited by (-)-nicotine, consistent with the insecticide-binding subunit
of the nAChR.

INTRODUCTION

The nicotinic acetylcholine receptor (nAChR1 ) is the
target in insects for 1-[(6-chloro-3-pyridinyl)methyl]-4,5-
dihydro-2-nitroimino-1H-imidazolidine (imidacloprid or
IMI) and many analogs usually with (6-chloro-3-pyridi-
nyl)methylamino and nitro substituents (1-3). This new
class of insecticides is referred to as chloronicotinyls (4)
or neonicotinoids (2). [3H]IMI is the principal radioligand
for characterizing and quantitating the insecticide bind-
ing site of the nAChR of Drosophila melanogaster (fruit
fly) andMusca domestica (house fly) (5, 6) (Figure 1). The
nitromethylene analog of IMI (CH-IMI) (2, 7-9) and an
acyclic nitromethylene compound (nitenpyram) (6, 10, 11)
(Figure 1) are of interest not only as potent insecticides
but also as probes for exploring the structure of Droso-
phila and Musca nAChRs.
The insect nAChR is best understood for Drosophila,

for which the structural features are deduced from
molecular biology approaches (12) and the same three
subunits of 69, 66, and 61 kDa have been isolated by
chromatography on affinity columns based on R-bunga-

rotoxin (R-BGT) (a toxin from the elapidae snake Bun-
garus multicinctus, which is the classical competitive
antagonist of the nAChR) and demethylnitenpyram (6).
R-BGT cross-links with a protein(s) in Drosophila head
membranes calculated to have a molecular mass of 42
kDa (13) and, as an azidosalicylate derivative, it photo-
affinity labels a 66 kDa polypeptide in isolated Droso-
phila and Musca nAChRs (6). Although the neonicoti-
noids and R-BGT share the same binding site(s) in
insects, on the basis of competition studies (1, 14), the
site of insecticide binding is only partially defined with
R-BGT since the molecular size is different, i.e. masses
of 256 for IMI versus 8000 for R-BGT (3, 15). The
photoaffinity probes used in characterizing the vertebrate
(Torpedo electric organ) nAChR (16, 17) are not suitable
for insects because of relatively low affinity or binding
to a site not directly relevant for insecticidal activity (1,
11). The alternative is to specifically design a photoaf-
finity probe based on an IMI analog as in the case of our
recent development of a nitenpyram analog as an affinity
column for isolation of Drosophila and Musca nAChRs
(6).
The design and development of the neonicotinoid

photoaffinity probe involved the following steps: first,
establish a site in the neonicotinoid for substitution
allowing retention of moderate to high receptor potency
in Drosophila brain membrane preparation; second,
optimize the probe with candidate photoreactive substit-
uents; and finally, prepare the radiolabeled photoaffinity
ligand and test for light-dependent and protectable
labeling of one or more nicotinic acetylcholine receptor
subunits. The overall chemistry utilized is shown in
Figure 1. Nitenpyram analogs were examined because
of their successful use in preparing an affinity column
(6). More extensive studies were made on nitromethylene
imidazolidines such as CH-IMI since they are converted
to insecticidal hexahydronitroimidazopyrimidines on ad-

* Author to whom correspondence should be addressed at the
Environmental Chemistry and Toxicology Laboratory, Depart-
ment of Environmental Science, Policy and Management, 114
Wellman Hall, University of California, Berkeley, CA 94720-
3112 [telephone (510) 642-5424; fax (510) 642-6497; e-mail
ectl@nature.berkeley.edu].

X Abstract published in Advance ACS Abstracts, December
1, 1996.

1 Abbreviations: R-BGT, R-bungarotoxin; CH-IMI, nitro-
methylene analog of IMI; DCC, 1,3-dicyclohexylcarbodiimide;
DMAP, 4-(dimethylamino)pyridine; EI, electron impact; EtOAc,
ethyl acetate; FAB-HRMS, fast atom bombardment high-resolu-
tion MS; FAB-LRMS, fast atom bombardment low-resolution
MS; Hex, hexane; IC50, concentration of test compound for 50%
inhibition of specific radioligand binding; IMI, imidacloprid;
nAChR, nicotinic acetylcholine receptor.
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dition of formaldehyde and a primary amine (18, 19). We
find that fortunately the imidazopyrimidines derived
from CH-IMI retain much of the affinity at the receptor
of the parent compound and therefore allow the introduc-
tion of a variety of substituents in optimizing a candidate
photoaffinity probe. Optimization studies ultimately led
to synthesis of 6-[2-(2-azido-5-[125I]-iodobenzoyl)ethyl]-1-
[(6-chloro-3-pyridinyl)methyl]-1,2,3,5,6,7-hexahydro-8-ni-
troimidazo[1,2-c]pyrimidine ([125I]-14) (Figure 1) as a
candidate photoaffinity probe for the Drosophila nAChR.

EXPERIMENTAL PROCEDURES

Materials. Silica gel TLC for analysis was performed
with precoated plastic sheets (4 × 8 cm, 0.25 mm gel
layer) with fluorescent indicator (Polygram R SILG/
UV254, Macherey-Nagel, Germany) and for preparative
purposes with precoated silica gel GF plates (20 × 20 cm,
Analtech). NMR spectra were recorded for CDCl3 solu-
tions with a Bruker AM-300 or AM-400 spectrometer.
Chemical shifts (δ in parts per million) are reported for
1H at 300 Hz or 400 MHz and for 13C at 75 MHz relative
to internal tetramethylsilane and CDCl3, respectively.
Mass spectra were acquired by GC/MS with a Hewlett-
Packard 5971A or 5985B instrument in the electron
impact (EI) mode (70 eV, 200 °C). Fast atom bombard-
ment (FAB)-MS (both low and high resolution) was
conducted with the Fisons ZAB2-EQ spectrometer. UV
absorbances were measured on a Hewlett-Packard 8452A
diode array spectrophotometer. Photoreactivity of the
candidate photoaffinity probe was determined for a
solution in absolute ethanol in a 1 cm quartz cell
positioned 3 cm from four 350 nm lamps in a Rayonet
photochemical reactor (The Southern New England
Ultraviolet Co., Hamden, CT). Melting points are uncor-
rected and were recorded on a Fisher-Johns melting point
apparatus. All reagents were obtained from Aldrich
Chemical Co. (Milwaukee, WI) except EDTA, (-)-
nicotine, ethylene glycol bis(â-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid, lithium dodecyl sulfate, and phenyl-
methanesulfonyl fluoride, which were obtained from
Sigma Chemical Co. (St. Louis, MO). All solvents used
were of reagent or HPLC grade. THF was distilled from
sodium benzophenone under nitrogen in a recirculating
still, with a deep blue color maintained in the distillation
pot. Dioxane was dried by storage over molecular seives.

Literature procedures were used to prepare 1-[(6-chloro-
3-pyridinyl)methyl]-1-(ethylamino)-1-(methylthio)-2-ni-
troethene (6) and CH-IMI (7, 8). [3H]IMI at 25 Ci/mmol
was prepared in this laboratory (5). L-[N-methyl-3H]-
Nicotine ([3H]nicotine) at 78 Ci/mmol and Na125I at 584
MBq 125I/µg of iodine (∼2000 Ci/mmol) in dilute NaOH
solution were purchased from DuPont NEN Research
Products (Boston, MA) and Amersham Life Science Inc.
(Arlington Heights, IL), respectively. Molecular mass
markers were obtained from Bio-Rad (Richmond, CA).
Liquid scintillation counting was performed with a Beck-
man LS 60001C, using High Flash Point Cocktail, Safety-
Solve, Research Products International Corp. (Mount
Prospect, IL). Each intermediate and candidate probe
was >98% pure on the basis of TLC and 1H and 13C NMR
integrations. Compounds with photosensitive substitu-
ents were used in subdued light.
Synthesis of Azidohydroxybenzoyl (1-4), Azi-

doiodobenzoyl (5-7), and Azidotrimethylstannyl-
benzoyl (8, 9) Intermediates (Scheme 1). 4-Azido-
2-hydroxybenzoic Acid (2). To a solution of 4-amino-2-
hydroxybenzoic acid (1) (4.6 g, 30 mmol) in concentrated
HCl (70 mL, 12 N) was added dropwise and with care at
0 °C a solution of sodium nitrite (6.21 g, 90 mmol) in cold
water (30 mL). The mixture was stirred for 30 min before
a solution of sodium azide (10 g, 155 mmol) in cold water
(50 mL) was added slowly and dropwise. The resulting
suspension was stirred at 0 °C for 3 h and then filtered,
washed with cold water, and dried under vacuum to give
4.6 g of 2 as a brownish solid in 86% yield: mp ) 165-
167 °C; 1H NMR (CDCl3) δ 7.88 (d, J ) 8.03 Hz, 1H),
6.62 (d, J ) 8.03 Hz, 1H), 6.60 (s, 1H); 13C NMR (CDCl3)
δ 172.82, 164.47, 148.47, 133.26, 111.17, 110.83, 107.74.
N-Hydroxysuccinimidyl-4-azido-2-hydroxybenzoate (3).

To a stirred solution of 2 (2.33 g, 13 mmol) in dry THF
(30 mL) was added N-hydroxysuccinimide (2.07 g, 18
mmol) at 0 °C followed by a solution of DCC (3.71 g, 18
mmol) in THF (2.0 mL), and the resulting mixture was
stirred under nitrogen atmosphere for 6 h. It was then
filtered and concentrated in vacuo to give 5.2 g of crude
material. Purification by silica gel flash chromatography
using CHCl3 as eluent gave 3.6 g of product as a white
solid in 100% yield: mp ) 140-142 °C; Rf ) 0.73 in
MeOH/CHCl3, 10:90; 1H NMR (CDCl3) δ 9.97 (d, J ) 8.64
Hz, 1H), 9.68 (s, 1H, OH), 6.68 (d, J ) 2.10 Hz, 1H), 6.62

Figure 1. Structures of neonicotinoids including the radioligand ([3H]IMI), analogs (CH-IMI and nitenpyram), derivatives, and the
photoaffinity probe ([125I]-14). Receptor potencies are indicated as concentrations for 50% inhibition (IC50) of the displacement of
[3H]IMI binding from Drosophila head membranes (data from this paper and ref 6).
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(dd, J ) 2.10, 8.64 Hz, 1H), 2.93 (brs, 4H); 13C NMR
(CDCl3) δ 169.22, 163.83, 162.81, 149.32, 131.60, 111.11,
107.10, 104.62, 25.30.
N-(4-Azido-2-hydroxybenzoyl)ethylenediamine (4). A

solution of 3 (1.1 g, 4.0 mmol) in dry THF (10 mL) was
stirred at 0 °C under nitrogen atmosphere. Ethylenedi-
amine (0.4 mL, 6.0 mmol) was added in acetonitrile (5.0
mL), and the resulting mixture was stirred overnight in
the dark. The mixture was concentrated in vacuo and
purified by preparative TLC (2.0 mm thickness plate) to
give 0.8 g of 4 as a yellowish oil in 91% yield: Rf ) 0.1 in
MeOH/CHCl3, 10:90; 1H NMR (CDCl3) δ 7.73 (d, J ) 8.61
Hz, 1H), 6.54 (d, J ) 2.25 Hz, 1H), 6.48 (dd, J ) 2.25,
8.61 Hz, 1H), 3.49 (t, J ) 5.88 Hz, 2H), 2.91 (t, J ) 5.88
Hz, 2H), 2.74 (brs, NH2, NH); 13C NMR (CDCl3) δ 169.53,
165.1, 144.51, 129.61, 113.63, 108.51, 107.48, 41.26,
39.20; FAB-LRMSMH+(10%), M+(75%), 192(100%); FAB-
HRMS C9H11N5O2H+, calcd 222.0991, found 222.0941.
2-Azido-5-iodobenzoic Acid (6). To a solution of 2-amino-

5-iodobenzoic acid (5) (5.26 g, 20 mmol) in concentrated
HCl (60 mL, 12 N), stirred at 0 °C, was added a solution
of NaNO2 (4.14 g, 60 mmol) in water (25 mL). The
resulting mixture was stirred for 30 min before NaN3 (6.5
g, 100 mmol) in cold water (30 mL) was added dropwise,
and the mixture was stirred overnight. It was then
poured into ice and the solid was filtered and dried in
vacuo to give 5.2 g of 6 as a cream colored solid in 90%
yield: mp ) 118-120 °C; Rf ) 0.75 in MeOH/CHCl3, 10:
90; 1H NMR (CDCl3) δ 8.22 (d, J ) 2.21 Hz, 1H), 7.75
(dd, J ) 2.21, 8.61 Hz, 1H), 6.95 (d, J ) 8.61 Hz, 1H);
13C NMR (CDCl3) δ 169.31, 142.12, 141.12, 139.98,
123.72, 121.55, 87.50.
Methyl 2-Azido-5-iodobenzoate (7). To a solution of 6

(1.0 g, 3.46 mmol) in MeOH (50 mL) was added a few
drops of concentrated H2SO4 (95-98%), and the mixture
was stirred under reflux overnight. After the mixture
cooled to room temperature, the solvent was evaporated
and the residue was diluted in EtOAc. Aqueous workup
with NaHCO3 (5% solution), drying (MgSO4), filtration,
and concentration in vacuo followed by purification by
silica gel flash chromatography using CHCl3 as eluent
gave 1.04 g (100% yield) of a solid as white needles: mp
) 68-69 °C; Rf ) 0.68 in EtOAc/Hex, 20:80; 1H NMR
(CDCl3) δ 8.15 (d, J ) 2.12 Hz, 1H), 7.80 (dd, J ) 2.12,
8.62 Hz, 1H), 6.98 (d, J ) 8.62 Hz, 1H), 3.90 (s, 3H); 13C
NMR (CDCl3) δ 163.83, 141.50, 140.08, 139.62, 123.86,
121.50, 87.15, 52.32.
Methyl 2-Azido-5-(trimethylstannyl)benzoate (8). A

mixture of 7 (130 mg, 0.43 mmol) and tetrakis(tri-
phenylphosphine)palladium(0) (10 mg, 8.65 µmol) in
anhydrous dioxane (5.0 mL) was made anaerobic by
freezing, vacuum degassing, and introducing argon at-

mosphere three times at 0 °C. Then hexamethylditin
(0.51 mL) was added, and the resulting mixture was
stirred at 50 °C for 2 h. After the mixture cooled to room
temperature, a saturated solution of NH4Cl was added
and the organic layer was extracted with EtOAc, dried
(MgSO4), filtered, and concentrated in vacuo. The pure
product was isolated as a yellowish oil by silica gel flash
chromatography using EtOAc in Hex (0-10%) as eluent
to give 100 mg in 67% yield: Rf ) 0.78 in EtOAc/Hex,
20:80; 1H NMR (CDCl3) δ 7.87 (d, J ) 1.16 Hz, 1H), 7.58
(dd, J ) 1.16, 7.77 Hz, 1H), 7.17 (d, J ) 7.77 Hz, 1H),
3.87 (s, 3H), 0.27 (s, 9H); 13C NMR (CDCl3) δ 166.30,
140.35, 139.84, 138.61, 138.50, 122.17, 120.40, 52.30,
-9.23; EI-MS max mass for C11H15SnN3O2 as 120Sn
isotope, 341 (100%); EI-HRMS calcd 341.0276, found
341.0193 (M+ for tin and carbon isotopes pattern ob-
served was similar to the one calculated).
2-Azido-5-(trimethylstannyl)benzoic Acid (9). To a

solution of 8 (57 mg, 0.17 mmol) in THF (0.5 mL) was
added a solution of LiOH (1 N solution, 0.34 mL). The
mixture was stirred at 50 °C overnight and then cooled
to room temperature and brought to pH ∼7.0 by adding
dropwise a potassium biphthalate buffer (0.05 M, pH 4).
The aqueous fraction was extracted with CHCl3, dried
(MgSO4), filtered, and concentrated in vacuo. Purifica-
tion by silica gel flash chromatography using 3:1 Hex/
EtOAc containing 2% acetic acid gave 28 mg of the
desired acid as a yellowish solid: mp ) 126-128 °C; Rf

) 0.16 in EtOAc/Hex, 20:80; 1H NMR (CDCl3) δ 8.15 (d,
J ) 2.1 Hz, 1H), 7.72 (dd, J ) 2.1, 7.73 Hz, 1H), 7.21 (d,
J ) 7.73 Hz, 1H), 0.32 (s, 9H); 13C NMR (CDCl3) δ 169.21,
140.08, 139.95, 138.32, 132.98, 124.68, 119.03, -9.13.
Synthesis of Azidohydroxybenzoyl and Azidoiodo-

benzoyl Candidate Hexahydronitroimidazopyrimi-
dine Photoaffinity Probes (10-14) (Scheme 2). 6-[2-
(4-Azido-2-hydroxybenzamidyl)ethyl]-1-[(6-chloro-3-
pyridinyl)methyl]-1,2,3,5,6,7-hexahydro-8-nitroimidazo[1,2-
c]pyrimidine (10). To a solution of CH-IMI (127 mg, 0.50
mmol) and formaldehyde (85 µL, 37% solution in water)
in THF (5.0 mL) was added the diamine derivative (4)
(110 mg, 0.50 mmol) in THF (5.0 mL), and the resulting
mixture was stirred at room temperature overnight.
Concentration in vacuo followed by purification by pre-
parative TLC (2.0 mm thickness plate) gave 73 mg of the
desired product as a yellowish solid in 29% yield: mp )
172-174 °C; Rf ) 0.63 in MeOH/CHCl3, 10:90; 1H NMR
(CDCl3) δ 8.33 (d, J ) 2.4 Hz, 1H), 7.82 (dd, J ) 2.4, 8.2
Hz, 1H), 7.74 (d, J ) 8.2 Hz, 1H), 7.33 (d, J ) 8.61 Hz,
1H), 6.54 (d, J ) 2.25 Hz, 1H), 6.44 (dd, J ) 2.25, 8.61
Hz, 1H), 4.80 (s, 2H), 4.13 (s, 2H), 3.85 (s, 2H), 3.40-
3.74 (m, 6H), 2.75 (t, J ) 5.88 Hz, 2H); 13C NMR (CDCl3)
δ 169.94, 163.71, 158.41, 151.23, 149.37, 145.00, 139.93,

Scheme 1. Preparation of Azidohydroxybenzoyl, Azidoiodobenzoyl, and Azidotrimethylstannylbenzoyl
Intermediatesa

a (a) HCl, NaNO2, NaN3, 86-90%; (b) NHS, DCC, THF, 100%; (c) H2N(CH2)2NH2, CH3CN, THF, 91%; (d) MeOH, H2SO4, 100%; (e)
Pd(PPh3)4, Me3Sn-SnMe3 , dioxane, 67%; (f) LiOH, THF, 51%.

Photoaffinity Probe for Acetylcholine Receptor Bioconjugate Chem., Vol. 8, No. 1, 1997 9



131.54, 130.68, 125.02, 109.68, 107.44, 107.22, 103.66,
65.89, 50.88, 47.62, 37.86, 52.54, 52.18, 51.90; FAB-LRMS
MH+ (60%), 154 (100%); FAB-HRMS C21H22ClN9O4H+,
calcd 500.1561, found 500.1551; UV λ270 ε ) 20 290, λ348
ε ) 19 380.
1-[(6-Chloro-3-pyridinyl)methyl]-1,2,3,5,6,7-hexahydro-

6-(2-hydroxyethyl)-8-nitroimidazo[1,2-c]pyrimidine (11).
To a solution of CH-IMI (254 mg, 1.0 mmol) in THF (20
mL) was added a solution of formaldehyde (0.153 mL,
37% solution in water) and ethanolamine (0.06 mL, 1.0
mmol). The resulting mixture was stirred overnight,
concentrated in vacuo, and purified by preparative TLC
(2.0 mm thickness plate) to give 312 mg of the desired
product as a white solid in 96% yield: mp ) 146-148
°C; Rf ) 0.26 in MeOH/CHCl3, 10:90; 1H NMR (CDCl3) δ
8.34 (d, J ) 2.45 Hz, 1H), 7.86 (dd, J ) 2.45, 8.26 Hz,
1H), 7.34 (d, J ) 8.26 Hz, 1H), 4.84 (s, 2H), 4.11 (s, 2H),
3.88 (s, 2H), 3.73 (t, J ) 5.16 Hz, 2H), 3.62 (m, 4H), 2.73
(t, J ) 5.16 Hz, 2H); 13C NMR (CDCl3) δ 157.45, 151.01,
149.07, 139.18, 130.76, 124.41, 102.97, 65.92, 59.63,
55.04, 52.17, 51.03, 49.29, 46.69; FAB-LRMSMH+ (26%),
MLi+(346, 12%); FAB-HRMS C14H18ClN5O3H+, calcd
340.1176, found 340.1169.
6-[2-(4-Azido-2-hydroxybenzoyl)ethyl]-1-[(6-chloro-3-

pyridinyl)methyl]-1,2,3,5,6,7-hexahydro-8-nitroimidazo-
[1,2-c]pyrimidine (12). To a solution of 11 (68 mg, 0.20
mmol) in dry CH2Cl2 (12 mL) was added acid 2 (44 mg,
0.25 mmol), DMAP (30 mg, 0.25 mmol), and then DCC
(66 mg, 0.32 mmol) in CH2Cl2 (2.0 mL). The resulting
mixture was stirred overnight, concentrated in vacuo,
and purified using preparative TLC (2.0 mm thickness
plate) to give 94 mg of the product in 94% yield as a
yellowish solid: mp ) 142-144 °C; Rf ) 0.7 in MeOH/
CHCl3, 10:90; 1H NMR (CDCl3) δ 8.34 (d, J ) 2.40 Hz,
1H), 7.83 (m, 2H), 7.32 (d, J ) 8.2 Hz, 1H), 6.62 (d, J )
2.10 Hz, 1H), 6.56 (dd, J ) 2.10, 8.59 Hz, 1H), 4.83 (s,
2H), 4.49 (t, J ) 5.55 Hz, 2H), 4.16 (s, 2H), 3.95 (s, 2H),
3.61 (m, 4H), 2.96 (t, J ) 5.55 Hz, 2H); 13C NMR (CDCl3)
δ 169.21, 163.35, 157.28, 150.01, 149.06, 147.66, 139.24,
131.55, 130.58, 124.53, 110.66, 107.54, 107.24, 102.97,
65.97, 57.02, 52.21, 51.93, 50.83, 49.26, 46.51; FAB-LRMS
MH+(66%), 154 (100%); FAB-HRMS C21H21ClN8O5H+,
calcd 501.1402, found 501.1393; UV λ272 ε ) 24 020, λ352
ε ) 13 790.
6-[2-(2-Azido-5-trimethylstannylbenzoyl)ethyl]-1-[(6-

chloro-3-pyridinyl)methyl]-1,2,3,5,6,7-hexahydro-8-nitroim-

idazo[1,2-c]pyrimidine (13). Acid 9 (17 mg, 0.052 mmol),
alcohol 11 (17 mg, 0.050 mmol), and DMAP (8 mg, 0.065
mmol) in dry CH2Cl2 (3.0 mL) were stirred at room
temperature under nitrogen atmosphere. Then DCC (16
mg, 0.077 mmol) was added in CH2Cl2 (0.50 mL), the
mixture was stirred overnight and concentrated in vacuo,
and the residue was purified by preparative TLC (1.0 mm
thickness plate) using MeOH/CHCl3, 10:90, as eluent to
give 10 mg of pure product as a yellowish solid in 31%
yield: mp ) decomposition at 130 °C; Rf ) 0.73 in MeOH/
CHCl3, 10:90; 1H NMR (CDCl3) δ 8.34 (d, J ) 2.35 Hz,
1H), 7.91 (d, J ) 1.25 Hz, 1H), 7.86 (dd, J ) 2.46, 8.24
Hz, 1H), 7.64 (dd, J ) 1.25, 7.86 Hz, 1H), 7.31 (d, J )
8.24 Hz, 1H), 7.23 (d, J ) 7.86 Hz, 1H), 4.83 (s, 2H), 4.47
(t, J ) 5.75 Hz, 2H), 4.12 (s, 2H), 3.96 (s, 2H), 3.62 (m,
4H), 2.97 (t, J ) 5.75 Hz, 2H), 0.32 (s, 9H); 13C NMR
(CDCl3) δ 165.84, 159.28, 151.03, 149.13, 140.71, 139.84,
139.34, 138.85, 138.71, 130.67, 124.59, 121.47, 119.27,
103.18, 65.53, 63.10, 52.24, 52.05, 51.93, 49.22, 46.54,
-9.34; FAB-LRMS C24H29ClN8O4SnH+ (649, 70%), 267
(100%); FAB-HRMS max MH+ peak for 120Sn isotope
calcd 649.1101, found 649.1104.
6-[2-(2-Azido-5-iodobenzoyl)ethyl]-1-[(6-chloro-3-pyridi-

nyl)methyl]-1,2,3,5,6,7-hexahydro-8-nitroimidazo[1,2-c]-
pyrimidine (14) from 11. A solution of alcohol 11 (68 mg,
0.20 mmol) in dry CH2Cl2 (12 mL) was stirred at room
temperature under nitrogen atmosphere. Then acid 6
(58 mg, 0.20 mmol) and DMAP (30 mg, 0.25 mmol) were
added followed by DCC (66 mg, 0.32 mmol) in dry CH2-
Cl2 (2.0 mL). The resulting mixture was stirred over-
night and then concentrated in vacuo. The solid residue
was purified by preparative TLC to give 110 mg of a
yellowish solid in 91% yield (decomposed at 160 °C): Rf

) 0.57 in MeOH/CHCl3, 10:90; 1H NMR (CDCl3) δ 8.20
(d, J ) 2.17 Hz, 1H), 8.14 (d, J ) 2.11 Hz, 1H), 7.88 (dd,
J ) 2.11, 8.23 Hz, 1H), 7.82 (dd, J ) 2.17, 8.49 Hz, 1H),
7.33 (d, J ) 8.23Hz, 1H), 7.00 (d, J ) 8.49 Hz, 1H), 4.84
(s, 2H), 4.46 (t, J ) 5.77 Hz, 2H), 4.09 (s, 2H), 3.96 (s,
2H), 3.61 (m, 4H), 2.94 (t, J ) 5.77 Hz, 2H); 13C NMR
(CDCl3) δ 169.78, 163.68, 157.43, 151.22, 149.10, 142.03,
140.42, 140.32, 139.25, 130.65, 124.51, 121.76, 103.00,
87.40, 65.57, 63.24, 52.20, 51.74, 50.94, 49.21, 46.51;
FAB-LRMS MH+ (58%), 225 (100%), 154 (30%); FAB-
HRMS C21H20ClIN8O4H+, calcd 611.0419, found 611.0414;
UV λ268 ε ) 18 600; λ352 ε ) 14 300.

Scheme 2. Preparation of Azidohydroxybenzoyl and Azidoiodobenzoyl Candidate Hexahydronitro-
imidazopyrimidine Photoaffinity Probesa

a Structures of intermediates are given in Scheme 1. (a) HCHO, THF, 29%; (b) HCHO, H2N(CH2)2OH, THF, 96%; (c) DCC, DMAP,
CH2Cl2, 60-94%; (d) Na125I, chloramine-T, MeOH, 20%.
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Synthesis of 14 from 13. The method was validated
by preparing unlabeled 14. Thus, to a solution of 13 (1.3
mg, 2 µmol of 1.0 mg/mL solution in MeOH) were added
NaI (0.3 mg, 2 µmol, 3 mg/mL solution in MeOH) and
then chloramine-T (0.5 mg, 2 µmol, 0.1 mL of a solution
of 5 mg/mL in 200 mM phosphate buffer, pH 7.5). The
resulting mixture was stirred for 10 min, the solvent
evaporated under nitrogen, and the product taken up in
CHCl3. 1H NMR data were identical to those of 14,
prepared via intermediates 11 and 6, and comigrated
with it on TLC.
Radiosynthesis of [125I]-14 from 13. The above proce-

dure was then used in the preparation of [125I]-14. Thus,
to a solution of Na125I (5.6 mCi, 11 µL) in dilute NaOH
solution (pH 9.0) was injected the organotin precursor
(13) (15 µL, 0.1 mg/mL MeOH solution), followed by
chloramine-T (6.0 µL, 0.1 mg/ mL 200 mM phosphate
buffer solution, pH 7.5). The resulting mixture was
shaken occasionally for 10 min before transfer to a vial
for evaporation of the solvents under nitrogen. The
residue was then dissolved in CHCl3 and transferred to
another vial, leaving insoluble materials behind. The
125I-labeled product (1.0 mCi) cochromatographed with
unlabeled 14 on TLC with the MeOH/CHCl3 system
above as observed by UV light and PhosphorImager
(Molecular Dynamics, Sunnyvale, CA) detection.
Synthesis of NitenpyramAnalogs (15-19) (Scheme

3). 1-[(6-Chloro-3-pyridinyl)methyl]-1-(ethylamino)-1-[2-
(2-hydroxybenzamidyl)ethyl]amino-2-nitroethene (17) via
1-[(6-Chloro-3-pyridinyl)methyl]-1-(ethylamino)-1-(meth-
ylthio)-2-nitroethene (15) and N-(2-Hydroxybenzoyl)eth-
ylenediamine (16). A solution of 15 (100 mg, 0.35 mmol)
and 16 (60 mg, 0.33 mmol, prepared similarly to inter-
mediate 4 in Scheme 1) in EtOH (5.0 mL) was refluxed
for 2 h and then concentrated in vacuo and purified by
preparative TLC (1.0 mm layer thickness) to give 20 mg
of product as a white solid (decomposed at 160 °C) in 29%
yield: Rf ) 0.5 in MeOH/CHCl3, 10:90; 1H NMR (CDCl3)
δ 8.23 (d, J ) 2.52 Hz, 1H), 7.72 (dd, J ) 1.75, 7.92 Hz,
1H), 7.52 (dd, J ) 2.52, 8.25 Hz, 1H), 7.35 (s, OH), 7.30
(dt, J ) 1.75, 8.29 Hz, 1H), 7.23 (d, J ) 8.25 Hz, 1H),
6.83 (d, J ) 8.29 Hz, 1H), 6.72 (t, J ) 7.92 Hz, 1H), 6.49
(s, 1H), 4.48 (s, 2H), 3.76 (brs, 4H), 3.61 (m, 4H), 3.27 (q,
J ) 7.13 Hz, 2H), 1.16 (t, J ) 7.13 Hz, 3H); 13C NMR
(CDCl3) δ 170.75, 163.59, 160.39, 150.66, 148.02, 137.98,
133.37, 130.11, 128.34, 128.13, 124.51, 119.16, 116.34,

101.01, 49.87, 46.47, 44.86, 38.84, 12.0; FAB-LRMSMH+

(420, 20%), 164 (100%); FAB-HRMS C19H22ClN5O4H+,
calcd 420.1439, found 420.1448.
1-[(6-Chloro-3-pyridinyl)methyl]-1-(ethylamino)-1-(5-

hydroxypentyl)amino-2-nitroethene (18). The above
methylthio derivative (15) (144 mg, 0.50 mmol) was
refluxed in EtOH (5.0 mL) with 5-amino-1-pentanol (53
mg, 0.51 mmol) for 2 h and then concentrated in vacuo.
Purification by preparative TLC (1.0 mm thickness plate)
gave 51 mg of a white solid in 30% yield: Rf ) 0.67 in
MeOH/CHCl3, 20:80; 1H NMR (CDCl3) δ 9.69 (s, 1H, NH),
8.30 (d, J ) 2.40 Hz, 1H), 7.53 (dd, J ) 2.40, 8.22 Hz,
1H), 7.36 (d, J ) 8.22 Hz, 1H), 6.51 (s, 1H), 4.33 (s, 2H),
3.64 (t, J ) 7.73 Hz, 2H), 3.37 (m, 2H), 3.13 (q, J ) 7.04
Hz, 2H), 1.45-1.82 (m, 8H), 1.19 (t, J ) 7.04 Hz, 3H);
13C NMR (CDCl3) δ 150.23, 148.77, 143.32, 137.97,
130.25, 124.65, 104.28, 62.18, 50.00, 45.90, 44.88, 31.98,
29.91, 23.00, 12.18.
1-[(6-Chloro-3-pyridinyl)methyl]-1-(ethylamino)-1-[5-(2-

hydroxybenzoyl)pentyl]amino-2-nitroethene (19). To the
above alcohol (18) (17 mg, 0.050 mmol) in dry DMF (0.50
mL) was added 2-hydroxybenzoic acid (7 mg, 0.053
mmol), DMAP (6.1 mg, 0.050 mmol), and DCC (10.3 mg,
0.050 mmol) in DMF (0.50 mL). The mixture was stirred
overnight and then concentrated in vacuo and purified
by preparative TLC to give 13 mg of 19 as a white solid
in 44% yield: mp ) 190-192 °C; Rf ) 0.67 in MeOH/
CHCl3, 10:90; 1H NMR (CDCl3) δ 9.68 (s, 1H), 8.28 (d, J
) 2.32 Hz, 1H), 7.83 (d, J ) 7.97 Hz, 1H), 7.46 (m, 2H),
7.34 (d, J ) 8.15 Hz, 1H), 6.97 (d, J ) 7.97 Hz, 1H), 6.90
(t, J ) 8.15 Hz, 1H), 6.51 (s, 1H), 4.34 (t, J ) 6.12 Hz,
2H), 4.32 (s, 2H), 3.34 (t, J ) 6.12 Hz, 2H), 3.10 (q, J )
7.03 Hz, 2H), 1.42-1.82 (m, 8H), 1.17 (t, J ) 7.03 Hz,
3H); 13C NMR (CDCl3) δ 170.35, 162.32, 160.81, 156.38,
151.72, 148.52, 137.98, 135.61, 130.25, 129.73, 124.60,
119.10, 117.38, 103.82, 64.69, 49.11, 45.81, 44.71, 29.64,
28.05, 23.14, 12.13; FAB-LRMS MH+ (80%), 225 (100%);
FAB-HRMS C22H27ClN4O5H+, calcd 463.1748, found
463.1752.
Receptor Assays. Binding studies with Drosophila

and Musca head membranes (6) involved ∼300 µg of
protein incubated with 2.5 nM [3H]IMI (25 Ci/mmol) for
60 min at 25 °C in a total volume of 250 µL of 10 mM
sodium phosphate buffer, pH 7.4, containing 100 mM
NaCl, 5 mM EDTA, 3 mM ethylene glycol bis(â-amino-
ethyl ether)-N,N,N′,N′-tetraacetic acid, 0.1 mM phenyl-

Scheme 3. Preparation of Nitenpyram Analogs Including an Agarose Derivative as an Affinity Columna

a (a) EtOH, reflux, 29%; (b) H2N(CH2)5OH, EtOH, reflux, 30%; (c) 2-hydroxybenzoic acid, DCC, DMAP, CH2Cl2, 44%.
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methanesulfonyl fluoride, and 0.02% NaN3. Alterna-
tively, rat whole brain membranes (20) (∼800 µg of
protein) were incubated for 10 min at 25 °C with 5 nM
[3H]nicotine (78 Ci/mmol) in 250 µL of 20 mM Tris buffer,
pH 7.4, containing 118 mM NaCl, 4.8 mM KCl, 2.5 mM
CaCl2, 1.2 mMMgSO4, and 1 mM EDTA. The incubated
mixtures were rapidly filtered on Whatman GF/B filters
presoaked in 0.1% polyethylenimine. The filter was
rinsed twice (for rat) or three times (for insects) with 2.5
mL of ice-cold 0.9% NaCl. Radioactivity remaining on
the filter was determined by liquid scintillation counting.
Specific binding was defined as the difference in radio-
activity in the absence or presence of 25 µM unlabeled
IMI (for [3H]IMI binding) or 10 µMunlabeled (-)-nicotine
(for [3H]nicotine binding). IC50 values were calculated
by iterative nonlinear least-squares regression.
Photoaffinity Labeling. The procedure was similar

to that we used before with the azidosalicylate derivative
of [125I]-R-BGT and irradiation at 350 nm (6). Drosophila
head membranes photoaffinity labeled with ∼4 nM [125I]-
14 (∼2000 Ci/mmol) in the absence or presence of 10 mM
(-)-nicotine were separated by lithium dodecyl sulfate-
polyacrylamide gel electrophoresis. The radioactive band-
(s) was detected by PhosphorImager analysis and com-
pared with molecular mass markers on the same gel.

RESULTS

Synthesis of Hexahydronitroimidazopyrimidines
(Figure 1; Schemes 1 and 2). Reaction of an enamine,
possessing an NH substituent, with suitable biselectro-
philes leads to heterocyclization by bond formations at
both nucleophilic sites (21). The desired product in the
present study is obtained by stirring CH-IMI with a
primary amine and formaldehyde in THF. The benzoyl
derivatives 10 and 12 were initially examined because
of extensive background on their use in the preparation
of 125I-labeled ligands (22, 23). Synthesis included the
preparation, on a multigram scale, of N-hydroxysuccin-
imidyl-4-azidosalicylic acid (3) (available commercially
from Pierce) (22). Compound 3 on treatment with
ethylenediamine gave amino analog 4, which upon
coupling with CH-IMI in the presence of formaldehyde
gave the penultimate intermediate (10). This step,
however, was very sluggish; the yields were improved
greatly by using the benzoyl rather than the benzamidyl
series. Ethanolamine is preferred over ethylenediamine
in coupling with CH-IMI because the diamine can react
with formaldehyde and give many cyclic products (24).
Thus, ethanolamine and formaldehyde were reacted
directly with CH-IMI to give the alcohol (11) in 96% yield
(19) and then coupled to 4-azidosalicylic acid (2) using
DCC in 94% yield. Iodination of 12 failed to give a clean
reaction, and HPLC would be needed to isolate the
product from the monoiodo and diiodo compounds and
the starting material to determine the specific activity
(25).
Synthesis of [125I]Azidobenzoyl Photoaffinity

Probe (Schemes 1 and 2). Iodine-125 can be easily
introduced by destannylation of compound 13 in the
presence of chloramine-T in methanol (26). Thus ,
2-azido-5-iodobenzoic acid (6) was prepared in 90% yield
from the amino precursor (5) and then coupled to the
alcohol derivative (11) with DCC in 91% yield to give 14.
This compound has suitable photoreactivity with a half-
life of <10 min at 0.071 mM in absolute ethanol under
UV (350 nm) light (Figure 2). To synthesize the orga-
notin derivative (13), 2-azido-5-iodobenzoic acid (6) was
esterified to the methyl ester (7), and then stannylation
was carried out to give 8 in anaerobic conditions using
tetrakis(triphenylphosphine)palladium(0) in anhydrous

dioxane. Direct stannylation of the acid (6) failed to
produce the desired product (26-28). Hydrolysis with 2
equiv of 1 N LiOH in THF (27) gave the free acid (9)
which was coupled with the alcohol (11) as before. To
prepare the 125I-labeled analog, a solution of the organotin
derivative in MeOHwas added to a dilute NaOH solution
of Na125I followed by a solution of chloramine-T in pH
7.5 phosphate buffer. This reaction was carried out in a
well-ventilated hood behind lead shielding. The product
was easily purified from the tin precursor by flash
chromatography using silica gel packed in a Pasteur pipet
and 1% MeOH in CHCl3 as eluent.
Synthesis of Substituted Demethylnitenpyram

Derivatives (Scheme 3). Model compounds were de-
signed in which 2-hydroxybenzoic acid is coupled via a
spacer to form demethylnitenpyram derivatives. The
synthesis of compounds 17 and 19 included the prepara-
tion of a hydroxybenzoylethylenediamine derivative 16
by reacting N-hydroxysuccinimidyl-2-hydroxybenzoate
with ethylenediamine as described above. This deriva-
tive was refluxed with the methylthionitroethene (15) to
give 17 in 29% overall yield. To prepare 19, compound
15 was reacted with 5-amino-1-pentanol to give the
alcohol 18 in 30% yield. Coupling with 2-hydroxybenzoic
acid gave 19 in 44% yield.
Potency of Nitenpyram Analogs and Hexahy-

dronitroimidazopyrimidines as Inhibitors of [3H]-
IMI Binding in Drosophila or Musca Head Mem-
branes and of [3H]Nicotine Binding in Rat Brain
Membranes. The successful use of a demethylniten-
pyram-agarose affinity column in isolation of the nAChRs
of Drosophila and Musca prompted the synthesis of
analogs as photoaffinity candidates (Scheme 3). Thus,
nitenpyram analogs with amino and methylamino sub-
stituents have IC50 values for the Drosophila site of 2.2
and 14 nM, respectively (6). However, 2-hydroxybenzoyl
analogs proved to be disappointing, with IC50 values for
the Drosophila receptor of 22 800 ( 1050 nM for
compound 17 and 1310 ( 87 nM for analog 19.
Hexahydronitroimidazopyrimidines with a variety of

6-substituents (Figure 1) maintain high potency as
inhibitors of [3H]IMI binding (Table 1). This includes
alkyl and aralkyl moieties and various esters and amides
with azidohydroxybenzoate and azidoiodobenzoate sub-
stituents. Two compounds in the series are of particular
interest: the benzophenone as a candidate photoaffinity
probe (29) and the azidoiodobenzoate (14). The latter
compound was selected for radiosynthesis because of
suitable potency (IC50 8 nM for Drosophila and 25 nM
for Musca nAChRs; Figure 3; Table 1) and the high
specific activity and ease of radiosynthesis with iodine-
125. Two analogs were also tested with rat brain

Figure 2. UV absorbance and photodecomposition of compound
14 in EtOH. The times are given for exposure to 350 nm light.
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membranes and [ 3H]nicotine binding revealing potencies
of 71- and 93-fold less than with the Drosophila site
(Table 1; Figure 3), indicating that with further optimi-
zation a photoaffinity probe might be achieved for the
mammalian binding site.
Photoaffinity Labeling of 66 kDa Protein of

Drosophila Head Membranes by [125I]-14. A single
protein band of 66 kDa is photoaffinity labeled by [125I]-
14 and totally protected in the presence of 10 mM (-)-
nicotine (Figure 4).

DISCUSSION

The discovery that optimized compounds with chloro-
pyridinylmethylamino and nitromethylene substituents
have outstanding insecticidal activity and very high
affinity for a specific binding site in the insect nAChR
provided the basis for preparing an affinity column
reported recently (6) and candidate photoaffinity probes
described here. The demethylnitenpyram series gave
poorly active hydroxybenzoyl analogs as models for [125I]-
azido derivatives. Attention was then focused on the
hexahydronitroimidazopyrimidine series, which is stable
at neutral pH, by introducing a variety of substituents

in the 6-position including alkyl, aralkyl, benzophenone,
azidohydroxybenzamidyl (10), and azidohydroxybenzoyl
derivatives (12), Clearly there is considerable structure
latitude in groups’ acceptability at this site. Iodination
of the azidohydroxyaryl compounds was not complete
even when using excess of iodinating reagents, giving a
mixture of monoiodo and diiodo derivatives and unre-
acted starting material. Other analogs considered were
the benzophenone or the acetate [as a model for the
diazoacetate (30)], but introduction of iodine-125 in these
candidates is not straightforward.
The preferred photoaffinity probe [125I]-14 is easily

prepared from Na125I by [125I]iododestannylation with the
highest specific activity obtainable, and the product is
readily separated from starting material. The organotin
derivative (13) is the precursor of choice for efficient
introduction of iodine-125 into a ligand of this type. The
precursor can be stored in MeOH solutions for prolonged
time without significant decomposition. Compound 14
has suitable photoreactivity, and a preliminary study
indicates that [125I]-14 covalently bound to Drosophila
head membranes gives a derivatized protein at 66 kDa
which appears to be associated with the ligand-binding
subunit of the nAChR based on protection with (-)-
nicotine.
In conclusion, this study describes the synthesis of a

novel [125I]neonicotinoid photoaffinity ligand by iodo-
destannylation of a tin precursor with maximum ease of
carrying out the labeling and separation of unreacted
starting material. Further, the novel probe described
appears to be suitable for photoaffinity labeling the
insecticide-binding site of a putative nAChR subunit.
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The stabilization of triple-helical DNA under physiological conditions is an important goal for the
control of gene expression using the antigene strategy, an approach whereby an oligonucleotide binds
to the major groove of double-helical DNA to fom a triple helix. To this end, triplex-specific
intercalators, namely benzopyridoindole (BPI) and benzopyridoquinoxaline (BPQ) derivatives, have
been conjugated to the 5′ end or to an internucleotide position of a 15-mer oligonucleotide. These
conjugates were then tested, using thermal denaturation experiments, for their ability to form and
stabilize a triple-helical structure involving a 42-mer duplex target. All of the conjugates were found
to do so. The B[h]PQ derivatives stabilized particularly well when attached to the 5′ end with a ∆Tm
of 15 °C and -∆∆G°37 of 3.4 kcal mol-1 (pH 6.9, 140 mM KCl, 15 mM sodium cacodylate, 2 mMMgCl2,
0.8 mM spermine). Though most of the derivatives when attached to the internucleotide position
were not able to stabilize triple-helical DNA as well as when attached to the 5′ end, one B[f]PQ
derivative with an internucleotide attachment did so, with a ∆Tm of 13 °C and -∆∆G°37 of 2.8 kcal
mol-1. To a lesser degree, these conjugates were also able to stabilize duplex structures with single-
stranded targets. Results were compared to the stabilization obtained with acridine conjugates as
well as to a similar study performed with a different sequence.

INTRODUCTION

Oligonucleotides can recognize in a sequence-selective
manner both single-stranded DNA (ssDNA1 ) and double-
stranded DNA (dsDNA). This feature has been exploited
as a potential strategy for regulating gene expression
with the purpose of treating genetic-based diseases
(Hélène and Toulmé, 1990; Uhlmann and Peyman, 1990;
Murray and Crockett, 1992; Crooke and Lebleu, 1993;
Demesmaeker et al., 1995; Maher, 1996). By specifically
recognizing and binding to m-RNA through Watson-
Crick hydrogen bonds, an oligonucleotide may halt
translation (antisense approach) (Stein and Cheng, 1993;
Hélène, 1994; Pierga and Magdelenat, 1994). An oligo-
nucleotide may also impede transcription by binding to
the major groove of dsDNA (antigene approach) (Thuong
and Hélène, 1993; Radhakrishnan and Patel, 1994a;
Frank-Kamenetskii and Mirkin, 1995). In this latter
approach, a (T,C)-containing third strand (pyrimidine
motif) will bind parallel to the duplex purine strand with
the formation of TA×T and CG×C+ base triplets using
Hoogsteen bonds (Le Doan et al., 1987; Moser and
Dervan, 1987; de los Santos et al., 1989; Rajagopal and
Feigon, 1989). A (G,A)-containing third strand will run
antiparallel and be bound through reverse Hoogsteen
hydrogen bonds, forming CG×G and TA×A triplets
(purine motif) (Beal and Dervan, 1991; Pilch et al., 1991).
(G,T)-containing oligonucleotides can also form triple

helices (Durland et al., 1991) with an orientation that
depends on sequence (Sun et al., 1991b; de Bizemont et
al., 1996).
We have been interested in regulating gene expression

via triple helix formation. One of the targets on which
we have concentrated is a 15 bp oligopurine-oligopyri-
midine sequence present in the promoter region of the
gene coding for the R chain of the interleukin 2 receptor
(IL-2RR), overlapping the binding sites for transcription
factors NFκB and SRF (Grigoriev et al., 1992) (Table 1).
IL-2RR is a cellular receptor expressed in activated
T-cells. The T-cell immune response is mediated by the
binding of interleukin 2 to its high-affinity receptor (the
R chain associated with the â and/or γ chains).
There are several limitations to the antigene strategy

as a method for regulating gene expression. With a few
exceptions (Svinarchuk et al., 1995), the stability of triple
helices is limited under physiological conditions, due, in
part, to the electrostatic repulsion between the third
strand and the duplex, as well as the need for the
cytosines on the third strand to be protonated in the
pyrimidine motif. One strategy to improve triplex stabil-
ity is to covalently attach DNA intercalators to the third
strand (Hélène, 1989; Sun et al., 1989, 1991a; Giovan-
nangeli et al., 1992; Thuong and Hélène, 1993). This
approach has been used for the IL-2RR system using
acridine-linked (Grigoriev et al., 1992, 1993a) and pso-
ralen-linked (Grigoriev et al., 1993b) oligonucleotides. In
both cases, specific inhibition of the transcription of
reporter constructs containing the IL-2RR promoter in
live cells was demonstrated.
In an attempt to look at more efficient chemical

modifications of the third strand for the purpose of
modulating endogenous gene expression, we have studied
other intercalator-oligonucleotide conjugates. Benzopy-
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ridoindoles (BPI) (Nguyen et al., 1990) and benzopyri-
doquinoxalines (BPQ) (Nguyen et al., 1995) are classes
of tetracyclic aromatic compounds (Figure 1) having
antineoplastic activity. They have been shown to stabi-
lize pyrimidine motif DNA triple helices in solution
(Mergny et al., 1992; Escudé et al., 1995; Marchand et
al., 1996) and can intercalate into both duplexes and
triplexes but bind preferentially to triplexes (Mergny et
al., 1992; Pilch et al., 1993).
In this study, we have covalently linked several BPI

and BPQ intercalators to the 5′ end or at an internucle-
otide position of a 15-mer third strand probe with the
IL-2RR sequence (Table 1). We have examined the ability
of this series of oligonucleotide conjugates to stabilize
triple helices in vitro under physiological conditions. The
stability of triplexes formed from unmodified and acri-
dine-modified oligonucleotide counterparts was also in-
vestigated. The results are compared to a similar study
performed with a different triplex sequence (Silver et al.,
1997).

EXPERIMENTAL PROCEDURES

Oligonucleotides. Unmodified and acridine-modified
(using 2-methoxy-6-chloro-9-aminoacridine) oligonucle-
otides were purchased from Eurogentec (Seraing, Bel-
gium) or Genosys (Cambridge, England). The BPI- and
BPQ-modified oligonucleotides were synthesized as de-
scribed below. The linkage structures of the BPI, BPQ,
and acridine-modified oligonucleotides are shown in
Figure 2 for both the 5′ and internal modifications. The

concentration of unmodified oligonucleotides was calcu-
lated using molar extinction coefficients at 260 nm
derived using a nearest-neighbor model (Cantor et al.,
1970; Rougée et al., 1992). The acridine-modified oligo-
nucleotide concentration was calculated using ε424 ) 8845
M-1 cm-1 (Asseline et al., 1984). The extinction coef-
ficients for the BPI and BPQ conjugates were ap-
proximated by adding the experimentally derived extinc-
tion coefficient at 260 nm of the unconjugated BPI or
BPQs in H2O to the extinction coefficient for oligonucle-

Table 1. Thermal Melting Data of Triplex to Duplex
Transitions for the BPI and BPQ Conjugates with the
42-mer Duplex Target at pH 6.9

third strand linker arm Tm (°C) ∆Tm

X ) Y ) no modification
1 oligonucleotide 15IL2 (unmodified) 16 0

Y ) no modification; X )
2 B[e]PI 1126 -(CH2)3- 22 6
3 B[e]PI 1309 -(CH2)4- 27 11
4 B[e]PI 1310 -(CH2)5- 28 12
5 B[e]PI 1188 -(CH2)3NMe(CH2)3- 29 13
6 B[g]PI 1204 -(CH2)3- 26 10
7 B[g]PI 1263 -(CH2)4- 29 13
8 B[g]PI 1271 -(CH2)3NMe(CH2)3- 28 12
9 B[f]PQ 1245 -(CH2)3- 25 9
10 B[f]PQ 1261 -(CH2)4- 26 10
11 B[f]PQ 1333 -(CH2)5- 28 12
12 B[h]PQ 1244 -(CH2)3- 26 10
13 B[h]PQ 1248 -(CH2)3- 27 11
14 B[h]PQ 1260 -(CH2)4- 31 15
15 B[h]PQ 1335 -(CH2)5- 30 14
16 B[h]PQ 1256 -(CH2)3NMe(CH2)3- 29 13
17 acridine 29 13

X ) no modification; Y )
18 B[e]PI 1126 -(CH2)3- 20 4
19 B[e]PI 1188 -(CH2)3NMe(CH2)3- 20 4
20 B[g]PI 1263 -(CH2)4- 20 4
21 B[f]PQ 1261 -(CH2)4- 29 13
22 B[h]PQ 1260 -(CH2)4- 21 5
23 B[h]PQ 1256 -(CH2)3NMe(CH2)3- 23 7
24 acridine 19 3
5′TTNbTTCCTCTCCCTCT3′ (15IL2+Nb) 8 -8
5′TTApTTCCTCTCCCTCT3′ (15IL2+Ap) 8 -8

Figure 1. BPI (B[e]PI, B[g]PI), BPQ (B[f]PQ, B[h]PQ), and
acridine derivatives. Oligonucleotides were attached to the
terminal nitrogens on each of the side chains of the BPI and
BPQ derivatives and to the nitrogen at position 9 of the acridine
(indicated by boldface and underscoring).

Figure 2. Linkage structure of BPIs, BPQs, and acridine to
oligonucleotides. Outlined characters indicate position of at-
tachment to intercalator. Note that for BPI and BPQ derivatives,
the NH group is that of the substituent R indicated in Figure
1, while for the acridine derivative the NH group is found in
position 9 of the aromatic ring.
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otide 15IL2 (ε260 ) 116 000 M-1 cm-1). All concentrations
are given on a per strand basis.
Syntheses. To covalently link the BPQ and BPI

derivatives to the 5′ end of the oligomers (Godovikova et
al., 1986; Mergny et al., 1994), the hexadecyl trimethyl
ammonium salt of 150 µg of 5′-phosphorylated 15IL2 (5′-
TTTTCCTCTCCCTCT-3′) was incubated with 6.6 mg of
dipyridyl disulfide, 7.9 mg of triphenylphosphine, and 5
µL of N-methylimidazole in 100 µL of dry DMSO for 15
min at room temperature. Five microliters of triethyl-
amine was added followed by a solution of the BPQ or
BPI derivative (20 µL, 30 mM in DMSO). After 20 min,
the oligonucleotide was precipitated with 3% LiClO4 in
acetone, reprecipitated from water with EtOH, and
purified by reversed phase HPLC. Average yield ) 21%.
The oligonucleotide-intercalator conjugates were char-
acterized by UV-visible spectroscopy.
To attach the BPQ and BPI derivatives to the interior

of the oligonucleotide (Vasseur et al., 1991), 100 µg
of oligo 15IL2+A (5′-TTATTCCTCTCCCTCT-3′) or
15IL2+Nb (5′-TTNbTTCCTCTCCCTCT-3′) was depuri-
nated in a 100 µL solution of 30 mM HCl/1 mM EDTA
for 22 h at 37 °C [Bailly and Verly, 1987; to form oligo
15IL2+Ap (5′-TTApTTCCTCTCCCTCT-3′)]. Following
EtOH precipitation, the oligonucleotide was reacted with
the BPQ or BPI derivative (2.5 mM), NaOAc (pH 5.2, 200
mM), and NaBH3CN (50 mM) in a total volume of 100
µL for 2 h. The oligonucleotide was recovered by reversed
phase HPLC. Average yield ) 53%. The oligonucle-
otide-intercalator conjugates were characterized by UV-
visible spectroscopy.
Thermal Denaturation Studies. Experiments were

carried out in 140 mM KCl, 15 mM sodium cacodylate,
1.5 mM MgCl2, and 0.8 mM spermine, pH 6.9. Cacody-
late buffer was chosen due to the limited dependence of
pH on temperature. Absorbance versus temperature
curves were obtained using a Uvikon 940 spectropho-
tometer interfaced to an IBM computer. The tempera-
ture of the two six-cell holders was regulated by a Haake
P2 circulating H2O/glycerol (4:1) bath. The temperature
was varied at a rate of 6 °C/h by a Haake PG20
thermoprogrammer. To monitor triplex-to-duplex transi-
tions, the temperature was varied from 62 °C (equili-
brated for 70 min) to 0 °C (maintained for 70 min) and
returned to 62 °C. To monitor duplex-to-single-strand
transitions, the temperature was varied from 90 °C
(equilibrated for 70 min) to 40 °C (maintained for 70 min)
and returned to 90 °C. Oligonucleotide concentrations
were 1 µM of duplex and 1.5 µM of third strand. When
intercalator was added free in solution, it was added at
1.5 µM. When the target was single-stranded and not
double-stranded, the probe strand was added at 1.0 µM
(Table 3). The absorbance at 260 and at 600 nm was
recorded every 8.3 min. Corrections for spectrophoto-
metric instability were made by subtracting the absor-

bance at 600 nm from that at 260 nm. There is some
hysteresis in the heating and cooling curves, due to slow
kinetics of formation and dissociation of the triple-helical
complexes (Rougée et al., 1992). The difference between
the cooling and heating curves varied between 0.5 and 2
°C at the Tm value depending on the identity of the third
strand. Tm values were approximated as the maxima in
dA/dT vs T plots of the heating curves. The uncertainty
in Tm values reported is estimated at (1 °C on the basis
of repetition of experiments. Values reported are an
average of three to six experiments.
Thermodynamic Calculations. As the hysteresis

was minimal for many of the melting curves, we could
estimate thermodynamic parameters from some of these
curves. The heating and cooling curves were analyzed
separately, and it was found that the differences between
the two values were insignificant.
The transition to the triplex, T, from the duplex, D,

and the monomeric oligonucleotide, M, is given by

Thermodynamic parameters were derived from the melt-
ing curves using a two-state model which assumes that
the species with incomplete base pairing are not signifi-
cantly populated (Cantor and Schimmel, 1980; Rougée
et al., 1992). A linear absorbance vs temperature rela-
tionship was assumed for the calculation of AD and AT,
the absorbances of the double- and triple-stranded spe-
cies, respectively. Equilibrium constants at different
temperatures were then calculated, and the plot of ln Keq
vs T-1 was used to determine ∆H°, ∆S°, and ∆G° (37 °C)
as previously described (Breslauer et al., 1975; Albergo
et al., 1981; Petersheim and Turner, 1983; Rougée et al.,
1992; Wang and Kool, 1995). Errors are reported as the
standard deviation.

RESULTS

To study the ability of BPI and BPQ conjugates to form
stable triple helices, UV thermal melting studies were
performed with each conjugate (15 nt) in the presence of
a 42 bp target duplex (see top of Table 1). Hyperchro-
micty at 260 nm accompanies the dissociation of the third
strand from the duplex. The midpoint of this transition
(Tm) indicates the relative stability of the triple helix.
Comparisons were made with the unmodified third
strand (15IL2) and with the acridine conjugates. The
results of these studies are shown in Table 1. Examples
of the profiles of the fraction of triplex formed as a
function of temperature are shown in Figure 3. These

Table 2. Thermodynamic Parameters for Triplex
Formationa

oligonucleotide-
intercalator conjugate

∆H° (kcal
mol-1)

∆S° [cal
(mol K)-1]

∆G°37
(kcal mol-1)

1 oligonucleotide 15IL2
(unmodified)

-68 ( 3 -208 ( 8 -3.5 ( 0.2

14 B[h]PQ 1260
(5′ attachment)

-74 ( 3 -218 ( 10 -6.9 ( 0.1

17 acridine
(5′ attachment)

-73 ( 2 -217 ( 8 -6.2 ( 0.1

21 B[f]PQ 1261
(interior attachment)

-83 ( 4 -249 ( 13 -6.3 ( 0.1

a The reported values correspond to the average of four experi-
ments taking into account both the heating and cooling curves.

Table 3. Tm Values of Duplex to Single-Strand
Transitions

third strand linker arm Tm (°C)

X ) Y ) no modification
1 unmodified 15IL2 54

Y ) no modification; X )
10 B[f]PQ 1261 -(CH2)4- 58
13 B[h]PQ 1248 -(CH2)3- 60
17 acridine 60

X ) no modification; Y )
21 B[f]PQ 1261 -(CH2)4- 57
22 B[h]PQ 1260 -(CH2)4- 58
23 B[h]PQ 1256 -(CH2)3NMe(CH2)3- 58
24 acridine 59

D + M h T
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curves allowed the calculation of several thermodynamic
parameters (∆G°37, ∆H°, and ∆S°), which are given in
Table 2.
These results show that all of the triple helices formed

with the oligonucleotide conjugates are more stable than
those formed with the unmodified probe (15IL2), yet
there are significant variations depending on the point
of attachment to the oligonucleotide and the specific
intercalator used. The most stable triplex is formed with
conjugate 14, where a B[h]PQ with a butyl linker arm is
attached to the 5′ end. The triplex formed melts at 31
°C compared with 16 °C for the triplex formed with the
free oligonucleotide (1) and 29 °C for the 5′ acridine
conjugate (17). The B[f]PQ derivative, 1261, attached to
the interior of the 15-mer (21) melts at 29 °C. In terms
of standard free energy, this corresponds to a stabiliza-
tion of the triplex by 3.4 kcal mol-1 at 37 °C for B[h]PQ
1260 attached to the 5′ end of the 15-mer (14) as
compared to 2.7 kcal mol-1 for the acridine derivative
(Table 2). The B[f]PQ derivative, 1261, attached to the
interior of the 15-mer (21) stabilizes the triplex by 2.8
kcal mol-1.
For the 5′ attachments, comparing the four intercala-

tors, for the -(CH2)3- linker arm B[h]PQ ) B[g]PI g B[f]-
PQ > B[e]PI, for the -(CH2)4- linker arm B[h]PQ >
B[g]PI > B[e]PI g B[f]PQ, for the -(CH2)5- linker arm
B[h]PQ > B[e]PI ) B[f]PQ, and for the -(CH2)3NMe-
(CH3)2- linker arm B[h]PQ ) B[e]PI g B[g]PI. In
summary, B[h]PQ seems to be the best ligand for
stabilizing the triple helix. Also, a chain length of four
carbons is optimal for B[f]PQ, but a slightly higher
stabilization is obtained with a chain of 5 carbons for B[e]-
PI and B[h]PQ. A linker arm of three carbons gave
consistently less stabilization. Different linker lengths
were not tested for the acridine complexes. However, the
one tested [-(CH2)5-] stablizes well in comparison to
most of the BPI and BPQ derivatives, except for B[h]PQ
derivatives 1260 and 1335.
Attached to the interior position, the most stabilizing

is the B[f]PQ with a linker arm of -(CH2)4- (21), which
has a Tm of 29 °C. This particular intercalator shows a
remarkable stablilization compared with all of the other
intercalators tested including acridine at this position.

As is to be expected, the oligonucleotide precursors for
these conjugates, namely 15IL2+Nb or 15IL2+A, and the
oligonucleotide with an apurinic site (15IL2+Ap) (see
Experimental Procedures) are much less stable than the
unmodified third strand. As fewer conjugates were
tested for the interior modifications, it is more difficult
to generalize. However, it appears that the B[f]PQ
derivatives are much more stable than any of the other
intercalator conjugates, whereas in the 5′ position it was
one of the worst.
The results with the intercalator-oligonucleotide con-

jugates were compared to the stabilization gained by
triplexes with the intercalators free in solution. The
plain third strand, 15IL2 (1.5 µM), was mixed with the
duplex solution (1 µM) in the same buffer as that used
for the conjugate studies. Significant triplex stabilization
has been seen for solutions where a 10-fold higher
concentration of intercalator was used (vs the triplex
concentration) at pH 6.2 (Escudé et al., 1995). In the
current study, a 1.5-fold concentration (1.5 µM) of the
BPI or BPQ derivatives and a pH of 6.9 were used. All
tested BPI and BPQ derivatives led to ∆Tm values of 2
°C except B[h]PQ 1256 and B[g]PI 1271, which gave ∆Tm
values of 6 and 3 °C, respectively. This is likely due to
the extra positve charge localized on the tertiary nitrogen
found in the longer linker arms of these two derivatives
providing greater affinity for the negatively charged
nucleic acids. That the first of these derivatives stabilizes
more than the second has been confirmed by previous
studies (Escudé et al., 1995; C. Escudé, personal com-
munication). The addition of acridine to a triplex solution
under these conditions did not stabilize the triplex.
BPIs and BPQs are known to preferentially stabilize

triple-helical DNA structures over double-helical DNA
when in solution (Mergny et al., 1992; Escudé et al., 1995;
Marchand et al., 1996). Nevertheless, they do intercalate
into duplex structures (Mergny et al., 1992). Therefore,
it was of interest to measure the stability of double-helical
complexes formed upon binding of the 15-mer-interca-
lator conjugates to a single-stranded target. A single-
stranded sequence complementary to the oligonucleotide-
BPI/BPQ conjugates was mixed in equimolar quantity
(1 µM) with different conjugates and the Tm of the duplex-
to-single-strand transition was determined. The results
are shown in Table 3. The stabilization seen varies
between 3 and 6 °C depending on the conjugate.
To attach the intercalators to the interior of the probe

strand, we chose to add an extra nucleotide to the probe
strand, which was then depurinated so that the interca-
lator could be attached at this position. The reason we
chose to do so was based on molecular modeling studies
which had indicated that adding, rather than replacing,
an existing nucleotide would provide the most energeti-
cally favorable possibility (unpublished calculations). The
duplex “spreads apart” upon binding of an intercalator
(Wilson, 1992; Zhou et al., 1995). Thus, the alignment
of the bases in the duplex with the third strand is thought
to be better through the addition rather than the replace-
ment of a base. To test this, we performed some melting
studies with a target sequence in which an extra base
pair was added opposite to the position of depurination
on the probe strand. The results are given in Table 4.
When the probe strand also contained an extra nucleotide
complementary to the base pair added to the target, the
Tm remained at 16 °C. However, the Tm values observed
with the oligonucleotide conjugates (20, 21, and 23)
dropped (2-8 °C), indicating that these conjugates could
not form a more stable conformation with the 43-mer
duplexes as compared to the 42-mer duplex. It is
interesting to note that the Tm of the 15IL2 oligonucle-

Figure 3. Fraction of triplex formed calculated from the graphs
of absorbance vs temperature [øT ) (A - AD)/(AT - AD)]. One
example each is shown of the triplex formed with the unmodified
third strand (triangles) or with oligonucleotide 14 (circles) in
the presence of duplex (42R/Y). The calculations were performed
separately on the heating (solid circles/triangles) and cooling
(open circles/triangles) curves. Conditions are those described
under Experimental Procedures.
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otide also drops slightly with the 43-mer duplex (Z, B )
T, A), even though it should also form a perfect triplex
with the modified target. This phenomenon has previ-
ously been observed (J.-L Mergny, personal communica-
tion). It is likely due to the distortion induced at the
triplex-duplex junction which destabilizes the triple
helix more for a py-py than for a pu-py step at the
junction.
When the third strand hybridizes to the duplex, two

sites are possible for intercalation of the BPI or BPQ
derivatives: the duplex-triplex junction and within the
triplex. To investigate the relative importance of inter-
calation at these two sites with the two types of conju-
gates synthesized, we performed melting temperature
studies in the presence of a duplex where the overhang-
ing 5′ end (with respect to the purine strand) was
removed (Table 5). As would be expected for intercala-
tion within the triplex, the ∆Tm values for those conju-
gates where the intercalator is attached to the interior
are almost the same as the ∆Tm values of these same
conjugates with the standard (42R/Y) target. In the case
where the intercalator was joined at the 5′ end one sees
a greater decrease in ∆Tm (i.e. 4-5 °C) when the
overhanging duplex sequence is removed. Though not
conclusive, these experiments suggest that when at-
tached to the interior, the BPI/BPQ derivative interca-
lates within the triplex. However, when atttached to the

5′ end, a large part of the stabilization comes from
intercalation into the junction. The Tm of the triplex
formed with the unmodified third strand is somewhat
higher with the blunt end target than with the target
with the overhanging end (42R/Y). This is because the
binding of a third strand induces a distortion of the
triplex-duplex junction (Collier and Hélène, 1991), and
the corresponding free energy has to be provided upon
third strand binding leading to a destabilization of the
complex.
A similar set of syntheses and melting experiments

have previously been performed with a different se-
quence, called 14C3, shown in Table 6. These results are
being reported elsewhere (Silver et al., 1996). However,
a small selection of these 14C3 results is shown in Table
6 for the purpose of comparison. The 14C3 triplex is
inherently more stable under the conditions used (the
same as the present paper), as it contains only 21%
cytosines vs 47% for the IL2Ra sequence. The pKa of
cytosines has been estimated at 4.7 in oligonucleotides
(Manzini et al., 1990), and protonation is required for
triplex formation. It is thus understandable that all of
the Tm values obtained with the 14C3 sequence were
higher than their 15IL2 counterparts.
However, it is interesting to note that the ∆Tm values

for the 14C3 system were greater as well. The most
significant ∆(∆Tm) values [i.e. ∆Tm (14C3 system) - ∆Tm

Table 4. Thermal Melting Data of Triplex to Duplex Transitions with Extra Base Pair (in bold) in Target Sequence

Tm (°C)

Z, W )
third strand linker arm A, T T, A

no extra bp
(42-mer target)

5′-TTTTCCTCTCCCTCT-3′ (15IL2) 7 14 16
5′-TTATTCCTCTCCCTCT-3′ 7 7 not tested
5′-TTTTTCCTCTCCTCT-3′ not tested 16 not tested
Y )
20 B[g]PI 1263 -(CH2)4- 19 18 20
21 B[f]PQ 1261 -(CH2)4- 21 23 29
23 B[h]PQ 1256 -(CH2)3NMe(CH2)3- 20 19 23
24 acridine 20 17 19

Table 5. Tm Values of Triplex to Duplex Transitions wth a Blunt End Target Duplexa

blunt end targeta standard targetb

third strand linker arm Tm ∆Tm Tm
a ∆Tm

a

X ) Y ) no modification
1 oligonucleotide 15IL2 (unmodified) 18 0 16 0

Y ) no modification; X )
10 B[f]PQ 1261 -(CH2)4- 24 6 26 10
14 B[h]PQ 1260 -(CH2)4- 28 10 31 15
16 B[h]PQ 1256 -(CH2)3NMe(CH2)3- 26 8 29 13
17 acridine 26 8 29 13

X ) no modification; Y )
21 B[f]PQ 1261 -(CH2)4- 28 10 29 13
22 B[h]PQ 1260 -(CH2)4- 22 4 21 5
23 B[h]PQ 1256 -(CH2)3NMe(CH2)3- 23 5 23 7
24 acridine 18 0 19 3

a Shown above. b From Table 1.
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(IL2 system)] were seen for 5′ B[h]PQ attachments and
for internally attached B[e]PIs. Thinking that the se-
quence around the site of the duplex-triplex junction
could be influencing the amount of stability gained for
the 5′ attachments, we changed the duplex target se-
quence for the 14C3 system. In the IL2 system, at the
junction the sequence is TATT in the pyrimidine strand,
and for the 14C3 system it is AATT (see Table 6). So we
changed the duplex target sequence for the 14C3 system
to 3′ GCTCTATTCTTCTTTTTTCTAACTCG 5′ (outlined
base indicates the one changed). The stability of the
14C3 triplexes formed with this target and a probe-
intercalator conjugate was not lowered and in fact
showed a 1-2 °C increase in Tm (data not shown),
indicating that the conformation of the duplex-triplex
junction is perhaps not responsible for the differences
seen in ∆Tm values.

DISCUSSION

Certain DNA ligands have been shown to bind to DNA
triple helices (Mergny et al., 1991; Scaria and Shafer,
1991; Durand et al., 1992; Park and Breslauer, 1992;
Escudé et al., 1995). However, only a few compounds
have been studied that efficiently and selectively bind to
triple helices (Mergny et al., 1992; Lee et al., 1993; Wilson
et al., 1993; Escudé et al., 1995; Fox et al., 1995; Latimer
et al., 1995). Previous studies in our laboratory have
concentrated on ligands of this latter type, namely
benzopyridoindoles and benzopyridoquinoxalines. They
stabilize the triple helix by intercalating between TA×T
base triplets. Binding of these cationic derivatives to
CG×C+ triplets is not favored due to the positive charge
of this triplet. In this paper and another (Silver et al.,
1996), we attached the BPI and BPQ derivatives to a run
of thymines within the probe strand and examined the
stability of triplexes formed with these conjugates.
The results of the current study indicate that all of the

conjugates synthesized are able to stabilize the formation
of DNA triple helices. However, certain conjugates did
so to a greater extent. Differences were seen among the
different derivatives and depended on which of the
intercalators was attached, the length of the hydrocarbon
linker chain, and the position of attachment to the probe
strand. In general, better stabilization was seen with 5′
attachments when arm lengths of at least four methyl-
enes were used. The B[h]PQ derivatives worked par-

ticularly well here. That the B[f]PQ 1261 derivative (21)
attached to the interior showed significant stabilization
compared to both of the other intercalators attached at
this position as well as to the same derivative attached
to the 5′ end suggests that this conjugate has a confor-
mation allowing particularly favorable ligand-base stack-
ing interactions within the triple-helical region. The
mechanism by which these conjugates stabilize triple
helices is likely the intercalation of the derivatives within
the triplex (internal attachment) or at the duplex/triplex
junction (5′- end attachment). When the BPI or BPQ is
covalently attached to the oligonucleotide third strand,
intramolecular interactions of the BPI or BPQ moiety
with the bases of the third strand might also play a role
in determining the thermodynamic parameters of the
interactions of the conjugate with its target double helix.
It should be noted that the linker used to tether the

BPI and BPQ derivatives to the oligonucleotide occupies
a different position in the grooves of the triplex than
when they are bound as free ligand. In the latter case,
the linker is expected to be in the Watson-Crick groove
for B[g]PI and B[h]PQ derivatives but has been shown
to prefer the Watson-Hoogsteen groove for B[e]PI and
B[f]PQ derivatives on the basis of molecular modeling
(Escudé et al., 1995). [The nomenclature of the grooves
has been previously described (Radhakrishnan and Patel,
1994b). The oligopyrimidine and oligopurine strand of
the Watson-Crick duplex areWatson and Crick, respec-
tively, and the third strand is Hoogsteen. Each groove
of the triple helix is referred to by the names of the
adjacent strands.] However, when attached to the third
strand, the intercalating moiety is always introduced
from the major groove side of the double helix. Therefore,
B[g]PI and B[h]PQ should be in a less favorable position
than B[e]PI and B[f]PQ. This seems to hold when the
intercalator is attached to the interior of the third strand
oligonucleotide but not when attached to the 5′ end (Table
6). This might reflect the difference in the intercalation
mode: within the triple-helical structure in the first case,
at the duplex-triplex junction in the second case. On
the other hand, the chemistry of dye attachment to the
oligonucleotide is also different for an interior site and
the 5′ end (see Figure 2). A positive charge is still present
on the linker when attachment occurs at an interior site
as is the case for the free derviatives. This positive
charge was taken into account for the modeling studies
mentioned above. In contrast, the phosphoramidate
linkage at the 5′ end carries no positive charge, which
may also explain the deviation from the results with the
free ligands (Escudé et al., 1995).
It is informative to compare the current study with one

performed with the 14C3 sequence (Table 6) (Silver et
al., 1996). Both the Tm values and the ∆Tm values are
significantly greater for the 14C3 system. The reason
for the larger ∆Tm values is not obvious. Previous studies
using the 14C3 sequence have suggested that the stretch
of six TA×T base triplets is the major binding site for
free BPI ligands (Mergny et al., 1992). When two
thymines were replaced by two cytosines in the 14C3
sequence, leaving only four contiguous TA×T base trip-
lets, a strong decrease in triple-helix stabilization was
seen (Mergny et al., 1992). This probably occurs because
the six contiguous TA×T base triplets provide a greater
number of binding sites for the BPI ligands within the
triplex. The IL2 sequence contains only a stretch of four
TA×T base triplets, which might be one reason for the
lower stabilization as compared to the 14C3 sequence.
In addition, the four TA×T triplets of the IL2 sequence
are located at the 5′ end of the oligopurine target
sequence, whereas the six TA×T triplets are located

Table 6. Selection of Tm Values for Triplex to Duplex
Transitions in the 14C3 Systema

14C3 15IL2
third strand

linker
arm Tm (°C) ∆Tm Tm (°C) ∆Tm

X ) Y ) no modification
unmodified (15IL2) 28 0 16 0

Y ) no modification; X )
B[f]PQ 1261 -(CH2)4- 43 15 26 10
B[h]PQ 1260 -(CH2)4- 51 23 31 15
acridine 45 17 29 13

X ) no modification; Y )
B[f]PQ 1261 -(CH2)4- 45 17 29 13
B[h]PQ 1260 -(CH2)4- 39 11 21 5
acridine 35 7 19 3
a Buffer is the same as for the IL2 system.
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toward the center of the 14C3 sequence. Finally, in the
case of oligonucleotides with internal attachment of the
ligands, the position of intercalation is only two base
triplets away from the 5′ end of the triplex structure in
the case of the IL2 sequence. The last two thymines
between the 5′ end and the intercalator attachment site
of the third-strand oligonucleotide might not be fully
hydrogen-bonded to the two T‚A base pairs of the target.
Despite the differences in sequence between the IL2

and 14C3, the same trends were seen with both systems
in terms of which derivatives stabilized the most. To
summarize, the B[h]PQs generally work particularly well
and the B[f]PQs particularly poorly at stablizing DNA
triple helices when attached to the 5′ end of the probe
strand. As well, in both systems, for this site of attach-
ment, the short linker arm, -(CH2)3-, does not work well.
At the interior position, the results were somewhat more
mixed, likely a result of several differences in the
positioning of the intercalator. However, in both cases
the B[f]PQ derivative 1261 shows great stabilization. For
the 14C3 system the B[e]PIs also work well.

CONCLUSION

Benzopyridoindoles and benzopyridoquinoxalines have
been shown to stabilize the formation of DNA triple
helices when they are conjugated at both the 5′ end and
to an internucleotide position of the third-strand oligo-
nucleotide. The particular derivative, the length of the
linker arm, the point of attachment, and the sequence of
base triplets around the ligand attachment site all play
important roles in determining the stability of the
triplexes formed. These results will be useful for studies
using these conjugates to inhibit transcription in cellular
systems as well as in the design of new oligonucleotide
conjugates.
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Surface Modification of Hemoglobin Vesicles with Poly(ethylene
glycol) and Effects on Aggregation, Viscosity, and Blood Flow
during 90% Exchange Transfusion in Anesthetized Rats

Hiromi Sakai,† Shinji Takeoka,† Sung Ick Park,† Takehiro Kose,† Hiroyuki Nishide,† Yotaro Izumi,‡
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Poly(ethylene glycol) (PEG5000)-conjugated phosphatidylethanolamine was introduced onto the surface
of hemoglobin vesicles (HbV); phospholipid vesicles encapsulating concentrated Hb (d ) 0.257 ( 0.087
µm; P50 ) 32 Torr). The obtained PEG-modified HbV (HbV-PEG) was studied for use as a red cell
substitute from the viewpoint of rheology, surface properties, and hemodynamics. The viscosity of
the unmodified HbV suspended in saline ([Hb] ) 10 g/dL) was 2.6 cP (shear rate ) 358 s-1, 37 °C),
less than that of human blood (4 cP). However, when suspended in a 5 g/dL albumin solution (HbV/
albumin), it increased to 8 cP due to the molecular interaction between albumin and vesicles, and the
viscosity increased with decreasing shear rate, e.g., 37 cP at 0.58 s-1. As for the HbV-PEG/albumin,
on the other hand, the viscosity was 3.5 cP at 358 s-1 and was comparable with that of human blood.
Optical microscopy showed formless flocculated aggregates of the unmodified HbV, while no aggregates
were confirmed for the HbV-PEG. The steric hindrance of PEG chains seemed to be effective in
preventing intervesicular access and the resulting aggregation. To estimate the flow profiles in the
capillaries, the suspensions were allowed to penetrate through isopore membrane filters (pore size )
0.4-8µm, cf. capillary diameter ) 4-10 µm). The penetration rate of the HbV-PEG/albumin was
higher than that of the unmodified HbV/albumin due to the suppression of aggregation, whereas both
of them were significantly higher than that of human blood due to the smaller size of vesicles than
RBC. Ninety percent exchange transfusion was performed with the HbV-PEG/albumin or HbV/albumin
in anesthetized Wistar rats (n ) 6). The blood flow in the abdominal aorta increased 1.5 times, and
the total peripheral resistance decreased in the HbV-PEG/albumin-administered group in comparison
with the HbV/albumin group. As for the blood gas parameters, the base excess and pH remained at
higher levels in the HbV-PEG/albumin group, and the O2 tension in mixed venous blood for the HbV-
PEG/albumin group tended to be maintained at a higher level than that for the HbV/albumin group.
Thus, the PEGmodification of HbV reduced the viscosity by the suppression of aggregation and resulted
in prompt blood circulation in vivo.

INTRODUCTION

To date, various efforts have been made to develop red
cell substitutes, especially those utilizing Hb, to overcome
the problems associated with blood transfusions such as
the necessity for blood typing and cross-matching, blood-
borne infections, and difficulties in storage (Chang, 1991;
Winslow, 1995; Tsuchida, 1995). Hemoglobin vesicles
(HbV)1 or liposome-encapsulated hemoglobin (LEH) are
candidates for red cell substitutes that have the cellular
structure of phospholipid vesicles containing concen-
trated Hb (Djordjevich and Miller, 1980; Hunt et al.,
1985; Rudolph, 1995; Tsuchida and Takeoka, 1995). On
the other hand, in the field of acellular Hb solutions such
as chemically modified Hb and recombinant Hb, clinical
trials are now underway (Winslow, 1995). However,
vasoconstriction induced by acellular Hb solutions is
reported. This is due to the trapping of endothelial-
derived relaxation factor [EDRF; nitric oxide (NO)] by
Hb with an intrinsic high affinity for NO (Vandegriff and
Winslow, 1995; Tsai et al., 1995). NO trapping also
induces platelet activation (Olsen et al., 1996). Com-

plexation of acellular Hb with endotoxin synergistically
enhances the endotoxin biological activities, and it would
be dangerous to use acellular Hb in septic shock (Kaca
et al., 1995). These problems seem to be related to the
lack of physiological significance of the cellular structure
of red blood cells (RBC), and it is expected that they will
be solved by the encapsulation of Hb.
In previous papers, we have succeeded in preparing

HbV with excellent physicochemical properties in terms
of Hb encapsulation, Hb concentration, diameter control,
oxygen affinity, etc. (Sakai et al., 1996; Takeoka et al.,
1996). Moreover, in a 40% exchange transfusion with

* Author to whom correspondence should be addressed (fax
+813-3209-5522; telephone +813-3209-8895).

†Waseda University.
‡Keio University.
X Abstract published in Advance ACS Abstracts, December

15, 1996.

1 Abbreviations: Hb, hemoglobin; HbV, hemoglobin vesicles;
RBC, red blood cell; PEG, poly(ethylene glycol); DDS, drug
delivery system; HbV-PEG, poly(ethylene glycol)-modified he-
moglobin vesicles; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phos-
phatidylcholine; DPPG, 1,2-dipalmitoyl-sn-glycero-3-phospha-
tidylglycerol; PEG-DPPE, 1,2-dipalmitoyl-sn-glycero-3-phos-
phatidylethanolamine-N-[poly(ethylene glycol)]; HbV-PEG/
albumin, HbV-PEG suspended in albumin; HbV/albumin, HbV
suspended in albumin; PBS, phosphate-buffered saline; P50,
oxygen affinity; PLP, pyridoxal 5′-phosphate; MAP, mean arte-
rial pressure; HR, heart rate; TPRI, total peripheral resistance
index; PaO2, arterial blood oxygen tension; PaCO2, arterial blood
carbon dioxide tension; PvO2, mixed venous blood oxygen
tension; rPtO2, renal cortical tissue oxygen tension; sPtO2,
skeletal muscle tissue oxygen tension; τ, shear stress; γ, shear
rate.
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the HbV suspended in saline, a high oxygen transporting
capability of the HbV similar to that of the washed rat
RBC was confirmed (Izumi et al., 1996). Ninety percent
exchange transfusion with the HbV was also successful
in the presence of albumin as a plasma expander using
rats (Izumi et al., 1997).
Because the red cell substitutes are literally to be used

as substitutes for a large amount of lost red blood cells,
the rheological properties of HbV itself and the mixture
with blood are important in relation to hemodynamics.
Surface modification of phospholipid vesicles with some
natural or synthetic glycolipids (Wu et al., 1981; Allen et
al., 1987; Gabizon and Papahadjopoulos, 1988; Takeoka
et al., 1992) or poly(ethylene glycol) (PEG)-conjugated
lipids (Kilbanov et al., 1990; Woodle and Lasic, 1992;
Woodle et al., 1994; Harasym et al., 1995; Zalipsky et al.,
1995) is known to improve the dispersion state of the
vesicles and prolong the circulation time in vivo for drug
delivery systems (DDS). For HbV, the surface was also
modified to improve the dispersion state of the vesicles
in the presence of water-soluble polymers or blood
components (Yoshioka, 1991; Tsuchida and Takeoka,
1995). The PEG-modified HbV has been studied, and its
oxygen transporting ability has been evaluated (Usuba
et al., 1993; Zheng et al., 1993). PEG has thus been
widely used for vesicular materials including DDS and
HbV. However, little attention has been paid to the effect
of the PEG modification on the low solution viscosity in
the field of DDS because of the significantly low lipid
concentration and small dosage. Also, these effects of
PEG-modified HbV have not been clearly demonstrated
in comparison with the unmodified HbV.
Using our HbV with high Hb encapsulation efficiency

and high Hb concentration (Sakai et al., 1996), we aimed
to modify the surface with PEG chains by a simple
method. The PEG-conjugated lipids with various molec-
ular weights of PEG are currently commercially avail-
able, among which 2000 and 5000 seem to be most
commonly used (Vertut-Do et al., 1996). The effects of
PEG, e.g., longevity of circulation time and prevention
of aggregation, increase with increasing chain length at
the same molar composition. Our method enables PEG
incorporation only on the outer surface of the vesicles;
therefore, we thought that a smaller molar composition
would be better not to disturb the lipid bilayer by the
transbilayer asymmetry, and we selected a larger mo-
lecular weight of 5000. We tried to evaluate the HbV-
PEG in comparison with the unmodified HbV, in terms
of the dispersion state, rheological properties in a mixture
with blood and the resulting oxygen transporting capa-
bilities in vivo by observing the physiological responses
to 90% exchange transfusion in anesthetized rats.

EXPERIMENTAL PROCEDURES

Preparation of HbV and Surface Modification
with PEG-Phosphatidylethanolamine. HbV was
prepared in the same manner as previously reported in
the literature (Sakai et al., 1993, 1995). The encapsu-
lated carbonylhemoglobin (ca. 38g/dL) contained pyrid-
oxal 5′-phosphate (18 mM, Merck Co.) as an allosteric
effector and DL-homocysteine (5 mM, Aldrich Chemical
Co.) as a metHb reductant. The lipid bilayer was
composed of Presome PPG-I [a mixture of 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylcholine, (DPPC), cholesterol,
and 1,2-dipalmitoyl-sn-glycero-3-phospatidylglycerol
(DPPG), Nippon Fine Chemicals Co.] and R-tocopherol
(Merck Co.) at a molar composition of 5/5/1/0.1. After
sizing by an extrusion method and removal of unencap-
sulated Hb using ultracentrifugation (50000g, 40 min),
the surface modification of HbV with PEG was performed

by simply mixing the HbV suspension (lipid: 2.2 g/dL,
833 mL) with a saline solution of 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylethanolamine-N-[poly(ethylene gly-
col)] (PEG-DPPE, Avanti Co., 0.1 g/dL, 231mL) at 37
°C under a CO atmosphere and stirring for 30 min. The
resulting HbV-PEG was diluted with saline to an Hb
concentration of 0.5 g/dL, and carbonylhemoglobin was
converted to oxyhemoglobin by illumination with visible
light under an O2 atmosphere (Chung et al., 1995). After
the ultracentrifugation and redispersion of the HbV-PEG
in 5 g/dL of albumin solution (albumin 5% cutter, Bayer
Co.) were repeated, the suspension was filtered through
sterilizable filters (Dismic, Toyo Roshi Co.; pore size )
0.45 µm). The free PEG-DPPE, which was not incor-
porated into the HbV, was removed during the process
of ultracentrifugation (50000g, 40 min) and redispersion.
Finally, the Hb concentration was regulated to 10 g/dL
using the albumin solution to obtain HbV-PEG/albumin.
The unmodified HbV suspended in the albumin solution
(HbV/albumin) was prepared in the same manner.
Quantitative Analyses of PEG-DPPE. The freeze-

dried powder of HbV-PEG was dispersed in CDCl3, and
the filtrate (filter paper, Toyo Roshi, 5B) was analyzed
using 1H-NMR spectroscopy (JEOL, EX-270). The PEG
content was estimated from the intensity ratio of the PEG
methylene proton peak (δ 3.63) to that of the choline
methyl protons in DPPC (δ 3.39) (Yoshioka, 1991; Ha-
mada et al., 1995).
Viscosity and Optical Microscopy of HbV-PEG/

Albumin Mixed with Human Blood. Human venous
blood was drawn into EDTA (1 mg/mL blood)-containing
tubes. The hematocrit of the blood was 55%. The HbV-
PEG or HbV in albumin was mixed with the human blood
at volume compositions of 0, 15, 30, 60, 90, and 100%.
The rheological properties and density at 37 °C were
measured with a capillary viscosimeter [Oscillatory
Capillary Rheometer and Density Meter (OCR-D, Anton
Parr)], where the sample in the measuring capillary
(0.9948 mm in diameter, 100.2 mm in length) was set
into sinusoidal oscillations at a given frequency of 2 Hz
to mimic the pulsatile flow in vivo (Schneditz et al., 1985).
The shear rate ranged from 0.58 to 358 s-1. The whole
measurement was performed within 6 h after blood
collection. The dispersion states of the vesicles and RBC
were observed with optical microscopy (Olympus BH-2)
at a magnification of 750.
Permeability through Isopore Membranes. To

mimic the blood flow in narrow capillaries, the perme-
abilities of human blood and the HbV-PEG/albumin and
the HbV/albumin through filters were observed. Each
isopore membrane filter (Nuclepore, Coaster Co.; pore
size ) 0.4, 0.6, 1.0, 2.0, 3.0, 5.0, 8.0 µm; diameter ) 25
mm) was attached to a high-pressure resistant chamber
(Extruder, Lipex Biomembrane, Inc., Canada). The
filtration area was regulated to 1 cm2. After the suspen-
sion was prefiltered through disposable filters (Dismic,
Toyo Roshi Co.; pore size ) 0.45 µm), 5 mL of the
suspension was injected and 5 min later the initial
filtration rate of the outlet volume was measured at a
pressure of 0.3, 0.4, or 4 kg/cm2 at 37 °C.
Protein Adsorption onto the Vesicular Surface.

The unmodified and PEG-modified vesicles, which did not
encapsulate Hb, were prepared with the same lipid
composition in the same manner except that phosphate-
buffered saline (PBS, pH 7.4, 37 °C) was used in place of
a concentrated Hb solution for lipid hydration. After
regulation of the lipid concentration to 3.4 g/dL, the
vesicles were suspended in a 5% albumin solution and
incubated for 3 and 12 h at 37 °C. The vesicles were
separated by gel permeation chromatography (Sepharose
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CL-4B, Pharmacia; column size: height ) 12 cm, diam-
eter ) 3 cm) with PBS as an eluent. It took about 5 min
to obtain the fractions of HbV and HbV-PEG. The
concentrations of total lipids in the fractions were
calculated from the cholesterol concentration measured
with a cholesterol oxidase-p-chlorophenol method (Cho-
lesterol test II Wako, Wako Pure Chemicals Co.). The
amount of adsorbed albumin was measured by o-phthal-
aldehyde (OPA) fluorescence assay (Peterson, 1983), in
which the fluorescence (λex ) 340 nm, λem ) 440-455 nm)
induced by the reaction of thiol groups on albumin with
OPA was measured with a fluorometer (Jasco FP-550).
Ninety Percent Exchange Transfusion Protocol.

The procedure was almost the same as that previously
reported (Izumi et al., 1996). Twelve Wistar rats (weight
348 ( 11 g, mean ( SD) were anesthetized with an
intraperitoneal injection of sodium pentobarbital (50 mg/
kg). Two catheters (PE-20 tubing, o.d. ) 0.8 mm, i.d. )
0.5 mm), one of which was introduced into the right
jugular vein for sample infusion and the other into the
right common carotid artery, were used for blood with-
drawal. The catheter in the common carotid artery was
then connected to a pressure transducer (Polygraph
System, Nihon Koden, Tokyo) for continuous monitoring
of the mean arterial pressure (MAP) and the heart rate
(HR). Next, a median abdominal incision was made and
a miniaturized 20-MHz pulsed doppler probe (HDP 20
20R, 2 mm in diameter, Crystal Biotech, Holliston, MA)
was implanted on the abdominal aorta to measure the
blood flow. The probe was connected to a pulsed doppler
flow module (Model PD-20, Crystal Biotech) (Gardiner
et al., 1990; Haywood et al., 1981). Needle-type polaro-
graphic oxygen electrodes (Intermedical Co.) were placed
in the cortex of the kidney and the cervical muscle for
continuous renal cortical and skeletal muscle tissue
oxygen tension measurements (Nelimarkka et al., 1982).
Approximately 10 min was allowed for the parameters
to stabilize. From the MAP, blood flow (Q), and body
weight, the total peripheral resistance index (TPRI),
which indicates the resistance to blood flow, was calcu-
lated using the following equation:

Ninety percent of the estimated total blood volume of
the rat (50 mL/kg) was exchanged with the HbV-PEG/
albumin (HbV-PEG group, n ) 6) or the HbV/albumin
(HbV group, n ) 6) at 2 mL of withdrawal (via the
common carotid artery)/infusion (via the jugular vein)
cycles at a rate of 1 mL/min. Blood samples for hemat-
ocrit measurements and arterial and venous blood gas
analyses (Corning 170 pH/blood gas analyzer, Corning
Medical, Medfield, MA) were taken with a heparinized
2 mL syringe on the first withdrawal as basal values at
exchange rates of around 10, 40, 60, 70, 80, and 90%,
and 30 min after the completion of the exchange transfu-
sion. All animal studies were approved by the Animal
Care and Use Committee of Keio University. The care
and handling of the rats were in accordance with the
National Institutes of Health guidelines.
Data Analysis. Data are expressed as the mean (

SD for the indicated number of animals. Data were
evaluated using analysis of variance (ANOVA) followed
by Fisher’s protected least significant difference (PLSD)
test. The level of confidence was placed at 95% for all
experiments.

RESULTS AND DISCUSSION

1. Characteristics of HbV-PEG/Albumin as a Red
Cell Substitute. The characteristics of the HbV-PEG/

albumin are summarized in Table 1. The diameter was
controlled to 0.25 ( 0.08 µm. By increasing the weight
ratio of Hb to lipid to 1.74, the lipid concentration was
reduced to 5.74 g/dL. This is the highest encapsulation
efficiency ever reported, due to the control of intermo-
lecular interactions during the assembling and sizing
procedure of HbV (Takeoka et al., 1996). The surface
modifier, PEG-DPPE, was easily introduced onto the
surface of HbV by the addition of the PEG-DPPE
solution. Diameter changes were observed within ex-
perimental error. After the free PEG-DPPE was re-
moved by repeating the centrifugation and redispersion,
the content of PEG-DPPE was measured by 1H NMR
and the composition of the lipids was clarified to be
DPPC/cholesterol/DPPG/R-tocopherol/PEG-DPPE ) 5/5/
1/0.1/0.014 by molar ratio (PEG-DPPE ) 0.13 mol %).
More than 90% of the added PEG-DPPE was incorpo-
rated onto the outer surface of the HbV. The oxygen
affinity, P50 (oxygen partial pressure required for the half-
saturation of Hb with oxygen), was regulated to 32 Torr
by coencapsulating PLP (18.6 mM). The amount of
oxygen release was calculated to be 6.2 mL/100 mL,
which was close to the 7.0 mL/100 mL of human blood
due to the increased oxygen transporting efficiency (the
difference in O2 saturation between 40 and 110 Torr PO2)
of the HbV-PEG, 37%, compared to that of human red
cells, 28%. No leakage of Hb was observed during and
after the introduction of PEG-DPPE. The oxygen af-
finity of HbV-PEG was almost the same within experi-
mental error, indicating that pH change in the inner
aqueous phase and leakage of coencapsulated small
molecules such as PLP, Na+, and Cl-, were negligibly
small. The densities of the HbV-PEG/albumin and
unmodified HbV/albumin suspensions were almost the
same (1.0336 and 1.0335 g/cm3, respectively), and they
were smaller than that of human blood (1.0525 g/cm3),
mainly due to the fact that the concentration of albumin
solution used is 5 g/dL, which is lower than the plasma
protein concentration, ca. 7.5 g/dL. The concentration
of albumin of the suspension is expressed as 3.2 g/dL due
to 36% of the total volume being HbV particles.
2. Effect of PEG Conjugation on the Aggregation

of HbV in Albumin Solution and BloodMixture. 2.1.
Optical Microscopic Observation of Dispersion States of
HbV-PEG/Albumin. The dispersion states of the HbV-
PEG/albumin and HbV/albumin when mixed with human
blood were observed by optical microscopy (Figure 1). In
the case of HbV-PEG/albumin, only RBCs were confirmed
because of the small diameter of HbV-PEG (0.25 ( 0.08
µm), and no aggregate of HbV-PEG was confirmed in the
photograph. In the case of HbV/albumin, on the other

TPRI ) (MAP/Q)/(body weight) (1)

Table 1. Characteristics of HbV-PEG/Albumin in
Comparison with Human Blood (RBC)

parameter HbV-PEG/albumin human blood

diameter (µm) 0.25 ( 0.08 ca. 8
P50 (Torr) 34 28
[Hb] (g/dL) 10 12-17
[lipid] (g/dL) 5.71 1.8-2.5a
[Hb]/[lipid] (g/g) 1.75 ca. 31b
O2 release (mL/dL) 6.1 5.5-7.7
metHb (%) <3 <0.5
HbCO (%) <2 <5
viscosity (cP at 230 s-1) 3.7 4-5
osmolarity (mOsm) 300 ca. 300
oncotic pressure (Torr) 20 ca. 25
pH 7.4 7.2-7.4
density (g/cm3) 1.0336 1.05
hematocrit (%) 36c 40-54
a Total cell membrane components. b Weight ration of Hb to

total cell membrane components. c Volume percentage of HbV
particles.
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hand, flocculated aggregates of the HbV were actually
confirmed among the RBCs. The RBCs were neither
aggregated nor deformed, indicating that both HbV and
HbV-PEG did not interact with RBCs. The aggregates
of HbV were actually observed before mixing with blood.
It is quite obvious that PEG chains suppress the HbV
aggregation.
2.2. Viscosities of HbV-PEG/Albumin and Mixtures

with Blood. When the unmodified HbV was dispersed
in PBS, the viscosity of the vesicular suspension became
2.6 cP (shear rate ) 230 s-1), which is lower than that of
blood (Sakai et al., 1996). However, when dispersed in
a 5 g/dL albumin solution to adjust the colloidal osmotic
pressure, the HbV/albumin showed 8 cP viscosity (shear
rate ) 358 s-1), which was substantially higher than that
of blood (3.7 cP). In Figure 2, the HbV/albumin shows a
non-Newtonian flow typical for particle suspensions and
higher viscosities, especially at lower shear rates. In the
case of the HbV-PEG/albumin, on the other hand, the
viscosity was significantly reduced in comparison with
that of the unmodified HbV/albumin and was almost the
same as that of human blood at any shear rates (e.g., 3.5
cP at 358 s-1). These results indicate that the unmodified
HbV aggregates due to the molecular interaction of
albumin with the vesicular surface and increases the
viscosity, while the surface modification of the HbV with
PEG chains suppresses HbV aggregation and provides a
low viscosity almost the same as that of human blood.
The effect of compositions of PEG-DPPE on viscosity

was previously studied at 0.063, 0.13, and 0.25 mol %,
for which the viscosities at 10.2 s-1 were 5.8, 5.2, and
7.2 cP, respectively. All of the compositions showed a

significant decrease in viscosity (cf. 22.5 cP without
PEG-DPPE); however, the viscosity began to increase
at 0.31 mol %. We therefore selected the composition at
around 0.13 mol %.
When human blood was mixed with the HbV/albumin,

the viscosity proportionally increased with increasing
volume ratio of HbV/albumin. This indicates that the
unmodified HbV already aggregates in the albumin
solution, and there is no detectable additional interaction
between the HbV/albumin and blood components from
the rheological point of view. In the case of HbV-PEG/
albumin, the viscosity was not changed at any shear rate
and any mixing ratio, except at 30% HbV-PEG/albumin,
at which there was a slight increase in viscosity; however,
it is negligible in comparison with the high viscosity of
the unmodified HbV/albumin.
Figure 3 shows the Casson plots for the mixtures of

HbV/albumin or HbV-PEG/albumin with human blood,
xγ versusxτ (γ, shear rate; τ, shear stress). In the case
of the HbV-PEG/albumin, all of the mixtures with blood
coincided well with that of blood. A linear relationship
indicates that the rheological property of the HbV-PEG
agrees well with the Casson equation for a non-Newton-
ian fluid (xτ ) k0 + k1xγ) (Oka, 1984), with constants,
k0 ) 0.19 ( 0.07 (mean ( SD) (dyn/cm2)1/2 and k1 ) 0.18
( 0.002 s1/2. The stress yield (k02), which indicates the
change point from a solid to a fluid phase, seems to be
similar to that of human blood. This linear relationship
at all compositions indicates the absence of additional
interaction with blood components. On the contrary,
HbV/albumin showed a drastic increase in xτ at lower
xγ with increasing xγ and then a linear relationship.
The curves seem to fit the generalized Casson equation
reported by Oka (1971). This equation is valid with the
assumptions that the stress acts to break bonds between
particles and that the shear rate acts independently in
tending to prevent their reforming. Therefore, it can be
easily surmised that the aggregates dissociate at the
higher shear rates and that the sizes of HbV aggregates
are different at each shear rate. The small stress yield
for unmodified HbV/albumin may indicate that the
aggregation is induced by the weak interaction between
the albumin and vesicles.

Figure 1. Optical microscopic observation of (a) HbV-PEG/
albumin (30%) + blood (70%) and (b) HbV/albumin (30%) +
blood (70%). The bars indicate 40 µm. Only the RBCs can be
seen in (a), while the aggregates of HbV are seen between RBCs
in (b).

Figure 2. Shear rate dependence of the viscosity of (a) HbV-
PEG/albumin and (b) HbV/albumin in the mixture with human
blood measured with a capillary rheometer at 37 °C. Blood
volume (%): 0 (9), 10 (2), 40 (b), 70 (0), 85 (4), 100 (O).
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2.3. Permeability of HbV-PEG/Albumin through Iso-
pores. In Figure 4, the permeabilities of the HbV-PEG/
albumin, HbV/albumin, and human blood through iso-
pore membranes are shown as a model of the blood flow
through capillaries. This method is conventionally used
for the RBC deformability measurement (Kukuchi and
Koyama, 1984). The capillary and precapillary diameter
is usually 3-15 µm, and some narrow during circulatory
failure such as hemorrhagic shock. A biconcave-shaped
RBC with a diameter of 8 µm deforms to a parachute-
like configuration and permeates through the narrow
capillaries. However, with decreasing pore size of the
membranes from 5 to 2 µm, the flow rate decreased for
all suspensions, especially for human blood even though
the applied pressure (0.3 kg/cm2 ≈ 220 Torr) is about
twice that of normal blood pressure. When the pore
diameter is 3 µm, blood could hardly permeate, whereas
both the unmodified HbV/albumin and HbV-PEG/albu-
min showed high permeability. The permeation through
capillaries is very much influenced not only by viscosity
but also by the capillary diameter. It was reported that
the narrower the capillary is, the lower the viscosity of
the blood is when the diameter of the artificial capillaries

decreased from 500 to 50 µm with increased shear rate
(Fahraeus and Lindqvist, 1931). However, when the
diameter of the capillaries decreases to <4 µm, the
viscosity increases and finally there should be a limita-
tion for the RBC penetration (Pries et al., 1992). Due to
the small size of HbV (0.25 ( 0.08 µm), both the HbV-
PEG/albumin and HbV/albumin suspensions promptly
permeate through the membrane filters with pores of
sizes down to 0.4 µm without changes in vesicular size
or Hb leakage. Especially the HbV-PEG/albumin perme-
ates more rapidly than the unmodified HbV/albumin
because HbV-PEG did not aggregate. Even though the
HbV/albumin showed aggregation in the optical micros-
copy, the aggregates dissociated at higher shear rates and
permeated more promptly than expected. The difference
in the permeation rate between the two suspensions
becomes smaller, which should be related to the smaller
difference in viscosity at higher shear rates in Figure 2.
Both the HbV and HbV-PEG can penetrate through
sterilizable filters of 0.45 µm in pore size for preparation.
No Hb leakage was confirmed, supporting the belief that
the aggregation is reversible and that there is no
deformation of the bilayer membrane. After the perme-
ation, the suspension was ultracentrifuged, and the
amount of PEG-DPPE in the supernatant was analyzed.
However, no PEG-DPPE was detected. Therefore, PEG-
DPPE was not removed during permeation through the
pores of the membranes used in this experiment.
In spite of the fact that the viscometric properties of

the HbV-PEG/albumin and blood are almost the same
by viscometric analysis (Figures 2 and 3), the flow
patterns in the capillaries in vivo would be influenced
not only by the viscosity but also by the relationship
between the diameters of the particles and capillaries.
3. Quantitative Analysis of Adsorbed Albumin

onto the Vesicular Surface. The amounts of adsorbed
albumin onto the vesicles after 3 and 12 h of incubation
at 37 °C were quantitatively analyzed under the assump-
tion that adsorbed albumin on the surface would induce
vesicular aggregation. After 3 h, the amounts of albumin
were 7 and 10 µg/mg lipid for the unmodified and PEG-
modified model vesicles, respectively. After 12 h, the
amounts became 9 and 11 µg/mg, respectively. At 11 µg/
mg, the surface of one vesicle (ca. 2.0 × 105 nm2) was
calculated to be covered with ca. 100 albumin molecules
(size: 3.8 × 15 nm); ca. 3% of the surface was covered
with albumin. Some of the adsorbed albumin would be
removed from the surface during gel permeation chro-
matography as Chonn et al. (1991) reported. However,
the time required to obtain the HbV or HbV-PEG fraction
was only 5 min and the desorption must be minimal.
Contrary to the assumption, there was no significant
difference between the modified and unmodified vesicles.
PEG chains should prevent intervesicular access and
aggregation rather than albumin adsorption. The repul-
sive interaction between PEG-modified surfaces has been
clarified by the distance between the membranes using
X-ray diffraction (Needham et al., 1992) and the steric
hindrance calculated using computer analysis (Torchilin
et al., 1994; Hristova and Needham, 1995). Because PEG
chains do not completely cover the surface of the vesicles
at the molar composition employed, albumin would
penetrate through the PEG chain layers to the vesicular
surface to be adsorbed. Even so, the repulsion between
the PEG-modified vesicles, which are much larger than
albumin, would be effective and the adsorbed albumin
on the surface could not induce vesicular aggregation.
This hypothesis is also supported by the results of
Harasym et al. (1995), who found that the coupling of
proteins onto PEG-modified phospholipid vesicles was not

Figure 3. Casson plots for the (a) HbV-PEG/albumin and (b)
HbV/albumin of the mixture with human blood. Casson equa-
tion: xτ ) k0 + k1xγ (τ, shear stress; γ, shear rate; k0, k1,
constants. Blood volume (%): 0 (9), 10 (2), 40 (b), 70 (0), 85
(4), 100 (O).

Figure 4. Comparison of the rates of penetration of the HbV/
albumin (slashed bar), HbV-PEG/albumin (black bar), and
human blood (white bar) through the Nuclepore isopore mem-
brane filters at the applied pressure of 0.3 kg/cm2 at 37 °C. For
the membrane of 0.4 µm pore size, the applied pressure was
0.5 kg/cm2.
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retarded but that the aggregation during the coupling
was suppressed by PEG chains.
4. Ninety Percent Exchange Transfusion. During

the exchange transfusion, the hematocrit of both the HbV
and HbV-PEG groups decreased from about 50 to 5%,
indicating that almost 90% exchange transfusion was
theoretically and actually performed. In the glass capil-
laries for hematocrit measurements, the HbV precipi-
tated on the RBC layer, while the HbV-PEG did not, and
it was still dispersed in the supernatant after centrifuga-
tion (12000g), indicating that the HbV-PEG is well
dispersed even in the presence of blood components.
Figure 5 summarizes the changes in hemodynamic

parameters, which are shown as percentages of the basal
values. The HR remained normal in both groups. The
MAP showed a slight transient increase for both groups

and then decreased to 80-90% of the initial values. The
transient increase at the first stage is maybe due to some
form of immunological reaction accompanying the phos-
pholipid vesicle injection as discussed later. The HbV-
PEG group showed a significantly (ca. 50%) higher blood
flow rate in the abdominal aorta with ca. 20% lower TPRI
than the HbV group. This would be the result of the
lower viscosity of the HbV-PEG/albumin, which promotes
blood flow in the capillaries. The previous report of the
90% exchange transfusion with washed ratRBC/albumin
(Hb ) 10 g/dL) showed about a 30% increase in blood
flow (Izumi et al., 1997), less than that of HbV-PEG
group, even though the HbV-PEG showed almost the
same viscometric characteristics as mentioned above.
This indicates that the rheological properties in narrow
capillaries are not the same as those measured with the
viscosimeter and that HbV-PEG would show prompt flow
in the capillaries in vivo in just the same way as in the
filter permeability measurements in Figure 4, because
HbV-PEG is not aggregated and is smaller than RBC.
Parts a-d of Figure 6 show the differences in pH and

the changes in blood gas parameters from the basal
values. The pH began to decrease at an exchange ratio
of around 60% for the HbV group. In spite of the fact
that these levels of decreases are still small in comparison
with the administration of albumin alone, as reported
in the previous paper (Izumi et al., 1997), the HbV-PEG
group remained at a significantly higher level than the
HbV group. The base excess values showed the same
profiles. As for the arterial partial pressure of oxygen
(PaO2) and carbon dioxide (PaCO2), both groups showed
slight increases but remained in the normal range. The
mixed venous partial oxygen pressure (PvO2) of the HbV-
PEG group was significantly higher than that of the HbV
group. PvO2 is a parameter for O2 supply (Kobayashi et
al., 1995). Low PvO2 indicates low oxygen saturation of

Figure 5. Changes in hemodynamic parameters during the
90% exchange transfusion with HbV/albumin (O, n ) 6) and
HbV-PEG/albumin (b, n )6) and 30 min post-transfusion,
shown as percentages of the basal values: (a) MAP, mean
arterial pressure; (b) blood flow in abdominal aorta, significant
differences at 70% (p < 0.05) and 90% (p <0.05); (c) HR, heart
rate; (d) TPRI, total peripheral resistance index.

Figure 6. Changes in pH and blood gas parameters during
the 90% exchange transfusion with HbV/albumin (O, n ) 6) and
HbV-PEG/albumin (b, n )6) and 30 min post-transfusion: (a)
pH, significant differences at 30 min post transfusion (p < 0.05);
(b) base excess; (c) PaO2, arterial blood partial oxygen tension;
(d) PvO2, mixed venous blood oxygen tension, significant dif-
ferences at 40% (p < 0.05) and 70% (p < 0.05); (e) PaCO2,
arterial blood partial carbon dioxide tension. pH is shown as a
difference from the basal value. Blood gas parameters are shown
as percentages of the basal values.
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Hb, and a fall in PvO2 implies decreased O2 transport
(Kandel and Aberman, 1983). The graph indicates that
the HbV group is slightly hypoxic and the HbV-PEG
shows better O2 supply.
In spite of the fact that the PvO2 was improved by the

surface modification with PEG, the oxygen tensions at
the renal cortex (rPtO2) and skeletal muscle (sPtO2) for
both groups decreased to ca. 70% of the initial values at
90% exchange and were significantly low (Figure 7) in
comparison with the RBC group (rPtO2 ) 99%; sPtO2 )
99% at 90% exchange; Izumi et al., 1997), though they
are significantly high in comparison with those who
received only albumin (rPtO2 ) 22%; sPtO2 ) 35% at 90%
exchange; Izumi et al., 1997). We presume that both the
HbV and HbV-PEG somewhat influence the vasomotion,
e.g., indirect induction of vasoconstriction, which results
in the decreased density of the capillaries and oxygen
diffusion from capillaries to tissues. There is no differ-
ence in the high affinity of Hb for the endothelial-derived
relaxation factor (nitric oxide) between HbV-PEG and
HbV. One reason seems to be related to the shear stress
in the capillaries. Some endothelial relaxation factor is
reported to be generated in response to the shear stress
in the capillaries (Malek and Izumo, 1995). The prompt
flow of small HbV results in a shear stress decrease and
vasoconstriction. The high fluidity in the vessels would
adversely influence the vasomotion, and it would not
always be convenient for blood flow (Tsai et al., 1996).
The other reason seems to be related to the immunologi-
cal reaction accompanied by transient hypertension
(Figure 5a) and thrombocytopenia, in which complements
such as C3a would be generated and they would activate
platelets and increase the tromboxane A2, which induces
the vasoconstriction (Miyamoto et al., 1988; Watanabe
et al., 1988; Loughley et al., 1990; Rudolph, 1995).
Anyway, both of the two groups recovered from the
transient reaction and low tissue oxygen tensions at 30
min post exchange transfusion. All of the rats that
received HbV/albumin or HbV-PEG/albumin survived for
about 20 h, in spite of the fact that those which received
only albumin died within 20 min post exchange transfu-
sion.

In conclusion, the effects of the PEG modification of
the HbV were observed as the suppression of inter-
vesicular aggregation and prompt flow in vessels. This
affects the hemodynamics, the increased blood flow, and
the resulting stable blood gas parameters, indicating that
HbV-PEG has the potential for efficient oxygen supply.
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Gold surfaces have been derivatized with 15-base-pair double-stranded DNA oligonucleotides
containing a pendant 5′ hexanethiol linker. The electrochemistry of intercalated methylene blue has
been investigated at these modified electrodes. Chronocoulometry, cyclic voltammetry, ellipsometry,
and quantitation via 32P labeling are all consistent with a surface coverage of g75% with the DNA
helices stacked at an angle from the electrode surface. Cyclic voltammetry at low methylene blue/
duplex stoichiometries yields well-behaved surface waves with E° ) -0.25 V (vs SCE), a value 0.03
V negative of that in aqueous solution. A binding isotherm for methylene blue at an electrode
derivatized with the double-stranded sequence 5′ SH-(CH2)6-p-AGTACAGTCATCGCG 3′ was obtained
from coulometric titrations and gave an affinity constant equal to 3.8(5) × 106 M-1 with a saturation
value of 1.4(2) methylene blue intercalators per DNA duplex. Taken together, these experiments
support a model for the surface morphology in which DNA duplexes are densely packed; methylene
blue therefore reversibly binds to sites in the DNA that are close to the bulk solution. Electrochemistry
at DNA-derivatized electrodes provides a valuable methodology to examine DNA-bound redox reactions
and may offer new insight into DNA-mediated electron transfers.

The π-stack of aromatic heterocycles contained within
the DNA helix presents a unique medium in which to
explore electron-transfer reactions (1). As the hydropho-
bic interior of DNA differs substantially from aqueous
solution, the redox properties of molecules intercalatively
bound (and of the nucleic acid bases themselves) may
vary significantly from those in solution. Redox reactions
in the π-stack are particularly important for understand-
ing charge delocalization in DNA and its effect on base
damage (2-4). However, the irreversible electrochem-
istry of the nucleic acid bases has made it difficult to
monitor directly the redox behavior of bases in either
their monomeric or extended π-stacked forms where
electronic interactions perturb the π-systems of adjoining
base steps (5-6). Both organic molecules and transition-
metal complexes have been employed as indirect probes
of the electronic properties of DNA (1, 7-15).
Photophysical studies on DNA have shown that the

π-stack mediates ultrafast electron transfer (kET ∼ 1010
s-1) (1). Although various systems are being explored (9-
12), fast photoinduced electron-transfer kinetics are only
observed when both donor and acceptor are intercalated
into DNA (13-15); under such conditions, efficient
luminescence quenching has been observed over 40 Å
(13). Moreover, recent photochemical studies suggest
that the extended DNA π-stack facilitates long-range
oxidative base damage (4). These results all point to the
base stack of DNA as an effective pathway for electron
transfer.
Electrochemical studies of small molecule/DNA com-

plexes have focused primarily on solution-phase phenom-
ena, in which DNA-induced changes in redox potentials
and/or diffusion constants of organic and inorganic spe-

cies have been analyzed to yield association constants (16,
17). In addition, rates of guanine oxidation catalyzed by
electrochemically oxidized transition-metal complexes
have been used to evaluate the solvent accessibility of
bases for the detection of mismatches (18). Electrochemi-
cal signals triggered by the association of small molecules
with DNA have also been applied in the design of other
novel biosensors. Toward this end, oligonucleotides have
been immobilized on electrode surfaces by a variety of
linkages [e.g., thiols on gold (19, 20), carbodiimide
coupling of guanine residues on glassy carbon (21), and
alkanebisphosphonate films on Al3+-treated gold (22)] for
use in hybridization assays. Both direct changes in mass
(measured at a quartz crystal microbalance) (20) and
changes in current (19, 21) or electrogenerated chemilu-
minescence (22) due to duplex-binding molecules have
been used as reporters for double-stranded DNA. Gold
surfaces modified with thiolated polynucleotides have
also been used for the detection of metal ions and DNA-
binding drugs (23).

To investigate the redox chemistry of molecules within
the DNA environment, we have employed gold surfaces
modified with double-stranded, thiol-terminated DNA
(24). The covalent attachment of DNA directly to an
electrode surface provides a controlled environment in
which kinetic and thermodynamic parameters of DNA-
bound species can be evaluated. To probe DNA on these
modified surfaces, we have examined the electrochem-
istry of methylene blue (MB) (25), an aromatic hetero-
cycle that binds strongly to DNA via intercalation (26).
Here we report the electrochemistry, binding affinity, and
electron-transfer dynamics of intercalated MB at a gold
electrode modified with 15-base-pair oligonucleotide du-
plexes, singly derivatized with a 5′-hexylthiol tether.
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EXPERIMENTAL SECTION

Materials. Phosphoramidite reagents (including the
C6 S-S thiol modifier) were obtained from Glen Research.
Methylene blue (Sigma Chemical Co.), ferrocene carbox-
aldehyde, and octadecyl mercaptan (Aldrich) were used
as received. Potassium ferrocyanide (Fisher) was recrys-
tallized from aqueous solution prior to use. [γ-32P]dATP
was obtained from NEN-DuPont.
Synthesis of Derivatized Duplexes. 5′ Mercapto-

hexyloligonucleotides and underivatized complements
were synthesized according to automated solid-phase
techniques (27), using a disulfide protected linker (C6
S-S thiol modifier). Sequences were purified by reversed
phase HPLC, deprotected using dithiothreitol, and re-
purified before hybridization to unmodified complements.
Single-stranded oligonucleotides were characterized by
matrix-assisted laser desorption ionization time-of-flight
mass spectrometry and HPLC retention times. Se-
quences prepared according to this method include 5′ SH-
(CH2)6-p-AGTGCGAA GCTGCGT 3′, 5′ SH-(CH2)6-p-
AGTACAGTCATCGCG 3′, and 5′ SH-(CH2)6-p-AGTACAG-
TCATCAGT 3′. Duplexes were hybridized in deoxygen-
ated 5 mM phosphate/50 mM NaCl (pH 7) by heating to
90 °C followed by slow cooling to room temperature.
Unprotected duplexes were stored frozen under argon to
prevent oxidation of the thiol.
Derivatization of Gold Electrodes. Bulk gold elec-

trodes were polished successively with 0.3- and 0.05-µm
alumina (Buhler), sonicated for 30 min, and etched in
1.0 M sulfuric acid. Au(111) surfaces (28) were prepared
by vapor deposition onto mica or glass. Electrodes were
then modified by incubation in 0.1 mM solutions of
derivatized DNA duplexes in 5 mM phosphate/50 mM
NaCl (pH 7) for 12-48 h at ambient temperature.
Modified electrodes were rinsed in buffer prior to use.
For the investigation of DNA-modified electrodes at high
MB loadings, deposition of the thiol-terminated DNA was
performed in the presence of 0.6 mMMB; these electrodes
were rinsed in 10 µM MB/buffer solutions. CH3(CH2)17-
SH-modified electrodes were prepared by incubation in
ethanol solutions for 48 h.
Electrochemistry. All electrochemical experiments

were performed with a Bioanalytical Systems (BAS)
Model CV-50W electrochemical analyzer. Cyclic volta-
mmetry (CV) and chronocoulometry (CC) were carried
out at 20 ( 2 °C with a normal three-electrode configu-
ration consisting of either a modified gold-disk or a
hanging drop mercury working electrode and a saturated
calomel reference electrode (SCE, Fisher Scientific). The
working compartment of the electrochemical cell was
separated from the reference compartment by a modified
Luggin capillary. Potentials are reported versus SCE.
Chronocoulometric measurements were corrected for
double-layer charge as determined in buffer solutions.
Heterogeneous electron-transfer rates were determined
by cyclic voltammetry and analyzed as described previ-
ously (29). The electron-transfer kinetics of several
previously reported systems (including benzo[c]cinnoline
on gold and methylene blue on Hg) (30) were investigated
using this method with our instrumentation, and in each
case, excellent agreement with the literature values was
observed.
Ellipsometry. Optical ellipsometry (λ ) 632.8 nm)

was carried out on dried samples at 25 °C using a
Gaertner Model L116C ellipsometer.

32P Labeling and Quantitation. A 15-base-pair
oligonucleotide (5′ CGCGATGACTGTACT 3′) was 5′
labeled with [γ-32P]ATP and hybridized to a thiol-modi-
fied complement. Samples of Au(111) on mica (diameter

) 0.41 cm) were treated with this duplex in the manner
described above. After thorough rinsing in buffer solu-
tions, dried samples were counted on a Beckman
LS60001C scintillation counter, adjusted for attenuation
by the presence of the mica, and compared to calibration
standards that were prepared from known quantities of
labeled oligonucleotide. The values obtained by scintil-
lation counting and the surface areas of the modified mica
were confirmed by analysis of the radioactivity of each
sample by phosphorimagery (Molecular Dynamics).

RESULTS

Surface Analysis. Modification of gold surfaces with
5′-thiol-terminated DNA duplexes was established by
cyclic voltammetry, ellipsometry, and the direct quanti-
tation of 32P-labeled oligonucleotides on Au(111). The
electrochemical window of 50 mM NaCl (pH 7) at DNA-
modified gold extends from 0.70 to -0.70 V (versus SCE).
The cyclic voltammograms of Fe(CN)64- at bare and DNA-
modified electrodes are shown in Figure 1. As ferrocya-
nide does not bind to the DNA polyanion, the lack of
signal at the modified electrode implies essentially
complete coverage by the thiol-terminated DNA. To
ensure that Fe(CN)64- was not merely electrostatically
repelled from holes in the monolayer, a neutral probe,
ferrocene carboxaldehyde, was investigated and gave a
similar result.
Gold surface waves (generated by the formation and

stripping of gold oxide) at bare and derivatized electrodes
were also compared by cyclic voltammetry as a qualita-
tive measure of the surface coverage (31, 32). These
results suggest a very high loading (>85%). However,
thiol-gold linkages are known to undergo oxidative
desorption at high potentials (33), so an alternative
method was used to quantitate the coverage.
DNA adsorbed on Au(111) was directly quantitated in

a radioactive tagging (32P) experiment. This assay
yielded an average of 5.7(3) × 10-12 mol of duplex DNA
on a 0.14-cm2 surface after 24 h of modification. From
this value and the cross-sectional area of DNA (3.14 ×
10-12 cm2), the surface coverage was calculated as Γ )
4.1(2) × 10-11 mol/cm2, which corresponds to a close-
packed fractional coverage of 0.75(3).
Ellipsometry of a 15-base-pair thiol-derivatized duplex

on Au(111) was carried out and yielded an estimate for

Figure 1. Cyclic voltammograms for 0.1 mM K4[Fe(CN)6] in 5
mM phosphate/50 mM NaCl (pH 7) at a DNA-modified (s) [5′
SH-(CH2)6-p-AGTACAGTCATCGCG 3′ + complement] and bare
gold electrode (- - -). Scan rate ) 100 mV/s; electrode area (A) )
0.02 cm2.
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the average monolayer thickness of 35 Å. As this
measurement corresponds to an average thickness on the
gold surface, it could reflect anywhere from 100% surface
coverage with derivatized DNA duplexes stacked at an
angle of 32° from the gold surface, to DNA helices
oriented perpendicular to the surface with only 55%
coverage, given a cylindrical DNA 15-mer duplex of 66-Å
height (including the fully extended linker) and 20-Å
diameter (34).
Cyclic Voltammetry of Methylene Blue. The cyclic

voltammetry of 1.0 µMMB at a DNA-modified electrode
is shown in Figure 2. The pronounced electrochemical
response at such a low concentration is strong evidence
that MB binds tightly and is electronically well coupled
to the modified electrode surface. The reduction potential
of MB at the DNA-modified electrode is -0.25 V (vs SCE),
compared to -0.22 V at bare gold. A plot of cathodic peak
current (ipc) vs scan rate (ν) is linear (Figure 2B),
establishing that MB is strongly adsorbed to the DNA-
modified surface (35).
Qualitatively, ∆Ep increases as a function of scan rate

(Figure 3), indicating slow electron-transfer kinetics on
the CV time scale (29). For comparison, the peak
separations are much less pronounced for MB adsorbed
to a mercury surface, where the rate constant is reported
as 1500 s-1 (25); at bare gold we observed essentially no
peak splitting up to our fastest scan rates (50 V/s).
Importantly, these measurements were all made at very
low loadings of MB; thus, artifacts due to lateral charge
migration or ohmic (iR) drop were minimized (at the
largest currents used, iR was <5 mV). These data

indicate that the electron-transfer rate is attenuated by
the intercalation of MB into the DNAmonolayer and that
the rate is significantly faster at bare gold than at the
derivatized surface. It is noteworthy that no appreciable
differences in the CV responses were observed for the
three oligonucleotide sequences examined.
Control experiments were also carried out to distin-

guish the binding characteristics of MB on different
electrode surfaces. Coulometric experiments (36) on bare
gold electrodes showed no evidence of adsorption of MB
at sub-micromolar concentrations (Figure 4). In addition,
electrodes treated with oligonucleotides lacking a thiol
linker under the same conditions as those used for
surface modification with the linker did not facilitate the
subsequent adsorption of MB, and instead yielded irre-
producible voltammetric responses that ranged from
reversible to highly irreversible. Lastly, we contrast the
behavior of MB at a DNA-modified electrode with that
at a gold electrode modified with octadecanethiol (see
Supporting Information). At the alkylthiol surface, cyclic
voltammetry of MB reveals preferential binding to the
surface in the reduced form, and a plot of ipc vs ν1/2 is
linear, consistent with diffusion of MB.
Determination of Methylene Blue Affinities. MB

reversibly binds to DNA-modified electrodes, as estab-
lished by transfer experiments in which the electrochemi-
cal response of a derivatized electrode was monitored
during sequential and repetitive immersions in MB and
MB-free solutions. The affinity of MB for the DNA-
derivatized surface was determined using chronocoulom-
etry (36). Figure 4 shows binding isotherms for MB at
both DNA-modified [sequence ) 5′ SH-(CH2)6-p-AGTA-
CAGTC ATCGCG 3′] and bare gold electrodes. The data
obtained at the DNA-modified electrode were fit accord-
ing to Langmuir’s model (37), giving K ) 3.8(5) × 106
M-1 and Γmax ) 1.2(1) × 10-12 mol, where K is the
association constant per site and Γmax is the maximum
number of MB binding sites (Figure 5). The good fit
obtained with this model confirms independent, non-
cooperative binding sites for MB on the 15-base-pair
duplexes. Comparable values for K and Γmax were
obtained for the sequence 5′ SH-(CH2)6-p-AGTACAGT-
CATCAGT 3′. It is noteworthy that the affinity of MB
to a bare gold electrode is significantly lower (Figure 4).
The value of Γmax corresponds to a stoichiometry of

1.4(2) MB per 15-base-pair DNA duplex based upon 75%
coverage of this surface. Yet maximum stoichiometries
of MB bound to DNA in solution are expected to approach
7 MB per 15-base-pair oligonucleotide duplex (38). To
test whether attachment of DNA to the electrode surface
restricts access of MB, the electrochemistry of surfaces
modified with duplexes presaturated with methylene blue

Figure 2. (A, top) Cyclic voltammetry of 1.0 µM methylene
blue in 50 mM phosphate (pH 7) at a DNA-modified [5′ SH-
(CH2)6-p-AGTGCGAAGCTGCGT 3′ + complement] electrode (A
) 0.7 cm2; scan rate ) 5, 10, 20, 50, 100, 200, and 500 mV/s).
(B, bottom) Plot of ipc vs scan rate.

Figure 3. Plot of E - Epc vs log(ν) for 0.1 µM methylene blue
at a gold electrode derivatized with 5′ SH-(CH2)6-p-AGTACAGT-
CATCGCG 3′ hybridized to its complement in 25 mM phosphate/
75 mM NaCl (pH 7) .
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was investigated. Figure 6 shows the cyclic voltammo-
gram of 10 µMMB at an electrode derivatized with a 0.1
mM duplex solution that contained 0.6 mM MB (these
conditions ensure that the DNA is almost entirely
saturated, with a negligible concentration of MB free in
solution). The very broad and cathodically shifted re-
sponse is characteristic of interacting redox-active species
(39). When this electrode was immersed in MB-free
electrolyte, the response slowly decayed. Once the dis-
sociation process was complete, the bulk concentration
of MB was brought back to 10 µM, but a much smaller
response was observed. Importantly, the signal with 10
µM MB was now identical to that observed for DNA-
modified electrodes prepared in the absence of MB (i.e.
not presaturated with MB). Integration of the currents
shown in Figure 6 yields a 5:1 ratio, which is close to the
ratio of saturation values expected for MB in solution
versus that measured at the DNA-modified electrodes.

DISCUSSION

Gold Electrodes Derivatized with DNA. 5′-Thiol-
terminated DNA duplexes covalently modify gold sur-
faces. Importantly, duplexes that lacked the thiol linker
showed little and irreproducible adsorption to gold under
identical conditions. Very high surface coverages of gold
by thiol-terminated DNA were confirmed by evaluating
the accessibility of the modified electrode to diffusing

species in solution, integrating the gold surface waves,
and quantitating the radioactivity of 32P-labeled DNA
electrodes.
Although packing of the DNA on the surface is high,

the DNA helices do not appear to lie flat on the electrode
surface. Since quantitation of the DNA duplexes on the
surface shows at least 75% coverage, such high loading
of covalently bound duplexes can only be accommodated
with the majority of DNA duplexes at a substantial angle
from the surface. Moreover, since the duplexes are
relatively short (representing 1.5 helical turns), they can
also be considered quite rigid across the duplex. Ellip-
sometric measurements (albeit on dried samples) com-
bined with electrochemical data also suggest that the
helices are stacked at an angle with respect to the
surface. Hence, the morphology of the DNA-modified
surface appears to involve a densely packed array of
duplexes. However, it is important to note that no direct
information regarding the degree of order of DNA du-
plexes on the electrode has been obtained.
Electrochemistry of IntercalatedMB. Micromolar

solutions of MB yield well-defined voltammetric re-
sponses at electrodes modified with thiol-derivatized
DNA (Figure 2). The reduction potential for intercalated
MB is cathodically shifted (-30 mV) from the value in
aqueous solution. For comparison, the reduction poten-
tials for MB in dimethylformamide, acetonitrile, and
acetone are, respectively, -0.50, -0.52, and -0.48 V vs
SCE (corrected for the junction potential, using ferroce-
nium/ferrocene as an internal standard). Wider varia-
tions in reduction potentials are observed in aqueous
solution as a function of pH since the reduction is coupled
to proton transfer. At low concentrations of MB (<0.1
µM), the cyclic voltammograms exhibit full-widths at
half-heights of∼55 mV. This value is slightly larger than
the predicted 45 mV for a 2e- Nerstian system. Starting
at low loadings of MB, the voltammograms broaden until
saturation in binding of MB to DNA is reached; the
broadest cyclic voltammograms are observed at electrodes
presaturated with MB. In each case, the cathodic and
anodic peak splitting approaches zero at slow scan rates.
The broadening (which depends directly upon loading of
MB) therefore indicates a distribution of binding environ-

Figure 4. Adsorption isotherms for methylene blue (25 mM
phosphate/75 mMNaCl, pH 7) at a gold electrode modified with
5′ SH-(CH2)6-p-AGTACAGTCATCGCG 3′ hybridized to its un-
derivatized complement (A) and at a bare gold electrode (B).
Surface concentrations were determined from the intercepts of
Q vs t1/2 curves obtained by chronocoulometry; A ) 0.02 cm2.

Figure 5. Plot of [MB]/MBads vs [MB] for the MB/DNA
isotherm shown in Figure 4A. Data were analyzed as follows
(37): [MB]/MBads ) (1/Γmax)[MB] + (1/KΓmax), where [MB] is the
bulk concentration of methylene blue, MBads is the number of
moles of methylene blue adsorbed on the surface, and Γmax is
the number of methylene blue binding sites at saturation.

Figure 6. Cyclic voltammograms of 10 µM methylene blue in
50 mM phosphate (pH 7) at an electrode (A∼ 0.07 cm2) modified
with a solution containing 0.1 mM DNA [5′ SH-(CH2)6-p-
AGTGCGAAGCTGCGT 3′ + complement] and 0.6 mM MB
(dotted line) and the same electrode after buffer equilibration
and subsequent restoration of the bulk concentration to 10 µM
MB (solid line).
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ments with slightly different reduction potentials. A
systematic examination of these parameters as a function
of sequence for this and other DNA-binding molecules
will be instructive.
Importantly, the binding affinity of MB for the DNA-

modified electrode [5′ SH-(CH2)6-p-AGTACAGTCATCGCG
3′; K ) 3.8 × 106 M-1] is comparable to that found for
DNA in solution (K ) 106 M-1 in 50 mM NaCl) (26). A
preference for GC-rich DNA has been noted in some
studies; we do not observe a significant change in binding
affinity with an electrode modified with the sequence 5′
SH-(CH2)6-p-AGTACAGTCATCAGT 3′, which does not
contain adjacent GC base pairs near its 3′ terminus.
While the equilibrium binding constants of MB to our

DNA-modified electrodes are similar to those found for
DNA in solution, the saturation values are not. Our
observed Γmax corresponds to roughly 1 MB per 15-base-
pair duplex. This stoichiometry is significantly less than
that of the MB/base-pair stoichiometry found in solution
(26), where MBmay occupy many (>5) neighbor excluded
(38) sites on a 15-mer duplex. Indeed, if the oligonucle-
otides are presaturated with MB before attachment to
the electrode surface, loadings of MB closer to that
predicted by neighbor exclusion are detected electro-
chemically. However, once this presaturating MB dis-
sociates from the surface (after the electrode is immersed
in pure buffer), subsequent binding of MB to the electrode
is again restricted. These observations fully support the
notion that the DNA helices on the gold surface are
tightly packed, necessitating that MB binds at sites close
to the DNA/solvent interface. Owing to dense DNA
packing and to the high affinity of MB for DNA, diffusion
down into the DNAmonolayer may be severely inhibited.
Although available data suggest that MB binds to DNA

that is densely packed at an angle from the electrode
surface, we also considered the possibility that the DNA
is lying flat on the electrode. If this were the case, we
might expect the CV response to more closely resemble
that of MB adsorbed directly onto gold; the significant
difference in ∆Ep as a function of scan rate strongly
argues against this possibility. Moreover, if a flat
orientation were more favorable, we would expect to see
similar behavior when the surfaces were modified with
DNA lacking the linker. Instead, in experiments with
DNA noncovalently associated with the electrode, we
observe only very weak and irreproducible signals for
MB.
One might also consider that the DNA merely facili-

tates delivery of MB to the gold surface. However, our
adsorption isotherms clearly indicate that MB binds more
strongly to DNA-modified electrodes than to bare gold.
Therefore, appreciable dissociation of MB from DNA to
the gold surface is highly unlikely. In this light, it is
interesting that the ratio of the maximum surface cover-
ages for MB and thiol-modified DNA on gold (18 × 10-11

and 6 × 10-11 mol/cm2, respectively) corresponds roughly
to the ratio of cross-sectional surface areas for methylene
blue (1 nm2) (25) and double-stranded DNA (3 nm2) (34).
Additionally, the electrochemistry of MB at an electrode
modified with octadecanethiol provides further evidence
against a channeling mechanism. At the alkylthiol
surface, MB exhibits diffusional behavior and appears
to bind more strongly in the reduced form. This is in
stark contrast to the electrochemical response of MB at
a DNA-modified electrode. The strength of the interac-
tion between DNA and methylene blue afforded by
intercalation makes it much more energetically favorable
for the intercalator to remain bound rather than to
diffuse to the electrode.

These data may therefore be taken together in devel-
oping a model that describes the binding of MB to the
DNA-derivatized surface. In this model (Figure 7),
closely packed DNA helices are tethered to the gold
surface via thiol linkages. Solution-borne MB binds
reversibly to accessible duplex sites on the derivatized
electrode, with an affinity comparable to that for duplex
DNA in solution. Since the duplexes are tightly packed
on the surface, however, access appears to be restricted
primarily to those sites near the bulk solution. MB is
therefore separated from the electrode by both the
σ-system of the aliphatic linker (∼15 Å) and the π-stacked
base pairs (∼50 Å), which lead to the intercalation site.
As a result, electrochemical reduction of MB at the
derivatized surface occurs over long distance through the
DNA duplexes.
If this model is correct, our results lead to the sugges-

tion that electron transfer through the double helix is
remarkably efficient. For example, applying a decay
constant (â) characteristic of σ-only arrays (0.95 Å-1) (41),
we would expect the electron-transfer rate to drop by
more than 22 orders of magnitude through the π-stack
alone. The almost reversible response observed at scan
rates up to 500 mV/s for MB at DNA-modified gold rules
out a rate constant of this small magnitude.
We stress, however, that if MB intercalates into sites

evenly dispersed throughout the modified surface, the
observed electrochemical response may not uniquely
support long-range electron transfer through DNA. Specif-
ically, if the decay rate of electron transfer through DNA
were steep enough, in principle only MB bound at the
first base steps from the aliphatic linker would give an
electrochemical response. In this scenario, the observed
rate of electron transfer would be attenuated essentially
only by tunneling through the hexylthiol tether, as the
rates of electron transfer to MBs intercalated further out
would be too slow to measure. Although we cannot
completely rule out this possibility, the electrochemical
reponse of MB at presaturated DNA-modified electrodes
(Figure 6) seems to indicate that intercalators bound
throughout the double helix can contribute to the ob-
served currents. Moreover, given a relatively large â, if
the intercalators were distributed throughout binding
sites along the entire helices, we would predict much less
reversible voltammograms, as a wide range of rate
constants would contribute to the overall currents.
Therefore, from the data now available, it appears that

as long as the MB is intercalated into the DNA-modified
electrodes (be it near the solvent-exposed terminus of the
adsorbed DNA or dispersed throughout the double helix)
electron transfer over long distance through the DNA is
exceptionally efficient. Studies employing well-defined
systems in which the location of the intercalator is

Figure 7. Schematic illustration depicting MB (dark rect-
angles) bound to 15-base-pair oligonucleotides attached to a gold
surface. The lengths of the DNA helices and alkylthiol chains
are shown to relative scale. Helices are shown at an average
angle of 40° from the normal with a surface coverage of 80%;
surfaces are realistically more heterogeneous than depicted.
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precisely determined will be required to assess quanti-
tatively the electronic coupling mediated by the π-stack
of DNA.

CONCLUSIONS

DNA-derivatized electrodes offer a valuable tool to
examine the redox behavior of species within the DNA
environment. Electrochemistry on DNA-modified sur-
faces provides a convenient method to determine equi-
librium binding parameters of redox-active species and
may represent an alternative means to investigate the
dynamics of DNA-mediated electron-transfer processes.
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The effects on immunotoxin efficacy of fusogenic peptides derived from influenza virus hemagglutinin
have been studied. These peptides have an amphipathic nature and change conformation from random
at pH 7 to helical at pH 5. Fusogenic peptides are reported to destabilize endosomal membranes,
resulting in the release of contents into the cytoplasm. The use of two related fusogenic peptides to
enhance the efficacy of anti-HIV immunotoxins is described. The direct toxicity of the peptides was
tested on HIV-infected H9/NL4-3 cells. Peptide HA24 was considerably more toxic than HA23. The
peptides were mixed with two different immunotoxins. Immunotoxin action was enhanced by both
peptides, with HA24 providing greater enhancement than HA23. Immunotoxins were then constructed
by coupling HA23 or HA24 to the targeting antibody with disulfide-containing linkers. Peptide HA23
enhanced the activity of the immunotoxin 4-5-fold. Surprisingly, HA24 significantly inhibited
immunotoxin activity. Coupling the peptides to the immunotoxin had no effect on antigen binding
characteristics or the activity of the toxic moiety. Bafilomycin A1, an agent that inhibits vacuolar
acidification, markedly potentiated the effects of all immunotoxins. These results demonstrate that
amphipathic peptides can influence the efficacy of immunotoxins, but in sometimes unpredictable
ways.

Immunotoxins are bifunctional molecules containing
a targeting portion, usually either an antibody or a ligand
of a cell-surface receptor, and a toxic moiety. Immuno-
toxins bind to target cells and are internalized, and the
toxic moiety is translocated to its site of action. The toxic
moiety of a number of immunotoxins are polypeptides
displaying enzymatic activity. Ricin A chain (RAC1)
depurinates an adenine residue in 28 S rRNA. Diphthe-
ria toxin and pseudomonas exotoxin A (PE) exhibit ADP-
ribosylating activity. These enzymatic activities, requir-
ing translocation to the cytoplasm, arrest protein synthesis
and cause cell death. Although the toxins are extremely
potent, cytotoxic activity is limited by lysosomal degrada-
tion of the vast majority of internalized molecules (1, 2).
Potentiation of immunotoxin action can be achieved by
coadministration of drugs that inhibit lysosomal function,
including monensin, chloroquine, and ammonium chlo-
ride (1, 3).
The use of amphipathic peptides that interact with the

membrane bilayer and are able to destabilize membranes
under acidic conditions can enhance the efficiency of gene
transfer (4, 5) and cytoplasmic delivery of antisense
oligonucleotides (6). The peptides have a random con-
figuration at neutral pH but assume an amphipathic
helix at acid pH. Peptides containing the N-terminal
amino acid sequence of influenza virus hemagglutinin

have been demonstrated to lyse liposomes and erythro-
cytes at pH 5, but not at pH 7 (5). Such peptides were
used to prepare covalent (4, 6) and noncovalent (5)
plasmid or oligonucleotide conjugates/complexes. It is
believed that once in the endosome, the fusogenic pep-
tides self-assemble and form a transmembrane channel,
thereby disrupting the vacuolar membrane and prevent-
ing lysosomal degradation of the transferred nucleic
acids.
In the present paper, we study the use of such peptides

to enhance the action of immunotoxins. As a model
system, we have used anti-HIV immunotoxins targeted
to the HIV envelope protein gp120, expressed on the
surface of persistently infected cells (7-10). Peptides
were either mixed with or conjugated to the immuno-
toxin. The results indicate that this approach can
enhance the cytotoxicity of immunotoxins, but some
unexpected phenomenon were observed.

EXPERIMENTAL PROCEDURES

Immunotoxin Synthesis. HA23 peptide, correspond-
ing to the NH2-terminal 20 amino acids (AA) of hemag-
glutinin extended with a 3 AA COOH-terminal tail
(GLFEAIAGFIENGWEGMIDGGGC), and the acidic mu-
tant HA24 peptide, corresponding to the NH2-terminal
23 amino acids with A7 replaced with E and having a
COOH-terminal C (GLFEAIEGFIENGWEGMIDGW-
YGC), were synthesized on an automated peptide syn-
thesizer using standard methods (Applied Biosystems
Inc., Foster City, CA; Model 431A). The peptides were
cleaved from the resin with trifluoroacetic acid/water/
phenol/thioanisole/ethanedithiol (10:0.5:0.5:0.5:0.66). Crude
peptides were dissolved in 20 mM ammonium bicarbon-
ate with 300 µL of 25% ammonia/L, reduced with
dithiothreitol (DTT) and N-methylmercaptoacetamide
(Fluka Chemika-BioChemika, Buchs, Switzerland), and
purified by high-performance liquid chromatography
(HPLC, preparative Nova-Pak HR C18, Waters/Millipore,
Milford, MA) on a 40-95% methanol gradient. The
purity of the peptides was determined by analytical

* Address correspondence to this author at the Department
of Microbiology, Montana State University, Bozeman MT 59717
[telephone (406) 994-6486; fax (406) 994-4926; e-mail umbsp@
gemini.oscs.montana.edu]. Address reprint requests c/o Susan
Smaus, Rocky Mountain Laboratories, Hamilton, MT 59840.

X Abstract published in Advance ACS Abstracts, December
15, 1996.

1 Abbreviations: DTT, dithiothreitol; ELISA, enzyme-linked
immunosorbent assay; HPLC, high-performance liquid chro-
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reversed phase HPLC. The amino acid sequence of both
peptides was confirmed by sequence analysis (Applied
Biosystems Inc., Model 470A protein sequencer equipped
with a Model 120A PTH-amino acid analyzer).
A diagram of the conjugation scheme for the construc-

tion of the peptide-derivatized immunotoxins is shown
in Figure 1. Monoclonal antibody 924 binds to the V3-
loop of HIV gp120, strain IIIB (7). T7 is an irrelevant
isotype matched antibody (11). Both were grown as
hybridoma supernatants, purified on protein G-Sepharose
(Pharmacia, Piscataway, NJ) and then by size exclusion
HPLC (TSK-GEL G3000SW, TosoHaas, Japan). The
antibody was treated with a 20-fold excess of sulfosuc-
cinimidyl 6-[3′-(2-pyridylthio)propionamido]hexanoate (LC-
SPDP; Pierce, Rockford, IL) or a 40-fold excess of
succinimidyl 3-(2-pyridylthio)propionate (SPDP; Pierce)
as previously described (12, 13). Modified antibodies
were separated from an excess of reagent by size exclu-
sion HPLC. The number of introduced pyridyldithiopro-
pionyl (PDP) groups was measured by reduction with 25
mM DTT and UV spectroscopy at 343 nm as described
(14).
Deglycosylated ricin A chain (RAC; Inland Laborato-

ries, DeSoto, TX) was reduced in the presence of 25 mM
DTT and purified from DTT on Sephadex G-25M (Phar-
macia) under nitrogen. A 1.2-fold molar excess of reduced

RAC was mixed with modified mAb, concentrated under
nitrogen to 1 mg/mL of protein, and gently stirred for 48
h. Immunotoxins were separated from unreacted RAC
by size exclusion HPLC. Unreacted mAb was separated
by affinity chromatography on Blue Sepharose CL-6B
(Pharmacia) as described (15). Purified immunotoxins
were mixed with a 10-20-fold molar excess (relative to
the amount of introduced PDP groups) of reduced HA23
or HA24 peptides or, as a control, cysteine, and gently
stirred for 24 h. Modified immunotoxins were separated
from unreacted peptides by size exclusion HPLC. The
absence of the unreacted PDP groups was confirmed by
measuring OD at 343 nm after reduction of purified
immunoconjugates. There was no evidence of substitu-
tion of RAC by the peptides. The constitution of the
immunotoxins was confirmed using SDS-polyacrylamide
gel electrophoresis (PAGE) under both reducing and
nonreducing conditions.
The immunotoxin CD4-PE40 is a chimeric fusion

protein consisting of the two amino-terminal domains of
CD4 coupled to the toxic domains of Pseudomonas
exotoxin A (10, 16). It was the kind gift of Upjohn
Laboratories (Kalamazoo, MI). Immunotoxins used in
this study are summarized in the Table 1.
Immunoassay. Antigen binding and constitution of

the immunotoxins were characterized by enzyme-linked

Figure 1. Construction of peptide-containing immunotoxins.
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immunoassay (ELISA). Ninety-six-well U-bottom plates
(Immulon-2, Dynatech, Chantilly,VA) were coated with
a peptide corresponding to the V3-loop of gp120 (TRP-
NNNTRKSIRIQRGPGRAFVTIGKIGNMRQAH) at 5 µg/
mL (17) and blocked with 3% BSA/0.1% Tween 20 in PBS.
Plates were incubated with immunotoxins overnight at
4 °C. They were then washed and incubated with either
guinea pig anti-RAC or rabbit anti-HA23 overnight at 4
°C. After washing, the plates were incubated with
alkaline phosphatase-conjugated anti-guinea pig or rab-
bit Ig (Zymed Laboratories, South San Francisco, CA) for
2 h and washed again. As shown under Results, these
anti-Ig do not cross-react with the mouse Ig component
of the immunotoxin. Substrate (p-nitrophenyl phosphate;
Sigma Chemical Co., St. Louis, MO) was added at 0.5
mg/mL, and OD405 was determined 30-90 min later by
using an automated ELISA reader (Bio-Rad Model 2550;
Richmond, CA). Data are means and standard error of
the mean (SEM) of triplicate samples.
Cell-Free Protein Synthesis. Untreated reticulocyte

lysate in vitro translation kit was purchased from Am-
bion, Inc. (Austin, TX). Immunotoxin was added to a cell-
free extract of rabbit reticulocyte lysate in the presence
of [35S]Met and incubated for 120 min at 37 °C. Protein
was precipitated with trichloroacatic acid and the amount
of label incorporated determined by liquid scintillation
counting.
Assay of Immunotoxin Efficacy. The cytotoxic

effect of the immunotoxins was tested on H9 cells
persistently infected with the molecularly cloned strain
of HIV-1 designated NL4-3 (7, 18, 19) by assaying [35S]-
Met incorporation into cellular proteins. Details of all
techniques have previously been published (7). The
results shown are means and SEM of triplicate samples.

RESULTS

Toxicity of Free Peptides on H9/NL4-3 Cells.
Peptides HA23 and HA24 were tested for toxicity on
persistently HIV-infected H9/NL4-3 cells at concentra-
tions up to 1 mg/mL. HA23 peptide did not show any
significant cytotoxicity, while a dose-dependent effect was
obtained with HA24 peptide at concentrations as low as
125 µg/mL (Figure 2). Thus, HA24 had greater direct
toxicity upon HIV-infected cells. Similar results were
obtained when both peptides were tested on uninfected
H9 cells (data not shown). These results are consistent
with previous studies showing greater membrane lysis
by HA24 (5).
Effects of Mixing Peptides with Anti-HIV Immu-

notoxins. H9/NL4-3 cells were treated with suboptimal
concentrations of immunotoxins (0.3 µg/mL) in the ab-
sence or presence of HA23 or HA24 (Figure 3). Peptides
were tested at two concentrations within the nontoxic
range for each peptide (the concentration of HA24 tested
was lower than that of HA23). A small, dose-dependent
enhancement of cytotoxicity was seen with each peptide.
The effect was greater on CD4-PE40 than on 924-RAC.
A marginal increase in toxicity of the irrelevant control
immunotoxin was also observed.

Synthesis and Characterization of Immunotoxins
Conjugated to HA-Peptides. Immunotoxins were
constructed by conjugating antibody 924 with an excess
of disulfide-containing linkers (either SPDP, 6.8 Å length,
or LC-SPDP, 15.6 Å length). RAC was next coupled to
the antibody at an approximate ratio of 1:1. The 924-
RAC conjugates were divided into aliquots and then
coupled to HA23, HA24, or cysteine. Table 1 summarizes
the different constructions that were made, and Figure
4 shows the results of nonreduced gradient SDS-PAGE
performed on the immunotoxin preparations. Immuno-
toxins incorporating peptides had an increased molecular
weight compared to those modified with cysteine. Those
modified with SPDP incorporate more peptide, consistent
with the greater degree of PDP modification obtained
with this linker. The presence of approximately equimo-
lar concentrations of antibody and RAC was confirmed
by SDS-PAGE under reducing conditions and western
blots (data not shown).

Table 1. Immunotoxins Used in This Study

immunotoxin linker specificity

T7-RAC SPDP synthetic polypeptide (Y,E)-A--K
(irrelevant antigen)

CD4-PE40 fusion protein CD4 binding site of HIV gp120
924-lc-RAC LC-SPDP AA 309-318 (V3-loop) of gp120
924-lc-RAC-HA23 LC-SPDP AA 309-318 (V3-loop) of gp120
924-RAC SPDP AA 309-318 (V3-loop) of gp120
924-RAC-HA23 SPDP AA 309-318 (V3-loop) of gp120
924-RAC-HA24 SPDP AA 309-318 (V3-loop) of gp120

Figure 2. Inhibitory effect of peptides on H9/NL4-3 cells. 4 ×
104 HIV-infected H9/NL4-3 cells were incubated with various
concentrations of the HA23 (b) or HA24 (O) peptide for 48 h in
200 µL per well. Cells were pulsed with [35S]Met (0.5 µCi/well)
and incubated for an additional 24 h; the cellular proteins were
harvested onto filter paper and counted in a scintillation
counter. Results are counts per minute, means of triplicate
values.

Figure 3. Effect of HA23 and HA24 peptides on cytotoxicity
of anti-HIV immunotoxins. H9/NL4-3 cells were incubated with
the indicated immunotoxin and various concentrations of free
HA23 or HA24 peptides. Because of the differences in the direct
toxicities of the two peptides, they were tested at different
concentrations so that the direct effect of the peptides was
comparable. Immunotoxins were used at a suboptimal concen-
tration (0.3 µg/mL). Protein synthesis was assayed as in Figure
2. Results are means and SEM of triplicate values.
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The ability of immunotoxins to bind antigen was
evaluated by ELISA. Using alkaline phosphatase-
conjugated anti-mouse Ig, it was demonstrated that
immunotoxins and unmodified antibody bound equiva-
lently to antigen (not shown). The presence and amount
of RAC in antigen-binding immunotoxins was measured
using guinea pig anti-RAC antibody and an alkaline
phosphatase-conjugated anti-guinea pig Ig to detect
antigen-bound immunotoxin (Figure 5). The results show
that all immunotoxin preparations contained equal
amounts of RAC. The absence of binding to unconjugated
antibody 924 demonstrates that the alkaline phosphatase-
conjugated anti-guinea pig Ig did not cross-react with
mouse Ig. We have defined the incorporation of peptides
into immunotoxins in a similar fashion, using rabbit anti-
HA23 antisera. Although this antiserum also reacted
with HA24, reactivity was reduced by approximately half
as measured by competitive ELISA (not shown). The
presence of peptides in the appropriate immunotoxins is
clearly shown in Figure 6, with 924-RAC-HA23 incor-
porating more peptide than 924-lc-RAC-HA23 as ex-
pected from the molecular weight of the conjugates
(Figure 4).

To determine whether the incorporation of peptides
into immunotoxins hindered the enzymatic function of
RAC, we measured the ability of the immunotoxins to
inhibit cell-free protein synthesis from a rabbit reticu-
locyte lysate. Protein synthesis was measured as the
incorporation of [35S]Met. All immunotoxins inhibited
cell-free translation to an equivalent degree (Figure 7).
Cytotoxicity of Immunotoxin-Peptide Conju-

gates. The cytotoxic efficacy of immunotoxin-peptide
conjugates was determined by measuring cellular protein
synthesis in H9/NL4-3 cells. Conjugation of immuno-
toxins to HA23 enhanced cell killing 2-4-fold compared
to the equivalent cysteine-containing immunotoxin (Fig-
ures 8 and 9). This was seen with two completely
different immunotoxin preparations, indicating that this
is not a fortuitous result from an exceptionally efficient
immunotoxin conjugation. Surprisingly, incorporation of
the more toxic HA24 peptide resulted in a 10-fold
diminution in immunotoxin activity (Figure 9). None of
the immunotoxins had any effect on uninfected H9 cells
(not shown).

Figure 4. PAGE of immunotoxin preparations. Immunotoxins
were run on polyacrylamide gradient (5-10%) gels under
nonreducing conditions. Gels were stained with Coomassie blue.
(Lane 1) T7-RAC; (lane 2) 924-lc-RAC; (lane 3) 924-lc-RAC-
HA23; (lane 4) 924-RAC; (lane 5) 924-RAC-HA23; (lane 6)
924-RAC-HA24. Lanes 1 and 2 demonstrate the presence of
breakdown products. Lanes 1 and 3- 6 contain higher order
multimers. The band containing monomeric immunotoxin is the
most intense band in each lane.

Figure 5. Identification of RAC in immunotoxins by ELISA.
Microtiter wells were coated with a peptide representing the
V3-loop of HIV gp120. Different immunotoxins over a range of
concentrations were incubated in the wells, followed successively
by guinea pig anti-ricin antibodies, alkaline phosphatase-
conjugated anti-guinea pig Ig, and the addition of a chromogenic
substrate. An important negative control is the use of uncon-
jugated mab 924, which demonstrates that there is no cross-
reaction between anti-guinea pig Ig and the mouse mab. Results
are means of triplicate values.

Figure 6. Identification of HA23 and HA24 in immunotoxins
by ELISA. ELISA was performed as in Figure 5 but using rabbit
anti-HA23 antiserum and an alkaline phosphatase-conjugated
anti-rabbit Ig.

Figure 7. RAC enzymatic activity in immunotoxins. Inhibition
of cell-free protein synthesis by immunotoxins was measured
using rabbit reticulocyte lysate. The lysate is an assay mixture
containing [35S]Met and was incubated at 37 °C for 120 min
with immunotoxins. [35S]Met incorporated into protein was
measured as counts per minute. Data labeled lysate indicates
protein synthesis in the absence of any immunotoxin. Results
are means and SEM of triplicate values.
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Because vacuolar acidification is reportedly required
for the action of the HA peptides (5), we have tested the
effect of bafilomycin A1, an inhibitor of the vacuolar H+

pump, on the immunotoxin-peptide constructs (Figure
10). Bafilomycin A1 had an enhancing effect on all of the
immunotoxins. However, even in the presence of bafilo-
mycin A1, the cytotoxic activity of 924-RAC-HA23 was
greater and 924-RAC-HA24 was diminished in com-
parison to 924-RAC.

DISCUSSION

Inhibition of lysosomal function can potentiate the
cytotoxic effects of immunotoxins because the majority
of internalized immunotoxin molecules are degraded,

primarily in lysosomes, before they can reach their site
of toxic action. In this paper we have explored the use
of amphipathic peptides derived from the fusion region
of the influenza hemagglutinin to enhance the activity
of anti-HIV immunotoxins. Under appropriate condi-
tions, the fusogenic peptides enhanced the activity of
anti-HIV immunotoxins to the same degree as other
inhibitors of lysosomal function, including monensin,
chloroquine, and ammonium chloride (3).
The idea to use fusogenic peptides as enhancers of

immunotoxin efficacy is based on the ability of these
peptides to disrupt membranes at acidic pH (4, 5). The
peptides have a random conformation at neutral pH but
assume an amphipathic helix under acidic conditions. It
is believed that once the endosome is acidified, the
fusogenic peptides self-assemble and form a transmem-
brane channel, thereby disrupting the vacuolar mem-
brane. This approach has been applied to the functional
transfer of nucleic acids into target cells. Increased
effects were seen with mixtures and with conjugates of
nucleic acids with the fusogenic peptides (4, 5). A similar
approach, using a genetic fusion of the N terminus of
protein G of the vesicular stomatitis virus to ricin A
chain, has demonstrated enhanced immunotoxin efficacy
(20).
Peptides HA23 and HA24 were both tested in mem-

brane lysis and gene transfer systems. Each was active
in disrupting membranes and in increasing efficiency of
gene transfer, with HA24 having greater activity than
HA23 (5). Our studies of the toxicity of free peptides
(Figure 2) and of the additive effect of peptides mixed
with anti-HIV immunotoxins (Figure 3) confirm that
HA24 is more toxic than HA23. Paradoxically, when the
peptides were conjugated to the immunotoxin, HA23
enhanced cytotoxicity while HA24 markedly diminished
the toxic effect of the immunotoxin.
The mechanism whereby the HA24 peptide inhibits,

rather than enhances, the action of the immunotoxin
conjugate is unclear. It does not prevent antigen binding
or hinder the enzymatic activity of RAC. We do not
believe that the differences are due to the amount of

Figure 8. Enhancement of immunotoxin efficacy by incorpora-
tion of HA23 peptide. The comparative efficacy of two immu-
notoxins, differing only in the attachment of HA23 (3) or
cysteine (1), was tested in H9/NL4-3 cells. Protein synthesis in
target cells was measured during a 3-day culture period. Results
are means and SEM of triplicate values.

Figure 9. Contrasting effects of HA23 and HA24 on immuno-
toxin efficacy. Immunotoxins incorporating HA23 (b), HA24
(O), or cysteine (2) were compared for cytotoxicity on H9/NL4-3
cells. Results are means and SEM of triplicate values.

Figure 10. Effect of bafilomycin A1 on immunotoxin action.
Protein synthesis was assayed in H9/NL4-3 cells exposed to
immunotoxin in the presence (0) or absence (9) of 3 nM
bafilomycin A1. Immunotoxins were used at 0.01 µg/mL. Results
are means and SEM of triplicate values.
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peptide incorporated into the immunotoxin for the fol-
lowing reasons: 1. There is not simply a lack of
enhancement but rather a marked inhibition of immu-
notoxin activity, suggesting that HA24 is actively inter-
fering. 2. In preliminary studies (data not shown),
immunotoxins conjugated with lower amounts of HA23
showed a lack of enhancement but no inhibition. One
possibility to explain the inhibition of immunotoxin action
by HA24 is that because it is so active in lysing mem-
branes, the endocytic vacuole is lysed before reduction
is complete and free RAC is not fully liberated from the
immunotoxin complex.
We have demonstrated that the use of bafilomycin A1

can markedly enhance the potency of immunotoxins.
Bafilomycin A1 is a specific poison of the vacuolar ATP-
dependent proton pump. The most likely mechanism of
potentiation of immunotoxin action is by inhibiting
lysosomal degradation and allowing more RAC to reach
the ribosomes, although other alterations of the intra-
cellular routing of the immunotoxin cannot be ruled out.
Bafilomycin A1 has no effect on the processing or cell-
surface display of the HIV envelope (data not shown).
Interestingly, the enhancing effect of HA23 and the

inhibitory effect of HA24 were still active in the presence
of bafilomycin A1. This was unexpected because these
peptides demonstrate greatest lytic activity under acid
conditions. It is possible that the concentration of
bafilomycin A1 used did not fully prevent acidification of
vacuoles, although we have also seen effects of these
peptides in the presence of the lysosomal alkalinizing
agent ammonium chloride (data not shown). Thus, these
fusogenic peptides may also function under nonacidic
conditions. While the ability of these peptides to lyse
biological membranes is greatest at pH e5, some lytic
activity has been reported at pH 7 (5).
The use of immunotoxins has been proposed for the

treatment of cancer, autoimmune conditions, transplan-
tation, and infectious diseases. Although significant
problems are associated with the clinical use of immu-
notoxins, these therapies have shown some promise in
early clinical trials. Methods that may potentiate the
specific cytotoxic action of immunotoxins and not exac-
erbate the problems may prove useful. In this paper, we
have demonstrated two novel approaches: the use of
amphipathic peptides, either mixed with or conjugated
to the immunotoxin, and bafilomycin A1. Both most
likely function through inhibition of lysosomal degrada-
tion of immunotoxins, and an additive effect of the two
is seen (Figure 10). Although these effects were demon-
strated using anti-HIV immunotoxins on HIV-infected
cells, they should be generalizable to other targets of
immunotoxin therapy.
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Synthesis of the Protein Cutting Reagent Iron
(S)-1-(p-Bromoacetamidobenzyl)ethylenediaminetetraacetate and
Conjugation to Cysteine Side Chains
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Convenient methodology for preparation and conjugation of the protein-cutting iron chelate iron (S)-
1-(p-bromoacetamidobenzyl)ethylenediaminetetraacetate (Fe-BABE) is given. This formulation of the
reagent can be handled in a manner analogous to many other protein-labeling reagents, such as
fluorescent probes or cross-linkers. By taking advantage of the recently discovered peptide hydrolysis
reaction, the chelate may be tethered to a single site (e.g., a cysteine side chain) and used to map its
proximity to individual peptide bonds by automated Edman sequencing of the protein fragments
produced. The method is illustrated by conjugation of Fe-BABE to the carboxy terminal domain (amino
acid residues 234-329) of the Escherichia coli RNA polymerase alpha subunit. The molecular mass
of the protein conjugate was confirmed by electrospray ionization mass spectrometry.

Recently, we and others (1-3) have developed reagents
based on small metal chelates that cleave polypeptide
chains at sites determined by proximity to the chelate,
apparently independent of the amino acid residues
involved. By taking advantage of the recently discovered
peptide hydrolysis reaction, the chelate may be tethered
to a single site (e.g., a cysteine side chain) and used to
map its proximity to individual peptide bonds (1). This
methodology has rapidly developed to the point where it
can be applied to complex biological systems such as
membrane proteins (4).
Bifunctional chelating agents possess both a strong

metal-binding moiety and a group that binds to a
biological molecule (5). Since its original synthesis (6),
the bifunctional chelating agent BABE1 has been em-
ployed in a variety of ways to couple metal ions to
biological molecules, including both radiopharmaceutical
synthesis and targeted protein hydrolysis. Modified
approaches to this and other related reagents have been
developed in other laboratories (7, and references cited
therein). Here we describe the preparation of a conve-

nient formulation of the protein cutting reagent Fe-
BABE. This avoids the need to add iron after conjugation
and can be handled in a manner analogous to many other
protein-labeling reagents, such as fluorescent probes or
cross-linkers.
To illustrate the conjugation method, the carboxy

terminal domain (amino acid residues 234-329) of Es-
cherichia coli RNA polymerase alpha subunit (alpha-
CTD), which weighs 11 kDa and contains only one
cysteine residue, was conjugated with Fe-BABE and the
product isolated and characterized.

MATERIALS AND METHODS

One molar BH3‚THF, 10% palladium on carbon, bro-
moacetic acid, and bromoacetyl bromide were purchased
from Aldrich Chemical Co. L-Phenylalanine was ob-
tained from Sigma. The fluorescent dye CPM was
purchased fromMolecular Probes Inc. All other reagents
were obtained from commercial sources and used without
further purification. Pure water (18 MΩ cm-1) was used
throughout. All labware was either purchased as metal-
free or acid-washed (8).
Thin Layer Chromatography. Plastic-backed silica

gel TLC plates (Kieselgel 60 F254, EM Science, Alltech)
were developed in 95% EtOH/6.5 MNH4OH (4:1 v/v). 57Co
metal binding assays and thiol plate TLC were performed
according to the procedures of Moran et al. (9).
High-Performance Liquid Chromatography.

HPLC was carried out on a Rainin three-pump HPXL
system with titanium piston washing pump heads. UV
absorbance was monitored at 254 nm. Analytical re-
versed-phase HPLC was performed at room temperature
with a Dynamax 10 × 250 mm semipreparative C18

column, flow rate 3 mL/min, to monitor the progress of
reactions. Preparative reversed-phase HPLC, 12.5 mL/
min, using a Dynamax 21.4 × 250 mm C18 column was
used for purification. The HPLC gradients used were as
follows. (1) Solvent A, 0.1 M ammonium acetate, pH 6.0;
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solvent B, methanol: 0-15% B, 0-30 min; 15-100% B,
30-35 min; 100% B, 35-40 min; 100-0% B, 40-45 min;
0% B, 45-55 min. (2) Solvent A, 0.1 M ammonium
acetate, pH 6.0; solvent B, methanol: 15-30% B, 0-20
min; 30-100% B, 20-25 min; 100% B, 25-30 min; 100-
15% B, 30-35 min; 15% B, 35-45 min. (3) Solvent A,
0.1 M sodium acetate, pH 6.0; solvent B, methanol: 15-
30% B, 0-20 min; 30-100% B, 20-25 min; 100% B, 25-
30 min; 100-15% B, 30-35 min; 15% B, 35-45 min.
Microbore HPLC. Protein conjugates were prepared

for mass spectrometry by passage through a C8 reversed
phase column (Applied Biosystems, Aquapore RP-300, 7
µm, 250 × 1.0 mm) at 80 µL/min at room temperature
on an Applied Biosystems Model 172 system. UV absor-
bance was monitored at 214 nm. Protein solvent A, H2O
+ 0.06% CF3COOH; solvent B, CH3CN + 0.06% CF3-
COOH: 5-35% B, 0-60 min; 35% B, 60-660 min; 35-
75% B, 660-700 min; 75-100% B, 700-710 min; 100%
B, 710-720 min; 100-50% B, 720-721 min; 50% B, 721-
731 min; 50-5% B, 731-733 min; 5% B, 733-748 min.
Fe-BABE microbore analysis was performed with UV
absorbance set to 260 nm. The Fe-BABE solvent gradi-
ent used was as follows. Solvent A, 0.1 M Et3NH+

acetate, pH 6.5, 5% CH3CN; solvent B, 0.1 M Et3NH+

acetate, pH 6.5, 75% CH3CN: 0-80% B, 0-60 min; 80-
100% B, 60-65 min.

NMR Spectroscopy. 1H NMR spectra were obtained
at 300 MHz on a GE QE-300 spectrometer. Chemical
shifts are reported relative to HDO (4.80 ppm).
Mass Spectrometry. FAB mass spectra of small

molecules were obtained on a ZAB-HS-2F mass spec-
trometer. Mass spectra of the protein and its conjugate
were obtained using a Quattro-BQ mass spectrometer
(VG Biotech, Altrincham, U.K.). Samples were intro-
duced by loop injection at a flow rate of 3 µL/min, and
positive ion electrospray mass spectra were obtained
using a capillary voltage of 3.5 kV, a counter electrode
voltage of 500 V, and a cone voltage of 50 V. The mass
spectrometer was scanned over the range of m/z 200-
2000 at a rate of 20 s/scan, and the spectra were summed.
Calibration of the mass scale was performed using horse
heart myoglobin as calibration standard. Molecular
weights of peptides were determined by mathematical
transformation of the electrospray spectra to a true mass
scale spectrum using the maximum entropy transforma-
tion algorithm MaxEnt.
(S)-1-(p-Bromoacetamidobenzyl)ethylenedi-

aminetetraacetic Acid (7). As described in the Sup-
porting Information, L-phenylalanine was converted into
p-aminobenzyl-EDTA (6) according to the procedure
shown in Scheme 1. The pH of 16 mL of a 37.5 mM

Scheme 1. Synthesis of Fe-BABE
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aqueous solution of 6 (0.60 mmol) was adjusted to 7-8
(according to pH strips) using DIEA. This solution was
added dropwise to a stirring solution of 300 µL of
bromoacetyl bromide in 16 mL of CHCl3. The aqueous
phase was adjusted to pH 7.0 with 100 mL additions of
DIEA and stirred vigorously. After 5 min of stirring, a
small aliquot was analyzed on HPLC to check for
completion by the disappearance of the starting material
peak (retention time 4.5 min) and the appearance of the
product peak (retention time 10 min). The layers were
separated, and the aqueous phase was extracted with
CHCl3. The pH of the aqueous phase was adjusted to
7-8 with DIEA and extracted again with CHCl3. The
pH of the aqueous phase was adjusted to 2 with 3 M HCl
and extracted five times with equal volumes of Et2O. The
pH was readjusted to 2 with 3 M HCl and the aqueous
phase extracted five times with Et2O. This was contin-
ued until the pH remained constant. Residual ether was
removed from the aqueous solution under house vacuum.
The pH of the solution was adjusted to 5 with DIEA, and
the solution was divided into aliquots, frozen in N2(l), and
stored at -70 °C. The concentration of the solution was
determined by cobalt metal binding assay: purified yield,
0.43 mmol (72%); microbore HPLC (using the Fe-BABE
gradient above), product peak, 10 min; FAB-MS,m/z 516,
518 (M - H)-; high-resolution MS, m/z 516.0628 mea-
sured, m/z 516.0618 calculated for C19H23O9N3

79Br.
Fe(III) [(S)-1-(p-Bromoacetamidobenzyl)ethylene-

diaminetetraacetic acid] (8). In a 5 mL pear-shaped
flask, 1 mL of 20.6 mM BABE (7) was combined with 1
mL of DMSO. To remove the water, the volume of the
solution was reduced to 0.7 mL via gentle evaporation
at room temperature. Occasionally, a fine white precipi-
tate of NaCl forms in the orange solution. The salt is
removed by passing the solution through a 0.2 mm nylon
syringe filter (Rainin). The chelator concentration (28.6
mM) was determined by 57Co metal binding assay, and
the alkylating capacity (86%) was determined by a thiol
TLC assay (9). Then 286 µL of 50 mM FeCl3‚6H2O in
DMSO was added to 500 µL of BABE in DMSO. After
vortex mixing, 20 µL of DIEA (0.114 mmol) was added,
and the yellow solution was mixed and allowed to stand
at room temperature for 1 h. To measure the degree of
saturation of the chelate with iron, a 57Co competition
experiment was performed by mixing the Fe(III)-BABE
complex (8) with a 2-fold excess of 57Co (9). Result: 97%
saturation. The Fe(III)-BABE was divided into aliquots,
frozen in liquid nitrogen, and stored at -70 °C: yield,
0.012 mmol (83%); reversed-phase microbore HPLC (us-
ing Fe-BABE gradient above) product peak, 15 min.
Conjugation of 8 to Cys-269 in the C-Terminal

Domain of E. coli RNA Polymerase r Subunit.
Alpha-CTD (10) in a TGE-50 mM NaCl buffer (10 mM
Tris-HCl, pH 7.6, 5% glycerol, 0.1 mM EDTA, 50 mM
NaCl) was exchanged into a conjugation buffer (10 mM
MOPS, pH 8, 0.1 mM EDTA, 50 mM NaCl) by dialysis
at 4 °C. The 20 µM protein was incubated with 400 µM
Fe-BABE at 37 °C for 1 h. The reaction was quenched
by the addition of an equal volume of 1 M Tris-HCl, pH
8, and dialyzed against a TGE-50 mM NaCl buffer at 4
°C. The protein was purified by microbore HPLC as
described above, completely dried under reduced pres-
sure, and redissolved in water/acetonitrile (1:1) for mass
spectrometry.
Assay of Free Sulfhydryl Groups. The concentra-

tion of free cysteine side chains was determined with the
fluorescent reagent CPM on both unconjugated and
conjugated proteins. The method of Parvari et al. (11)
was slightly modified as follows: â-Mercaptoethanol
standard solutions were prepared in MOPS buffer (10

mM MOPS, pH 7.9, 120 mM NaCl, 10 mM MgCl2, and
1.0 mM EDTA) at concentrations of 30, 20, 10, 5, 3, 1,
0.3, and 0.1 µM. The protein sample in a TGE-50 mM
NaCl buffer was exchanged into MOPS buffer by dialysis
at 4 °C, and the protein concentration was determined
by micro-Bradford assay. A 15 µL aliquot of 0.4 mMCPM
in DMF was added to 15 µL of each standard and each
protein sample. After 1 h of incubation at room temper-
ature, 3 mL of 1% Triton X-100 was added to each
reaction. The intensity of fluorescence emission was
measured on 2.9 mL samples, using a Perkin-Elmer LS
50B luminescence spectrometer. The excitation wave-
length was 390 nm, and the emission wavelength was
473 nm.

RESULTS AND DISCUSSION

There are a number of different approaches to the use
of metal complexes to map proteins. A recent example
uses untethered chelates to map the overall surface and
depends on changes in cutting sites to reveal binding
interactions (12, 13). Another approach, employing a
tethered reagent such as Fe-BABE, is similar in design
to a cross-linking experiment (3, 4). Here it is essential
that protein cutting is only due to the tethered reagent
and not to unchelated metal coordinated directly to sites
on the protein. In view of the results in ref 13, we chose
to prepare the iron chelate before conjugation to the
protein, to avoid artifactual cutting by unchelated iron.
As reported by Moran et al. (9), the bromoacetylation

reaction is quantitative as observed by HPLC. However,
the reduced yield is due to sample loss during the
necessarily extensive extraction workup of the product.
The transfer of 7 into DMSO allows the reaction with
ferric chloride to form 8 under mild nonhydrolyzing
conditions. Furthermore, the difficulties associated with
aqueous complexation of Fe(III), i.e. low pH, are avoided.
The preloaded bifunctional chelate (8) is used as a

macromolecule modification reagent requiring only a
single reaction to derivatize the target with Fe-EDTA.
The general protocol for the derivatization is illustrated
in Scheme 2. As shown, unless the macromolecule is
stored in an EDTA buffer, the procedure begins by first
demetalating the protein by incubation in a 0.1 M
phosphate, pH 7.0, 20 mM EDTA buffer. Following the
demetalation, the macromolecule is buffer exchanged (via
size exclusion spin columns or dialysis) into a conjugation
buffer composed of either 10-50 mM HEPES or MOPS,
pH 8.0, and 0.1 mM EDTA. The presence of g0.1 mM
EDTA is necessary to scavenge any unbound metal. Also,
the conjugation buffer may contain simple salts (i.e.
NaCl, KCl, MgCl2, NaOAc, etc.) and glycerol for macro-
molecular stability. The buffer must not contain free
thiols.
Just prior to reaction, a sample of the macromolecule

with the free cysteine is tested with CPM to quantify and
confirm that it is available for conjugation. The amount
of Fe-BABE added should be in 2-20-fold excess relative
to the free thiol present. Since the reagent is in DMSO,
to prevent possible denaturation the volume of chelate
added should not exceed 5%. After the addition of Fe-
BABE, the pH should be kept to pH 8 ( 0.5 (adjust if
necessary with DIEA). The conjugation reaction is
performed at room temperature or 37 °C for 0.5-1 h. The
reaction is stopped by quenching with 1 M Tris buffer,
pH 8, and/or buffer exchanging the macromolecule.
To demonstrate the conjugation procedure alpha-CTD

was conjugated with Fe-BABE and analyzed by HPLC
and mass spectrometry. The transformed ESI mass
spectrum of unconjugated alpha-CTD shows only one
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peak at mass 11 077, as expected for R residues 234-
329 (Figure 1a). The mass spectrum of the Fe-BABE
conjugated protein shows two peaks (Figure 1b); a peak
at mass 11 076 for alpha-CTD and a peak at mass 11 566
corresponding to the conjugate of alpha-CTD with Fe-
BABE (∆MW 490, the mass of the iron chelate moiety).
The conjugation yield determined by the CPM test was
40%, in good agreement with the yield determined from
mass spectral peak ratios. Since mass spectrometry
shows the fraction of protein conjugated and the species
added, and the CPM test shows the loss of sulfhydryl
groups, the combined results demonstrate that the Fe-
BABE conjugation occurred at the cysteine side chain and
not at other nucleophilic sites, such as histidine or lysine
side chains.
As found by Ghaim et al. (4), cysteine residues on

proteins fall into three categories. Some cysteines are
unreactive toward alkylating reagents such as BABE or
Fe-BABE (e.g., position 157 on subunit I of E. coli
cytochrome bd); some are alkylated but produce no
cleavage products upon treatment with ascorbate and
peroxide (e.g., position 509 on subunit I of E. coli
cytochrome bd); and some produce cleavage products
(e.g., position 276 on subunit I of E. coli cytochrome bd).
Cys-269 in the C-terminal domain of the E. coli RNA
polymerase R subunit belongs to the second category;
treatment with ascorbate and peroxide led to very little
cleavage of the polypeptide backbone.
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meso-Tris(4-pyridyl)[[(ω-hydroxyhexamethylene)carbamoyl]phenyl]porphyrin was converted to its
H-phosphonate derivative and conjugated using solid phase synthesis with the 5′-hydroxyl group of
deoxyribonucleotides d(TCTTCCCA) and d(T)12. These conjugates were transformed into their (N-
methylpyridiniumyl)porphyrin analogs in the reaction with methyl iodide. A 532 nm laser beam was
utilized to photoactivate both types of the conjugates in the presence of the target 22-mer and 16-mer
oligonucleotides. Photoactivation of porphyrin-oligonucleotide conjugates resulted in site-specific DNA
modification characterized by a main reaction site size of ∼5 bases.

INTRODUCTION

Antisense oligonucleotides recognize a selected se-
quence on the target nucleic acid and can inhibit gene
expression (1-3). Introduction of DNA-cleaving func-
tional groups into an antisense oligonucleotide has been
shown to generate site-directed damage on the target
nucleic acids through chemical or photochemical reac-
tions (4-6). A variety of chemical molecules have been
covalently linked to oligonucleotides which were hybrid-
ized to cellular DNA to affect processes such as cellular
uptake (2), nuclease resistance (3), and binding affinity
(6).
Examples of those reactive molecules are alkylating

agents such as aromatic (2-chloroethyl)amino derivatives
(4-6), intercalating agents such as acridinium (3), ethid-
ium, and phenazinium (6) derivatives, photoactivable
cross-linkers such as psoralens (7-10), azides (11-13),
or porphyrins (14-16), and artificial endonucleases such
as EDTA-Fe(II) (17-19), Cu(I)-1,10-phenanthroline
(20-21), bleomycin (22-23) or metalloporphyrins (24-
32). The porphyrin-oligonucleotide conjugates and por-
phyrinyl-nucleoside derivatives (33-36) are of special
interest to us due to their potential ability to modify
nucleic acids either under dark conditions or under
irradiation (37-39).
Sequence-specific modification of nucleic acids by por-

phyrin-oligonucleotide derivatives was reported using
an excitation light wavelength around the porphyrin’s
Soret band (400-430 nm) (14-15) or in the case of
porphyrin with an expanded structure such as lutetium-
(III) texatexaphyrin at an excitation wavelength of 732
nm (16). Porphyrins are used as anticancer agents in
photodynamic therapy (PDT) (40). Their application as
reactive groups of oligonucleotide derivatives in an an-
tisense approach can result in selective inhibition of both
oncogenes and proliferation of tumor cells (6).
Hitherto, only a few solution phase synthetic ap-

proaches have been reported for the preparation of the
porphyrin-oligonucleotide conjugates. Amino deriva-
tives of oligonucleotides were first made and then coupled
with activated esters (15, 24-27, 29, 31, 32) or bro-
moalkyl derivatives (28) of porphyrin. Another method
was based on the reaction between the activated 5′-
phosphate group on an oligonucleotide and the amino
group on a porphyrin (14, 28). Porphyrin with a hydroxyl
group was also used as a monomer in triester solution
phase synthesis of oligonucleotide derivatives (27).
Since porphyrin derivatives of oligonucleotides acti-

vated by light or active in dark conditions can be used
as the selective anticancer drugs, simple and efficient
synthetic methods for porphyrin-oligonucleotide conju-
gates are required to increase the availability. It appears
that only the use of the porphyrin residue as the
monomer in the synthesis of oligonucleotides leads to a
high yield of conjugated product (27). Therefore, we
developed a simple approach for producing porphyrin-
oligonucleotide conjugates, based on the commercially
available, fully protected resin-bound deoxyribooligo-
nucleotides, synthesized by the phosphoramidite method.
The porphyrin monomer was used in the form of the
H-phosphonate derivative. The methodology of H-phos-
phonate coupling (41, 42) was modified to accomplish the
porphyrin-oligonucleotide conjugation.
We chose two antisense oligonucleotides for application

of this solid phase conjugation approach: a 12-mer of
deoxyribothymidylate [d(T)12], the complementary se-
quence to a riboadenylate track of single-stranded (+)-
RNA in a wide variety of viruses such as potato virus y
and swine vesicular exanthema, and an 8-mer d(TCT-
TCCCA), the complementary fragment to the selected
sequence of RNA of tick born encephalitis virus.
A green laser beam at 532 nm was applied to study

the photoactivated modification of target nucleic acids
in the presence of porphyrin-oligonucleotide conjugates.
We found that photoactivation at porphyrin’s Q band
region (500-650 nm) was highly effective for modification
of DNA. It is possible to suggest that porphyrin-
oligonucleotide derivatives can be used as specific drugs
in photodynamic therapy because the light source with
this longer wavelength is more penetrating through
tissue.
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EXPERIMENTAL PROCEDURES

Materials. Fully protected resin-bound oligonucle-
otides synthesized by the phosphoramidite method were
purchased from Bio-synthesis (Lewisville, TX). The
target DNA sequences of d[(A12)GTGT] (16-mer) and
d(TGAATGGGAAGAGGGTCAGGTT) (22-mer) were ob-
tained from GIBCO BRL (Grand Island, NY). Oxidizers
(I2/pyridine/H2O and H2O/THF/Et3N), adamantanecar-
bonyl chloride, pyridine, and acetonitrile were obtained
from Glen Research Co. (Sterling, VA). All other chemi-
cals were purchased from Aldrich Chemical Co. (Milwau-
kee, WI). 32P labeling of the 16-mer and the 22-mer at
their 5′-ends was accomplished using T4-polynucleotide
kinase obtained from United States Biochemical (Cleve-
land, OH) and [γ-32P]ATP purchased from New England
Nuclear/Dupont (Boston, MA). Labeled oligomers were
separated from the nonlabeled oligomers by electrophore-
sis in denaturing 20% polyacrylamide gels containing 7
M urea and subsequently electroeluted from the gel.
Synthesis of meso-Tris(4-N-pyridyl)[(methylcar-

boxy)phenyl]porphyrin 1. 4-Pyridaldehyde (16.1 g,
0.15 mol) and methyl 4-formylbenzoate (7.4 g, 0.05 mol)
were dissolved in 600 mL of propionic acid and 10 mL of
acetic anhydride in a 2000 mL flask. The solution was
heated to 100 °C. Pyrrole (13.4 g, 0.2 mol) in 50 mL of
propionic acid was added dropwise to the hot solution
over 0.5 h. The solution became darker and was stirred
and refluxed for an additional 1 h. At this point, about
600 mL of propionic acid was removed under vacuum.
The residue was poured slowly into ice-cold 5% aqueous
sodium bicarbonate with stirring. The black precipitate
was washed with 5% aqueous sodium bicarbonate and
then water until neutral and air-dried. The black solid
was dissolved in chloroform, applied to a silica gel
column, and eluted with chloroform and chloroform/
methanol (50:1). The fifth fraction was collected and
identified as compound 1. The yield was 8%.

1H NMR (CDCl3, ppm): 9.03 (d, 6H, Py), 8.84 (m, 8H,
â-pyrrole), 8.44 (d, 2H, phenyl), 8.27 (d, 2H, phenyl), 8.14
(d, 6H, Py), 4.10 (s, 3H, OCH3), -2.93 (s, 2H, NH). MS
(FAB): m/z 678 (M + 2). UV (CHCl3, nm): 418 (Soret),
514, 548, 588, 644. MS (FAB): m/z 678 (M + 2), 647 (M
+ 2 - OCH3).
Synthesis of meso-Tris(4-pyridyl)[[(ω-hydroxy-

hexamethylene)carbamoyl]phenyl]porphyrin 2. 1
(67.6 mg, 100 µmol) and 6-aminohexanol (2.0 g, excess)
were introduced into a flask. The mixture was stirred
at 65-70 °C under nitrogen for 48 h. The sublimated
6-aminohexanol was melted down to the flask with a
heating gun during the reaction. Aminohexanol (1.5 g)
was recovered by sublimation of the reaction mixture.
The residue was introduced into ice/water and stirred for
10 min. The precipitate was collected and washed with
ice/water until neutral and then air-dried. The dried
purple solid was chromatographed on a silica gel (60-
230 mesh) using 100:1 and 10:1 chloroform/methanol as
eluent. Fraction 1 contained the starting material.
Fraction 2 was identified as 2 with a yield of 80%.

1H NMR (CDCl3, ppm): 9.03 (d, 6H, Py), 8.82 (m, 8H,
â-pyrrole), 8.30 (d, 2H, phenyl), 8.22 (d, 2H, phenyl), 8.15
(d, 6H, Py), 6.60 (t, 1H, NHCO), 3.76 (t, 2H, CH2O), 3.68
(t, 2H, NCH2), 1.81 (quint, 4H, CH2CH2), 1.74 (quint,
4H, CH2CH2), -2.91 (s, 2H, NH). MS (FAB): m/z 763
(M + 2), 663 [M + 3 - (CH2)6OH], 617 [M - CONH(CH2)6-
OH]. UV (CHCl3, nm): 414 (Soret), 514, 548, 588, 644.
Synthesis of the H-Phosphonate Derivative of

meso-Tris(4-pyridyl)[[(ω-hydroxyhexamethylene)-
carbamoyl]phenyl]porphyrin 3. 2 (15 mg, 20 µmol)
was dried under vacuum and dissolved in 10 mL of CH2-

Cl2. A catalytic amount of triethylamine and 12 mg (21
µmol) of tris(1,1,1,3,3,3-hexafluoro-2-propyl) phosphite
were added. The reaction was completed in 10 min. A
mixture of 1 M triethylamine bicarbonate (TEAB) and
triethylamine (50:1 v:v) was added to the reaction
mixture. After 30 min, the product was extracted with
chloroform, washed with 1 M TEAB, and dried over
anhydrous sodium sulfate. The chloroform layer was
evaporated, and the residue was chromatographed on
silica gel using chloroform/methanol/triethylamine (from
100:2:0 to 100:10:2). The second fraction was collected
and washed with 1 M TEAB and dried with sodium
sulfate. The porphyrin H-phosphonate 3 was obtained
after evaporation of the chloroform with a 82% yield.

1H NMR (DMSO-d6, ppm): 9.05 (m, 6H, Py), 8.90 (m,
8H, â-pyrrole), 8.29 (m, 4H, phenyl), 8.26 (m, 6H, Py),
7.56 (s, 1H, NHCO), 5.67 (s, 1H, HP), 3.68 (m, 2H, CH2O),
3.42 (m, 2H, CH2NCO), 3.04 (quart, 2H, CH2N), 1.68 (m,
4H, CH2CH2), 1.44 (m, 4H, CH2CH2), 1.15 (t, 3H, CH3),
-3.02 (s, 2H, NH). 31P NMR (DMSO-d6, ppm): 1.76 (PH).
MS (negative FAB): m/z 824 (M-). UV (CHCl3/CH3OH,
1:1, nm): 418 (Soret), 512, 548, 592, 638.
Synthesis of Conjugates of meso-Tris(4-pyridyl)-

[[(ω-hydroxyhexamethylene)carbamoyl]phenyl]-
porphyrin with Oligonucleotides d(TCTTCCCA)
and d(T)12 (6 and 7, Respectively). Fully protected
resin-bound oligonucleotide (1 mmol) was packaged in a
1 mL syringe column which was connected to a vacuum
line by a switch valve. All reaction agents and vessels
were in a dry nitrogen glovebox. A procedure, closely
approximating the reactions for automated DNA synthe-
sis, was utilized as follows: (1) Detritylation was done
with 2% Cl2CHCOOH for 2 min. (2) Washing was done
with CH3CN and CH3CN/pyridine for 2 min. (3) 3 (38
mg, 40 µmol) dissolved in 1 mL of CH3CN/pyridine and
20 mg (100 µmol) of adamantanecarbonyl chloride was
added immediately and applied to the column for 4 min.
(4) Washing was done with CH3CN/pyridine and CH3-
CN for 2 min. (5) Oxidation was done with I2/pyridine/
H2O and Et3N/THF/H2O for 5 min. (6) Washing was done
with CH3CN/pyridine and CH3CN for 2 min. (7) Depro-
tection was done with concentrated NH3‚H2O at room
temperature for 12 h. The product was then lyophilized
and redissolved in Tris-acetate/EDTA (TAE) buffer (pH
7.5) and purified on a Hewlett-Packard series 1050 HPLC
apparatus with a variable wavelength UV detector set
at 260 nm, using a Lichrospher 100 reverse phase C18
column (5 µm). The solvent ramp followed a linear
gradient from 9% CH3CN and 91% 0.05 M TEAc (pH 7.5)
at the beginning of each run to 81% CH3CN and 19% 0.05
M TEAc (pH 7.5) at the end, 25 min later. The flow rate
was 1.0 mL/min. HPLC profiles (shown in Figure 1) were
recorded on a Hewlett-Packard 3396A integrator. The
yields of 6 or 7 were about 60-70%. UV data are shown
in Table 1.
Conjugates 6 and 7 were also analyzed by dynamic

sieving capillary electrophoresis on a Biofocus 3000

Table 1. UV-Vis Data of Porphyrins, Oligonucleotides,
and Porphyrin-Oligonucleotide Conjugates

UV visible

compound λmax (nm), ε (M-1 cm-1) λmax (nm), ε (M-1 cm-1)

2 260, 4 × 104 406, 2.8 × 105
2-Me 260, 1.2 × 104 422, 2.2 × 105
4 260, 6.78 × 104
5 260, 6.36 × 104
6 266 416
7 268 416
8 268 430
9 266 430
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Capillary Electrophoresis System (BioRad) using a coated
column (length of 24 cm, diameter of 75 µm) in a buffer
of 25 mM Tris-borate and 2 mM EDTA at pH 8.3. The
absorption profiles (shown in Figure 2) were monitored
at 260 nm for oligonucleotide moieties and at 416 nm for
porphyrin units of the conjugates.
Concentrations of conjugates were estimated using

absorption at 260 nm. The molar absorption coefficient
at 260 nm was calculated as the sum of absorption for
oligonucleotide and porphyrin moieties. The molar ab-
sorption coefficients of oligonucleotides at 260 nm were
found using a procedure described in ref 43 to be 6.78 ×
104 M-1 cm-1 for d(TCTTCCCA) and 6.36 × 104 M-1 cm-1

for d(T)12. The molar absorption coefficient of porphyrin
2 was measured and is shown in Table 1.
Synthesis ofmeso-Tris(4-N-methylpyridiniumyl)-

[[(ω-hydroxyhexamethylene)carbamoyl]phenyl]-
porphyrin (2-Me) and Its Conjugates with Oligo-
nucleotides d(TCTTCCCA) and d(T)12 (8 and 9,
Respectively). Compound 6, 7, or 2 was dissolved in
DMF. Excess CH3I was added, and the mixture was kept
at room temperature for 3 h. N-Methylation of 2 was
chosen as a model reaction for which completeness was
monitored by TLC. The product 2-Me was obtained by
removing the excess CH3I and DMF under vacuum with
no need of further purification. The yield was 100%.

1H NMR of 2-Me (DMSO-d6, ppm): 9.62 (d, 6H, 3,
5-Py), 9.18 (d, 6H, 2, 6-Py), 8.98 (m, 8H, â-pyrrole), 8.32
(m, 4H, phenyl), 4.72 (s, 9H, NCH3), 3.48 (m, 4H, CH2-
CO and CH2O), 1.67 (m, 4H, CH2CH2), 1.44 (m, 4H, CH2-
CH2), -3.02 (s, 2H, porphyrin-NH).
UV [H2O, λmax (nm)]: 422, 520, 560, 592, 652. The

molar absorption coefficient of porphyrin 2-Me is pre-
sented in Table 1.
Compounds 8 and 9 were made in the same way as

2-Me. Their UV-vis data are shown in Table 1. The
red shifts of porphyrin Soret bands after conjugation with
oligonucleotides are characteristic and consistent with
our previous data (33).
Photomodification of Target DNA. Photomodifi-

cation reactions were carried out in a 20 µL buffer
solution containing 10 nM [32P]16-mer (or 22-mer), 0.2
M NaCl, 10 mM Tris-HCl, 1 mM EDTA (pH 7.5), and
porphyrinyl derivatives of the 12-mer (or 8-mer) at 25
°C in a polypropylene Eppendorff tube. Tubes were
placed in a horizontal position with caps opened in the
path of a laser beam and irradiated for 10 min. The laser
was a Nd:YAG laser at 532 nm with 25 mJ/pulse and 10
pulses/s.
After irradiation, the oligomers were precipitated by

the addition of 100 µL of 2% LiClO4/acetone solution. The
precipitate was washed three times with 100 µL of
acetone and dried under vacuum. If required, the oligo-
mer pellets were suspended in 10 µL of 10% piperidine
at 95 °C for 30 min. The solutions were cooled and
subjected to a second LiClO4/acetone precipitation. The
precipitates were dissolved in 4 µL of water and 3 µL of
95% formamide containing 0.025% bromophenol blue and
0.025% xylene cyanol and loaded onto a 20% denaturing
polyacrylamide sequencing gel (19:1 cross-linked, 20 cm
× 20 cm × 0.4 mm). The gels were run at 50 W/cm and
exposed on Kodak X-ray film. The autoradiograms of the
gels were quantitized using an UltroscanXL densitometer
(LKB, Sweden). The autoradiograms are shown in
Figures 3 and 4. The densitometry data were plotted as
shown in Figures 5-7.

RESULTS AND DISCUSSION

Synthesis of Porphyrin-Oligonucleotide Conju-
gates. Porphyrin-oligonucleotide conjugates were syn-

thesized by coupling of the H-phosphonate derivative of
oligonucleotide with fully protected oligonucleotides. For
this purpose, a porphyrin ester 1 was synthesized by the
Rothmund-Longo method (44). An ω-hydroxylhexa-
methylene group was introduced through an ester-amide
exchange reaction which gave a new porphyrin 2 with a
hydroxyl group in a high yield (Scheme 1). A small
amount of acetic anhydride was added to the solvent of
propionic acid to prevent the hydrolysis of the ester
group. An ester-amide exchange reaction was found to
be very efficient for derivatizing the porphyrin ester into
new porphyrins with different functional groups, such as
hydroxyl and amine. This is an easy way to make pure
porphyrin derivatives compared with reactions previously
reported in the literature that employed activation of
porphyrin carboxylic acid in DMSO or DMF and produced
a low yield (28). The meso-trispyridylporphyrin H-
phosphonate 3, as the coupling active compound, was
synthesized using an efficient fluorinated agent (45).
Compound 3 has good solubility in pyridine/acetonitrile
solution, which is necessary for the coupling reaction. The
H-phosphonate derivative was activated by adamantane-
carbonyl chloride and coupled with the 5′-hydroxyl group
of deoxyribonucleotides d(TCTTCCCA) 4 or d(T)12 5
bound on the resin (Scheme 2). The H-phosphonate
group was oxidized by I2 to phosphate. Hydrolysis,
removing the conjugates from the resin, and deprotection
were carried out in one step at room temperature.
Conjugates 6 and 7were purified by HPLC and converted
to cationic porphyrin-oligonucleotides 8 and 9 by methyl
iodide.
The coupling was allowed to proceed for less than 3

min to avoid the hydrolysis of the previously formed

Scheme 1. Synthesis of the Porphyrin
H-Phosphonates
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H-phosphonate diester. Adamantanecarbonyl chloride
was chosen instead of pivaloyl chloride to minimize the
capping of the oligonucleotide. The aliphatic amide bond
on the porphyrin is stable under both room-temperature
hydrolysis conditions and deprotection conditions in
concentrated ammonium hydroxide.
HPLC and Capillary Electrophoresis. As may be

seen in the HPLC elution profiles of conjugates (Figure
1), the free oligonucleotide was eluted first, the conjugate
second, and the free porphyrin last. The free porphyrin
is neutral and least polar, compared to the free anionic
oligonucleotide or the conjugate. The retention time and
the polarity are very well correlated on the reverse phase
column. Each fraction was confirmed by the UV-vis
spectrum.
As compared with acrylamide gel electrophoresis,

capillary electrophoresis should provide more precise
information. It is very easy to identify the porphyrin-
oligonucleotide conjugate by applying two different detec-
tor wavelengths: 260 nm for oligonucleotides and 416
nm for porphyrin units. Only free oligonucleotides and
porphyrin-oligonucleotide can be detected at 260 nm,
while only free porphyrin and porphyrin-oligonucleotide
can be detected at 416 nm. The capillary electrophoresis
profiles are shown in Figure 2.
UV-Vis Spectra. Soret bands of pyridylporphyrin-

oligonucleotide and of pyridiniumylporphyrin-oligonu-
cleotide exhibited a red shift up to 10 nm compared to
the free pyridylporphyrin and N-methylated pyridini-
umylporphyrin.
Selective Photomodification of Target DNA. Syn-

thesized porphyrin-oligonucleotide conjugates were tested
for their abilities to modify the complementary nucleic
acid strands under irradiation by visible light in the
spectral region of the porphyrin Q-bands at 532 nm.
Photomodification reactions were carried out with 5′-32P-
labeled targets, d(TGAATGGGAAGAGGGTCAGGTT) (22-

mer) and d[(A)12(GT)2] (16-mer), at a concentration of
∼10-8 M. Concentrations of the porphyrin-oligonucle-
otide conjugates were equal to 4 µM. In these equilib-
rium conditions, all targets must be in the form of a
complex with the conjugate. The complementary com-
plexes have the following structures:

where

Scheme 2. Solid Phase H-Phosphonate Approach to
the Synthesis of Porphyrinyl Oligonucleotidesa

a CPG ) controlled pore glass. Bp ) (phenylacetyl)deoxyaden-
osine, deoxythymidine, and (phenoxyacetyl)deoxycytosine. B )
T, A, or C. 6 and 8 have an oligonucleotide sequence of
TCTTCCCA. 7 and 9 have an oligonucleotide sequence of (T)12.

Figure 1. HPLC profile of coupling reaction products from
porphyrin 3 and 8-mer 4.

Figure 2. Capillary electrophoresis profile of purified conjugate
6 and pure oligonucleotide 4.

Figure 3. Autoradiogram of a 20% denaturing polyacrylamide
gel showing photomodification products produced by irradiation
of the 22-mer for 10 min: controls without porphyrinyl conju-
gates (lanes 1 and 8), in the presence of 4 × 10-6 M conjugates
6 (lanes 2 and 9), 7 (lanes 4 and 11), 8 (lanes 3 and 10), 9 (lanes
5 and 12), A + G (lane 6), and G (lane 7). Samples in lanes 9-12
were treated with piperidine.

n
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The products were separated by 20% polyacrylamide gel
electrophoresis under denaturing conditions, in the pres-
ence of 7 M urea. Results of control experiments and
sequence-specific photomodification of the 22-mer and 16-
mer are shown in Figures 3 and 4, respectively. The

modification sites were identified after piperidine cleav-
age from comigrating Maxam-Gilbert sequencing lad-
ders (46), namely A + G and G. No photomodification
of the targets was seen in the absence of the porphyrin
conjugates (lanes 1 and 8). Slow-migrating bands (cor-
responding to cross-linked products) appeared above the
bands corresponding to the starting materials when the
22-mer was irradiated in the presence of 6 and 8 (Figure
3, lanes 2 and 3, respectively). When these targets were
irradiated in the presence of conjugates 7 and 9 which
are not complementary to the targets, the cross-linked
products were absent (see Figure 3, lanes 4 and 5). In
the case where the 16-mer was irradiated in the presence
of 7 and 9, the bands of cross-linked products were absent
(Figure 4, lanes 2 and 3, respectively). The photomodi-
fication sites were assigned after piperidine treatment
of the reaction mixture and were observed primarily at
G11, G13, G14, and G15 for the 22-mer (Figure 3, lanes
9 and 10). For the case of the 16-mer, specific modifica-
tion products were observed only after the treatment by
piperidine at G13 and G15 (Figure 4, lanes 9 and 10).
This suggests that alkaline-labile photomodification oc-
curred.
Densitograms are presented in Figures 5 and 6 for the

photomodification of the 22-mer by reagents 6 and 8,
respectively, and in Figure 7 for the modification of the
16-mer by 7 and 9. Figures 5-7 also show the absolute
cleavage yields for each site after piperidine treatment
and illustrate the data for both complementary and
noncomplementary oligonucleotide conjugates. No spe-
cific photomodifications of the target 22-mer and 16-mer
were observed in the presence of conjugates which could
not hybridize with the target DNA. Modification by
conjugates containing an uncharged porphyrinyl group
6 and 7 or a positively charged porphyrinyl group 8 and
9 showed slightly different efficiency and site selectivity
(Figures 5-7).
For the 22-mer, the total yield, of cleavage (∼77% for

Figure 4. Autoradiogram of a 20% denaturing polyacrylamide
gel showing photomodification products produced by irradiation
of the 16-mer for 10 min: controls without porphyrinyl conju-
gates (lanes 1 and 8), in the presence of 4 × 10-6 M conjugates
6 (lanes 4 and 11), 7 (lanes 2 and 9), 8 (lanes 5 and 12), 9 (lanes
3 and 10), A + G (lane 6), and G (lane 7). Samples in lanes 9-12
were treated with piperidine.

Figure 5. Densitograms of the gel electrophoretic separation of the reaction mixture, containing 22-mer target modified by conjugate
6; the data for noncomplementary conjugate 7 are presented as the control (line 1, without conjugates; lines 2 and 3, 4 µM 7, with
6 absent; and lines 4 and 5, 4 µM 6 with 7 absent). Samples for lines 1, 3, and 5 were treated with piperidine.
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6 and ∼84% for 8) are higher than the yields of cross-
linked products (∼20%). Therefore, the alkaline-labile

modification of the 22-mer occurred also as in the case
of the 16-mer.

Figure 6. Densitograms of the gel electrophoretic separation of the reaction mixture, containing 22-mer target modified by conjugate
8; the data for noncomplementary conjugate 9 are presented as the control (line 1, without conjugates; lines 2 and 3, 4 µM 9 and
with 8 absent; and lines 4 and 5, 4 µM 8 with 9 absent). Samples for lines 1, 3, and 5 were treated with piperidine.

Figure 7. Densitograms of the gel electrophoretic separation of the reaction mixture, containing 16-mer target modified by conjugate
7 or 9; the data for noncomplementary conjugates 6 and 8 are presented as the control (line 1, without conjugates; line 2, 4 µM 6;
line 3, 4 µM 7; line 4, 4 µM 8; and line 5, 4 µM 9). Samples for lines 1-5 were treated with piperidine.

54 Bioconjugate Chem., Vol. 8, No. 1, 1997 Li et al.



The most intensively utilized modification site con-
sisted of about five nucleotides. Two factors may account
for this result. First, the dimension of the photoactive
center porphyrin molecule is 18 Å (47), equivalent to one-
half of a DNA helix turn. Second, a singlet molecular
oxygen (1O2)-modifying agent is presumed to form after
sensitization by the porphyrin. The lifetime of this
species is equal to 1-20 µs in solution (48). Therefore,
this molecule can migrate a large distance along the
polynucleotide chain.
The results of this study demonstrate that the porphy-

rinyl groups of oligonucleotide conjugates can be acti-
vated by a green laser beam with a wavelength in the
spectral region of the porphyrin’s Q-bands. The photo-
modification efficiency is high with a total yield around
80% for a specific modification site of five nucleotides.
This efficient site-directed photomodification of DNA
suggests that porphyrinyl agents may be developed as
anticancer or antiviral drugs for use in photodynamic
therapy.
Our procedure provide an efficient method for produc-

ing porphyrin-oligonucleotide conjugates in sufficient
quantity and with sufficient purity to make these com-
pounds readily available for medical and chemical ap-
plications.
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Dioleoylmelittin as a Novel Serum-Insensitive Reagent for Efficient
Transfection of Mammalian Cells
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Amphipathic peptides can be useful effectors to enhance gene delivery. However, peptide/DNA
complexes usually require additional effectors, such as fusogenic lipids, to mediate efficient transfection.
Due to weak and/or multiple interactions between the various components of the system, the
transfecting complexes are often heterogeneous and unstable in biological fluids. Accordingly, a hybrid
molecule resulting from the covalent coupling of an amphipathic, membrane-disturbing peptide to a
lipid moiety might create a stable and efficient peptide-based gene transfer system. The present work
describes such a novel hybrid molecule, dioleoylmelittin, resulting from the conjugation of dioleoylphos-
phatidylethanolamine-N-[3-(2-pyridyldithio)propionate] with [Cys1]melittin. Dioleoylmelittin had a
lower hemolytic and membrane-disturbing activity than melittin. Size and zeta potential measure-
ments, DNA gel electrophoresis, and electron microscopy showed that dioleoylmelittin, unlike melittin,
was able to complex plasmid DNA to form spherical particles with a net positive charge and a diameter
between 50 and 250 nm. These particles, prepared at an optimal 10/1 dioleoylmelittin/DNA ratio
(w/w), mediated efficient transient transfection of reporter genes in cultured mammalian cells including
primary cells. The luciferase activity induced by the dioleoylmelittin/DNA complex was 5-500-fold
higher than that induced by a cationic lipid/DNA complex, depending on the cationic lipid and the
cell-line. Surprisingly, the presence of 10-50% fetal calf serum during dioleoylmelittin-mediated
transfection enhanced 1.5-3-fold gene expression. Dioleoylmelittin represents a new class of efficient
peptide-based transfection reagents, especially suited for serum-sensitive cells.

INTRODUCTION

Gene delivery is recognized as a key issue in the future
development of gene therapy. Indeed, several recent
gene therapy clinical trials in humans have shown the
limitations of viruses to deliver genes (1). Nonviral gene
delivery systems could therefore provide an easier and
safer alternative to viruses (2). However, the transfection
efficiency of synthetic carriers is still lower than that of
viral vectors.
Cationic lipids are the most widely used nonviral

transfection reagents both in cell culture and in animals
(3, 4). These transfection competent molecules are
composed of a cationic moiety, which binds DNA by
charge interactions, and a lipophilic tail. Therefore,
cationic lipids have the dual ability of condensing DNA
and fusing or destabilizing cell membranes (3, 4). An-
other emerging gene transfer strategy is the use of
amphipathic peptides (5-11). These peptides are either
fusogenic or permeabilize cell membranes and, hence,
improve gene transfer. For example, the cyclic peptide
gramicidin S can facilitate DNA delivery into cells in
culture (8-10). However, efficient transfection with this
peptide requires the addition of co-lipids such as dioleoyl-
phosphatidylethanolamine (DOPE) or short-chain phos-
pholipids; both interact with the hydrophobic face of the
gramicidin S (8, 9). This binding usually occurs via weak
interactions, and as a result, the transfecting particles
are rather heterogeneous and unstable in biological
fluids. Accordingly, hybrid molecules resulting from the
covalent binding of a lipid moiety onto an amphipathic
peptide might provide single, stable transfection compe-

tent reagents. The present work describes the synthesis
of such a novel hybrid molecule, dioleoylmelittin. Melit-
tin, a 26 amino acid peptide, is a well-characterized
membrane-disturbing molecule (12). When complexed
with plasmid DNA, its lipophilic derivative, dioleoyl-
melittin, forms homogeneous and small particles that
mediate highly efficient transfection of cells in culture,
even in the presence of serum.

MATERIALS AND METHODS

Synthesis of the Dioleoylmelittin. Continuous-flow
solid-phase peptide synthesis was performed on a Milli-
gen 9050 synthesizer, starting from a Tenta Gel S resin
(0.22 mmol/g, Rapp Polymere, Tübingen, Germany), as
described (13). All chiral amino acids were of the
L-configuration. The base-labile 9-fluorenylmethyloxy-
carbonyl (Fmoc) group was used for R-amino protection.
Side chains were protected with the following protecting
groups: 2,2,5,7,8-pentamethylchroman-6-sulfonyl (Pmc)
for arginine, triphenylmethane (Trt) for cysteine and
glutamine, tert-butoxycarbonyl (Boc) for lysine and tryp-
tophan, and tert-butyl (But) for serine and threonine.
Fmoc-amino acids (2.5 equival) were activated with an
equivalent amount of 1,1,3,3-tetramethyl-2-(2-oxo)-1(2H)-
pyridyluronium tetrafluoroborate (14) and diisopropyl-
ethylamine. Fmoc deprotection was achieved with 20%
(v/v) piperidine in dimethylformamide. The resin-bound
peptide was treated with a mixture of 86% trifluoroacetic
acid, 10% ethanedithiol, and 4% water for 3 h. The
reaction mixture was concentrated and poured into
diethyl ether, and the precipitate was collected by filtra-
tion and lyophilized from water. The crude peptide was
purified by preparative HPLC. The fractions of the main
peak were collected, concentrated under reduced pres-
sure, and lyophilized, yielding 94.5 mg of compound I
(CIGAVLKVLTTGLPALISWIKRKRQQ). The homoge-
neity of compound Iwas confirmed by analytical reversed
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phase HPLC, and the molecular weight was determined
by ionization spray positive mode mass spectrometry: M
) 2892.6 (M + H)+ (calculated 2892.6 for C132 H231N39O3S).
Ten micromoles of compound Iwas dissolved in a mixture
of 1 mL of 100 mM phosphate buffer (pH 6.5) and 1 mL
of acetonitrile (15). Eleven micromoles of 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-[3-(2-pyridyldithio)-
propionate] (N-PDP-PE, Avanti Polar Lipids Inc., Bir-
mingham, AL) in 2.8 mL of chloroform was then added.
The mixture was left at room temperature for 1 h, and
the organic solvent was removed by evaporation under
nitrogen. The remaining solution was diluted with
distilled water to a volume of 2.5 mL and passed through
a Sephadex G-25 M column. The resulting lipopeptide,
dioleoylmelittin (Figure 1), was eluted with distilled
water and lyophilized, yielding 28.9 mg of a white solid.
The molecular weight was determined by ionization spray
positive mode mass spectrometry: M ) 3722 (calculated
3722.7 for C176H311N40O40PS2).
A control peptide resulting from the coupling of NPDP-

PE with CKKKKK (dioleoyl-K5) was prepared as above,
yielding 60 mg of purified lyophilisate (M ) 1633.0,
calculated 1633.25 for C79H150N13O16S2).
Hemolysis Test. Blood from beagle dogs was collected

on lithium heparinate and centrifuged for 20 min at
1000g. Plasma and buffy coat were discarded, and red
blood cells (RBC) were washed with isotonic saline and
finally diluted to a concentration of about 6 × 108 cells/
mL. Melittin (Sigma, St. Louis, MO; sequencing grade)
or dioleoylmelittin, complexed or not with plasmid DNA
at a 2/1 +/- charge ratio (assuming a charge of +5 for
each peptide), was sequentially diluted with isotonic
saline from 40 to 0.05 µM in a 96-well plate. One
hundred microliters of the RBC suspension was added
per well, and the plate was incubated for 30 min at 37
°C. After centrifugation (15 min, 1000g), 80 µL of each
supernatant was transfered to a new 96-well plate and
hemoglobin concentration was measured using a hemo-
globin diagnostic kit (Roche diagnostic). Two hundred
microliters of a 0.77 mM potassium cyanide solution was
added per well, and after 10 min, absorbance was read
at 560 nm using an ELISA plate reader. One hundred
percent hemolysis was obtained by incubating the RBC
with 1% Triton X-100. Background was measured after
the RBC had been incubated in isotonic saline and was
subtracted from each value.
Destabilization of Liposomes. Egg phosphatidyl-

choline liposomes (Lipoı̈d, Ludwigshafen, Germany) were
prepared by drying the lipids from a chloroform solution
under vacuum and by rehydrating the lipid film with
isotonic saline. Liposomes were then sonicated and
extruded through polycarbonate filters with decreasing
pore size (1, 0.4, 0.2 µm) to generate liposomes with an
apparent diameter of 203 ( 4 nm (16). Liposomes, at a
final concentration of 1mM in isotonic saline, were then
incubated with increasing concentrations (from 5 to 140
µM) of melittin or dioleoylmelittin. Five minutes after
addition of the peptide to the liposomes, the modification

of the apparent diameter and the polydispersity of the
liposomes was determined by dynamic light scattering
(Zetasizer 4, Malvern Instruments, Southborough, MA).
Expression Vectors. The pGL3-CMV plasmid en-

coding for luciferase was constructed as follows: in a first
step the KpnI-BglII TK promoter fragment from pT109luc
(17) was introduced between the KpnI and BglII sites of
pGL3basic (Promega, Madison, WI), respectively. From
this construct the XhoI-BglII TK promoter was replaced
by the CMV promoter excised as a 788 bp XhoI-BamHI
fragment from pUHD10-1 (18), generating pGL3-CMV.
The pCMV-âgal plasmid encoding for â-galactosidase was
purchased from Clontech (Palo Alto, CA). Both plasmids
were grown using standard methods and purified by
column chromatography (Qiagen, Hilden, Germany).
Preparation of the Transfecting Complex. Di-

oleoylmelittin was dissolved in trifluoroethanol at a
concentration of 1 mg/mL. One milliliter of the solution
was dried under argon and then under high vacuum. The
film was dissolved with 1 mL of 10 mM Tris maleate
buffer (pH 6), and the solution was vortexed. Typical
complex was prepared by diluting 10 µg of plasmid DNA
in a final volume of 200 µL of sterile water in a
polystyrene tube. Then, an appropriate amount (typi-
cally 100 µL) of dioleoylmelittin was added dropwise and
quickly mixed. The complex was allowed to stand at
room temperature for 2-5 min before transfection. In
some experiments, dioleoylmelittin was mixed with a
5-fold molar excess of DOPE (Avanti Polar Lipids) and
subsequently added to plasmid DNA. The transfection
efficiency of dioleoylmelittin was also compared to that
of 1,2-bis(oleoyloxy)-3-(trimethylammonio)propane (DOT-
AP; Avanti Polar Lipids) and 1,3-dioleoyloxy-2-(6-
carboxyspermyl)propylamide (DOSPER; Boehringer-
Mannheim, Mannheim, Germany). DOTAP/DNA or
DOSPER/DNA complexes were prepared according to the
manufacturer’s instructions and were used at a cationic
liposome/DNA ratio of 5/1 (w/w). This corresponds to a
2/1 and 5/1 +/- cationic liposome/DNA charge ratio for
DOTAP and DOSPER, respectively. The mean diameter
of DOTAP/DNA and DOSPER/DNA complexes was 190
( 10 nm, as determined by dynamic light scattering.
Transfection Experiments. CV-1 (monkey kidney

fibroblasts) cells were plated at a density of about 2 ×
104 cells per well in a 96-well plate (about 70-80%
confluency) and grown for 24 h in 10% fetal calf serum
(FCS, Gibco BRL, Grand Island, NY) containing medium.
Transfection took place in 100 µL of FCS-free Dulbecco’s
modified Eagle medium (DMEM), and 5 h later medium
was removed and replaced by 10% FCS-containing me-
dium. To each well was applied 0.2 µg of plasmid DNA.
In some experiments, transfection took place in 10% or
50% FCS-containing medium. Forty-eight hours later,
â-galactosidase activity was measured. After medium
removal, 50 µL of 250 mM Tris Cl buffer (pH 8) contain-
ing 0.5% of Triton X-100 was added per well. Cells were
frozen at -70 °C and then thawed at 37 °C, and 50 µL of
phosphate buffer saline (150 mM, pH 6, PBS) was added

Figure 1. Structure of dioleoylmelittin.
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per well. Finally, 150 µL of a 2 mg/mL solution of
o-nitrophenyl galactopyranoside (Sigma) in 60 mM
Na2HPO4, 1 mM MgSO4, 10 mM KCl, and 50 mM
â-mercaptoethanol was added per well. Optical density
at 405 nm was measured after the plate was incubated
for anywhere between 20 min and 1 h at 37 °C, depending
on the â-galactosidase activity. Values were computed
from a â-galactosidase (Fluka) standard curve. Day-to-
day â-galactosidase activity values usually varied by
about 2-fold depending upon cell density and condition
of the cells. Sensitivity of the assay was 50 µunits of
â-galactosidase per well of CV-1 cells.

â-Galactosidase activity was also detected by cyto-
chemical stain to evaluate the percentage of transfected
cells (19). In this case, CV-1 cells and primary rabbit
aorta smooth muscle cells (20) were grown in 60 mm
dishes in 2 mL of appropriate medium. Two micrograms
of pCMVâgal plasmid complexed with 20 µg of di-
oleoylmelittin was incubated with the cells during 5 h in
2 mL of serum-free medium. Forty-eight hours after
tranfection, cells were rinsed with PBS, fixed for 5 min
with 4% formaldehyde in PBS, and then stained with
X-Gal (5-bromo-4-chloro-3-indolyl-â-D-galactoside, Prome-
ga). The blue â-galactosidase-expressing cells were
visualized under the microscope 2 h after staining and
counted as the percentage of the total cell population.
The dioleoylmelittin transfection efficiency was also

compared to that of cationic liposomes (DOTAP or
DOSPER), and in this case a luciferase expression vector,
pGL3-CMV, was used. Cell-lines CV-1, CHO-K1 (Chi-
nese hamster ovary cells), and 293 (human kidney
embryonic cells) were plated in six-well plates and grown
for 24 h. Two micrograms of DNA complexed with either
cationic liposomes or dioleoylmelittin was added per dish
in 2 mL of 10% FCS-containing medium. Five hours later
medium was removed and replaced by fresh 10% FCS-
containing medium. Luciferase activity was measured
48 h later as previously described (21), and results were
normalized to cell protein content (BCA protein assay
reagent, Pierce, Rockford, IL).
Physicochemical Characterization. Size and zeta

potential of the dioleoylmelittin/DNA complex were de-
termined using a Zetasizer 4 (Malvern Instruments) after
appropriate dilution in pure water. To estimate the
interaction between plasmid DNA and dioleoylmelittin,
plasmid DNA (0.5 µg) was mixed with increasing amounts
of dioleoylmelittin (0-4 µg) and electrophoresed on a
0.8% agarose gel in the presence of ethidium bromide.
Dioleoylmelittin/DNA complex was also imaged by elec-
tron microscopy (EM). For negative staining, a 5 µL
aliquot of sample was adsorbed to a carbon-coated 200-
mesh copper grid. Staining was done by adding directly
10 µL of 2% uranyl acetate to the adsorbed sample
droplet, and the preparation was air-dried after removal
of the excess of liquid with filter paper. Specimens were
examined in a JEOL-1210 electron microscope operated
at 100 kV. For cryoelectron microscopy of frozen-
hydrated specimens, 5 µL of samples was applied to 700-
mesh hexagonal copper grids. After the excess of solution
was removed by blotting with filter paper, the grid was
rapidly quench-frozen in a home-made guillotine-like
device using liquid ethane as coolant. The frozen grids
were mounted under liquid nitrogen in a side entry
specimen holder (Model 626, Gatan, Pleasanton, CA) and
examined at -172 °C in a JEOL-1210 electron microscope
equipped with a anticontaminator (Model TAC100, Ox-
ford Instruments, Oxon, U.K.) and operated at 100 kV.
Low-dose images were recorded 1.5-2.0 µ underfocus
with an electron irradiation of approximately 10 e/Å2 at
a nominal magnification of 10 000-20 000. Digitized

micrographs were recorded with a slow scan CCD camera
(Model 679, Gatan). Magnification calibration was done
using negatively stained catalase crystals.

RESULTS

Membrane-Disturbing Activity of Melittin and
Dioleoylmelittin Complexed or Not with Plasmid
DNA. Two tests were used to evaluate the membrane-
disturbing activity of dioleoylmelittin, as compared to
melittin: the hemolytic activity and the solubilization of
liposomes. When free melittin was incubated with
erythrocytes at 37 °C, 50% hemolysis could be detected
at a peptide concentration of about 1.2 µM (Figure 2A).
This concentration doubled when melittin was complexed
with plasmid DNA. Dioleoylmelittin had a lower hemolyt-
ic activity than the original peptide, and 50% hemolysis
was attained at a peptide concentration of 2.5 µM. After
complexation with DNA, the dioleoylmelittin concentra-
tion that induced 50% hemolysis was 7 µM. At a

Figure 2. Hemolytic activity (A) and liposome-destabilizing
activity (B) of melittin (9), melittin/DNA complex (b), dioleoyl-
melittin (0), and dioleoylmelittin/DNA complex (O). Complexes
between peptides and DNA were prepared at a 2/1 (+/-) charge
ratio, assuming 5 positive charges for each peptide.
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concentration of 5 µM, melittin slightly increased the size
of egg PC liposomes, but at concentrations above 10 µM,
it markedly decreased their size and increased their
polydispersity (Figure 2B). This effect was attributed to
the fusion of liposomes at low peptide/lipid ratios followed
by the solubilization of the liposomes and the formation
of discoidal structures at higher melittin concentrations
(22). Conversely, dioleoylmelittin only slightly increased
the size of the liposomes and did not modify their
polydispersity in the range of concentration studied.
In Vitro Transfection with the Dioleoylmelittin/

DNA Complex. The optimal dioleoylmelittin/DNA ratio
for transfection of CV-1 cells was first determined (Figure
3). At a 1/1 or 2/1 dioleoylmelittin/DNA ratio (w/w), no
transfection was detected. However, when the dioleoyl-
melittin/DNA ratio was at least 5/1 (w/w), â-galactosidase
activity could be detected in CV-1 cells 48 h after
transfection and the optimal dioleoylmelittin/DNA ratio
was 10/1 (w/w). Above this ratio some toxicity appeared
and transfection was reduced. When DOPE was added
to the transfecting particles in a 5-fold molar excess to
dioleoylmelittin, â-galactosidase activity was induced at
dioleoylmelittin/DNA ratios at which DOPE-free formu-
lations hardly mediated transfection. However, at the
optimal ratio with DNA, the efficiency of the DOPE-
containing formulations was reduced 5-10-fold as com-
pared to the dioleoylmelittin alone. Furthermore, the
control peptide dioleoyl-K5 did not mediate any trans-
fection of CV-1 cells at all lipopeptide/DNA ratios studied
(data not shown).
Evaluation of the percentage of cells expressing â-ga-

lactosidase activity by cytochemical staining indicated
that about 60-70% and 10-20% of the cells were
transfected for CV-1 cells and primary rabbit aorta
smooth muscle cells, respectively (data not shown).
The transfection efficiency of dioleoylmelittin was also

compared to that of two commercially available cationic
lipid transfection reagents, DOTAP and DOSPER, in
various cell lines (Table 1). In the three cell lines studied,
dioleoylmelittin mediated 3-40 and 25-500 times greater
luciferase activity than DOSPER and DOTAP, respec-
tively.
Effect of Serum and Lysomotrophic Agents on

Transfection Efficiency. Surprisingly, the presence of
FCS in the medium had a favorable effect on the
transfection efficiency of dioleoylmelittin in CV-1 cells
(Figure 4). Ten percent FCS in the transfection medium
slightly enhanced transfection, but 50% FCS enhanced
â-galactosidase activity more than 2-fold. This effect was
not cell line dependent since an improvement of trans-
fection in the presence of serum was also observed for

293 or COS-1 cells (data not shown). Furthermore, cell
viability was at least 96% in the absence or the presence
of serum, suggesting that FCS did not improve transfec-
tion by protecting the cells from a possible toxic effect of
the dioleoylmelittin.
To gain some insight into the mechanism whereby

dioleoylmelittin brings about transfection, cells were also
treated with various agents during the transfection
procedure (Figure 4). Addition of lysomotrophic agents,
monensin (10 µM) and ammonium chloride (20 mM), at
the beginning of the 5 h incubation time reduced 2-3
times the transfection level mediated by the dioleoyl-
melittin. These compounds have been shown to en-
hance cationic lipid-mediated transfection in CV-1 cells
(23).
Characterization of the Dioleoylmelittin/DNA

Complex. Rehydration of the dioleoylmelittin film
resulted in a clear solution. Under negative-stain EM
this solution appeared as aggregates or micellar-like
structures with a size between 5 and 10 nm (Figure 5a).
Dynamic light scattering indicated that homogeneous

particles with an apparent diameter of about 170 nm
were formed when dioleoylmelittin was added to DNA
at a weigth ratio between 2 and 4 (Figure 6). When
increasing amounts of dioleoylmelittin were added, the
mean size of the complex slightly increased to 250 nm.
Addition of DOPE to the dioleoylmelittin/DNA complex
led to less homogeneous particles of a size larger than
400 nm (data not shown). Zeta potential measurements
showed that when dioleoylmelittin was added to the DNA
solution, particles became more and more positive.
Charge neutralization (zeta potential between -1 and +1
mV) was obtained at a dioleoylmelittin/DNA ratio be-
tween 4/1 and 8/1 (w/w) (Figure 6). Similarly, gel
electrophoresis showed that plasmid DNAwas completely
retained in the agarose gel when mixed at a dioleoyl-
melittin/DNA weigth ratio above 4/1 (data not shown).
This finding was in good agreement with zeta potential
measurements.

Figure 3. Effect of dioleoylmelittin/DNA ratio (w/w) on trans-
fection efficiency of CV-1 cells in the presence (open bar) or
absence (black bar) of DOPE in the complex. Results are the
mean ( SD of six wells in two separate experiments.

Table 1. Transfection of Various Mammalian Cell Lines
with Dioleoylmelittin Complex or Cationic Lipids

luciferase activity

DOTAP DOSPER dioleoylmelittin

CHO-K1 2.69 × 106 2.50 × 107 5.19 × 108
CV-1 1.14 × 105 1.31 × 106 5.54 × 107
293 7.31 × 106 5.70 × 107 1.71 × 108

a Results are expressed as light units per milligram of cell
protein and are the mean of two experiments. Background (130
LU) was subtracted from each measurement.

Figure 4. Effect of various agents on dioleoylmelittin-mediated
transfection. NT, no treatment. Results are the mean ( SD of
at least 10 wells in three separate experiments.
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The dioleoylmelittin/DNA complex was also imaged by
negative-stain EM and cryo-EM (Figure 5). At a 2/1
dioleoylmelittin/DNA weight ratio, spherical, filled par-
ticles with diameters between 50 and 150 nm were
visualized under cryo-EM (Figure 5c). No aggregates or
large structures were seen in any sample. Similar
structures were observed for the 10/1 dioleoylmelittin/
DNA complex (w/w), although particles larger than 200
nm were sometimes visualized in the sample (Figure 5d).
Negative-stain EM revealed similar structures as for
cryo-EM, albeit aggregated particles were seen more
frequently (Figure 5b). These results confirmed the data
obtained by laser light scattering.

DISCUSSION

Conjugation of 1,2-dioleoylphosphatidylethanolamine-
N-[3-(2-pyridyldithio)propionate] with [Cys1]melittin re-
sulted in a hybrid molecule, the dioleoylmelittin, with
properties different from those of the native peptide
melittin. Indeed, although melittin binds DNA by charge
interactions, the melittin/DNA complex does not mediate
transfection and, due to the fast partitioning of melittin
into cell membranes, induces high toxicity (8). In con-
trast, dioleoylmelittin was able to complex plasmid DNA
to form homogeneous and small particles. The resulting
dioleoylmelittin/DNA complex mediated efficient trans-
fection of various cell types in vitro, including primary
cells.
Dioleoylmelittin in aqueous solution forms aggregates

that resemble micellar structures rather than liposomes.
This characteristic distinguishes dioleoylmelittin from
cationic lipids which spontaneously form liposomes in
aqueous solution (24, 25). Unlike dioleoylmelittin/DNA
complexes, cationic lipid/DNA complexes often appear as
heterogeneous structures in EM (25-27). Recently, it
has been shown that complexation of DNA with cationic
lipids in a micellar state followed by dialysis of the
preparation to remove the surfactant allowed the forma-
tion of small and stable particles (28). Therefore, due to
a higher molecular motion, cationic amphiphiles in a
micellar-like state could interact more favorably with
plasmid DNA than in a liposomal state (29).

The highest transfection of CV-1 cells was obtained for
a 10/1 dioleoylmelittin/DNA ratio (w/w), which corre-
sponds to a theoretical 5/1 +/- charge ratio, assuming 5
positive charges for dioleoylmelittin. The particles formed
at this ratio had a net positive charge (zeta potential of
1.2 mV) and, as indicated by DNA gel electrophoresis,
plasmid DNA was totally complexed by dioleoylmelittin.
The absence of other structure in negative-stain EM or
cryo-EM indicates that these particles are likely to be
responsible for transfection.
Unlike other amphipathic molecule-based transfection

systems, dioleoylmelittin did not require DOPE to medi-
ate transfection (3, 4, 8). In contrast, at the optimal
dioleoylmelittin/DNA ratio, addition of DOPE increased
particle size and transfection efficiency decreased. An-
other interesting feature of the dioleoylmelittin system
is its ability to mediate high transfection in the presence
of serum. This is also in contrast to other transfection
reagents such as cationic liposomes or the gramicidin
S/DNA/DOPE complex for which 50% FCS in the trans-
fection medium dramatically reduces transfection ef-
ficiency (8). This property should make dioleoylmelittin
an attractive transfection reagent for serum-sensitive cell
lines. Nevertheless, the reason FCS increases transfec-
tion is still unknown. The formation of small, compacted
structures is undoubtely an important feature to mediate
high transfection in the presence of serum, as shown for
cationic lipid- or polylysine-based systems (28, 30).
However, other factors such as complement activation
may be involved in the enhancement of dioleoylmelittin
transfection efficiency by serum (31). We are currently
investigating this possibility.
The cationic nature of the melittin moiety was neces-

sary but not sufficient to mediate high levels of trans-
fection. Indeed, replacement of the melittin by an
oligolysine of five residues completely abolished trans-
fection. Although high molecular weight polylysine co-
valently coupled with phosphatidylethanolamine can
mediate transfection of cells in culture, scraping of the
cells or addition of a helper lipid is required for efficient
gene transfer with this reagent (32, 33). This indicates
that the entry of DNA into cells and/or lysosomal escape
using lipopolylysine is poor, which is due to the fact that

Figure 5. Electron micrographs of negative-stained (a, b) or
frozen-hydrated (c, d) samples: dioleoylmelittin (a), dioleoylmelit-
tin/DNA 10/1 (w/w) complex (b, d), and dioleoylmelittin/DNA
2/1 (w/w) complex (c). Bars represent 200 nm and are the same
for (a) and (b) and for (c) and (d).

Figure 6. Evolution of the mean size (0) and the mean zeta
potential (b) of the particles as a function of the dioleoylmelittin/
DNA ratio (w/w).
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polylysine has no or limited membrane-disturbing activ-
ity. In contrast, both melittin and dioleoylmelittin can
destabilize membranes, as shown by their ability in
lysing red blood cells. However, melittin and dioleoylmelit-
tin have somewhat different behaviors regarding their
action on membranes. Dioleoylmelittin did not solubilize
liposomes at concentrations below 140 µM, and the
concentration that induced hemolysis was about 2-3-fold
higher than that of melittin. This could explain why
dioleoylmelittin, in contrast to melittin, did not induce
cell toxicity at the concentrations used for transfection
(e5 µM).
Treatment of the cells with lysomotrophic agents

during the transfection procedure decreased 2-3-fold the
level of â-galactosidase expression. This observation
suggests that DNA delivery using dioleoylmelittin may
involve an endosomal/lysosomal pathway (23). Cationic
lipid/DNA complexes also enter the cell by endocytosis
(23, 34). Xu and Szoka have recently proposed that after
endocytosis of the cationic lipid/DNA complex, destabi-
lization of the early endosome occurs followed by a flip-
flop of the anionic phospholipids of the endosomal
membrane (35). Then, these anionic lipids diffuse into
the complex to form ion pairs with cationic lipids, leading
to the displacement of plasmid DNA from the transfect-
ing complex. In the case of dioleoylmelittin, such a
mechanismmay also be possible since melittin can induce
a rapid and extensive lipid flip-flop in membranes (36).
Furthermore, the affinity of melittin for membrane-
containing anionic lipids is 100-fold greater than for
zwitterionic lipids (12). However, in contrast to cationic
lipids for which lysomotrophic agents usually increase
gene transfer efficiency (23), dioleoylmelittin transfection
efficiency was decreased when monensin or ammonium
chloride were present during transfection. Nevertheless,
the exact mechanism whereby dioleoylmelittin is mediat-
ing transfection is still unresolved. In particular, it is
unclear whether dioleoylmelittin is the actual transfect-
ing agent or if it acts as a prodrug that releases the more
active melittin after reduction of the disulfide bridge.
The use of dioleoylmelittin for in vivo gene transfer,

especially in humans, may be precluded by the immuno-
genic potential of the melittin (37). However, similar
hybrid molecules based on membrane-disturbing, non-
immunogenic peptides could perhaps be engineered to
deliver genes in vivo. In conclusion, dioleoylmelittin
represents a new class of efficient, in vitro transfecting
reagent, especially suited for serum-sensitive cells.
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In this report, we present the production of a dimeric form of anti-CD19 scFv, the FVS191cys (scFv′)2.
Anti-CD19 scFv FVS191cys was constructed by engineering a cysteine residue at the C terminus of
the VL domain of scFv FVS191. FVS191cys (scFv′)2 was formed through a disulfide bond between
two FVS191cys molecules. To optimize the yield of FVS191cys (scFv′)2, the effects of oxidation time,
buffer pH, and temperature on the formation of dimeric scFv were analyzed. Our study indicates
that the formation of FVS191cys (scFv′)2 is oxidation time- and buffer pH-dependent; a high pH buffer
facilitates the formation of disulfide-linked (scFv′)2. The maximum yield of FVS191cys (scFv′)2 can
be achieved when FVS191cys is air-oxidized at 4 °C, in buffer with a pH of 8.5-9. The biological
activity of FVS191cys (scFv′)2 was analyzed by ELISA and an internalization assay. FVS191cys (scFv′)2
has a CD19 binding ability similar to that of its parental mAb B43 and is internalized by CD19 positive
Nalm 6 cells. This study indicates that FVS191cys (scFv′)2 is a potential candidate for tumor diagnosis
or therapy.

INTRODUCTION

Monoclonal antibodies (mAbs)1 have been useful for
antigen-specific targeting of tumor cells; however, the
application of mAbs has demonstrated limited diffusion
of mAbs from the vasculature into the tumor. The
limited diffusion of intact antibodies is due to the large
size of mAbs and the host effect elements of their Fc
domains (1, 2). A recombinant single-chain Fv (scFv)
composed of the minimal antigen binding domains,
variable heavy chain (VH) and variable light chain (VL),
is one-sixth of the size of a mAb (28 kDa). ScFvs have
exhibited improved tumor penetration with higher tumor
to normal tissue ratios than corresponding IgG or Fab
and faster plasma clearance rates (3-5). However, scFvs
have only one antigen binding arm which may decrease
antigen binding affinity (4). Previous studies have
demonstrated that homodimers of scFv [(scFv′)2], such
as an anti-c-erb2 (scFv′)2, have exhibited divalent binding
and increased retention in tumors as compared with the
corresponding scFv monomers (6). Also, radiolabeled
(scFv′)2 was found to have improved tumor imaging
compared to Fab, monomeric scFv, and intact antibody
(7). These studies suggest that dimers of scFvs may be
useful candidates for tumor diagnoses and therapy.

Covalently linked (scFv′)2 have been generated by
several different approaches: (i) forming a disulfide bond
between carboxyl-terminal cysteine residues (6, 8), (ii)
cross-linking with chemical linkers (6, 9), and (iii) forming
covalent bundle helices or leucine zippers at the C
terminus (10). The first method is carried out by
introducing one cysteine at the 3′ end of the scFv and
forming a C-terminal disulfide bond through air oxida-
tion. Chemical linking uses BMH or peptide-bridged
MCA to link two scFvs (6). This method is complicated
by the multiple steps involved in the chemical modifica-
tion. Finally, engineering small peptides at the C
terminus of scFv for formation of helix bundles or leucine
zippers may be useful, but it may increase the immuno-
genicity of the molecules.
In this report, we studied the formation of dimeric

forms of FVS191cys. FVS191 is an anti-CD19 scFv
produced in our laboratory from the B43 hybridoma (11).
FVS191cys was constructed by engineering a cysteine
residue at the C terminus of FVS191. We focused on the
production of a disulfide-linked (scFv′)2 because this
species was relatively easy to generate and was stable
in solution as chemically linked (scFv′)2 (6). It was
observed that FVS191cys (scFv′)2 could be formed by air
oxidation in basic buffers without any chemical modifica-
tions or manipulations. To optimize the conditions for
formation of disulfide-linked (scFv′)2, we used FVS191cys
as a model molecule to study the effects of oxidation time,
buffer pH, and temperature on formation of FVS191cys
(scFv′)2. In addition, the CD19 binding ability of
FVS191cys (scFv′)2 was evaluated by ELISA. The inter-
nalization of FVS191cys (scFv′)2 by CD19 positive cells
was also investigated.

MATERIALS AND METHODS

Construction of the Plasmid for the Expression
of FVS191cys. The expression plasmid of FVS191cys
was derived from pFVS191 (11). To insert an additional
cysteine residue at the 3′ end of the VL gene, the pFVS191
plasmid was restricted with BglII and EcoRI and ligated
with the annealed, complementary oligonucleotides of
HLCys1 and HLCys2. The correct insertion of the
oligonucleotides HLCys1/HLCys2 was verified by nu-
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cleotide sequencing. The construction of pFVS191cys is
shown in Figure 1.
Expression and Purification of FVS191cys. The

pFVS191cys plasmid was transformed into Escherichia
coli BL21(DE3) (Novagen, Madison, WI). The trans-
formed bacterial cells were grown in 1 L of SOB medium
(20 g of tryptone, 5 g of yeast extract, 0.5 g of NaCl, and
5 g of MgSO4‚7H2O per liter) at 37 °C. When the
absorbance of A600 of the bacterial culture reached 0.65,
recombinant protein production was induced with 1 mM
isopropyl â-D-thiogalactopyanoside (IPTG) for 1.5 h at 37
°C.
The inclusion bodies of FVS191cys were isolated using

the following procedures. The harvested cell pellets were
mixed with 50 mL of inclusion body separation (IBS)
buffer (0.1 M KCl, 0.02 M Tris-HCl, 5 mM EDTA, and
0.1% Nonidet P-40 at pH 8.0) and sonicated. Lysozyme
was added to the sonicated cell mixture to a final
concentration of 0.2 mg/mL. After incubation at room
temperature for 1 h, the cell lysate was frozen at -80
°C. Cell lysates were then thawed at room temperature,
sonicated, and centrifuged at 17000g for 30 min at 4 °C.
The supernatant was discarded, and the pellet was
suspended in 50 mL of IBS buffer. Sodium deoxycholate
(10%, w/v) was added to the suspensions for a final
concentration of 2%. The mixture was stirred at room
temperature for 1 h and centrifuged at 17000g for 30 min
at 4 °C. The inclusion body pellet was washed by
suspending in IBS buffer and centrifuging at 17000g for
30 min. The wash was repeated once with water, and
the inclusion bodies were stored at -80 °C.
Refolding of FVS191cys. FVS191cys was denatured

and refolded according to Buchner’s method (12) with
some modifications. The inclusion bodies of FVS191cys
were dissolved in a denaturing buffer [0.1 M Tris, 6 M
guanidine hydrochloride, 0.3 M dithioerythritol (DTE),
and 0.002 M EDTA at pH 8] at room temperature for 2
h. Insoluble materials were removed by centrifugation
at 30000g for 30 min. The soluble protein concentration
was determined using Coomassie Plus Protein Assay
Reagent (Pierce) and bovine serum albumin (BSA) as
standards. The final concentration of protein in denatur-
ing solution was adjusted with denaturing buffer up to
20 mg/mL. Renaturation of FVS191cys was carried out
by a rapid 100-fold dilution of the denatured protein into
refolding buffer [100 mM Tris-HCl, 500 mM L-arginine,
8 mM oxidized glutathione (GSSG), and 2 mM EDTA at
pH 8] at 10 °C and incubation for 48 h.
Purification of Refolded FVS191cys. After re-

naturation, the FVS191cys was concentrated and di-
alyzed against phosphate-buffered saline (PBS) buffer
using an Amicon RA2000 concentrator with a YM10
cartridge (Amicon, Beverly, MA). FVS191cys proteins
were purified by FPLC using a Superdex 75 (16 × 60 mm)
gel filtration column (Pharmacia). Purified FVS191cys
monomers were concentrated by ultrafiltration through
a YM10 membrane (Amicon).
Formation of the FVS191cys Dimer. FVS191cys

(scFv′)2 was formed by air oxidation of FVS191cys at 4
°C. To study the oxidation time and pH effects on
FVS191cys (scFv′)2 formation, 500 µL of 400 µg/mL
purified FVS191cys was injected into Slide-A-Lyzer 10K
Dialysis Cassettes (Pierce) and dialyzed against Tris/
EDTA/NaCl (TEN) buffer (10 mM Tris-HCl, 2 mMEDTA,
and 100 mM NaCl at pH 6.5-12). After dialysis, the
proteins were transferred into FALCON 2059 tubes and
air-oxidized for 1, 5, 12, 16, 20, and 29 days at 4 °C. To
examine the formation of FVS191cys (scFv′)2, 50 µL of
the protein sample was run on a 12% nonreducing SDS-
PAGE (Bio-Rad, Hercules, CA) and visualized with

Coomassie Brilliant Blue R-250. The relative amounts
of monomers and dimers of FVS191cys were quantified
using a GS-700 imaging densitometer with the program
of Molecular Analyst (Bio-Rad). The proportion of dimer-
ic FVS191cys (% d) was calculated as % d ) dimer/
(monomer + dimer) × 100%. This quantification method
was tested with BSA standards, and the result indicated
that this method could be used to compare the amounts
of proteins.
To study the effect of dithiothreitol (DTT) reduction

on the formation of dimeric FVS191cys, FVS191cys was
reduced with DTT before air oxidation. Purified
FVS191cys in PBS buffer was added by 1/100 volume of
200 mM DTT and incubated at room temperature for 1
h. After reduction, DTT was removed by a PD10 column
(Pharmacia). Reduced FVS191cys was dialyzed against
TEN buffers with the pH at 7, 7.5, 8, 8.5, 9, and 10. The
formation of dimeric FVS191cys was examined by 12%
nonreducing SDS-PAGE after air oxidation for 1, 5, 12,
16, 20, and 29 days. The visualization and quantification
of monomers and dimers of FVS191cys were performed
as described above.
The effect of temperature on the formation of dimeric

FVS191cys was evaluated as follows. FVS191cys in TEN
buffer at pH 8 was incubated at 4 °C, room temperature,
and 37 °C. After air oxidation for 4 h or longer, the
formation of FVS191cys (scFv′)2 was examined by SDS-
PAGE.
Purification of FVS191cys (scFv′)2. FVS191cys

(scFv′)2 was purified by FPLC using a Superdex 75
column (HiLoad 16/60) (Pharmacia). PBS buffer was
used as an elution buffer; the column was run at a flow
rate of 1 mL/min. The fractions containing FVS191cys
(scFv′)2 were collected and concentrated by ultrafiltration
using a YM10 membrane (Amicon).

125I Labeling of FVS191cys. Purified FVS191cys
(scFv′)2 was labeled with radioiodine using the IODO-
BEADS method of Pierce (Pierce, Rockford, IL).
FVS191cys (scFv′)2 (100 µg) in 100 µL of PBS was
incubated with 100 µL of 125I solution containing 1 mCi
sodium iodine (NEN, Boston, MA) in a 1 mL Reacti-Vial.
The reaction proceeded for 10 min at room temperature.
The free iodine was separated from the labeled dimers
with a Sephadex G-25 gel filtration column (Pharmacia).
The specific activity of labeled FVS191cys (scFv′)2 was
approximately 2 µCi/µg.
CD19 Antigen Binding Assay. The specific CD19

binding ability of FVS191cys (scFv′)2 was assessed by 125I-
labeled proteins. CD19 positive (Nalm 6) and CD19
negative (Molt 13 and Peer) cell lines were grown in
RPMI 1640 tissue culture medium supplemented with
10% fetal bovine serum (FBS). The log phase cells were
harvested by low-speed centrifugation, washed once with
fresh medium, and adjusted to a final concentration of 2
× 108 cells/mL. The 125I-labeled FVS191cys (scFv′)2 was
diluted in fresh tissue culture medium to a final concen-
tration of 200 ng/mL. Pellets of 0.1 mL of cell suspension
from each cell line in duplicate were incubated with 400
µL of labeled antibody solution at 4 °C for 1 h. After
incubation, the cells were washed three times with 1 mL
of fresh tissue culture medium. The radioactivity as-
sociated with pellets of each cell line was determined in
a γ counter (Beckman).
The CD19 binding ability of FVS191cys (scFv′)2 was

further assessed by a competitive ELISA. The ELISA
method was performed as follows. Purified B43 mAb was
conjugated to alkaline phosphatase (B43-AP) using a
commercial conjugation kit (Pierce). The conjugates were
used directly without further purification. A series of
experiments were carried out to determine the optimal
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concentration of coating antigen and B43-AP for the
ELISA. The CD19 antigens used in the ELISA were
isolated from CD19 positive Daudi cells using the meth-
ods of Siegall et al. (13). ELISA plates (Immuron 4,
Dynatech Laboratories Inc., Chantily, VA) were coated
with 50 µL of isolated membrane proteins at a concentra-
tion of 80 µg/mL. The plates were dried in a vacuum
desiccator at 4 °C overnight and washed three times with
PBS before use. Varying amounts of competing
FVS191cys (scFv′)2 and a fixed amount of B43-AP (total
volume of 100 µL) were added to the wells and incubated
at room temperature for 1 h. The final dilution of B43-
AP was 1:2000. The plates were washed four times with
PBS and incubated with 100 µL of substrate solution at
4 °C overnight. The optical density of the wells was
determined by an ELISA reader at 405 nm.
Internalization Assay. CD19 positive Nalm 6 cells

were grown in RPMI 1640 medium supplemented with
10% FBS. The cells were harvested by centrifugation.
125I-labeled FVS191cys (scFv′)2 (10 mg) was incubated
with 1 × 108 cells in a volume of 5 mL and incubated on
ice for 1 h. B43 mAb-blocked Nalm 6 cells were used as
a control to assess nonspecific binding. After incubation,
the cells were washed four times with cold RPMI 1640
without serum. Aliquots of 5× 106 cells were transferred
to 1 mL test tubes and incubated at 37 °C in a tissue
culture incubator for various time intervals. Percentages
of cell surface-bound, dissociated, internalized, and de-
graded FVS191cys (scFv′)2, based on the total cell-
associated radioactivity at time 0, were determined
according to the methods of Press et al. (14). Super-
natants were separated from cell pellets by centrifuga-
tion. Precipitation of the supernatants by TCA further
defined two portions of the labeled FVS191cys (scFv′)2:
degraded FVS191cys (scFv′)2 (TCA nonperceptible) and
dissociated FVS191cys (scFv′)2 (TCA perceptible). Cell
pellets were treated with acid-papain; the radioactivity
released by acid-papain treatment was regarded as cell
surface-bound FVS191cys (scFv′)2, and the radioactivity
associated with cell pellets after the treatment was seen
as the internalized FVS191cys (scFv′)2.

RESULTS

FVS191cys Expression and Purification. A cys-
teine residue was introduced into the anti-CD19 scFv,
FVS191, fragment by genetically engineering an ad-
ditional codon at the 3′ end of the gene encoding the VL
domain (Figure 1). The sulfhydryl group introduced to

the 3′ end of FVS191 served as a specific site for the
formation of disulfide-bonded dimeric FVS191cys.
FVS191cys was produced as insoluble inclusion bodies
by pFVS191cys-transformed BL21(DE3) E. coli cells.
Figure 2 shows the expression and purification of
FVS191cys on a SDS-PAGE. An average of 40 mg of
FVS191cys inclusion bodies was isolated from 1 L of
bacterial cell culture. The isolated FVS191cys was
refolded in DTE-GSSG redox buffer. The final concen-
tration of FVS191cys in refolding buffer influenced the
refolding of FVS191cys. If the concentration of FVS191cys
in refolding buffer were more than 20 mg/L, the amount
of protein aggregates would increase. The refolded
FVS191cys was purified by FPLC using a Superdex 75
column (Figure 2, lane 4).
Formation of the Disulfide-Bonded Dimer.

FVS191cys scFv′ formed disulfide-linked homodimers
through air oxidation. This was demonstrated by the
formation of 56 kDa proteins when 28 kDa FVS191cys
monomers were incubated at 4 °C (Figure 3, lane 1). The
56 kDa protein was reduced to a 28 kDa species in the
presence of DTT (Figure 3, lane 2). After removal of DTT,
the 28 kDa FVS191cys reformed the 56 kDa proteins
(data not shown). This indicates that the 56 kDa protein
is a disulfide-linked homodimer of FVS191cys.
FVS191cys (scFv′)2 was separated from monomers of

FVS191cys by gel filtration chromatography. Figure 4
shows that FVS191cys (scFv′)2 was eluted from the
Superdex 75 column in the second peak and FVS191cys
monomers in the third peak. Fractions in the first peak
contained high-molecular mass aggregates. The sepa-
rated dimers and monomers of FVS191cys were exam-
ined by a nonreducing SDS-PAGE (Figure 3, lanes 3 and
4).
Time and pH Dependence of Dimer Formation.

The formation of FVS191cys (scFv′)2 by air oxidation

Figure 1. Cloning strategy used in the construction of
FVS191cys. pFVS191 plasmid was restricted with enzyme BglII
and EcoRI and inserted with annealed oligonucleotides HLCys1/
HLCys2.

Figure 2. Expression and purification of FVS191Cys. Electro-
phoretic analysis of samples on a 12% reducing SDS-PAGE:
lane 1, total bacterial lysate of uninduced BL21(DE3) carrying
pFVS191cys; lane 2, total cell lysate of IPTG-induced BL21(DE3)
carrying pFVS191cys; lane 3, inclusion bodies of FVS191cys;
and lane 4, refolded FVS191cys purified by FPLC. The sizes of
molecular mass markers are indicated at each side of the gel.

Figure 3. Formation and separation of FVS191cys (scFv′)2.
Protein samples were analyzed by electrophoresis: lane 1, air-
oxidized FVS191cys on a 12% nonreducing SDS-PAGE; lane
2, air-oxidized FVS191cys on a 12% reducing SDS-PAGE; lane
3, FVS191cys (scFv′)2 (peak II of FPLC) on a 12% nonreducing
SDS-PAGE; and lane 4, FVS191cys monomers (peak III of
FPLC) on a 12% nonreducing SDS-PAGE. The sizes of molec-
ular mass markers are indicated on the left side of gels.
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depends on the length of air oxidation time and the pH
of the buffer. The amount of FVS191cys (scFv′)2 in-
creased with oxidation time and buffer pH. Figure 5
shows the formation of FVS191cys (scFv′)2 with varied
pH after air oxidation for 12 days at 4 °C. From pH 6 to
9, increasing amounts of dimeric FVS191cys were found
with the increments of pH (Figure 5, lanes 1-9). These
data indicate that pH affects the formation of (scFv′)2 and
basic buffer conditions favor dimer formation. When the
pH was over 9, some of the FVS191cys degraded and
some formed high-molecular mass aggregates. Therefore,
the total amounts of dimers and monomers of FVS191cys
with a pH of >9 were reduced (Figure 5, lanes 8-11).
The formation of FVS191cys (scFv′)2 was studied by

using both DTT-nonreduced FVS191cys and DTT-
reduced FVS191cys. Various reaction times and buffer
pHs were investigated for the formation of FVS191cys
(scFv′)2. The percentages of FVS191cys dimers under the
above conditions were tabulated in Table 1.
Temperature Effect on Dimer Formation.

FVS191cys (scFv′)2 can be formed at 4 °C, room temper-
ature, and 37 °C as shown in Figure 6. At room
temperature and 37 °C, high-molecular mass aggregates
of FVS191cys were found (Figure 6, lanes 2 and 3). No
aggregation of FVS191cys was visible at 4 °C (Figure 6,
lane 1). A greater proportion of dimers was formed at
room temperature than at 4 °C; however, at room
temperature, FVS191cys formed aggregates that reduced
the population of reactive FVS191cys. Therefore, 4 °C
is the best condition for formation of (scFv′)2.
Specific CD19 Binding by FVS191cys (scFv′)2. A

specific antigen binding assay was carried out with 125I-
labeled FVS191cys (scFv′)2. When the radioactivity
associated with cell pellets of CD19 positive cells (Nalm
6) was arbitrarily expressed as 100%, the radioactivity
associated with Molt 13 and Peer (CD19 negative cells)
were determined to be only 6.2 and 7.9%, respectively.
These results demonstrate that the FVS191cys (scFv′)2
is highly specific for CD19 antigen positive cells.

An ELISA assay was used to compare the CD19
binding ability of FVS191cys (scFv′)2 with that of mAb
B43 or FVS191cys. Figure 7 indicates that the IC50 of
FVS191cys (scFv′)2 is 1.45 × 10-9, the IC50 of mAb B43
is 1.32 × 10-9, and the IC50 of monomeric FVS191cys is
1.05 × 10-9. Therefore, the three different forms of B43-
derived proteins have similar CD19 binding abilities.
Internalization by CD19+ Cells. FVS191cys (scFv′)2

was internalized by CD19+ Nalm 6 cells, as shown in
Figure 8. The amount of internalized FVS191cys (scFv′)2
increased with time, and the amount of cell surface-bound
FVS191cys (scFv′)2 decreased correspondingly. The
amount of degraded and dissociated FVS191cys (scFv′)2
remained relatively constant.

DISCUSSION

In this report, we have described the production of
FVS191cys, an anti-CD19 scFv engineered with a C-
terminal cysteine, and demonstrated that FVS191cys
forms a disulfide-linked homodimer.
In this study, the effects of air oxidation time, buffer

pH, and temperature on the formation of dimeric
FVS191cys were investigated for the purpose of defining
the optimal conditions for dimer formation. Our results
indicate that formation of disulfide-linked (scFv′)2 is
dependent on oxidation time and pH. Specially, the yield
of (scFv′)2 increases with time and pH.
The time dependence of (scFv′)2 formation is related

to the size and tertiary structure of the scFv′ protein. The
solubility of thiols affects the reaction rate of the disulfide
bond formation between two molecules; the longer the
peptides, the harder it is for oxidation to occur (15). The
scFv′ has a mass of 28 kDa, which is large for a peptide,
and is, therefore, slow to form (scFv′)2. If the C-terminal
cysteine of scFv′ is sterically hindered, it would be more
difficult to form a disulfide bond.
The pH dependence of dimer formation is due to the

oxidation process. There are two steps involved in the
air oxidation of thiols: the formation of a thiolate anion
and the formation of a thiyl radical by electron transfer
between the thiolate anion and oxygen (15). Therefore,
oxidation is promoted under basic conditions. In our
case, the maximum yield of FVS191cys (scFv′)2 was
achieved at pH 8.5 or 9. Above pH 9, although the ratio
of dimer to monomer of FVS191cys was high, the dimer
yield is low because the total amount of FVS191cys was
decreased. The reduction of FVS191cys was due to the
high pH in which FVS191cys was unstable and was
degraded.
FVS191cys aggregates at temperatures above 4 °C.

Different scFv′s may have different intrinsic tendencies
to form multimers or aggregates (16). Those tendencies
may be related to the tertiary structures of the scFv′ and
the distribution of charged or uncharged amino acids on
the surfaces of the scFv′ molecules. At higher temper-
atures, the disulfide bond of scFv′ was less stable;
FVS191cys was more likely to form covalently linked
multimers. Therefore, 4 °C was the best condition for
formation of (scFv′)2.
FVS191cys (scFv′)2 can be formed from DTT-non-

reduced FVS191cys; this indicates that DTT reduction
is not necessary for dimer formation. However, McCart-
ney et al. (16, 17) suggested that DTT reduction was a
necessary step for forming (scFv′)2. Their different
conclusion may have resulted from the different method
that they used to refold scFv′. They used urea-gluta-
thione redox buffer to refold 741F8 scFv′; the final
concentration of oxidized glutathione in the refolding
buffer was 100 mM. Their refolding method converted
reduced thiol groups of scFv′ to mixed disulfides with

Figure 4. FPLC separation of monomeric (peak III), dimeric
(peak II), and aggregates of FVS191cys (peak I) using a
Superdex 75 column. Conditions for separation are described
in Materials and Methods.

Figure 5. Formation of FVS191cys (scFv′)2 with various pHs.
After air oxidation for 12 days at 4 °C, 50 µL of protein samples
in TEN buffer (pH 6-12) were electrophoresed on a 12%
nonreducing SDS-PAGE. Lanes 1-11 are proteins with pH 6,
6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10, 11, and 12, respectively. The sizes
of molecular mass markers are indicated on the left side of the
gel.
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glutathione; no thiol was available for forming a disulfide
bond. Thus, DTT had to be used to eliminate the
blocking group of C-terminal cysteines (16), and then the
741F8 (scFv′)2 was formed. In our study, however, we
used DTE-GSSG redox buffer to refold FVS191cys; the
final concentration of oxidized glutathione was 8 mM.
Most FVS191cys compounds produced by our refolding
method were not blocked by glutathione (data not shown).
Therefore, DTT reduction was not necessary for forma-
tion of the FVS191cys (scFv′)2. DTT reduction is probably

only necessary when the refolded scFv′s are blocked by
glutathione. Among the two dimer formation methods,
our method has the advantages of fewer experimental
steps and lower cost since GSSG is an expensive chemi-
cal.
It was also observed that the yields of FVS191cys

(scFv′)2 from different preparations were variable. This
phenomenon may be due to the differences in the protein
concentration. The relationship between the concentra-
tion of scFv and the formation of (scFv)2 was studied by
Desplancq et al. (18). They reported that the proportion
of associated dimer to monomer was a function of
concentration, with an increased concentration of mono-
mer leading to an increased proportion of dimers. Their
study indicates that formation of (scFv)2 can be improved
by increasing the concentration of scFv. We found that
there was an upper limit for the concentration of
FVS191cys monomers. If the concentration of FVS191cys
is over 1.5 mg/mL, it will aggregate. The optimal
concentration of scFv′ for dimer formation has to be
studied individually since different scFv′s have different
tendencies to aggregate.
The CD19 binding assay with 125I-labeled FVS191cys

(scFv′)2 revealed the specific antigen binding ability of
FVS191cys (scFv′)2. The ELISA assay indicated that the
antigen binding ability of FVS191cys (scFv′)2 was similar
to that of parental mAb B43 and monomeric FVS191cys.

Table 1. Summary of the Percentage of Dimeric FVS191cys (% d) under Different Times and pHsa

DTT-nonreduced FVS191cys DTT-reduced FVS191cys

pH day 1 day 5 day 12 day 16 day 20 day 29 pH day 1 day 5 day 12 day 16 day 20 day 29

6 1.4 13.0 3.3 6.1 5.1 7.4
6.5 1.6 13.7 4.4 8.3 8.2 13.7
7 2.0 14.7 9.0 14.7 16.2 22.4 7 5.5 5.9 11.0 24.8 19.9 42.4
7.5 2.8 14.7 17.0 25.8 27.4 35.0 7.5 7.7 3.5 14.9 28.7 25.5 36.1
8 4.6 24.0 26.4 35.2 36.1 8 8.5 4.7 16.0 29.8 28.7 32.6
8.5 7.5 21.0 32.7 39.0 33.1 38.4 8.5 9.8 5.5 17.8 28.9 29.5 33.4
9 11.5 29.4 34.0 43.1 43.3 44.7 9 12.7 7.9 18.3 30.6 29.9 35.6
9.5 14.4 35.0 38.9 46.8 47.8 51.2
10 14.7 44.9 46.6 56.2 50.0 10 24.8 13.9 21.2 34.0 30.2 37.2
a The calculation of % d for dimers from DTT-nonreduced and DTT-reduced FVS191cys is described in Materials and Methods.

Figure 6. Formation of FVS191cys (scFv′)2 at 4 °C, room
temperature, and 37 °C for 4 h. Proteins (50 µL) incubated at
the above temperatures were electrophoresed on a 12% non-
reducing SDS-PAGE: lane 1, proteins incubated at 4 °C; lane
2, proteins incubated at room temperature; and lane 3, proteins
incubated at 37 °C. The sizes of molecular mass markers are
indicated on the left side of the gel.

Figure 7. Affinity assay by competitive ELISA. Various
amounts of FVS191cys (9), FVS191cys (scFv′)2 (b), and mAb
B43 (O) were mixed up with a constant amount of B43-AP. The
means of percentage inhibition of B43-AP binding were plotted
against log molar concentrations of inhibition proteins. The bars
represent a standard deviation.

Figure 8. Internalization of 125I-labeled FVS191cys (scFv′)2 by
Nalm 6 cells. The percentage of radioactivity calculated as the
percentage of total CPM was plotted against each time point.
At each time point, cell pellets were separated from super-
natants by low-speed centrifugation: (4) acid-papain released,
cell surface-bound FVS191cys (scFv′)2; (0) internalized FVS191cys
(scFv′)2 which could not be released by acid-papain treatment;
(O) dissociated FVS191cys (scFv′)2 which was precipitated by
TCA from supernatant; and (2) degraded FVS191cys (scFv′)2
which could not be precipitated by TCA from supernatants.
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Thus, dimers formed through C-terminal cysteines main-
tained the original antigen binding capability. This
result is consistent with other reports (8, 9, 19). The
ELISA assay with a (scFv′)2 derived from mAb215
showed that the binding constant was quite close to that
of the parental mAb and 4-fold higher than those of the
scFv′ monomers (8). Dimeric ScAb, a bivalent single-
chain antibody fragment against Pseudomonas aerugi-
nosa, had an antigen binding profile similar to that of
the parental antibody (19). These results indicate that
dimeric scFv′ has the same antigen binding characters
as the intact antibody from which it was derived.
To our knowledge, FVS191cys (scFv′)2 is the first

dimeric scFv′ to be analyzed in an internalization assay.
FVS191cys (scFv′)2 can be internalized by CD19+ cells
in a manner similar to that of its parental mAb B43
(unpublished data). This result indicates that FVS191cys
(scFv′)2 can potentially replace intact mAb as tumor
targeting agents on the basis of their antigen binding and
internalization ability.
ScFvs containing C-terminal cysteines have proved to

be very useful molecules. So far, several homodimers of
scFvs have been formed through the C-terminal cysteines
(6, 8, 17). The other studies have shown that the free
sulfhydryl groups of scFvcys can be used to form hetero-
dimers (7) or immunoconjugates with other chemical
agents (8). In our laboratory, FVS191cys has been used
to form a single-chain immunotoxin containing ricin A
chain (unpublished data). Utilization of engineered
cysteine to form disulfide-bonded molecules has also been
employed to generate bivalent (9, 20) and bispecific (21)
recombinant antibodies.
An alternative method for producing bivalent scFv is

expression of protein in an E. coli system in which the
proteins are secreted periplasmically. In periplasmic
space, the proteins are refolded and assembled into the
dimeric form (22). This method is more attractive when
the proteins of interest can be produced in a large
amount. In our studies, scFv FVS191 was expressed in
such a system, but the yield was low.
In conclusion, we have demonstrated a simple and

efficient method for producing disulfide-linked dimeric
scFv′ through C-terminal cysteines. In this method, scFv′
is refolded in DTE-GSSG buffer and dimeric scFv′ is
formed by air oxidation in high-pH buffer. The formation
of FVS191cys (scFv′)2 through air oxidation is time- and
buffer pH-dependent. We found the optimal conditions
for forming dimeric FVS191cys by air oxidation to be 4
°C and a pH between 8.5 to 9. The FVS191cys (scFv′)2
has a CD19 binding ability similar to that of its parental
mAb B43 and is internalized by CD19 positive cells.
Therefore, FVS191cys (scFv′)2 may be a good candidate
for immunotargeting while being one-sixth of the size of
the intact mAb.
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Influence of Coupling Method on the Luminescence Properties,
Coupling Efficiency, and Binding Affinity of Antibodies Labeled
with Europium(III) Chelates
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A series of chelating 4-(phenylethynyl)pyridines having various 1,3,5-triazin-2-ylamino groups at the
para position of the phenyl ring was synthesized. Their europium chelates were coupled to antibodies
and the properties of antibody conjugates analyzed by fluorometry and in time-resolved fluorometric
immunoassay. The substituents in the triazine ring were observed to have various effects on the
chelate luminescence, the labeling properties of the chelates, and the immunoreactivity of labeled
antibodies. The series of substituted triazinyl derivatives serves as a model of bioreactive groups
that can be applied when certain properties are searched for, such as improved chelate solubilities,
minimized internal quenching, different effects on the ligand triplet state, and stipulated coupling
reactivities.

INTRODUCTION

Due to their unique luminescence properties, such as
high quantum yield, large Stokes shift, narrow-banded
emission lines, and, in particular, the very long lifetime
of the excited state, lanthanide chelates have found wide
label applications in bioaffinity-based fluorometric assays
(1, 2). The use of lanthanide chelates as probes in time-
resolved fluorometry enables the reduction of background
level and so markedly improves the assay sensitivities
(3).
A dissociative fluorescence enhancement system, com-

mercialized under the trade name of DELFIA by Wallac,
is today the most widely used chelate label technology.
It is based on binding reagents (e.g. antibodies) labeled
with a stable but nonluminescent chelate and a dissocia-
tive fluorescence development performed after completion
of immunoreactions and washings. The technology is
widely applied in clinical diagnostics, in vitro DNA
hybridizations, cytotoxicity assays, and receptor-ligand
binding assays (2, 4-6). Another chelate label system
applies a fluorogenic chelator as the label and after-assay
cationic saturation (7, 8). The actual label in that system
consists of a derivative of o-phenanthroline-2,9-dicar-
boxylic acid. The used tetradentate ligand does not,
however, provide the stability and protection needed
when the chelate is used as a directly luminescent label.
A large number of multidentate, highly luminescent,

and stable lanthanide chelates have been synthesized to
be used as labels in time-resolved fluorometry (9-13).
Such a chelate omits the separate development step and
opens up new time-resolved fluorometric applications,
such as simplified assays, homogeneous assays, and
microimaging (2, 8). In the majority of the chelates

reported so far, an aromatic isothiocyanato group is
employed in coupling of the chelate to proteins. The
isothiocyanato group offers a mild and efficient coupling
well suited for antibody labelings (5, 9, 10). However,
quite frequently there is a need for alternative coupling
reagents, e.g. to find more reactive intermediates, more
hydrophilic substituents (12), or substituents having less
adverse effect on the ligand triplet state and causing less
internal quenching (13-16). A cyanuric acid condensa-
tion product, the 4,6-dichloro-1,3,5-triazin-2-ylamino group
(DTA), provides an alternative, more reactive, more
hydrophilic, and less quenching reactive group (12-14,
16). Because of its reactivity, it can be used for labeling
of other amino acid residues besides cysteine and lysine
and even labeling of sugars. The high reactivity can also
be a disadvantage. We have found that a number of
monoclonal antibodies lose easily their affinity when
conjugated with DTA-activated chelate (unpublished
data).
The present study was conducted to evaluate various

less reactive DTA derivatives and their effects on chelate
luminescence and antibody functionality by replacing one
of the chlorine atoms in the triazine ring with a suitable
substituent. {[4-(4-Aminophenylethynyl)pyridine-2,6-
diyl]bis(methylenenitrilo)}tetrakis(acetic acid) (13) was
used as the fluorogenic ligand modified with different
6-substituted 2,4-dichloro-1,3,5-triazines and isothio-
cyanate and iodoacetyl groups for comparison (1-3;
Figure 1) (13). We used a solid-phase immunometric
assay of prostate-specific antigen (PSA) as a model.

EXPERIMENTAL PROCEDURES

Reagents. The anti-PSA antibody (clone H 50), anti-
PSA (clone H 117) coated microtitration plates, PSA
standards, assay buffer, wash solution, and DELFIA
Enhancement solution were obtained from Wallac Oy,
Turku, Finland. In immunoassays and in determinations
of affinity constants for labeled antibodies, an alternative
measurement solution, LANFIA, was used. LANFIA
solution contains, per liter, 50 mmol of glycine, 1.75 mol
of NaSCN, 2.0 mmol of Na2CO3, 5.0% glycerol, 0.0005%
Tween 40, 4.5 µmol of DTPA, and 20% 1-propanol with
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the final pH 10.0 (17). It dissociates immunocomplexes
and creates optimized conditions for luminescence of that
particular type of chelate. The assay buffers, other
measuring buffers, and eluting buffers were based on
TSA buffer consisting of 50 mM Tris-HCl, pH 7.75, 0.9%
NaCl, and 0.05% NaN3.
Equipment. Absorption spectra of the chelates were

recorded with a Shimadzu UV-2100 spectrophotometer,
emission spectra, luminescence yields, and decay times
with a Perkin-Elmer LS5 luminescence spectrometer, and
time-resolved fluorometric determinations of europium
after the coupling reactions with a 1230 Arcus (Wallac
Oy). Measurements of europium-labeled antibodies in
immunoassays on microtitration plates were performed
with a 1234 DELFIA Research fluorometer (Wallac Oy).
A JEOL-JMN-GX400 spectrometer was used to record
1H-NMR spectra at 400 MHz and a Perkin-Elmer 1600
FTIR spectrophotometer for IR spectra.
Synthesis of Activated Europium Chelates. Gen-

eral Synthesis of 6-Substituted 2,4-Dichloro-1,3,5-
triazine (9-13, Scheme 1). A solution of alcohol (4-
6) or thiol (7, 8) (12.0 mmol), acetone (5.0 mL), and 2,4,6-
trimethylpyridine (1.45 g, 12.0 mmol) was slowly dropped
into a cold solution of 2,4,6-trichloro-1,3,5-triazine (2.21
g, 12.0 mmol) in acetone (15.0 mL). The mixture was
stirred for 0.5 h in an ice bath and for 3.0 h at room
temperature and filtered. The filtrate was either evapo-
rated to dryness or slowly poured into ice water, extracted
with ethyl acetate, dried with Na2SO4, and evaporated
to dryness. The product was purified by flash chroma-
tography (FC).
2,4-Dichloro-6-(2-methoxyethoxy)-1,3,5-triazine (9): FC,

silica gel, petroleum ether (40-60 °C)/ethyl acetate (5:
2); yield, 80%; IR (film) 1544 ν(CdN), 1509 ν(CdN), 1347,
1303, 1254, 1055 cm-1 ν(ether); UV (EtOH) 241 nm; 1H
NMR δ (CDCl3) 3.42 (3 H, s), 3.75-3.77 (2 H, m), 4.64-
4.66 (2 H, m).
2,4-Dichloro-6-(2-cyanoethoxy)-1,3,5-triazine (10): FC,

silica gel, petroleum ether (40-60 °C)/ethyl acetate (5:
1); yield, 43%; IR (film) 2257 ν(CtN), 1544 ν(CdN), 1516
ν(CdN), 1360, 1307, 1257, 1058 cm-1; UV (EtOH) 239
nm; 1H NMR δ (CDCl3) 2.91 (2 H, t, J ) 6.5 Hz), 4.72 (2
H, t, J ) 6.5 Hz).

2,4-Dichloro-6-(2,2,2-trifluoroethoxy)-1,3,5-triazine
(11): FC, silica gel, hexane/ethyl acetate (5:1); yield, 98%;
IR (film) 1538 ν(CdN), 1303, 1259, 1172, 1085 cm-1; UV
(EtOH) 238 nm; 1H NMR δ (CDCl3) 4.90 (2 H, q, J ) 7.9
Hz).
2,4-Dichloro-6-(thiophenoxy)-1,3,5-triazine (12): FC,

silica gel, petroleum ether (40-60 °C)/ethyl acetate (10:
1); yield, 28%; IR (film) 1505 ν(CdN), 1472 ν(CdN), 1260,
1244, 843 cm-1; UV (EtOH) 263 nm; 1H NMR δ (CDCl3)
7.46-7.53 (3 H, m), 7.55-7.58 (2 H, m).
2,4-Dichloro-6-(ethoxycarbonylthiomethoxy)-1,3,5-

triazine (13): FC, silica gel, petroleum ether (40-60 °C)/
ethyl acetate (10:1); yield, 55%; IR (film) 1742 ν(CdO),
1515 ν(CdN), 1477 ν(CdN), 1304, 1266, 1244, 844 cm-1;
UV (EtOH) 260 nm; 1H NMR δ (CDCl3) 1.51 (3 H, t, J )
7.1 Hz), 4.17 (2 H, s), 4.47 (2 H, q, J ) 7.1 Hz).
General Synthesis of Europium(III) Chelate of

6-Substituted {2,2′,2′′,2′′′-[[4-[4-[(4-Chloro-1,3,5-tri-
azin-2-yl)amino]phenylethynyl]pyridine-2,6-diyl]-
bis(methylenenitrilo)]tetrakis(acetic acid)} (15-19,
Scheme 2). A mixture of 6-substituted 2,4-dichloro-
1,3,5-triazine (9-13) (0.10 mmol), acetone (1.0 mL), and
water (1.0 mL) was added to a solution of compound 14
(13) (0.10 mmol) and 0.1 MNaOAc (1.5 mL, pH 4.9). After
stirring for 30 min, the reaction mixture was treated with
acetone, and the precipitate was centrifuged and washed
with acetone. The purity of the chelates was tested with
TLC plates. They were pure from any starting material.
Before labeling, the chelates were dissolved in water and
their europium concentrations were determined by using
the DELFIA system.
Europium(III) Chelate of {2,2′,2′′,2′′′-[[4-[4-[[4-Chloro-

6-(2-methoxyethoxy)-1,3,5-triazin-2-yl]amino]phenyleth-
ynyl]pyridine-2,6-diyl]bis(methylenenitrilo)]tetrakis-
(acetic acid)} (15): IR (KBr) 2207 ν(CtC), 1605, 1411
cm-1 ν(CdO and CsO); UV (H2O) 326, 298 (sh), 262 nm.
Europium(III) Chelate of {2,2′,2′′,2′′′-[[4-[4-[[4-Chloro-

6-(2-cyanoethoxy)-1,3,5-triazin-2-yl]amino]phenylethynyl]-
pyridine-2,6-diyl]bis(methylenenitrilo)]tetrakis(acetic acid)}

Figure 1. Structure of chelates 1-3.

Scheme 1. Synthesis of 6-Substituted 2,4-Dichloro-
1,3,5-triazines (9-13)

Scheme 2. Synthesis of Europium(III) Chelates of
6-Substituted {2,2′,2′′,2′′′-[[4-[4-[(4-Chloro-1,3,5-
triazin-2-yl)amino]phenylethynyl]pyridine-2,6-diyl]-
bis(methylenenitrilo)]tetrakis(acetic acid)} (15-19)
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(16): IR (KBr) 2259 ν(CtN), 2207 ν(CtC), 1602, 1412
cm-1 ν(CdO and CsO); UV (H2O) 327, 298 (sh), 262 nm.
Europium(III) Chelate of {2,2′,2′′,2′′′-[[4-[4-[[4-Chloro-

6-(2,2,2-trifluoroethoxy)-1,3,5-triazin-2-yl]amino]phenyl-
ethynyl]pyridine-2,6-diyl]bis(methylenenitrilo)]tetrakis-
(acetic acid)} (17): IR (KBr) 2205 ν(CtC), 1603, 1406
cm-1 ν(CdO and CsO); UV (H2O) 328, 300 (sh), 260 nm.
Europium(III) Chelate of {2,2′,2′′,2′′′-[[4-[4-[[4-Chloro-

6-(thiophenoxy)-1,3,5- triazin-2-yl]amino]phenylethynyl]-
pyridine-2,6-diyl]bis(methylenenitrilo)]tetrakis(acetic acid)}
(18): IR (KBr) 2206 ν(CtC), 1604, 1398 cm-1 ν(CdO and
CsO); UV (H2O) 329, 260 nm.
Europium(III) Chelate of {2,2′,2′′,2′′′-[[4-[4-[[4-Chloro-

6-(ethoxycarbonylthiomethoxy)-1,3,5-triazin-2-yl]amino]-
phenylethynyl]pyridine-2,6-diyl]bis(methylenenitrilo)]tet-
rakis(acetic acid)} (19): IR (KBr) 2208 ν(CtC), 1603,
1398 cm-1 ν(CdO and CsO); UV (H2O) 330, 255 nm.
Labeling of Antibodies. The anti-PSA antibodies

were labeled in 0.5 mg batches with different amounts
of the chelates, either in carbonate buffer, pH 9.5, or
borate buffer, pH 8.0. The conjugation was allowed to
proceed at room temperature overnight. The effects of
stoichiometric labeling ratio (Eu/IgG) and labeling pH
(carbonate buffer at pH 10, 10.5, and 11) were further
studied with the chelate 18. The labeling ratio was
determined by measuring the europium concentrations
of reagent solutions by the dissociative enhancement
system (DELFIA) (6). After the appropriate volume of
stock solution was added, the labeling volume was
adjusted to 1 mL. Labeled IgG fractions were purified
by gel filtration on a column containing Sephadex G-50
(1.5 × 10 cm) and Sepharose 6B (1.5 × 30 cm) by eluting
with TSA buffer. The labeling ratios were analyzed by
recording UV absorbance at 280 and 330 nm (12) and by
measuring the total europium concentrations (6).
Luminescence Properties of Chelate-Labeled An-

tibodies. Antibody-coupled chelates were characterized
by absorption and by luminescence in various buffers.
Europium (0.1 µM) in DELFIA Enhancement solution
was used as a standard in spectrofluoromtry (lumines-
cence yield, ε × Φ, 26 300) (12). The measurement time
was adjusted from 10 µs to 5 ms to integrate all emissions
of each chelate regardless of decay time. The buffers
were TSA buffer containing 0.5% bovine albumin and the
LANFIA solution. The emission intensities of the most
intense emission line ca. 613 nm are recorded.
Determination of Antibody Affinities, Specific

Binding, and Nonspecific Binding. The affinities of
the antibody conjugates were measured as previously
described (18). Microtitration plate coated with anti-PSA
antibody were first incubated with 1 ng of PSA in 25 µL
of TSA buffer containing 7.5% bovine serum albumin.
Thereafter, six different concentrations of labeled anti-
bodies (from 6.25 to 200 ng in 100 µL of DELFIA assay
buffer) were added and incubated at room temperature

for 2 h with slow shaking. After washings, the bound
europium was measured with the DELFIA system (6).
After the portion of nonspecific binding was subtracted
from each value, the affinity was calculated according to
the method of Scatchard (19). A sandwich assay of PSA
was used to analyze the specific binding of labeled
antibodies using 100 ng/mL PSA standard and nonspe-
cific binding using zero calibrator.

RESULTS AND DISCUSSION

The reaction between 2,4,6-trichloro-1,3,5-triazine and
suitable alcohols (4-6) or thiols (7, 8) in acetone and
2,4,6-trimethylpyridine gave only 6-substituted 2,4-
dichloro-1,3,5-triazines (9-13, Scheme 1) without any
formation of di- or trisubstituted byproducts. The syn-
theses of activated chelates (15-19) were performed by
coupling triazines (9-13) to the europium(III) chelate
having an aromatic amino group (14) (Scheme 2) (13).
The labeling properties of the chelates 1-3 and 15-

19 were studied by labeling anti-PSA antibodies both in
a borate buffer, pH 8.0 and in a carbonate buffer, pH 9.5.
Chelate concentrations were adjusted (from 200- to 500-
fold molar excess in pH 8.0 and from 20- to 50-fold in pH
9.5) to obtain similar degrees of labeling. The labeling
efficiencies (given as percentage binding from the amount
added), obtained ratios (Eu/IgG), aggregations (the per-
centage of protein aggregation), and affinities are given
in Table 1. The DTA group (3) clearly had the highest
labeling efficiency (4% at pH 8.0 and 26.5% at pH 9.5).
Substitution of one chlorine atom in the triazine ring
(15-19) decreased the reactivity to varying degrees. In
all substituents, the labeling efficiency was greatly
improved when pH was increased from 8 to 9.5, due to
increased deprotonation of amino groups. In contrast to
isothiocyanate coupling, which according to our experi-
ence tends to cause aggregations, losses of affinity, and
increased nonspecific binding backgrounds when the
labeling is done at high pH values (20), labeling with DTA
and DTA derivatives resulted in higher affinities and less
aggregations when done at pH 9.5 as compared to 8.0
(Table 1). The somewhat negative effect of DTA coupling
to anti-PSA antibody was partly eliminated by chlorine
substitutions (chelates 18 and 19).
The luminescence properties of the chelate-labeled

antibodies are given in Table 2. In TSA buffer with
albumin, the luminescence yields (ε × Φ) are relatively
analogous regardless of the activation method with the
exception of isothiocyanate, which has clearly lower
luminescence in TSA buffer. The decay times of these
heptadentate chelates (≈390 µs) confirm that the re-
maining two coordination sites of the europium ion are
occupied by two water molecules (20). In LANFIA
solution the decay time is increased from 380-400 to over
800 µs (Table 2), as a result of either optimized environ-

Table 1. Labeling Properties of Europium(III) Chelates 1-3 and 15-19, Labeling Yields, Aggregation Percentages, and
Affinities of the Chelate-Labeled Anti-PSA Antibodiesa

labeling efficiency, % labeling yield Eu/IgG aggregation, % affinity

chelate, R′ or R pH 8.0 pH 9.5 pH 8.0 pH 9.5 pH 8.0 pH 9.5 pH 8.0 pH 9.5

SdCdN- (1) 2.3 10.0 4.7 3.0 2 0 1.1 × 109 1.6 × 109
IsCH2COHN- (2) 0.4 4.8 2.0 2.4 3.0 × 108 1.5 × 109
DTA- (3) 4.0 26.5 8.0 5.3 10 0 8.6 × 107 2.1 × 108
CH3OCH2CH2sO- (15) 0.7 6.2 2.6 3.1 24 0 1.4 × 107 5.7 × 108
NCsCH2CH2sO- (16) 1.2 7.2 4.7 3.6 15 0 7.7 × 107 1.5 × 109
CF3CH2sO- (17) 8.8 4.4 2 5.1 × 108
phenylsS- (18) 1.6 25.0 5.0 7.5 14 0 1.7 × 108 4.6 × 108
CH3CH2OsOCCH2sS- (19) 0.6 8.6 1.8 2.6 5 3 3.5 × 108 6.7 × 108

aLabelings in borate buffer with molar excesses of 200- (chelates 1 and 3), 300- (chelates 18 and 19), and 500-fold (chelate 2) and in
carbonate buffer (pH 9.5) with excess ratios of 20 (chelate 3), 30 (chelate 1, 18, and 19), and 50 (chelates 2, 15, and 17).
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ment and decreased quenching or the replacement of the
coordinated water molecules.
The effect of labeling pH was further evaluated with

thiophenoxy derivative (18) by labeling anti-PSA anti-
bodies in a series of increasing pH values (from 8.0 to
11.0). The analyzed affinities, specific signals, and
backgrounds (normalized by dividing with labeling yield)
are given in Table 3. The results confirm the data given
in Table 1. The increase of pH up to pH 10.5 resulted in
less decrease in affinity. On the other hand, there was
a slight but clear increase in nonspecific binding beyond
pH 9.5. These data are not, however, sufficient to
accurately determine the optimum conjugation pH for
that combination.
The effect of increasing labeling yields on the antibody

affinity was studied by labeling anti-PSA antibody at pH
10.5 with increasing amounts of the thiophenoxy deriva-
tive (18). Increase in Eu/IgG steadily decreased the
affinity from 16.4 × 108 with 1.8 Eu/IgG to 3.3 × 108 with
13.4 Eu/IgG (Figure 2). As shown earlier (13), the total
luminescence of chelate-labeled antibody correlates di-
rectly with the labeling level, because the long Stokes
shift eliminates inner filter quenching. In an immuno-
assay, the 5 time difference in affinity was compensated
by a 7.4-fold increase in signal, and without extensive
further studies, the data does not give definite answer
to eventual optimal labeling level.

The performance of the labeled antibodies was briefly
validated with the model assay of PSA. The correlation
between the actual signal and antibody affinity, however,
was poor. The signal correlated slightly better with
relative luminescence intensities (data not shown). The
poor correlation may relate to imprecisions in measured
values or unknown factors related to immunoassays.
Similarly, the nonspecific binding (highest with conju-
gates of chelate 18 and lowest of chelates 15 and 16) did
not exactly correlate with observed aggregation percent-
ages (highest with 15, 16, and 18).
As a conclusion, our study showed that the modifica-

tions of the reactive groups on the luminescent chelate
both changed the luminescence properties of the chelate
and had an impact on the immunoreactivity of labeled
antibodies. The triazinyl derivatives provide a wide
range of alternatives with various reactivities, hydro-
philic properties, and various effects on antibody affinity
and nonspecific binding properties. Despite the fact that
the chosen model chelate did not clearly reveal the
differences between the different substitutions (due to
its high hydrophilicity and less critical triplet state
energy), the DTA coupling and its modifications serve as
valuable tools, particularly for larger, more hydrophobic
chelates, in labelings where DTA may be too aggressive
and with terbium chelates with ligands having a triplet
state at a critical energy level.

ACKNOWLEDGMENT
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and Takalo, H. (1993) Development of luminescent europium-

Table 2. Luminescence Yields (E × Φ) and Decay Times
of Europium(III) Chelate (1-3 and 15-19) Labeled
Antibodies in TSA Buffer and in LANFIA Solution

ε × Φ decay time, µs

chelate R′ or R
TSA-
albumin

LANFIA
solution

TSA-
albumin

LANFIA
solution

SdCdN- (1) 550 3400 380 770
IsCH2COHN- (2) 1200 2600 400 920
DTA- (3) 1100 3700 400 830
CH3OCH2CH2sO- (15) 1400 6600 390 840
NCsCH2CH2sO- (16) 1100 3700 400 830
CF3CH2sO- (17) 1600 5000 380 850
phenylsS- (18) 920 3400 380 840
CH3CH2OsOCCH2sS-
(19)

1200 4500 380 880

Table 3. Effect of Labeling pH on Anti-PSA Antibody
Affinity, Specific Binding, and Backgrounda

labeling
pH

Eu/
IgG

affinity
10E8

specific
signal/Eu

background/
Eu

signal/
background

8.0 5.0 1.7 3500 130 27
9.5 7.5 4.6 30000 270 110
10.0 4.7 7.6 26000 290 89
10.5 5.8 10.1 41000 390 110
11.0 4.5 9.5 39000 570 68
a Labeling with the chelate 18 in pH from 8.0 to 11.

Figure 2. Effect of labeling degree on the affinity of anti-PSA
antibody. Labelings were done at pH 10.5 with increasing
amounts of chelate 18.

74 Bioconjugate Chem., Vol. 8, No. 1, 1997 Karşılayan et al.
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Chromogenic Lactate-Leukocyte Esterase Substrates
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The first successful reported use of lactate-based chromogenic, colorimetric substrates for a serine
protease-based enzyme is described. A series of hydroxy-protected 5-phenyl-3-hydroxypyrrolyl L-lactate
substrates of the general formula RO-Lac-OPP were prepared and formulated into reagents for the
determination of leukocytes in dry phase formats.

INTRODUCTION

The presence of leukocytes in urine is indicative of
inflammation or infection. Human leukocyte elastase
(HLE) is a serine protease contained within leukocytes,
which is associated with physiological processes (1, 2)
such as rheumatoid arthritis, adult respiratory distress
syndrome, glomerulonephritis, pulmonary emphysema,
and phagocytosis. Over the past 20 years, many types
of substrates (3-9) have been developed to study the
reactivity and specificity of HLE. One substrate (10) has
been used to detect HLE in biological fluids as a diag-
nostic reagent strip in a urinary leukocyte assay (10, 11)
known as LEUKOSTIX.
The assay operates by the general principle outlined

in Scheme 1 using a test strip containing the reagents
3-[(N-tosylalaninyl)oxy]-5-phenylpyrrole (PPTA) and
4-sulfo-1,2-naphthoquinone 1-diazide (DNSA). When a
urine sample containing HLE is applied to the strip, the
enzyme catalyzes the hydrolysis of PPTA. This releases
3-hydroxy-5-phenylpyrrole (HOPP), which reacts with the
diazide to produce a colored azo dye. The concentration
of leukocytes in the sample is estimated by comparing
the intensity of the final color to a standard color chart
or by measuring the reflectance with a clinical reflectance
meter such as CLINITEK-10.
We were interested in identifying new classes of HLE

substrates that yield similar or greater sensitivity toward
HLE. We report herein the synthesis and evaluation of
a new class of chromogenic, colorimetric esterase sub-
strates, hydroxy-protected 5-phenyl-3-hydroxypyrrolyl
L-lactates (12) of the general formula RO-Lac-OPP.
These substrates have reactivity and stability comparable
to that of the corresponding isostere substrate 5-phenyl-
3-hydroxypyrrolyl tosyl-L-alaninate (10), Ts-Ala-OPP.

CHEMISTRY

The synthesis of 3-(O-tosyl-L-lactoyl)-5-phenylpyrrole
(TsO-Lac-OPP, 4a) depicted in Scheme 2 is typical of the
sequence used to prepare the lactic acid substrates (12)
(RO-Lac-OPP, 4a-e). Tosyl chloride is added to L-lactic
acid ethyl ester in the presence of TEA to provide the
intermediate O-tosyl ester (1a), in a 91% yield. This
intermediate is then hydrolyzed with ethanolic NaOH at
0 °C, which after acidic workup provides the intermediate
O-tosyl acid (2a) in a 76% yield. The acid (2a) is then
quantitatively converted into the corresponding acid
chloride (3a) with neat thionyl chloride. 3a was then
added to a chilled solution of 3-hydroxy-5-phenylpyrrole
(HOPP) in the presence of pyridine at 0 °C to provide
TsO-Lac-OPP (4a) in a 71% yield before purification.

Table 1 summarizes the synthesized chromogenic lactic
acid substrates (4a-e), prepared similarly in like yields.

RESULTS AND DISCUSSION

It is well established (13) that hydrolysis of synthetic
substrates by the serine protease HLE requires a small
alkyl amino acid such as alanine or valine at the P1 site
as demonstrated by the substrate 5-phenyl-3-hydroxy-
pyrrolyl tosyl-L-alaninate, Ts-Ala-OPP [the nomenclature
of Schecter and Berger (14) is used to designate the
individual amino acid residue (P1, P2, P1′, or P2′) of a
peptide substrate]. Likewise, diagnostic test strips that
detect the presence of HLE contain an alanine subtrate
along with a diazonium salt that acts as the color-
generating system (Scheme 1).
The reactivity of these types of dry reagent strips

toward an analyte is generally quantified by monitoring
the intensity of reflected light at specific wavelengths (i.e.
557 nm for the LEUKOSTIX reagent) and applying the
standard Kubelka-Munk equation (28): K/S ) (1 - R)2/
(2R), where K ) the absorption coefficient, S ) the
scattering coefficient, and R ) the intensity of reflected
light. Use of the equation permits color development to
be proportional to analyte concentration. In addition, for
the LEUKOSTIX reagent, linear kinetics are also ob-
served over 2 min when the equation is applied.
In an average urine specimen, diagnostic reagent strips

that contain an alanine substrate detect in 2 min at least
19 ng/mL HLE, which is the trace response with the
LEUKOSTIX reagent strip. Lactic acid, is the non-amino
acid, oxygen isostere of alanine, and it is well established
that changes made to the substrate can dramatically
affect the hydrolysis kinetics (15). Published work (15-
22) on lactate derivatives with orientations at P1 has
previously shown that lactates act as inhibitors. Table
2 shows that the direct substitution of the phenylpyrrole
ester of alanine with the phenylpyrrole ester of lactic acid
produces a highly reactive substrate. As with its alanine
parent, an assay incorporating this lactate derivative
readily detects 19 ng/mL HLE. Similarly, Table 3 shows
that substitutions made to the N terminus also produce
reactive substrates. In each case, the assays using the
lactate substrates readily detect 19 ng/mL HLE.
The substrates listed in Tables 2 and 3 contain an

N-tosyl CH3-phenyl-SO2 terminal group, while conven-
tional HLE substrates (13) generally contain amide
linkages. Jackson et al. (23) recently confirmed that the
N-terminal group dramatically influences reaction kinet-
ics. Substituting a sulfonyl group for the amide group
is shown to enhance the hydrolysis kinetics (23). Thus,
Table 4 shows a dramatic decrease in hydrolysis when
the sulfonyl group is changed to a CdO group. It is
known (23, 24) for both the N-tosyl alaninate ester and
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the N-carbobenzoxyl alaninate ester substrates that the
rate-limiting step is the deacylation of the enzyme-acyl
intermediate. The dramatic change observed in the
hydrolysis rates when the N-terminal CdO group is
incorporated suggests that the acyl enzyme deacylates
faster with sulfonyl groups.
The performance of lactate substrates with different

types of N-sulfonyl groups shown in Table 3 is similar to

and at times superior to that of the natural alanine amino
acid substrates. Thus, a wide variety of blocking groups
can be used, ranging from simple alkyl through aromatic
groups. Many functional groups can be envisioned, and
this work would anticipate that such substrates would
be highly reactive, providing that a sulfonyl group exists
between the functional group and the O terminus of the
lactate.

Table 1

lactic acid ethyl ester analogsa (5-phenyl-3-hydroxypyrrolyl)lactate productsa

1a L-Ts-OCH(CH3)CO2Et 4a Ts-Lac-OPP
1b L-nPr-SO2-OCH(CH3)CO2Et 4b nPr-SO2-Lac-OPP
1c L-PhCO-OCH(CH3)CO2Et 4c PhCO-Lac-OPP
1d L-MeSucc-SO2-OCH(CH3)CO2Et 4d MeOSucc-SO2-Lac-OPP
1e L-thiophene-SO2-OCH(CH3)CO2Et 4e thiophene-SO2-Lac-OPP

a Where OPP ) 5-phenyl-3-hydroxypyrrolyl, Lac ) lactate, Ts ) tosyl, PhCO ) benzoyl, nPr ) n-propyl, MeSucc ) methoxysuccinyl,
and SO2 ) sulfonyl.

Scheme 1. Reaction Sequence for the Leukocyte Reagent Strip Assay

Scheme 2. Synthetic Sequence for Ts-Lac-OPP (4a)
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In this paper, we have demonstrated that lactate esters
can act as substrates for HLE. Other groups (15-22)
utilizing different enzymes and different substates indi-
cate that lactate esters either directly or indirectly affect
enzymatic reactivity. Much of the previous work focused
on designing inhibitors of HLE and other enzymes. In
the chymotrypsin work of Ingles (25), he reported a 10-
fold decrease in the enzymatic rate and a decrease in
stereospecificity when phenyl lactate was substituted for
phenylalanine. It was suggested that an important
hydrogen-bonding interaction has been eliminated. An
additional explanation for the apparent change in reac-
tivity was found during the course of our experiments.
We observed that, in the presence of 0.25 M NaCl, the
reactivity of the lactate derivatives decreases by 33%.
Consequently, experimental conditions such as ionic
strength can influence the observed reactivity.

SUMMARY
In summary, it is well established that simple amino

acid compounds can function as colorimetric, chromogenic
HLE enzyme substrates. In this manuscript, we have
demonstrated that lactate esters of varying length and
functional composition act as highly reactive substrates
for human leukocyte elastase.

MATERIALS AND METHODS
HLE was obtained from Athens Research Technology

(Athens, GA). Buffer salts were analytical grade from

Fisher or Aldrich. DMSO and acetone were obtained
from J. T. Baker, Inc. (Phillipsburg, NJ), and decanol was
from Sigma Chemical Co. (St. Louis, MO). Polyvinylpyr-
rolidone (PVP) was obtained from Polysciences Inc.
(Warrington, PA). Diazonium salts were prepared as
previously described (26).
IR spectra were recorded on a Perkin-Elmer 710B

spectrophotometer. NMR spectra were recorded on a GE
300NB-MHz spectrometer. Mass spectra were deter-
mined on a HP5985A instrument by fast atom bombard-
ment (FAB) with direct introduction. Thin layer chro-
matography was carried out on Merck GF 254 silica
plates. Optical rotations were determined on a PE141
polarimeter. C/H/N analyses were done by Galbraith
Labs (Knoxville, TN).
HLE was dissolved in 50 mM sodium acetate (pH 4.5)

buffer, and the concentration of HLE was determined
spectrophotometrically according to the method of Baugh
and Travis (29). Reagent papers were prepared by
impregnating Whatman 3M filter paper with 0.8 M
borate/NaOH (pH 8.8) buffer containing 1% PVP K60 and
dried in an air foil dryer. The dried paper was subse-
quently immersed in a solution containing 1.1 mM
substrate, 0.7 mM 6-nitro-1,2-naphthoquinone diazide,
1.5% decanol, and 3% DMSO and then dried as above.
The reagent paper was made into reagent test strips that
consisted of 0.2 in. squares of the final impregnated
paper, which was adhered via double-stick adhesive to a
polystyrene carrier. The reagent strip was quickly im-
mersed in the testing solution [100 mMNaOAC (pH 5.6),
4 mM benzoic acid, 0.0025% yellow #7, and 0.00002% red
#40] that contained 0 or 19 ng/mL HLE. After 2 min,
the color intensity was measured with a clinical reflec-
tance meter, the CLINITEK-10. The intensity of the
reflected light was quantified by applying the standard
Kubulka-Monk equation (28).

EXPERIMENTAL PROCEDURES

Step 1. To L-lactic acid ethyl ester (5.00 g, 4.81 mL,
42.3 mmol) in CH2Cl2 (50 mL) at 0 °C (ice bath), under
argon, was added tosyl chloride (8.1 g, 42.3 mmol) in one
portion with stirring. Triethylamine (5.57 g, 7.67 mL,
55 mmol) was added dropwise via syringe, and the
reaction mixture was stirred for 7 h at 0 °C. The reaction
mixture was then poured over a solution of 1 M aqueous
HCl (75 mL) and ice (75 g). After separation, the organic
layers were dried over MgSO4, filtered, and concentrated
in vacuo to give 10.5 g (91%) of crude product (1a).
Step 2. The crude L-tosyl lactate ethyl ester (10.5 g,

38.6 mmol, 1a) in absolute ethanol (12 mL) was added
dropwise via addition funnel (1/4 h) to a chilled (0 °C,
ice bath) solution of NaOH (1.8 g, 46 mmol) in distilled
water (20 mL). After the mixture was stirred for 5 h
under argon at 0 °C, the reaction was carefully quenched
via dropwise addition of concentrated HCl to pH 2. Solid
NaCl was added to saturation, and the aqueous layer was
extracted with CH2Cl2 (4 × 50 mL). The organic phase
was then dried over MgSO4, filtered, and concentrated
in vacuo to give 7.17 g (76%) of crude product (2a).
Step 3. The crude L-O-tosyllactic acid (1.50 g, 6.15

mmol, 2a) was placed in a 25 mL round bottom flask
under argon equipped with a reflux condenser. Thionyl
chloride (10.12 g, 6.2 mL, 85 mmol) was added in one
portion and the reaction mixture placed into an oil bath,
preheated to 50 °C, and stirred for 2 h. The reaction
mixture was then cooled and placed in an ice bath, and
ice cold hexane (25 mL) was added. When no solid
product was observed, the solution was concentrated in
vacuo to give 1.6 g (quantitative) of crude yellow oil (3a).

Table 2

response at 120 s

R ) alanine
R ) lactate

(4a)

compound
HLEa

(ng/mL) K/S change K/S change

tosyl-R-OPP 0 0.048 - 0.046 -
19 0.316 0.268 0.348 0.302

a Results are obtained after immersing the reagent strips in
solutions and observing the response at 557 nm after 2 min.

Table 3

response at 120 s

R ) alanine
R ) lactate
(4a,b,d,e)

compound
HLEa

(ng/mL) K/S change K/S change

tosyl-R-OPP 0 0.034 - - -
19 0.343 0.309 - -
48 0.822 0.788 - -

nPr-SO2-R-OPP 0 0.050 - 0.100 -
19 0.363 0.313 0.498 0.398
48 0.881 0.831 1.049 0.949

CH3O-CO(CH2)2- 0 0.074 - 0.177 -
SO2-R-OPP 19 0.435 0.361 0.514 0.337

48 0.976 0.902 0.916 0.739
thiophene-SO2-R-OPP 0 0.050 - 0.050 -

19 0.224 0.174 0.385 0.335
a In an average urine, 48 ng/mL HLE produces a small result

with the LEUKOSTIX reagent strip. Results are obtained after
immersing the reagent strips in solutions and observing the
response at 557 nM after 2 min.

Table 4

response at 120 s

R ) alanine
R ) lactate

(4c)

compound
HLEa

(ng/mL) K/S change K/S change

PhCO-R-OPP 0 0.038 - 0.041 -
19 0.039 0.001 0.106 0.065

a Results are obtained after immersing the reagent strips in
solutions and observing the response at 557 nm after 2 min.
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Step 4. To a chilled solution (0 °C, ice bath) of
5-phenyl-3-hydroxypyrrole (986 mg, 6.20 mmol) in CH2-
Cl2 (30 mL) under argon was added pyridine (1.5 mL,
18.6 mmol) dropwise via syringe, followed immediately
by rapid dropwise addition of a solution of L-O-tosyllactic
acid chloride (1.60 g, 6.11 mmol, 3a) in CH2Cl2 (5.0 mL).
The residual contents were then added dropwise with an
additional 5.0 mL of CH2Cl2. The reaction mixture was
stirred for 1 h at 0 °C, allowed to come to room temper-
ature over approximately 1 h further, and then stirred
overnight at room temperature (16 h).
The reaction mixture was then extracted with aqueous

1 M HCl (2 × 25 mL), and the combined aqueous phases
were back-extracted with CH2Cl2 (25 mL). The combined
organic layers were then extracted with saturated aque-
ous bicarbonate (2 × 25 mL). After back-extraction of
the basic aqueous phase, the combined organic layers
were treated with norite carbon and MgSO4, filtered, and
concentrated in vacuo. The resulting oil was dissolved
in hexane/EtOAc (1:1, 25 mL), treated with norite carbon
once more, filtered, and concentrated in vacuo to give 1.7
g (71%) of solid crude product (4a).
This material was triturated with warm hexane (10

mL) followed by hexane/EtOAc (4:1, 2 × 8 mL), and
decanted, and the resultant solid was dried under
vacuum to provide 1.04 g of a pink solid. This material
was dissolved in hexane/EtOAc (1:1), treated with norite
carbon, filtered, and concentrated in vacuo at room
temperature to give 932 mg (unoptimized yield) of creme
product (4a).
Product 4a: 1H NMR (300 MHz, CDCl3, ppm) 1.65 (d,

3H), 2.42 (s, 3H), 5.12 (qu, 1H), 6.26 (dd, 1H), 6.84 (dd,
1H), 7.18-7.5 (m, 7H), 7.84 (d, 2H), 8.15 (brs, 1H); 13C
NMR (75 MHz, CDCl3, ppm) 18.51 (methyl), 21.66
(methyl), 73.96 (CH, lactate), 93.39 (CH, pyrrole), 107.89
(CH, pyrrole), 123.84 (CH, aromatic), 126.85 (CH, aro-
matic), 128.12 (CH, aromatic), 128.97 (CH, aromatic),
129.87 (CH, aromatic), 166.68 (CdO); EI/MS (18 EV, DIP)
385 (M+, 21.8), 227 (2.3), 199 (22.4), 158 (67.5), 155
(BASE), 91 (41.7); IR: (CDCl3, cm-1) 3450, 3022, 1770,
1600, 1570, 1550, 1514, 1450, 1370, 1260, 1240; optical
rotation (λ ) 578 nm) 10 mg sample, 1 mL of MeOH,
room temperature, 1 cm cell, -64.8°. Anal. Calcd: C,
62.39; H, 4.97; N, 3.63; S, 8.33. Found: C, 62.44; H, 5.03;
N, 3.57; S, 8.65.
Product 4b: 1H NMR (300 MHz, CDCl3, ppm) 1.10 (t,

3H), 1.75 (d, 3H), 2.20 (m, 2H), 3.30 (m, 2H), 5.35 (qu,
1H), 6.41 (dd, 1H), 6.95 (dd, 1H), 7.20-7.60 (m, 5H), 8.30
(brs, 1H); 13C NMR (75 MHz, CDCl3, ppm) 12.87 (methyl),
17.23 (methylene), 18.59 (methyl), 53.64 (methylene),
73.49 (CH, lactate), 98.32 (CH, pyrrole), 107.94 (CH,
pyrrole), 123.86 (CH, aromatic), 126.90 (CH, aromatic),
128.96 (CH, aromatic), 166.5 (CdO); FAB/MS 337.2 (M+,
55), 159 (BASE); IR: (CDCl3, cm-1) 3400, 3010, 2980,
1768, 1573, 1512, 1454, 1400, 1360, 1254, 1169; optical
rotation (λ ) 578 nm) 13 mg sample, 1 mL of MeOH,
room temperature, 1 cm cell, -48.5°. Anal. Calcd: C,
56.97; H, 5.64; N, 4.15; S, 9.49. Found: C, 57.06; H, 5.75;
N, 3.87; S, 9.91.
Product 4c: 1H NMR (300 MHz, CDCl3, ppm) 1.75 (d,

3H), 5.55 (qu, 1H), 6.40 (dd, 1H), 6.95 (dd, 1H), 7.15-7.7
(m, 8H), 8.1 (d, 2H), 8.2 (brs, 1H); 13C NMR (75 MHz,
CDCl3, ppm) 17.13 (methyl), 69.08 (CH, lactate), 98.57
(CH, pyrrole), 108.03 (CH, pyrrole), 123.82 (CH, aro-
matic), 126.68 (CH, aromatic), 128.41 (CH, aromatic),
128.89 (CH, aromatic), 129.91 (CH, aromatic), 133.33
(CH, aromatic), 165.98 (CdO), 166.48 (CdO); EI/MS (18
EV, DIP) 335 (M+, 3.1), 177 (42.8), 149 (22.2), 105
(BASE), 77 (0.7); IR: (CDCl3, cm-1) 3400, 3000, 1763,
1723, 1606, 1585, 1573, 1512, 1452, 1318, 1177; optical

rotation (λ ) 578 nm) 12 mg sample, 1 mL of MeOH,
room temperature, 1 cm cell, +13.3°. Anal. Calcd: C,
71.64; H, 5.07; N, 4.18. Found: C, 71.92; H, 5.22; N, 4.28.
Product 4d: 1H NMR (300 MHz, CDCl3, ppm) 1.78 (d,

3H), 1.98 (t, 2H), 2.62 (t, 2H), 2.75 (s, 3H), 5.37 (qu, 1H),
6.42 (brs, 1H), 6.98 (brs, 1H), 7.2-7.55 (m, 5H), 8.2 (brs,
1H); 13C NMR (75 MHz, CDCl3, ppm) 18.52 (methyl),
28.42 (methylene), 47.29 (methylene), 52.4 (methyl),
74.14 (CH, lactate), 98.37 (CH, pyrrole), 107.93 (CH,
pyrrole), 123.89 (CH, aromatic), 126.94 (CH, aromatic),
128.98 (CH, aromatic); FAB/MS 381 (M+, 63), 186 (8.5),
159 (BASE), 91 (12), 55 (24.5); IR: (CDCl3, cm-1) 3450,
3000, 1751, 1741, 1572, 1513, 1453, 1439, 1359, 1319,
1255; optical rotation (λ ) 578 nm) 7 mg sample, 1 mL
of MeOH, room temperature, 1 cm cell, -27.1°. Anal.
Calcd: C, 53.54; H, 4.99; N, 3.67; S, 8.39. Found: C,
53.05; H, 5.07; N, 3.41; S, 7.75.
Product 4e: 1H NMR (300 MHz, CDCl3, ppm) 1.70 (d,

3H), 5.19 (qu, 1H), 6.32 (dd, 1H), 6.85 (dd, 1H), 7.12 (t,
1H), 7.20-7.50 (m, 5H), 7.70 (dd, 1H), 7.79 (dd, 1H), 8.19
(brs, 1H); 13C NMR (75 MHz, CDCl3, ppm) 18.44 (methyl),
74.91 (CH, lactate), 98.34 (CH, pyrrole), 107.90 (CH,
pyrrole), 123.85 (CH, aromatic), 126.85 (CH, aromatic),
127.54 (CH, thiophene), 128.95 (CH, aromatic), 134.09
(CH, thiophene), 134.71 (CH, thiophene); EI/MS (18 EV,
DIP) 377 (M+, 63.1), 236 (4.4), 191 (13.8), 164 (4.9), 159
(BASE), 147 (66.1), 99 (8.2), 83 (1.1); IR (CDCl3, cm-1)
3450, 3050, 2940, 1760, 1573, 1509, 1453, 1404, 1378;
optical rotation (λ ) 578 nm) 12 mg sample, 1 mL of
MeOH, room temperature, 1 cm cell, -34.3°. Anal.
Calcd: C, 54.1; H, 3.98; N, 3.71; S, 16.98. Found: C, 53.4;
H, 4.16; N, 3.69; S, 16.81.
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Peptide-Mediated Gene Delivery: Influence of Peptide Structure on
Gene Expression
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Cationic peptides possessing a single cysteine, tryptophan, and lysine repeat were synthesized to define
the minimal peptide length needed to mediate transient gene expression in mammalian cells. The
N-terminal cysteine in each peptide was either alkylated or oxidatively dimerized to produce peptides
possessing lysine chains of 3, 6, 8, 13, 16, 18, 26, and 36 residues. Each synthetic peptide was studied
for its ability to condense plasmid DNA and compared to polylysine19 and cationic lipids to establish
relative in vitro gene transfer efficiency in HepG2 and COS 7 cells. Peptides with lysine repeats of
13 or more bound DNA tightly and produced condensates that decreased in mean diameter from 231
to 53 nm as lysine chain length increased. In contrast, peptides possessing 8 or fewer lysine residues
were similar to polylysine19, which bound DNA weakly and produced large (0.7-3 µm) DNA
condensates. The luciferase expression was elevated 1000-fold after HepG2 cells were transfected
with DNA condensates prepared with alkylated Cys-Trp-Lys18 (AlkCWK18) versus polylysine19. The
gene transfer efficiencies of AlkCWK18 and cationic lipids were equivalent in HepG2 cells but different
by 10-fold in COS 7 cells. A 40-fold reduction in particle size and a 1000-fold amplification in
transfection efficiency for AlkCWK18 DNA condensates relative to polylysine19 DNA condensates suggest
a contribution from tryptophan that leads to enhanced gene transfer properties for AlkCWK18.
Tryptophan-containing cationic peptides result in the formation of small DNA condensates that mediate
efficient nonspecific gene transfer in mammalian cells. Due to their low toxicity, these peptides may
find utility as carriers for nonspecific gene delivery or may be developed further as low molecular
weight DNA condensing agents used in targeted gene delivery systems.

Nonviral gene delivery systems are being developed to
transfect mammalian host cells with foreign genes (1-
3). Plasmids encoding transgenes are complexed with
carriers that facilitate the transfer of the DNA across the
cell membrane for delivery to the nucleus. The efficiency
of gene transfer into cells directly influences the resultant
gene expression levels. Thereby, optimizing transfer
efficiency is often necessary to achieve therapeutically
relevant gene expression levels in a variety of host cells
(4, 5).
Nonviral gene delivery systems rely on carrier mol-

ecules to bind and condense DNA into small particles that
facilitate DNA entry into cells through endocytosis or
pinocytosis (1). In addition, the carrier molecules act as
scaffolding to which ligands may be attached to achieve
site specific targeting of DNA (6-15).
The most commonly used DNA condensing agent for

the development of nonviral gene delivery systems is
polylysine in the size range of dp 90-450 (6-15). Its
amino groups have been derivatized with asialooroso-
mucoid, transferrin, carbohydrates, folate, lectins, anti-
bodies, or other proteins to provide specificity in cell
recognition, without compromising its binding affinity for
DNA (6-15). However, the high molecular weight and
polydispersity of polylysine also contribute to a lack of
chemical control in coupling macromolecular ligands,
which leads to heterogeneity in polylysine-based carrier
molecules. This can complicate the formulation of DNA

carrier complexes and limits the ability to systematically
optimize carrier design to achieve maximal efficiency (16,
17).
To refine targeted gene delivery carriers aimed at

transfecting hepatocytes via the asialolglycoprotein re-
ceptor, we previously developed a low molecular weight
carrier (4500) by attaching a single complex carbohydrate
ligand to low molecular weight polylysine (dp 19) (18).
This glycopeptide bound to DNA and efficiently trans-
fected HepG2 cells in vitro via the asialolglycoprotein
receptor, establishing that low molecular weight glyco-
peptide carriers can function as efficiently as a macro-
molecular glycoconjugate carriers. However, despite the
low molecular weight of this glycopeptide, the polydis-
persity of polylysine19 and the lack of control of the
carbohydrate coupling site both contributed to heteroge-
neity, limiting further opportunity for optimization.
In the present study we have taken the next step

toward developing homogeneous glycopeptide carriers by
attempting to define the minimal polylysine chain length
that leads to DNA condensation. Earlier studies exam-
ined the influence of polylysine chain length for trans-
ferrin-polylysine-mediated gene delivery and found that
the transfection efficiency decreased below dp 300 (12,
19). Another study examined the particle size of DNA
condensates produced with polylysine varying in size
from dp 30 to 1500 and found that low molecular weight
polylysine condensed DNA into small particles (20-30
nm) and was also less toxic to cells in culture (20). Still
others have quantitatively examined the binding of
lysine-rich peptides (dp 3-10) to single- and double-
stranded oligonucleotides and noted an enhancement in
the binding affinity when increasing polylysine chain
length up to dp 10 (21-23). Notably, the peptides
utilized in these studies contained a tryptophan residue
that allowed monitoring of DNA binding via fluorescence.
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A recent paper also highlighted the utility of a low
molecular weight peptide (dp 13) possessing a lysine
repeat of 8 as a DNA condensing for enhancing gene
transfer (24). When coformulated with a fusogenic
peptide and a plasmid encoding luciferase, this peptide
mediated gene transfer in several cell lines, including
hepatocytes, with efficiency comparable to that of cationic
lipid mediated gene delivery.
The synthetic peptides used in the present study also

possess a lysine repeat, which was varied from 3 to 36
residues and incorporated one or more tryptophan and
cysteine residues. The results establish that a peptide
of 13-18 lysine residues possessing a single tryptophan
residue enhances gene transfer to cells in culture by up
to 3 orders of magnitude relative to comparable polylysine
peptides lacking a tryptophan. The mechanism of pep-
tide-mediated gene transfer is related to the efficiency
of condensing DNA into small particles. It is proposed
that tryptophan plays a specific role in organizing the
DNA binding of cationic peptides to produce small
condensates that exhibit enhanced gene transfer ef-
ficiency. Therefore, tryptophan-containing peptides rep-
resent a new class of low molecular weight condensing
agents that may be modified with ligands to produce low
molecular weight carriers for site specific gene delivery.

MATERIALS AND METHODS

N-terminal Fmoc protected amino acids, and all other
reagents for peptide synthesis, were obtained from
Advanced ChemTech, Lexington, KY. Minimum es-
sential media (MEM1), Sephadex G-25, dithiothreitol,
iodoacetamide, iodoacetic acid, and polylysine19 (MW
1000-4000) were purchased from Sigma Chemical Co.,
St. Louis, MO. Ethanedithiol (EDT) was purchased from
Aldrich Chemical Co., Milwaukee, WI. Trifluoroacetic
acid (TFA) was purchased from Fisher Scientific, Pitts-
burgh, PA. LBmedia, LB agar, D-luciferin, and luciferase
from Photinus pyralis (EC 1.13.12.7) were obtained from
Boehringer Mannheim, Indianapolis, IN. HepG2 and
COS 7 cells were from the American Type Culture
Collection, Rockville, MD. Dulbecco’s modified Eagle
medium (DMEM), media supplements, and heat inacti-
vated “qualified” fetal bovine serum (FBS) were from
Gibco BRL, Grand Island, NY. Bradford reagent was
purchased from Bio-Rad, Hercules, CA, and thiazole
orange was a gift from Beckton Dickinson Immunocy-
tometry Systems, San Jose, CA. The 5.6 kb plasmid
pCMVL encoding the reporter gene luciferase under the
control of the cytomegalovirus promoter was a gift from
Dr. M. A. Hickman at the University of California, Davis.
Peptide purification was performed using a semiprepara-
tive (10 µm) C18 RP-HPLC column from Vydac, Hesperia,
CA. HPLC was performed using a computer-interfaced
HPLC and fraction collector from ISCO, Lincoln, NE.
DNAPurification and Peptide Synthesis. Plasmid

DNA was prepared by the alkaline lysis method and
purified on cesium chloride gradient (25). Peptides were
prepared by solid phase peptide synthesis on Fmoc-L-Boc-
lysine-Wang resin (p-benzyloxybenzyl alcohol resin, 1%
divinyl benzene cross-linked, 100-200 mesh) at a 136
µmol scale (0.68 mmol/g resin). The synthesis was

accomplished using a computer-interfaced Model 90
synthesizer from Advanced Chemtech. Lysine and tryp-
tophan side chains were Boc protected, and the sulfhydryl
side chain of cysteine was protected with a trityl group.
A 6 molar excess of N-terminal Fmoc-protected amino
acid was activated in situ in the reaction vessel by adding
equimolar diisopropylcarbodiimide and N-hydroxyben-
zotriazole in a total reaction volume of 18 mL. Coupling
was carried out for 1 h and was followed with a capping
cycle for 30 min with 10% acetic anhydride in 1%
diisopropylethylamine. Fmoc deblocking was performed
with 25% piperidine for 12 min. All reagents were
dissolved in dimethylformamide.
At completion, the resin-conjugated peptide was washed

with dichloromethane, dried, and weighed. Cleavage was
performed in a solution of TFA/EDT/water (95:2.5:2.5 v/v)
for 30 min at room temperature, which simultaneously
deprotected the amino acid side chains. The peptide
solution was extracted with diethyl ether, concentrated
by rotary evaporation, and freeze-dried. Lyophilized
crude peptides were dissolved in degassed and nitrogen-
purged 0.1% TFA. Peptides (3 µmol per injection) were
purified on a semipreparative (2 × 25 cm) C18 RP-HPLC
column eluted at 10 mL/min with 0.1% TFA and aceto-
nitrile (5-20% over 40 min) while absorbance was
monitored at 280 nm, 1.0 AUFS. Purified peptides were
concentrated by rotary evaporation, lyophilized, and
stored dry at -20 °C.
Lyophilized peptides (1 µmol) were dissolved in 1 mL

of nitrogen-purged 50 mM Tris HCl (pH 7.5) and reduced
by the addition of 250 µL of 100 mM dithiothreitol
prepared in the same buffer by reacting at room tem-
perature for 30 min. Alkylation was carried out by
adding 25 mg of solid iodoacetamide or iodoacetic acid
followed by reaction for 1 h at room temperature. The
alkylated peptides were acidified to pH 2.0 with TFA and
purified by RP-HPLC as described above. The yield of
each purified peptide (approximately 25%) was deter-
mined from the absorbance of tryptophan (ε280nm ) 5600
M-1 cm-1). The TFA salt of polylysine19 was prepared
by chromatographing the hydrobromide salt on RP-HPLC
eluted with 0.1% TFA and acetonitrile while detecting
214 nm as described above. The concentration of poly-
lysine19 was established by fluorescamine analysis (26)
using a calibrated standard of AlkCWK18 as a reference.
Dimeric peptides were prepared by dissolving 1 µmol

of each purified CWKn (n ) 3, 8, 13, or 18) peptide in
Tris HCl (pH 7.5) followed by reaction at 37 °C for 24 h.
Each dimeric peptide was purified using RP-HPLC as
described above and quantified by Abs280nm (ε ) 11 200
M-1 cm-1).
Peptides were characterized using MALDI-TOF-MS.

The peptide (1 nmol) was reconstituted in 100 µL of 0.1%
acetic acid, and 1 µL was applied to the target and
analyzed using a Vestec-2000 Laser Tec Research laser
desorption linear time of flight mass spectrometer using
insulin as the internal standard. The instrument was
operated with 23 kV ion accelerating voltage and 3 kV
multiplier voltage using a 337 nm VSL-SS& ND nitrogen
laser with a 3 ns pulse width.
Formulation of Peptide DNA Condensates. Pep-

tide DNA condensates were prepared at a final DNA
concentration of 20 µg/mL and at a peptide/DNA stoi-
chiometry varying from 0.1 to 1.5 nmol of peptide/µg of
DNA. The condensates were formed by adding peptide
(2-30 nmol) prepared in 500 µL of isotonic Hepes-
buffered mannitol (HBM, 0.27 Mmannitol, 5 mM sodium
Hepes, pH 7.5) to 20 µg of DNA in 500 µL of HBM while
vortexing, followed by equilibration at room temperature
for 30 min.

1 Abbreviations: RP-HPLC, reversed phase high-performance
liquid chromatography; CWK, cysteine-tryptophan-lysine;
TFA, trifluoroacetic acid; EDT, ethanedithiol; MALDI-TOF-MS,
matrix-assisted time of flight mass spectrometry; RLU, relative
light units; DTT, dithiothreitol; FBS, fetal bovine serum; MEM,
minimal essential media; DMEM, Dulbecco’s modified Eagle
media; HBM, Hepes-buffered mannitol; QELS, quasi-elastic
light scattering.
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Sedimentation of DNA condensates was evaluated by
measuring the concentration of DNA in solution before
and after centrifugation. After peptide DNA condensates
were formed as as described above, a 50 µL aliquot (1 µg
of DNA) was diluted in 1 mL of water and the
Abs260 nm was determined on a Beckman DU640 spectro-
photometer. Following centrifugation at 13000g for 4
min at room temperature, an identical aliquot was
diluted with 1 mL of water and the concentration of DNA
remaining in solution was determined. The ratio of
absorbances subtracted from unity and multiplied by 100
was defined as the percent sedimentation.
Peptide binding to DNA was monitored by a fluores-

cence titration assay (18). A 1 µg aliquot of the peptide
DNA condensate prepared as described above was diluted
to 1 mL in HBM containing 0.1 µM thiazole orange. The
fluorescence of the intercalated dye was measured on an
LS50B fluorometer (Perkin-Elmer, U.K.) in a microcu-
vette by exciting at 500 nm while monitoring emission
at 530 nm, with the slits set at 15 and 20 nm and
photomultiplier gain set to 700 V. DNA condensation
was monitored by measuring total scattered light at 90°
by setting both monochromators to 500 nm and decreas-
ing slit widths to 2.5 nm. Fluorescence and scattered
light intensity blanks were subtracted from all values
before data analysis.
Transmission electron microscopy was preformed by

immobilizing condensed DNA on carbon-coated copper
grids (3 mm diameter, 400 mesh; Electron Microscopy
Sciences, Fort Washington, PA). Grids were glow dis-
charged, and 3 µL of peptide DNA condensate (20 µg/
mL), prepared as described above, was placed on the grid
for 5 min. The grids were blotted dry and then stained
by floating for 1.5 min on each of three 100 µL drops of
uranyl acetate (1%, in 95% ethanol) followed by rinsing
with 0.4% detergent solution (PhotoFlo, Kodak) and
drying. Electron microscopy was performed using a
Philips EM-100 transmission electron microscope.
Particle size analysis was measured for peptide DNA

condensates prepared at a DNA concentration of 20 µg/
mL in HBM and at a stoichiometry of 0.8 or 1.0 (DiCWK3)
nmol of peptide/µg of DNA. Samples were analyzed using
a Nicomp 370 Autodilute submicrometer particle sizer
in the solid particle mode, and acquisition was continued
until the fit error was <10. The mean diameter and
population distribution were computed from the diffusion
coefficient using functions supplied by the instrument.
In Vitro Gene Transfection. HepG2 cells (2 × 106

cells) were plated on 6 × 35 mm wells and grown to 40-
70% confluency in MEM supplemented with 10% FBS,
penicillin, and streptomycin (10 000 units/mL), sodium
pyruvate (100 mM), and L-glutamine (200 mM). Trans-
fections were performed in MEM (2 mL/35 mmwell) with
2% FBS, with or without 80 µM chloroquine. Peptide
DNA condensates (10 µg of DNA in 0.5 mL of HBM) were
added dropwise to triplicate wells. After 5 h of incubation
at 37 °C, the medium was replaced with MEM supple-
mented with 10% FBS.
Luciferase expression was determined at 24 h with

some modification of a published method (27). Cells were
washed twice with ice-cold phosphate-buffered saline
(calcium and magnesium free) and then treated with 0.5
mL of ice-cold lysis buffer (25 mM Tris chloride, pH 7.8,
1 mM EDTA, 8 mM magnesium chloride, 1% Triton
X-100, 1 mM DTT) for 10 min. The cell lysate mixture
was scraped, transferred to 1.5 mLmicrocentrifuge tubes,
and centrifuged for 7 min at 13000g at 4 °C to pellet
debris.

Lysis buffer (300 µL), sodium ATP (4 µL of a 180 mM
solution, pH 7, 4 °C), and cell lysate (100 µL, 4 °C) were
combined in a test tube, briefly mixed, and immediately
placed in the luminometer. Luciferase relative light
units (RLU) were recorded on a Lumat LB 9501 (Berthold
Systems, Germany) with 10 s integration after automatic
injection of 100 µL of 0.5 mM D-luciferin (prepared fresh
in lysis buffer without DTT). The RLU were converted
into femtomoles using a standard curve generated each
day using luciferase dissolved in Tris acetate, pH 7.5, and
stored at -20 °C. The standard curve was constructed
by adding a known amount of the enzyme (0.01-100 fmol
with specific activity of 2.5 nanounits/fmol) to 35 mm
wells containing 40-70% confluent HepG2 or COS 7
cells. The cells were processed as described above,
resulting in a standard curve with an average slope of
130 000 RLU/fmol of enzyme.
Protein concentrations were measured by Bradford

assay using bovine serum albumin as a standard (28).
The amount of luciferase recovered in each sample was
normalized to milligrams of protein, and the mean and
standard deviation obtained from each triplicate are
reported.
COS 7 cells were plated at 72 000 cells per well and

grown to 50% confluency in DMEM (Gibco BRL) supple-
mented with penicillin (10 000 units/mL), L-glutamine
(200 mM), and 10% FBS for 24 h. The cells were
transfected as described for HepG2 cells.
Lipofectace (Gibco BRL, 1:2.5 w/w dimethyl dioctade-

cylammonium bromide and dioleoylphosphatidylethano-
lamine) was used to mediate nonspecific gene transfec-
tion according to the manufacturer’s instructions. The
ratio of DNA to Lipofectace was optimized for both COS
7 and HepG2 cells. An optimal DNA/Lipofectace ratio
was achieved by dissolving 10 µg of DNA in 100 µL of
serum free media (SFM) followed by adding 60 µL of
Lipofectace prepared in 140 µL of SFM. The Lipofectace
DNA complex was then diluted with 1.7 mL of SFM and
used to transfect HepG2 or COS 7 cells for 5 h followed
by replacement of the transfecting media with supple-
mented 10% FBS. The cells were incubated for a total
of 24 h, then harvested, and analyzed for luciferase as
described above.
Dose response curves were prepared by varying the

dose from 1 to 50 µg of DNA while keeping the peptide/
DNA stoichiometry fixed at 0.6 nmol/µg of DNA and
normalizing the volume to 0.5 mL. Alternatively, a dose
response curve for Lipofectace was prepared by varying
the DNA dose from 1 to 20 µg while keeping the
stoichiometry of Lipofectace to DNA constant and nor-
malizing the total volume of each dose to 2 mL with SFM.

RESULTS

Design of Peptides for Gene Delivery. Cationic
peptides were designed to probe the minimal size needed
to mediate efficient gene transfer in mammalian cells.
The synthetic strategy involved comparison of four pep-
tides with various lysine chain lengths in the range of
3-18 residues. During peptide synthesis, truncated
peptides were capped by N-acetylation and a tryptophan
residue was placed near the N terminus to provide a
chromophore for identification of full-length sequences
during purification. This residue allows quantitation of
peptide concentration and is also intended for use in
monitoring fluorescence to evaluate peptide binding to
DNA as previously described (21). In addition, each
peptide possessed an N-terminal cysteine residue as a
potential ligand attachment site.
The four peptides were alkylated with iodoacetamide

to provide AlkCWKn (where n ) 3, 8, 13, or 18 residues)
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(Table 1). A further extension of this peptide series was
accomplished by allowing the cysteine of each monomeric
peptide to oxidize, resulting in a panel of homodimeric
peptides each possessing two tryptophans and a discon-
tinuous lysine repeat of either 6, 16, 26, or 36 residues
in length (Table 1). Each alkylated peptide and dimeric
peptide was characterized using MALDI-TOF-MS, which
produced a dominant ion corresponding to the anticipated
molecular weight of each peptide (Table 1).
Purified AlkCWK3, AlkCWK8, AlkCWK13, and

AlkCWK18 each demonstrated a minor (10%) peak eluting
later than the major product on RP-HPLC. On storage
in an acid solution, the minor peak increased proportion-
ally to the loss of the major product. The new product
was isolated and analyzed by MALDI-TOF-MS, which
verified a loss of 17 amu. A byproduct of identical mass
loss was formed for each of AlkCWK3, AlkCWK8,
AlkCWK13, and AlkCWK18. We speculate that the new
product represents a cyclization of N-terminal amine with
the acetamido group attached to cysteine leading to the
loss of ammonia. The proposed cyclic byproduct of
AlkCWK18 was isolated and found to be functionally
equivalent to the parent structure in transfection assays.
Substitution of iodoacetic acid for iodoacetamide in the
alkylation step led to an AlkCWK18 peptide that was acid
stable and functionally equivalent in formulation and
biological assays.
Peptide Binding to Plasmid DNA. Peptides were

studied for DNA binding using a dye exclusion assay that
has been described previously (18). Peptide binding to
DNA leads to exclusion of thiazole orange intercalation
and a decrease in fluorescence. Titration of AlkCWK3,
AlkCWK8, AlkCWK13, or AlkCWK18 with DNA in the
range of 0.1-1.5 nmol of peptide/µg of DNA led to a
reduction in fluorescence except for the smallest peptide
(AlkCWK3), which failed to exclude the intercalator
within the titration range (Figure 1A). An asymptote in
the fluorescence decline was observed at a stoichiometry
of 0.6, 0.4, or 0.2 nmol of peptide/µg of DNA for AlkCWK8,
AlkCWK13, or AlkCWK18, respectively (Figure 1A). The
relative fluorescence intensity at peptide/DNA stoichi-
ometries above the asymptote established that AlkCWK13
and AlkCWK18 were able to exclude thiazole orange
intercalation more efficiently than AlkCWK8.
Dimeric peptides (DiCWKn, n ) 8, 13, 18) also pos-

sessed high affinity for DNA as evidenced by the stoi-
chiometry of the fluorescence asymptote and the reduc-
tion in residual fluorescence, both of which correlated
with the number of lysine residues (Figure 1B). Of this
series, DiCWK3 possessed weak affinity for DNA and
thereby produced an asymptote at a stoichiometry of 1
nmol of peptide/µg of DNA.
In contrast to these results, polylysine19 demonstrated

a markedly different fluorescence titration curve com-
pared to the alkylated or dimeric peptides of comparable

length (Figure 1C). Even though polylysine19 has a
similar number of lysine residues as AlkCWK18, its
fluorescence asymptote occurs at a stoichiometry of
approximately 0.6 nmol of peptide/µg of DNA. This result
suggests that polylysine19 binding to DNA is weak
relative to AlkCWK18.
Condensation of DNA with Peptides. Total light

scattering at 90° was used to detect the peptide stoichi-
ometry at which condensed DNA particles were formed
(18, 29). Titration of AlkCWK8, AlkCWK13, or AlkCWK18
with DNA produced a maximal total light scattering at
stoichiometries that corresponded to the asymptote ob-
served in the fluorescence exclusion assay (Figure 1D).
A plateau in the light scattering profile observed at
stoichiometries of 0.6, 0.4, and 0.2 for AlkCWK8,
AlkCWK13, and AlkCWK18, respectively, established the
complete condensation of DNA at or above this peptide/
DNA ratio. In contrast, titration of DNA with AlkCWK3
failed to produce an increase in the light scattering,
supporting earlier observations that indicate AlkCWK3
fails to bind to DNA.
Titration of the dimeric peptides with DNA each

produced condensates detected by light scattering (Figure
1E). Although the plateau light scattering levels for each
dimeric peptide DNA condensate were nearly indistin-
guishable, the stoichiometry at which the plateau was
achieved occurred at 0.6, 0.4, and 0.2 nmol of peptide/µg
of DNA for DiCWK8, DiCWK13, and DiCWK18, respec-
tively. A weaker binding affinity for DiCWK3 was
evident from the plateau in light scattering which oc-
curred at a stoichiometry of 1 nmol/µg of DNA (Figure
1E).
The light scattering profile for polylysine19 was very

distinct from that obtained for alkylated and dimeric

Table 1. Peptides for Gene Delivery

name sequence
mass

(obsd/calcda)

AlkCWK3 Alk-S-Cys-Trp-(Lys)3 750.2/750.0
AlkCWK8 Alk-S-Cys-Trp-(Lys)8 1391.1/1390.9
AlkCWK13 Alk-S-Cys-Trp-(Lys)13 2031.1/2031.8
AlkCWK18 Alk-S-Cys-Trp-(Lys)18 2672.7/2672.5
DiCWK3 (Lys)3-Trp-Cys-S-S-Cys-Trp-(Lys)3 1382.5/1382.8
DiCWK8 (Lys)8-Trp-Cys-S-S-Cys-Trp-(Lys)8 2664.5/2665.2
DiCWK13 (Lys)13-Trp-Cys-S-S-Cys-Trp-(Lys)13 3946.2/3945.9
DiCWK18 (Lys)18-Trp-Cys-S-S-Cys-Trp-(Lys)18 5227.8/5227.9
polylysine19 (Lys)19 ndb/2435.8

a Masses are calculated as the average M + 1 of the free base.
b The mass of polylysine19 was not determined due to polydisper-
sity.

Figure 1. Fluorescence and light scattering titration of pep-
tides with DNA. (A) Thiazole orange fluorescence was deter-
mined after titrating AlkCWK3, AlkCWK8, AlkCWK13, or
AlkCWK18 with DNA as described under Materials and Meth-
ods. (D) Total light scattering measured simultaneously for each
peptide DNA condensate. (B, E) Results of the fluorescence and
light scattering titration using DiCWK3, DiCWK8, DiCWK13, or
DiCWK18, respectively. (C, F) Fluorescence and light scattering
titration of DNA with polylysine19, respectively. Each titration
represents the average of three determinations with average
standard deviations of 7.4% for the fluorescence titration and
6.2% for the light scattering assay (error bars not shown).
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peptides. A sharp increase occurred at a stoichiometry
of 0.4 nmol/µg of DNA, which declined to approximately
50 light scattering units at higher peptide/DNA stoichi-
ometries (Figure 1F). This light scattering titration
profile distinguished the condensation properties of polyl-
ysine19 from CWKn peptides, suggesting differences in the
particle size for polylysine19 DNA condensates.
Sedimentation of DNA Condensates. To evaluate

the relative particle size of DNA condensates prepared
at stoichiometries ranging from 0.1 to 1.5 nmol of peptide/
µg of DNA, a sedimentation assay was utilized to
measure the DNA remaining in suspension following
centrifugation at 13000g for 4 min (18) (Figure 2).
Titration of DNA with AlkCWK3 resulted in the complete
recovery of the DNA following centrifugation, supporting
earlier findings that indicate AlkCWK3 fails to bind and
condense DNA into particles. Alternatively, AlkCWK8,
AlkCWK13, and AlkCWK18 each produced maximal sedi-
mentation at a stoichiometry that roughly correlates with
the stoichiometry calculated for a charge neutral complex
(Figure 2A). At stoichiometries greater than charge
neutral, AlkCWK8 condensates sedimented to a greater
extent than AlkCWK13 or AlkCWK18 condensates, indi-
cating their larger size.
A similar trend was observed when dimeric peptide

DNA condensates were sedimented. The maximal sedi-
mentation was observed at a stoichiometry of 0.8, 0.2,
0.15, and 0.1 nmol of peptide/µg of DNA for DiCWK3,
DiCWK8, DiCWK13, and DiCWK18, respectively (Figure
2B). At stoichiometries above the calculated charge
neutral point DiCWK8, DiCWK13, and DiCWK18 DNA
condensates failed to sediment, suggesting they are
smaller in size (Figure 2B). It is also evident that
DiCWK3 DNA condensates were large due to the ob-
served sedimentation (70-80%) at stoichiometries above
the charge neutralization point (Figure 2B).
In contrast, polylysine19 DNA condensates sedimented

completely at 0.2 nmol of peptide/µg of DNA and failed
to recover at higher stoichiometries. These data estab-

lished that once polylysine19 DNA condensates are formed,
they remained large throughout the titration range
(Figure 2C).
Particle Size and Distribution. DNA condensates

were prepared with alkylated peptides, dimeric peptides,
and polylysine19 at a stoichiometry of 0.8 nmol of peptide/
µg of DNA, and particle sizes were compared using quasi-
elastic light scattering (QELS). A population of particles
with average diameters of 0.7-3.1 µm was determined
for polylysine19, AlkCWK8, and DiCWK3 DNA conden-
sates, whereas no particles were detected for AlkCWK3
DNA condensates (Table 2), consistent with the results
of sedimentation analysis.
Each alkylated or dimeric peptide possessing 13 lysine

residues or more produced a population of particles with
mean diameters of 53-231 nm (Table 2). It should be
noted that particle populations were most often bimodal,
possessing a major (>90%) smaller diameter population
and a minor larger diameter population which contrib-
uted to the large standard deviation of the average
particle size (Table 2).
Particle sizes determined by QELS were substantiated

by analyzing DNA condensates using electron micro-
scopy. Figure 3 compares the particle size and morphol-
ogy for AlkCWK18 and polylysine19 DNA condensates. The
images demonstrate that condensates produced with
AlkCWK18 are relatively uniform particles with diam-
eters of approximately 50-100 nm, whereas polylysine19-
induced condensates were large flocculated particles,
consistent with the result of particle size analysis by
QELS (Figure 3).
In Vitro Gene Expression of Peptide DNA Con-

densates. Luciferase reporter gene expression was
analyzed following transfection of HepG2 or COS 7 cells
with peptide DNA condensates prepared at stoichiom-
etries ranging from 0.1 to 1.5 nmol of peptide/µg of DNA.

Figure 2. Sedimentation of peptide DNA condensates. The
percent of DNA sedimented following centrifugation of peptide-
induced DNA condensates is shown. The peptide/DNA stoichi-
ometry was varied from 0.1 to 1.5 nmol of peptide/µg of DNA in
HBM at a total DNA concentration of 20 µg/mL. (A) Results for
AlkCWK3, AlkCWK8, AlkCWK13, and AlkCWK18; (B) results for
DiCWK3, DiCWK8, DiCWK13, and DiCWK18; (C) results for
polylysine19. The average standard deviation for the assay was
8.6% (error bars not shown).

Table 2. QELS Particle Size Distribution

particle size population

peptide DNA condensatea diameterb (nm) σc (nm)

polylysine19 3102 297
AlkCWK3
AlkCWK8 2412 354
AlkCWK13 231 107
AlkCWK18 78 30
DiCWK3 724 154
DiCWK8 53 24
DiCWK13 56 29
DiCWK18 64 27

a Peptide DNA condensates were prepared at a concentration
of 20 µg/mL of DNA and at stoichiometry of 0.8 or 1.0 nmol
(DiCWK3) of peptide/µg of DNA in HBM. b Represents the mean
diameter of particles. c Standard deviation of the population.

Figure 3. Electron microscopy of DNA condensates. The
electron micrographs are shown for DNA condensates prepared
at 0.5 nmol of peptide/µg of DNA for AlkCWK18 (A) and at 0.8
nmol of peptide/µg of DNA for polylysine19 (B). The calibration
bar shown is 50 nm in length.
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A 10-fold enhancement in the gene expression level was
achieved when chloroquine was included in the trans-
fecting media. For each peptide-condensing agent, the
maximal reporter gene expression occurred at a peptide/
DNA stoichiometry that corresponds to the fully con-
densed DNA as determined by the asymptote in the light
scattering assay (Figure 1D,E,F) (18). At stoichiometries
greater than that required to achieve condensation, the
gene expression remained constant. Thereby, the rela-
tive gene expression levels were compared for each
peptide DNA condensate at a fixed stoichiometry of 0.8
or 1.0 nmol (DiCWK3) of peptide/µg of DNA, which was
sufficient for each peptide to fully condense DNA.
Transfection of HepG2 with 10 µg of either uncom-

plexed plasmid DNA, AlkCWK3 or AlkCWK8, DiCWK3,
or polylysine19 DNA condensates failed to produce sig-
nificant reporter gene expression (Figure 4A). This result
supported formulation experiments that predicted these
peptides either fail to condense DNA (AlkCWK3) or
produce condensates that are large (0.7-3.1 µm). Alter-
natively, AlkCWK13, AlkCWK18, DiCWK8, DiCWK13, and
DiCWK18 DNA condensates each demonstrated signifi-
cant gene transfer efficiency that was 2-3 orders of
magnitude greater than that of polylysine19. Lipofectace-
mediated gene expression levels were also found to be
identical to peptide-mediated expression levels in HepG2
cells (Figure 4A).
To verify that peptide-mediated gene delivery was not

dependent on the existence of cell type specific receptors,
the reporter gene expression in HepG2 cells was com-
pared to that in COS 7 cells (Figure 4B). Significant
differences were observed for the transfection of COS 7
versus HepG2 cells such that only uncomplexed DNA and
AlkCWK3 DNA condensates failed to produce measurable
gene expression levels. AlkCWK8, DiCWK3, and poly-
lysine19 DNA condensates each mediated a significant
gene expression in COS 7 cells despite their inactivity

in transfecting HepG2 cells. However, the gene expres-
sion level mediated by these peptides was still 1-2 orders
of magnitude below that afforded by AlkCWK13,
AlkCWK18, DiCWK8, DiCWK13, and DiCWK18 (Figure
4B). Also, Lipofectace-mediated gene expression in COS
7 cells was 1 order of magnitude greater than peptide-
mediated gene delivery. These results suggest that the
size restriction of peptide DNA condensates is less
stringent in COS 7 cells compared to HepG2 cells.
To establish the effect of dose response using peptide

DNA condensates, HepG2 cells were treated with esca-
lating doses of AlkCWK18 DNA condensates and Lipo-
fectace DNA formulations. As demonstrated in Figure
5, a dose response curve for the AlkCWK18 DNA conden-
sate plateaus at 20 µg of DNA and remains constant at
higher doses, whereas the toxicity of Lipofectace above
10 µg of DNA (data not shown) leads to reduced expres-
sion levels at higher doses.

DISCUSSION

The efficiency of carrier-mediated gene delivery de-
pends on the reversible association of condensing mol-
ecules with plasmid DNA (1-3). The carriers that have
been used most often are composed of polymers or lipids
that bind to anionic sites on DNA. In the case of cationic
peptides, this leads to condensation of plasmid DNA into
small particles that gain entry into the target cell via
nonspecific fluid phase pinocytosis (1). Attachment of
ligands adds specificity to the delivery system and
likewise alters the mode of DNA transfer across cell
membranes such that DNA and ligand cotransfer via
receptor-mediated endocytosis (5-15).
Previously we demonstrated that a low molecular

weight glycopeptide mediated gene transfer to hepato-
cytes via the asialoglycoprotein receptor (18). Since this
glycopeptide was prepared from low molecular weight
polydisperse polylysine (dp 19), we sought to systemati-
cally optimize the peptide portion of the glycopeptide as
a first step to improve its efficiency as a carrier for
nonviral gene delivery.
The results establish that low molecular weight pep-

tides possessing six or more lysine residues bind with
sufficient affinity to condense DNA at stoichiometries
above the charge neutral point (Figure 1). However,
condensation of DNA is not sufficient to ensure signifi-
cant transfection levels since AlkCWK8, DiCWK3, and
polylysine19 each produced DNA condensates but failed
to mediate significant gene transfer in HepG2 cells
(Figure 4A). The success or failure of individual peptide
DNA condensates to mediate gene expression appears to
be related to particle size such that larger condensates

Figure 4. In vitro gene expression in HepG2 and COS 7 cells.
Luciferase reporter gene expression is shown for DNA conden-
sates prepared using alkylated peptides, dimeric peptides,
polylysine19, and Lipofectace. Chloroquine (80 µM) was included
in the transfecting media for peptides and polylysine19. (A) Gene
expression determined in HepG2 cells; (B) gene expression in
COS 7 cells. Each bar represents the mean and standard
deviation of three determinations.

Figure 5. Dose response for peptide-mediated gene delivery.
Luciferase gene expression levels in HepG2 are compared using
an escalating dose of AlkCWK18 DNA condensate prepared at
a stoichiometry of 0.6 nmol/µg of DNA.
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are less efficiently pinocytosed (2). For HepG2 cells an
apparent size restriction exists that excludes large DNA
condensates. This is demonstrated by comparison of the
transfection efficiency for AlkCWK8 DNA condensates of
2.4 µm size relative to AlkCWK13 DNA condensates,
which possess an average diameter of 231 nm (Figure
4A). The addition of five lysine residues decreases
particle size 10-fold, which leads to a 1000-fold amplifica-
tion in gene transfer efficiency. Further reductions in
the DNA particle diameters in the range of 231-53 nm
only led to an additional 10-fold increase in transfection
levels (Figure 4A). The size requirements described
above for transfecting HepG2 cells are less stringent for
COS 7 cells. Large (0.7-3.1 µm) peptide DNA conden-
sates are moderately efficient at mediating transfection
in COS 7 cells but are still 10-100-fold less efficient than
smaller DNA condensates (Figure 4B).
The equivalent transfer efficiency of peptide DNA

condensates into either HepG2 or COS 7 cells suggests
a nonspecific mechanism related to the cationic nature
of the condensates (1, 2). We have also transfected 293T
cells with peptide DNA condensates (data not shown),
which resulted in a similar high level of gene expression.
Comparable gene expression levels were obtained using
peptide or Lipofectace to mediate DNA transfer in HepG2
cells, whereas Lipofectace-mediated gene delivery was
found to be more efficient that peptide-mediated gene
delivery in COS 7 cells (Figure 4). These results reflect
cell type specific differences that must be considered in
the development of gene delivery systems (1, 2).
The discovery of a class of low molecular weight

peptides that efficiently condense DNA into small par-
ticles is a major finding of this study. Apparently, some
structural feature of AlkCWKn peptides allows more
efficient condensation of DNA relative to polylysine. This
is demonstrated most clearly by AlkCWK18, which con-
denses DNA into particles that are 40-fold smaller (78
nm) than those produced by polylysine19 (3.1 µm). Given
that the lysine chain lengths of these two peptides are
nearly equivalent, the N-terminal cysteine or tryptophan
is presumably responsible for the enhanced condensing
activity. To investigate the structural requirements of
an efficient DNA condensing peptide, we synthesized an
isomer of AlkCWK18 also possessing 18 lysine residues
but in which cysteine is relocated to the C terminus and
tryptophan is the N terminus (WK18C). The alkylated
and dimeric form of this peptide each mediated gene
transfer as efficiently as AlkCWK18 (data not shown),
suggesting that the location of cysteine may not be key
to the reported activity. On the basis of this and other
observations discussed below, we hypothesize that tryp-
tophan may be primarily responsible for the enhanced
condensation activity of AlkCWK18 compared to poly-
lysine19.
A tryptophan residue may increase the binding affinity

between cationic peptides and DNA. Evidence support-
ing this hypothesis comes from the stoichiometry of
AlkCWK18 (0.2 nmol of peptide/µg of DNA) needed to
exclude intercalator binding to DNA versus that for
polylysine19 (0.6 nmol of peptide/µg of DNA) (Figure
1A,C). Lohman and co-workers also identified a function
for tryptophan in altering cationic peptide binding to
DNA and RNA (22, 23). Curiously, they determined an
enhancement in the entropy of peptide binding to DNA
when substituting tryptophan for lysine (22, 23). How-
ever, this was offset by a decrease in the enthalpy of
binding, leading to a net zero change in the association
constant (22, 23). These studies also established that the
location of tryptophan is not important and that multiple
tryptophan residues do not influence the magnitude of

the association constant despite changes in the enthalpic
and entropic contributions (22, 23). Recently, a low
molecular weight cationic peptide possessing alanine,
tyrosine, 10 lysines, and tryptophan has been co-com-
plexed with a fusogenic peptide and DNA to achieve a 5
order of magnitude amplification in gene expression in
HepG2 cells relative to uncomplexed DNA (24). The
efficient DNA condensing activity of this low molecular
weight peptide may also be linked the tryptophan
residue, which flanks the polylysine sequence.
The precise mechanism of how tryptophan functions

to increase binding affinity and decrease particle size is
uncertain; however, it may relate to its ability to inter-
calate into DNA leading to an observed fluorescence
quench (21-23). Tryptophan’s hydrophobic interaction
with DNA may organize the peptide binding on DNA,
facilitating the formation of intermolecular ion pairs
between multiple lysine residues and the DNA phosphate
backbone.
Preparation of small DNA condensates has also re-

cently been reported using polylysine dp 30 at a stoichio-
metric excess of 1.2 nmol/µg of DNA (20). The present
study establishes that simple amino acid substitutions
allow polylysine peptides as small as dp 13 to acquire
the necessary affinity to condense DNA into small
particles at low stoichiometric excess.
The development of homogeneous peptides that ac-

tively condense DNA into small particles is an important
advance toward the development of low molecular weight
carriers for targeted gene delivery. Attachment of a
receptor ligand such as a carbohydrate or peptide to a
single cysteine residue should endow specificity to the
gene delivery system and allow further systematic opti-
mization of low molecular weight carriers for receptor-
mediated gene delivery.
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TECHNICAL NOTES

Characterization of Oligodeoxyribonucleotide-Polyethylene Glycol
Conjugates by Electrospray Mass Spectrometry
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Electrospray mass spectrometry (ESMS) was used to characterize a number of differently functionalized
polyethylene glycol-oligodeoxyribonucleotide conjugates. Sample preparation was found to be crucial
to obtaining quality data. The resolution and precision of ESMS allowed for the identification of
individual conjugates differing in MW by a single ethylene glycol unit with an accuracy of e1 (0.02%
of the molecular weight). In addition, ESMS was shown to be valuable in identifying chromatographi-
cally unresolvable components of a derivatized polyethylene glycol-oligonucleotide conjugate mixture.

INTRODUCTION

Interest in oligonucleotides as research tools, diagnostic
reagents, and therapeutics has increased dramatically.
As scientific probes, oligonucleotides and oligonucleotide
conjugates have been used in both macromolecular
structural research and reaction mechanism investiga-
tions. From a commercial perspective, these molecules
have shown promise as therapeutic and diagnostic agents
(1). Potential oligonucleotide therapeutics include anti-
sense molecules (2, 3), ribozymes (4), and oligonucleotides
obtained from the systematic evolution of ligands by
exponential enrichment (SELEX) (1, 5, 6). In particular,
the SELEX-derived compounds are of intense pharma-
ceutical interest because of the high affinity and exquisite
selectivity demonstrated for a broad range of targets.
However, oligonucleotides as drugs suffer from two
drawbacks, the first being their susceptibility to hydro-
lytic and enzymatic degradation and the second being
their lack of bioavailability. A general strategy for
overcoming these shortcomings has been chemical modi-
fication of oligonucleotides such that their inherent
stability and bioavailability are increased (3, 7). In
addition, oligonucleotides have been modified to facilitate
their incorporation into stabilizers and delivery vehicles
such as liposomes (8).
Oligonucleotide modifications have included conjuga-

tion of cholesterol (9, 10), fatty acids (12, 13), polycations
(8, 11), proteins (14), and polymers (15, 16) to name a
few. Characterization of these molecules is crucial to
gaining knowledge about their mode of action and to
qualify them as drug candidates. Unfortunately, the
process of chemically modifying oligonucleotides often
results in multiple reaction products, especially when
polymers are involved, making characterization difficult.
Most product characterizations have included some
change in physical property such as a band shift in gel
electrophoresis or a peak shift in high-performance liquid
chromatography (HPLC). Although these techniques
suggest a modification has taken place, they do not
directly allude to the identity of the reaction product or

products. Furthermore, when multiple products are
produced, these techniques are often unable to resolve
the resulting mixture and identify the individual com-
ponents. Analytical hurdles such as these were encoun-
tered early on in our efforts to produce 5′ polyethylene
glycol (PEG)-modified oligonucleotides using standard
automated synthetic techniques. Somewhat similar con-
jugates had been prepared in the past (16); however, our
oligonucleotide conjugate targets were designed with
longer PEG units than previously described. As a result,
new methods were required to prepare these compounds,
and improved analytical analysis proved to be key in
developing these procedures.
Mass spectrometry (MS) offers a characterization

technique superior to those discussed above by providing
a direct measurement of the molecular weight of the
molecule or molecules of interest (17). In addition, one
of the many valuable uses of MS has been mixture
analysis, making the technique potentially useful for
analyzing reaction product mixtures produced by the
chemical modification of oligonucleotides. Indeed, two
accounts revealed matrix-assisted laser desorption/
ionization mass spectrometry (MALDI MS) to be a useful
tool for the characterization of oligonucleotide-PEG
conjugates (16, 18). However, the resolution and ac-
curacy of MALDI are limited and decrease significantly
with increasing molecular weight (MW). These limita-
tions are especially evident in the MALDI analyses of
the PEG-oligonucleotide conjugates where the polydis-
persity of the PEG polymer results in multiple species
with similar molecular weights. These species became
less resolved as the length of the oligonucleotide and/or
the polymer was increased. Another MS technique which
offers superior resolution and accuracy is electrospray
mass spectrometry (ESMS). ESMS generates and de-
tects multiple charge states of the sample, which upon
reconstruction yields the molecular weights of the spe-
cies present (19). Because of the mild ionization process
and the increased measurable molecular weight range,
ESMS has been particularly useful for characterizing
large biomolecules (17), such as proteins (20), protein
conjugates (21), protein-ligand complexes (22) and oli-
gonucleotides (23, 24). Herein, we report the character-
ization of a variety of functionalized oligodeoxyribo-
nucleotide-PEG conjugates by electrospray mass spec-
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trometry. Further, we demonstrate the utility of ESMS
in analyzing multiple reaction products as a result of the
chemical modification of oligonucleotide-PEG conju-
gates. We also describe good yielding methods for the
incorporation of PEG molecules with average molecular
weights up to 2000 in oligonucleotide conjugates by
automated synthesis using standard phosphoramidite
chemistry.

EXPERIMENTAL PROCEDURES

General. Monoamino-PEG-2000 (averageMn of≈2000)
and monomethoxy-PEG-2000 were purchased from Shear-
water Polymers Inc. (Huntsville, AL) and used as re-
ceived. All other chemicals were purchased from Aldrich
Chemical Co. and used as received unless otherwise
specified. HPLC was performed on a Rainin Dynamax
HPLC instrument equipped with a Rainin UV D-II dual-
wavelength detector. Vydac C4 reverse phase HPLC
columns were used with triethylammonium acetate
(TEAA) at pH 7.0 and acetonitrile (MeCN) as eluents.
NMR spectra were obtained on a Bruker AMX 300
instrument.
Functionalized PEG. The functionalized PEG mol-

ecules used to produce compounds 2-4 were prepared
by acylation of monoamino-PEG-2000 with either the
N-hydroxysuccinimide (NHS)-activated ester or the p-
nitrophenyl-activated carbonate of the corresponding
functional modification. The derivatized PEG compounds
were purified by flash silica gel chromatography and
precipitation from tetrahydrofuran (THF) with diethyl
ether. The identities of the PEG molecules were con-
firmed by 1H NMR.
The (N-acetylamino)cyclohexadienyl-PEGmolecule used

to synthesize compound 5 was prepared by addition of
amino-PEG to the boron tetrafluoride salt of cyclohexa-
dienyliumiron(0) tricarbonyl with subsequent oxidative
elimination of the iron tricarbonyl using cerric am-
monium nitrate (T. Dewey, C. Zyzniewski, and B. Eaton,
unpublished results). The derivatized PEGmolecule was
purified and characterized in a manner similar to that
described above.
PEG Phosphoramidite Synthesis. All steps were

carried out under an argon atmosphere using inert
atmosphere techniques. THF was freshly distilled from
potassium/benzophenone prior to use. The primary
amine on the PEG used to prepare compound 1 was
protected as the 9-fluorenylmethyl carbamate (fmoc) prior
to phosphoramidite synthesis. The derivatized PEG (150
mg, 0.07 mmol) was dissolved in THF (1.5 mL) and added
to a solution of 18.2 mg (0.077 mmol) of (2-cyanoethyl)-
N,N-diisopropylchlorophosphoramidite and 14.7 mg (0.114
mmol) of diisopropylethylamine in THF (0.5 mL). The
reagents were allowed to react at room temperature for
30 min, after which 31P NMR indicated that the reaction
was complete. Excess phosphoryl chloride as detected
by 31P NMR was quenched by the addition of methanol
(20 µL). The mixture was then filtered through glass
wool and the solvent removed under reduced pressure.
The PEG phosphoramidite was used immediately in the
automated oligonucleotide conjugation described below.
Oligonucleotide-PEG Conjugate Synthesis. All

oligonucleotide-PEG conjugates were synthesized on an
ABI 392 DNA synthesizer using standard cycles and
conditions except for coupling of the PEG phosphoramid-
ite. Reagents, including phosphoramidites, were ob-
tained from Glen Research. All syntheses were per-
formed at the 1 µmol scale using a Pharmacia polystyrene
support. The PEG phosphoramidite was dissolved in
anhydrous acetonitrile to a final concentration of 50 mM.
Coupling of PEG phosphoramidite was achieved using a

modified ABI 1 µmol CE coupling cycle. The coupling
time was increased to 45 min, and an additional coupling
cycle was inserted prior to capping. Oligonucleotide
cleavage from the polystyrene support and deprotection
were carried out in concentrated NH4OH at 55 °C for 12-
16 h. The oligonucleotide-PEG conjugates were purified
by HPLC using a 15 to 40% acetonitrile gradient over
20 min. Retention times of the oligonucleotide conjugates
varied depending on what functionality was present at
the end of the PEG. Due to the degree of polymerization
and polydisperse nature of the PEG, conjugates typically
eluted as an envelope of moderately resolved peaks.
Oligonucleotide-PEG conjugates were collected, concen-
trated to dryness, dissolved in water, and quantitated
by UV spectroscopy (ε260 ≈ 91 600). Yields were typically
40-60%. These samples were used directly in the MS
experiments described below.
The alternative route to functionalized oligonucleo-

tide-PEG conjugates 2 and 4 involved reaction of the
amino-PEG-oligonucleotide (1) with the NHS ester of
either 4-acetobenzoic acid or biotin, respectively. The
resulting reaction mixture was HPLC purified as above
and subjected to ESMS analysis. In both cases, HPLC
was ineffective at separating the desired compounds, 2
and 4, from undesired side products.
MS Analysis of Oligonucleotide-PEG Conju-

gates. Electrospray mass spectrometry was performed
on a Fisons Quattro II (Beverly, MA) triple-quadrapole
mass spectrometer using the negative ion mode. The
first detector was used for mass detection. Nitrogen was
used as the nebulizer gas at 20 L/h and the drying gas
at 300 L/h. The cone voltage was -30 V, the capillary
2.65 kV, and the HV lens 0.33 kV. The source temper-
ature was maintained at 80 °C. Samples (10 µL) were
injected via flow injection using a Rheodyne 7125 (Cotati,
CA) manual injector with a 20 µL stainless steel loop. A
Harvard apparatus model 22 (South Natick, MA) syringe
pump was used to deliver 1:1 methanol/H2O (v/v) con-
taining 0.1% triethylamine at 10 µL/min to the mass
spectrometer. All solvents used were HPLC grade and
were obtained from Fisher Scientific (Fair Lawn, NJ).
Data were acquired at 5 ms dwell, 0.1 step size between
m/z 350 and 2000. The spectra were averaged across the
entire sample plug, and background was subtracted. The
instrument was calibrated using a 2 µg/µL NaI solution.
At least three charge states were used to determine the
reported weights. The deviation reported is the error
associated with the molecular weight calculation using
several charge states. Transformation of the raw data
was accomplished using MaxEnt, included in the Mass-
Lynx software from Fisons.

RESULTS AND DISCUSSION

Synthesis of Oligonucleotide Conjugates. A va-
riety of oligonucleotide-PEG conjugates have been pre-
pared in good yields using automated synthesis. The
more efficient approach involved preparing the desired
monohydroxy-PEG compound, converting it to the phos-
phoramidite, and coupling it to the oligonucleotide using
a modified automated synthesis reaction cycle. This
strategy resulted in good yields of HPLC-purified PEG-
2000 (average Mn of ≈2000)-oligonucleotide conjugates
as determined by UV quantitation. Crucial to obtaining
reasonable yields were the support, coupling times, and
repetitive coupling procedure. Yields were found to be
lower with CPG supports than with polystyrene resins.
In addition, CPG yields were highly dependent on pore
size, with 2000 Å supports giving the best yields. In-
creasing the coupling time to 45 min and including an
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additional coupling step were also found to dramatically
increase the yield of the conjugate.
An alternative, less efficient approach to differently

functionalized PEG-oligonucleotide molecules was chemi-
cal modification of the PEG after conjugation to the 10-
mer oligonucleotide. For example, the amino-PEG-2000-
10-mer 1 was modified with various acylating reagents
and the resulting functionalized oligonucleotide-PEG
conjugate HPLC purified. Modification of the amino
group generally resulted in a significant shift in the
retention time, thus allowing for facile purification.
However, some modifications resulted in unresolvable
mixtures, in which case the MS proved invaluable to
analysis of the product mixture (vide infra). In all cases,
this approach resulted in significantly lower yields
compared to yields obtained by modifying the PEG prior
to automated oligonucleotide conjugation.
ESMS Analysis of Oligonucleotide Conjugates.

Representative ESMS spectra for the conjugates listed
in Table 1 are shown in Figure 1. The peaks fall into
charge state envelopes in which each envelope consists
of molecules of like charge and is spread over a range of
m/z ratios due to the polydisperse nature of the PEG. The
resolution of ESMS is demonstrated by the near baseline
separation of peaks within an envelope, where the
difference between two peaks represents one ethylene
glycol unit. The smaller peaks observed within an
envelope correspond to salt adducts of the parent mol-
ecule. Sample preparation is crucial to obtaining quality
ESMS data. Conjugates should be purified using volatile
buffers such as triethylammonium acetate or triethyl-
ammonium bicarbonate and should always be dissolved
in deionized water. Contaminating cations, particularly
sodium and potassium ions, can render a spectrum
impossible to assign if present in high enough amounts.
Undesired counterions can be exchanged using triethyl-

ammonium buffers in either ion exchange HPLC, reverse
phase HPLC, size exclusion chromatography, or dialysis.
Reconstruction of Figure 1a yielded the spectrum

shown in Figure 2. Like the primary spectrum, the
reconstructed spectrum shows the polydisperse nature
of the PEG-oligonucleotide conjugate, but it also il-
lustrates the accuracy of the ESMS technique. The
molecular weight values listed in Table 1 agree well with
the calculated molecular weights. Typically, a difference
of less than 0.02% was obtained. Accuracy does not

Table 1. Functionalized Polyethylene
Glycol-Oligodeoxyribonucleotide Conjugates Studied,
Their Calculated Molecular Weights, and Their
Measured Molecular Weights as Determined by ESMS

compound R n
calculated

MW
measured

MW

1 50 5323.4 5324.2 ( 0.3

2 50 5469.4 5468.3 ( 0.3

3 43 5139.2 5140.2 ( 0.9

4 43 5241.2 5240.5 ( 0.5

5 43 5135.2 5135.7 ( 0.2

6 42 4986.1 4986.4 ( 0.9

Figure 1. Representative ESMS spectra of selected oligo
conjugates listed in Table 1. All data were obtained under
conditions described in Experimental Procedures. Mass enve-
lope charge states have been labeled: (a) compound 1, (b)
compound 3, and (c) compound 5.
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appear to be sequence dependent because ESMS analyses
of oligonucleotide-PEG conjugates similar to those re-
ported here, differing only in sequence, have generated
equally accurate results (T. M. Tarasow, D. Tinnermeier,
and C. Zyzniewski, unpublished results). Furthermore,
the resolution of ESMS provides data for the determi-
nation of oligonucleotide-PEG physical characteristics
such as the range and distribution of PEG chain lengths.
For example, using the reconstructed spectrum shown
in Figure 2, the number of polyethylene glycol units
ranges from 45 to 60 with a maximum around 49 units.
These values can be easily determined for each batch of
oligonucleotide conjugate to assure consistency in product
and to help correlate physical differences between lots.
Figure 3 demonstrates the ability of ESMS to decon-

volute chromatographically unresolvable mixtures. Modi-
fication of the amino-PEG-10-mer (1) with the NHS
ester of 4-acetylbenzoic acid generated mono and bis
addition products which were not resolvable by HPLC.
Although the mass envelopes for the two products
overlap, the ESMS-reconstructed spectrum was baseline
resolved (Figure 3). The identity of the two components
in the mixture could be assigned as the mono (Mr-meas )

5382.2 ( 0.4, Mr-calc ) 5381.4, n ) 48) and bis (Mr-meas )
5527.4 ( 0.2, Mr-calc ) 5527.4, n ) 48) acetophenone
adducts. The synthetic modification of oligonucleotides
quite often results in multiple products such as these,
and while ESMS does not identify the regiochemistry of
modification, it does provide data to more accurately
characterize the reaction products.
Conjugation of PEG to oligonucleotides has been used

to increase hydrolytic stability (16), to provide a flexible
linker between oligonucleotides and other molecules (14,
25), and to purify oligonucleotides (26). While the utility
of oligonucleotide-PEG conjugation is obvious, the char-
acterization of the reaction products has been incomplete.
The polymeric nature of PEG introduces additional
analytical hurdles. Mass spectrometry techniques such
as MALDI are less than ideal for the analysis of oligo-
nucleotide-PEG conjugates with high degrees of polym-
erization (n > 30) due to poor resolution between MS
peaks (16, 18). We have shown ES-quadrapole MS to be
a valuable tool for the accurate and resolute analysis of
a variety of highly polymerized, functionalized oligo-
nucleotide-PEG conjugates. We anticipate that this
technique will be widely applicable to the analysis of
other polymer-modified oligonucleotides as well. In the
future, the concept may even be extended to collision-
induced dissociation ESMS/MS experiments (23) in which
more detailed structural data of synthetically modified
oligonucleotides may be obtained.
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Determination of the Extent of Protein Biotinylation by
Fluorescence Binding Assay
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A method was developed to determine the total amount of biotin present in biotinylated protein
conjugates. Conjugates of bovine serum albumin, alkaline phosphatase, and horseradish peroxidase
were used in this case study. The extent of biotinylation was determined by complete acid hydrolysis
or by enzymatic digestion using proteinase K to release biotin from the biotinylated proteins, followed
by sensitive detection of biotin using a coupled HPLC-binding assay system. This detection system
is based on the enhancement of the fluorescence of streptavidin-FITC by biotin. The extent of
biotinylation determined by this method was compared with the values obtained by a conventional
colorimetric method that is based on the displacement of the dye 4-hydroxyazobenzene-2-carboxylic
acid (HABA) from the binding sites of avidin. It was found that, because the described method
determines the amount of liberated biotin after hydrolysis, it does not suffer from steric hindrance
problems associated with the ability of biotin on a protein surface to displace HABA from avidin.
Therefore, this method can provide a more accurate determination of the extent of biotinylation. It
was also determined that the acid hydrolysis of the biotinylated protein was more effective in releasing
the conjugated biotin compared to enzymatic digestion by proteinase K.

INTRODUCTION

Biotin has an extraordinarily high affinity for (strept)-
avidin with reported dissociation constants of∼10-15 and
∼10-14 M for avidin and streptavidin, respectively (Green,
1990). Each (strept)avidin molecule has four binding
sites that can bind biotin and biotinylated compounds.
Further, a variety of biotinylating reagents are com-
mercially available that can be used to attach biotin to
proteins, nucleic acids, carbohydrates, and other biomol-
ecules with relative ease (Wilchek and Bayer, 1990). This
has led to an explosive growth in the use of biotin-
(strept)avidin systems in various biotechnological, ana-
lytical, and therapeutical applications (Diamandis and
Christopoulos, 1991; Wilchek and Bayer, 1988).
Biotinylation of proteins is generally achieved by an

amidation reaction in which the free amino groups on
lysine residues and the N terminus of proteins are
reacted with an activated biotin derivative that is typi-
cally an N-hydroxysuccinimide (NHS) ester (Bayer and
Wilchek, 1990). Sometimes, derivatives that introduce
a spacer between the biotin and the protein surface are
used to increase the accessibility of biotin toward (strept)-
avidin (Barbarakis et al., 1993a). Knowledge of the
degree of biotinylation is of importance in the character-
ization of biotinylated proteins for use in optimized
binding assays, bioreactors, and biosensors.
Currently known methods for determining the extent

of biotinylation of proteins can be broadly grouped into
two categories: those that measure the accessible biotin
on the protein, and those that measure the total bioti-
nylation. 4-Hydroxyazobenzene-2-carboxylic acid (HABA)
titration is one of the most commonly used methods to
determine the extent of biotinylation (Bayer andWilchek,
1990). In this case, HABA binds to avidin to give an
absorption maximum at 500 nm. When biotin or biotin-

ylated proteins are added, biotin displaces HABA from
avidin and the absorbance at 500 nm is reduced. The
decrease in absorbance is then used to determine the
extent of biotinylation. Because this method is based on
an absorbance measurement, HABA titration suffers
from low sensitivity. As a result, amounts typically in
the order of several nanomoles of protein are required
for the determination of the degree of biotinylation. More
sensitive methods for biotin determination should reduce
the amount of biotinylated protein sacrificed for this
purpose.
Der-Bailian et al. (1990) developed a method to deter-

mine the degree of biotinylation that is based on quench-
ing of the natural fluorescence of avidin by biotin moieties
on the biotinylated protein. This method, though simple,
sensitive, and reproducible, suffers from steric hindrance
effects (i.e., not all biotin on a protein can simultaneously
bind to avidin) and thus underestimates the extent of
biotinylation. Shah et al. (1994) have developed a differ-
ent method that is based on the competition between
fluorescein-labeled biotin and the biotinylated protein
toward an anti-biotin monoclonal antibody. The fluores-
cence polarization of the fluorescein-labeled biotin was
measured and correlated to the extent of biotinylation.
This method also suffers from steric hindrance effects
that lead to underestimation of the extent of biotinyla-
tion. However, the two techniques mentioned above may
be useful in determining the amount of functional (i.e.,
available for binding) biotins on proteins, although there
still may be some questions raised about the proper
calibration of the methods; that is, biotin cannot be used
as a standard in these assays because it may induce a
different fluorescence signal than the biotinylated protein
(Mei et al., 1994). Smith et al. (1991) have reported a
different method for the determination of the degree of
protein biotinylation. This requires biotinylation with
an ε-aminohexanoic acid derivative of biotin. After acid
hydrolysis, amino acid analysis yields the number of
aminohexanoic acids per protein, which is equal to the
degree of biotinylation of the protein. This method has
picomolar sensitivity, but can be used only if the bio-
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tinylated residue has incorporated an ε-aminohexanoic
acid spacer arm. Consequently, despite the extensive use
of biotinylated proteins in a variety of applications, the
literature on their characterization is sparse (Kurosky
et al., 1993; Miles and Garcia, 1995; Miller et al., 1994;
Yem et al., 1989), especially in terms of a general method
that determines the total number of biotin moieties
attached per protein molecule. Therefore, it is desirable
to develop a new method that allows the accurate
determination of the degree of biotinylation.
In this paper, we describe a method developed in our

laboratory for the determination of the amount of biotin
present in biotinylated proteins. This method is based
on the complete acid hydrolysis of the biotinylated
protein, followed by separation of the released biotin by
HPLC, and determination of the amount of biotin present
using a highly sensitive postcolumn reaction detection
system that is based on a fluorescence binding assay.
This method was also compared to an alternative hy-
drolysis approach that involved enzymatic digestion of
the biotinylated protein using proteinase K.

EXPERIMENTAL PROCEDURES

Reagents. Biotin, horseradish peroxidase (HRP) type
VIA, biotinylated bovine serum albumin (b-BSA), bio-
tinamidocaproyl-labeled bovine serum albumin (bcap-
BSA), biotinylated alkaline phosphatase (b-AP), avidin,
N-hydroxysuccinimidobiotin (BNHS), sodium dodecyl
sulfate (SDS), and proteinase K were all purchased from
Sigma (St. Louis, MO). HABA and N,N-dimethylforma-
mide (DMF) (ACS reagent grade), were obtained from
Aldrich (Milwaukee, WI). Tris[hydroxymethyl]ami-
nomethane (Tris) was from Research Organics (Cleve-
land, OH) and ethylenediaminetetraacetic acid (EDTA)
from Mallinckrodt (St. Louis, MO). Streptavidin-FITC
was purchased from Vector Laboratories (Burlingame,
CA). Protein concentrations were determined according
to the BCA protein assay (Pierce, Rockford, IL). Deion-
ized water (Milli Q water purification system; Millipore,
Bedford, MA) was used in the preparation of all solutions.
HPLCwith Postcolumn Reaction Detection. The

experimental setup used in this work consisted of a
Rainin (Woburn, MA) HPLC system, which was inter-
faced with a Macintosh computer (Apple Computer,
Cupertino, CA). The system included a Rainin Rabbit
solvent-delivery system and a Rheodyne (Berkeley, CA)
Model 7125 injector with a 20-µL sample loop. The
samples were separated using a reversed-phase 5 µm
Microsorb C18 column (250 × 4.6 mm i.d.) (Rainin). An
80:20 (v/v) mixture of phosphate buffer, pH 7.0, and
methanol was used as the mobile phase at a flow rate of
0.4 mL/min.
The effluent stream from the HPLC column was mixed

with the reagent stream containing 2 mg/L streptavidin
labeled with fluorescein isothiocyanate (streptavidin-
FITC) prepared by diluting a stock solution (purchased
as 1 mg/mL solution) with 100 mM phosphate buffer, pH
8.4. The reagent solution was pumped by an ISCO
(Lincoln, NE) Model LC-2600 syringe pump at a flow rate
of 1 mL/min and was merged with the column effluent
through a tee-connector followed by a 10.0-m knitted
open-tubular (KOT) reactor made from PTFE tubing (0.5
mm i. d., 14-mm helix diameter) (Przyjazny et al., 1993).
The binding of biotin to streptavidin-FITC resulted in an
enhancement of fluorescence intensity (Hentz and Ba-
chas, 1995). Detection of the change in fluorescence was
carried out by using a Fluorolog-2 spectrofluorometer
(SPEX Industries, Edison, NJ) with a µ-fluorescence flow
cell (20-µL cell volume; NSG Precision Cells, Farm-
ingdale, NY). The excitation was set at 495 nm, and the

emission was monitored at 518 nm. The excitation and
emission slit widths were each set at 2 mm. The SPEX
spectrofluorometer was operated in the photon-counting
mode. A calibration plot for biotin was prepared daily
using biotin standards, and the corresponding peak areas
were employed to estimate the amount of biotin present
in each of the samples. A typical calibration plot is given
in Figure 1.
Biotinylation of HRP. For the preparation of bio-

tinylated HRP (b-HRP), HRP was dissolved in 100 mM
sodium hydrogen carbonate solution, adjusted to pH 8,
to obtain a 10 mg/mL solution. Sufficient volume of a
BNHS solution (100 mM BNHS in DMF) was added to
100 µL of an HRP solution to achieve an initial molar
ratio of BNHS to HRP of 100. The biotinylation reaction
was carried out in Reactivials (Pierce) for 3 h at room
temperature. The reaction mixture was then dialyzed
against phosphate buffer saline to remove unreacted
BNHS.
Acid Hydrolysis of Biotinylated Proteins. The

biotinylated proteins were hydrolyzed with 6 M HCl in
an evacuated vacuole at 110 °C for 18-24 h and dried in
a vacuum centrifuge (Savant Instruments, Hickville, NY).
The samples were then dissolved in a known amount of
deionized water and analyzed for the amount of biotin
present.
Enzymatic Digestion of Biotinylated Proteins.

The biotinylated proteins were digested with proteinase
K and dissolved in 100 mM Tris-HCl buffer, pH 7.8,
containing 5 mM EDTA and 0.5% (v/v) SDS. The molar
ratio of proteinase K to biotinylated protein was 1:25 or
1:50. The digestion was carried out for 3 or 24 h at 37
°C. In all cases, the corresponding nonbiotinylated
proteins were also processed under similar conditions and
used as control samples. The digestion reaction was
terminated by boiling the reaction mixture for 15 min.
The samples were then used for biotin determination.

RESULTS AND DISCUSSION

The HABA titration method provides an estimate of
the accessible biotin but not the true extent of biotinyl-
ation of a protein, because some of the biotin moieties
on the protein may not be accessible for binding to avidin
as shown in Figure 2. In scenario A, where both the
biotins are accessible to avidin, the HABA titration gives
an accurate value of the extent of biotinylation. However,
erroneous results may be obtained with highly biotinyl-
ated proteins because of possible cross-linking between

Figure 1. Calibration plot for biotin using the streptavidin-
FITC-based postcolumn reaction detection system.
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avidin and biotinylated protein molecules (as a result of
the availability of four binding sites on avidin) and/or
steric hindrance effects, all of which may prohibit some
of the biotin moieties on the surface of the protein from
binding to avidin. The effect of steric hindrance is
illustrated in Figure 2 (parts B and C), where for the
same conjugate the accessible biotin in scenario B is 6
and in C is 4. This is also true for other assays that are
based on the interaction between the biotinylated protein
and avidin, streptavidin, or anti-biotin antibodies (Der-
Bailian et al., 1990; Shah et al., 1994). Therefore, the
HABA titration and the other methods that use intact
biotinylated protein typically underestimate the extent
of biotinylation and may not even be accurate at calculat-
ing the functional biotins on the protein molecule because
of steric/cross-linking effects. Further, as mentioned
earlier, additional questions may be raised about the
ability of some of these methods to determine the degree
of functional biotin on proteins, because free biotin and
biotinylated protein have a different effect on the intrinsic
fluorescence of avidin (Mei et al., 1994).
Bayer and Wilchek (1990) have reported that one of

the ways to circumvent the problems described above is
to digest the biotinylated protein with proteinase K and
determine the amount of free biotin released. This
should give the true degree of biotinylation. As demon-
strated in the present study (vide infra) and depending
on the protein, the enzymatic digestion may lead to
incomplete hydrolysis of the biotinylated protein and thus
inaccurate results.
To determine the total number of biotin moieties

attached per protein molecule, a highly sensitive method
was developed in our laboratory, which is based on
complete hydrolysis of the biotinylated protein followed
by a fluorescence binding assay that monitors the en-
hancement of fluorescence of streptavidin-FITC by biotin.
Complete hydrolysis of the protein is necessary because
biotin and biotinylated peptides could induce different

fluorescence enhancement to streptavidin-FITC (Barbar-
akis et al., 1993b), which may give erroneous results for
the degree of biotinylation. By coupling a postcolumn
reaction detection system based on this fluorescence
binding assay to a HPLC separation, it is possible to
verify the complete hydrolysis of the protein. It should
be noted that the method has no interferences from
amino acids that are not biotinylated, because these
compounds do not induce a change in the fluorescence of
streptavidin-FITC. The coupled HPLC-binding assay
system also has good detection limits (4 × 10-13 mol of
biotin), which reduces the amount of biotinylated protein
needed for the assay.
Proteinase K digestion and acid hydrolysis were in-

vestigated as methods for the release of biotin from the
biotinylated proteins. It was reported earlier that, in
about 3 h, proteinase K digests protein completely (Bayer
and Wilchek, 1990; Ebeling et al., 1974). It was found,
however, that 3 h was not enough to completely digest
b-HRP, and therefore longer digestion times were used
for this purpose. The chromatogram of the digest after
a 24-h hydrolysis with proteinase K is shown in Figure
3, where biotin elutes out at 15.2 min (the hold-up time
is 10.8 min). These data, in conjunction with a calibra-
tion plot for biotin (see Experimental Procedures), were
used to calculate the extent of biotinylation, which was
found to be 1.8 biotins per HRP molecule. Given that
biotinylation was performed with a 100-fold excess of
BNHS, this value of the degree of biotinylation is
consistent with previous observations reporting that only
2 of the 7 amino groups of HRP (6 lysines and the N
terminus) are accessible for modification by NHS esters
(Paek et al., 1993; Zaitsu et al., 1992). The small peak
at∼19 min is most probably due to a biotinylated peptide
and suggests incomplete hydrolysis of b-HRP even after
a 24-h digestion with proteinase K. As anticipated, the
chromatograms corresponding to the hydrolysis product
of the nonbiotinylated proteins had no peaks, which
indicates the selective nature of the postcolumn reaction
detection system used toward the biotin moiety.
As shown in Figure 3, prolonged digestion of b-HRP

with proteinase K does not always give complete hydroly-
sis. This is more pronounced in Figure 4 , which shows
the chromatogram obtained when b-BSA was digested
for 3 h with proteinase K in amounts that were 25-fold
less than b-BSA on a mole-to-mole basis. The additional
peaks at retention times longer than that of biotin (biotin
elutes at ∼15 min) indicate that the hydrolysis of the
protein was incomplete. It should be mentioned that the

Figure 2. Depending on the nature of biotinylated protein, the
HABA titration may give erroneous results: (A) degree of
biotinylation is 2 as determined by HABA titration; (B) degree
of biotinylation is determined to be 6; (C) degree of biotinylation
is determined to be 4 for the same conjugate as in (B). Av, B, P,
and H represent avidin, biotin, protein, and HABA, respectively.

Figure 3. Separation and detection of free biotin released by
a 24-h proteinase K digestion from b-HRP (moles of b-HRP/mole
of proteinase K ) 25).
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postcolumn reaction detection system used is highly
selective and only detects biotin or biotinylated com-
pounds. Thus, the additional peaks at 18.4 and 19.8 min
are most probably due to biotinylated peptides. It was
also found that the amount of proteinase K plays a role
in the extent of hydrolysis and that an increase in the
amount of proteinase K used causes an increase in the
amount of biotin released. However, it was not possible
to eliminate the additional chromatographic peaks by
altering the amount of proteinase K used and/or the
digestion time. The additional peaks were persistent
even after 24 h of digestion with proteinase K. Therefore,
proteinase K is not the ideal reagent to cause complete
release of biotin, and this was verified as shown in Figure
4 by using the coupled HPLC-fluorescence system.
Hydrolysis of proteins with concentrated HCl is com-

monly used to achieve complete digestion of proteins prior
to amino acid analysis. Given the shortcomings of the
proteinase K digestion, acid hydrolysis in evacuated
vacuoles was performed on b-BSA, b-HRP, and b-AP.
When b-BSA, b-HRP, and b-AP were analyzed for biotin,
the chromatograms showed a single peak due to biotin.
Figure 5 depicts a typical chromatogram of an acid-
hydrolyzed biotinylated protein. The values of the degree
of biotinylation obtained by this method are higher than
those determined by HABA titration (Table 1). The
HABA titration gave degrees of biotinylation of 8.6 for
b-BSA and 1.9 for b-HRP, while it was found by the
method described above using acid hydrolysis combined
with fluorescence binding assay that the ratios of (moles

of biotin)/(mole of b-BSA) were 11.8 and 1.9, respectively.
In the case of biotinylated alkaline phosphatase the
chromatogram of the acid-hydrolyzed product also showed
a single peak that corresponds to biotin. From these data
the degree of biotinylation was estimated to be 6.2, while
the enzymatically digested sample of the same conjugate
gave a degree of biotinylation of 4.5.
Because it is based on the determination of the amount

of free biotin released from a biotinylated conjugate, the
proposed method does not suffer from the bane of steric
hindrance. Biotin and biotinylated analogs when reacted
with streptavidin-FITC enhance the fluorescence inten-
sity by different amounts (Barbarakis et al., 1993b).
Therefore, complete hydrolysis, as reflected in a single
peak for free biotin when using the HPLC-fluorescence
detection method, is important for the accurate deter-
mination of biotin present and, thus, the degree of
biotinylation. In the case of enzymatic digestion, the
digest contains a few biotinylated peptides along with the
released free biotin (e.g., see Figure 4). Therefore,
enzymatic digestion does not provide accurate results.
Biotinylating reagents that incorporate a spacer arm

between biotin and the protein have also been used to
reduce steric hindrance in the interaction with strept-
(avidin) (Barbarakis et al., 1992; Wilchek and Bayer,
1990). In that regard, a conjugate of BSA with a long-
chain biotin derivative (bcap-BSA) was studied to com-
pare the proposed method with the HABA titration. The
HABA titration gave a degree of biotinylation of 10.9,
while the acid hydrolysis followed by the HPLC-
fluorescence detection gave a degree of biotinylation of
12.2. Thus, the HABA titration underestimates the
degree of biotinylation of b-BSA (data discussed above)
and bcap-BSA by 27% and 9.9%, respectively. The HABA
titration has less relative error with bcap-BSA than with
b-BSA, which is not surprising given the presence of the
spacer arm between biotin and BSA. This allows for
better accessibility of the attached biotin to avidin.
However, even in bcap-BSA there are still on average 1.3
biotins per BSA molecule that are sterically hindered
from binding to avidin. Complete acid hydrolysis of bcap-
BSA, on the other hand, provides the total amount of
biotin conjugated to the protein.
In conclusion, the method described in this paper is

able to give an accurate estimation of the degree of
biotinylation. The method has an excellent detection
limit of 2 × 10-8 M for biotin. The acid hydrolysis to
release biotin is superior to enzymatic digestion as it
leads to complete hydrolysis of the protein. The enzy-
matic digestion is dependent on the amount of proteinase
K used and the time of digestion. The currently described
method should pose no problems when the degree of
biotinylation of proteins prepared by using BNHS or
longer chain esters of NHS is determined.
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Figure 4. Separation and detection of free biotin released by
a 3-h proteinase K digestion from b-BSA (moles of b-BSA/mole
of proteinase K ) 25).

Figure 5. Separation and detection of acid-hydrolyzed b-BSA.

Table 1. Comparison of Different Methods Used To
Estimate the Extent of Biotinylation of b-HRP and b-BSA

method of determination b-HRP b-BSA

HABA titration 1.9 8.6
after enzymatic digestion with proteinase K, 3 h 0.8 10.1
after enzymatic digestion with proteinase K, 24 h 1.8 10.4
after acid hydrolysis 1.9 11.8
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COMMUNICATIONS

Synthesis of Oligonucleotides Containing 3′-Alkylcarboxylic Acids
Using a Palladium Labile Oligonucleotide Solid Phase Synthesis
Support
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Oligonucleotides containing a 3′-alkylcarboxylic acid are isolated using a Pd(0)-catalyzed cleavage
reaction, in yields that are in most cases within experimental error of those isolated using standard
oligonucleotide cleavage conditions (concentrated NH4OH). In contrast to results obtained with
photolabile solid phase synthesis supports, no reduction in isolated yields of the oligonucleotides is
observed when their length is increased from 20 to 40 nucleotides. The oligonucleotides are
characterized by anion exchange HPLC, electrospray mass spectrometry, and enzymatic digestion.
When methyl phosphoramidites are employed in the synthesis of the biopolymers, 3 serves as an
orthogonal solid phase oligonucleotide synthesis support.

Solid phase oligonucleotide synthesis has advanced to
a very efficient state. Scientists working with nucleic
acids now have a wide variety of methodologies available
for preparing native oligonucleotides, as well as biopoly-
mers containing modified backbones, nucleobases, and
sugars (1). These recent advances in solid phase syn-
thesis have led to strategies for the synthesis of oligo-
nucleotide conjugates (2-5). Both naturally occurring
and synthetic oligonucleotide conjugates show promise
as therapeutic agents and diagnostic probes. For ex-
ample, it has been shown that oligonucleotide bioconju-
gates can facilitate the transport of potential antisense
agents through cell membranes (6-8). The methodology
for synthesizing bioconjugates, particularly those in
which the covalent linkage is at the 3′-terminus of the
oligonucleotide, has lagged behind the aforementioned
aspects of nucleic acid synthesis (9). One approach to
bioconjugate formation involves utilizing fully depro-

tected oligonucleotides as substrates. The poor solubility
of such substrates in many organic solvents limits the
scope of reactions that can be utilized to effect conjuga-
tion. Another difficulty associated with this method of
oligonucleotide conjugate formation is attributable to side
reactions occurring with the exocyclic amines located
throughout the biopolymer (10, 11).
To ameliorate these limitations, we, and others, have

suggested utilizing protected oligonucleotides (retaining
their nucleobase and phosphate protecting groups) that
contain a single exposed functional group as substrates
for nucleic acid conjugation reactions (12-16). Before
such a bioconjugation strategy is pursued, it is necessary
to develop methodology for cleaving protected oligonucle-
otides containing a single functional group at their 3′-
termini from their solid phase supports. We have
previously reported on several orthogonal solid phase
supports that utilize the o-nitrobenzyl photoredox reac-
tion (12-14). Oligonucleotides containing 3′-hydroxy-
and 3′-alkylcarboxylic acids and 3′-alkylamines have been

X Abstract published in Advance ACS Abstracts, February 15,
1997.

MARCH/APRIL 1997
Volume 8, Number 2

© Copyright 1997 by the American Chemical Society

S1043-1802(97)00013-X CCC: $14.00 © 1997 American Chemical Society



obtained using these supports. These supports are
compatible with commercially available reagents and
automated oligonucleotide synthesis protocols. Isolated
yields as high as 98% of oligonucleotides containing
photodamage below detectable limits have been obtained
using commonly available irradiation sources (12, 13).1
A shortcoming of these photolabile synthesis supports
was revealed during the synthesis of longer oligonucle-
otides. A decrease in yield was observed as the length
of the biopolymer was increased from 20 to 40 nucleotides
(12). This decrease in yield was attributed to greater
competition for light by the protected biopolymer with
the o-nitrobenzyl chromophore. While yields can be
increased by extending the irradiation period, this also
increases the amount of photodamage. This observation
prompted us to investigate an alternative reaction for the
cleavage of protected oligonucleotides from solid phase
supports.
In designing a new generation of orthogonal oligo-

nucleotide synthesis supports for which the cleavage
reaction would not be dependent upon biopolymer length,
we chose to utilize the proven Pd(0)-catalyzed allyl
transfer reaction (17-21). This reaction has been used
successfully for deprotecting the exocyclic amines of
nucleobases and the phosphate diesters during oligo-
nucleotide synthesis, as well as an orthogonal linker for
peptide synthesis. Prior to commencing the synthesis of
an appropriate solid support, we sought to ensure that
the conditions employed to cleave the allyloxy linker were
orthogonal with respect to the oligonucleotide protecting
groups used in commercially available reagents. The
stability of amide protecting groups for the exocyclic
amines was not a concern. In addition, the 5′-O-
dimethoxytrityl group of 1 was stable to Pd2(dba)3‚CHCl3

and PPh3 in n-BuNH2/HCO2H (1.2 M) between 25 and
55 °C for up to 7 h. However, contrary to assumptions
in a recent paper, the â-cyanoethyl group was cleaved
completely within 1 h at 55 °C under these conditions

(16). This problem was alleviated using monomer 2. The
O-methyl phosphate triester was shown to undergo only
minor (≈10%) decomposition over the course of 7 h at 55
°C in the presence of these reagents.
Having established the suitability of the Pd(0)-cata-

lyzed allyl transfer reaction as the basis for an orthogonal
solid phase support, 3 was designed to function as a
universal solid phase synthesis support for the prepara-
tion of oligonucleotides containing 3′-alkylcarboxylic acids
(Scheme 1) (14). Support 3 was rapidly assembled in a
convergent manner via the coupling of previously re-
ported 4 and 5 (Scheme 2) (14, 22). The long-chain
alkylamine controlled pore glass support (LCAA-CPG)
was loaded (45 µmol/g) using the trichlorophenyl ester
of 7. Oligonucleotides were synthesized on 3 using
standard oligonucleotide synthesis cycles, in which (while
not necessary) the 5′-O-dimethoxytrityl group was re-
moved prior to cleavage of the oligonucleotide from the
support. With the exception of the substitution of t-
BuOOH in CH2Cl2 for I2 in pyridine/H2O (to guard
against iodination of the double bond), all oligonucleotide
synthesis reagents used were commercially available (17).
Conditions for the cleavage of oligonucleotides from 3

were optimized utilizing the isolation of an eicosameric
polythymidylate (8). The yields were determined for fully
deprotected, gel-purified oligonucleotides.1 Consequently,
cleavage reactions could be carried out on oligonucle-
otides prepared using â-cyanoethyl or methyl protected
phosphoramidites. Initial Pd(0)-catalyzed cleavage reac-
tions were carried out under the conditions prescribed
for the removal of phosphate and nucleobase amine
protecting groups (17). To obtain tractable material, it
was necessary to remove the n-butylamine/formic acid
buffer and phosphine reagent prior to treating the
cleaved oligonucleotide with NH4OH. However, removal
of the large excess of PPh3 via trituration of the residue
with hexanes proved difficult. The amorphous organic
material obtained was difficult to handle, resulting in
erratic yields of isolated 8. Utilization of bis(diphen-

1 Yields of oligonucleotides obtained from orthogonal solid
phase supports are determined via comparison of the isolated
yield of oligonucleotide obtained via Pd(0) cleavage and subse-
quent NH4OH treatment versus that obtained via direct NH4-
OH treatment of resin-bound oligonucleotide from the same
oligonucleotide synthesis.

Table 1. Isolated Yields of Fully Deprotected
Oligonucleotides Obtained via Pd(0)-Mediated Cleavagea

oligo-
nucleotide

phosphate
protecting group

reaction
time (h)

isolated
yieldb (%)

8 â-cyanoethyl 7 102 ( 7
8 methyl 7 93 ( 7
8 methyl 5 93 ( 8
9 methyl 5 91 ( 13
10 methyl 5 77 ( 7
11 â-cyanoethyl 5 105 ( 10

a Pd(0) cleavage reactions were carried out as described in
footnote 2. b Determined as described in footnote 1.

Scheme 1
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ylphosphino)ethane (DIPHOS) in place of PPh3 enabled
us to employ only 5 equiv of phosphine ligand relative to
Pd2(dba)3‚CHCl3.2 Subsequent workup of the protected
oligonucleotide yielded a more tractable material. Yields
of eicosameric polythymidylate within experimental error
of those obtained via direct ammonolysis were achieved
fromO-â-cyanoethyl phosphate protected oligonucleotides
after 7 h at 55 °C (Table 1).1 Eicosameric polythymidyl-
ates containing phosphate protecting groups (O-methyl)
that are orthogonal with regard to the Pd(0)-mediated
cleavage were also isolated in quantitative yields (Table
1). Further optimization of the reaction conditions
proved that 5 h was sufficient to effect complete cleavage
of the oligonucleotide from the solid support.
Electrospray mass spectrometry (ESMS) proved that

the alkylcarboxy group remained intact during the vari-
ous deprotection and purification procedures. Only a
small amount of dealkylated material was formed. We
believe that the dealkylated material results from forma-
tion of the dianion during NH4OH deprotection, followed
by intramolecular displacement of the phosphate-termi-
nated oligonucleotide. ESMS could not distinguish be-
tween the polythymidylates cleaved directly from 3 with
NH4OH and those cleaved with Pd(0), as they differ by
only 1 mass unit. However, the two products are
separable on anion exchange HPLC, where 8 eluted more
than 1 min later than the respective amide obtained from
NH4OH treatment of resin-bound oligonucleotide.

Using the optimized conditions for cleaving methyl
phosphate protected polythymidylates, we examined the
suitability of the methodology for obtaining oligonucle-
otides containing all four native nucleotides. We deter-
mined that the yields of oligonucleotides prepared on 3
and cleaved via Pd(0) were not strongly dependent upon
sequence or length (Table 1).1 Furthermore, enzymatic
digestion of heteropolymers prepared on 3 using â-cya-
noethyl phosphoramidites that were cleaved with Pd(0)
reveals that no extraneous nucleosides are formed,
demonstrating that the Pd(0) cleavage process does not
damage the biopolymer.
In summary, we have utilized Pd(0)-catalyzed cleavage

of allyl groups to cleave oligonucleotides, conjugated to
alkylcarboxylic acids at their 3′-termini, from their solid
phase synthesis supports in very high yield.1 The cleav-
age reaction is orthogonal to commercially available
O-methyl phosphoramidite protecting groups. This meth-
odology should prove to be highly useful for the prepara-
tion of more elaborate oligonucleotide conjugates.
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Conjugates of biotin with the decamer of glutamic acid (glu10) and the trimer of D,L-2-amino-5-
phosphonovaleric acid (I) have been synthesized, and it has been shown that they mediate the binding
of avidin to hydroxylapatite. In a similar way a conjugate of methotrexate with glu10 mediates the
binding of dihydrofolate reductase to the mineral. The presentation of ligands on the hydroxylapatite
component of bone may find applications in clinical medicine.

Peptides containing several aspartic and glutamic acid
residues, oligonucleotides, and other polyanions bind
strongly but reversibly to hydroxylapatite; this is the
basis of hydroxylapatite chromatography (1, 2). We have
recently found that oligomers of glutamic acid as short
as the hexamer bind quantitatively to hydroxylapatite
and are not removed by washing with water or a 0.1 M
NaCl solution (3). This suggests that negatively charged
polypeptides might be used as linkers to bind ligands to
the mineral component of bone with controllable affinity
and retention time. In this paper we show that conju-
gates of biotin and methotrexate with negatively charged
peptides may be used to mediate the binding of avidin
and dihydrofolate reductase, respectively, to hydroxyl-
apatite.
Glu10 was synthesized by the Peptide Biology Labora-

tory at The Salk Institute. D,L-2-Amino-5-phosphono-
valeric acid (I), methotrexate (MTX), chicken liver dihy-

drofolate reductase (DHFR), and N-hydroxysuccinimide
(N-OH-succ) were obtained from Sigma; 1,1-carbonyl-
diimidazole (CDI) and dicyclohexylcarbodiimide (DCC)
were from Aldrich. Succinimidyl-6-(biotinamido) hex-
anoate (NHS-LC-Biotin II) was obtained from Pierce,
streptavidin from Boehringer, 125I-labeled streptavidin
from Amersham, and hydroxylapatite (HA) from Bio-Rad.
The biotin derivative of glu10 was synthesized by

reacting 25 nmol of the oligomer with 190 nmol of NHS-
LC-Biotin II in 20 µL of 0.1 M NaHCO3 buffer at pH 8.4
for 45 min. The product was purified on a C18 column
using a 0.1% TFA/acetonitrile gradient and its identity
confirmed by LDMS (calculated for C66H97N13O34S + Na+

1670.6; found 1670.7).

The MTX derivative of glu10 was synthesized via an
N-hydroxysuccinimide intermediate (4). A solution (40
µL) containing 0.05 MMTX, 0.05 M N-OH-succ, and 0.05
M DCC in DMF was allowed to stand at room temper-
ature for 1 h and then at 2-4 °C overnight. Ten
microliters of the resulting solution was added to 5-25
nmol of glu10 in 30 µL of 0.02 M NaHCO3 at pH 8.2. The
reaction mixture was shaken in the dark for 4 h and then
diluted with 70 µL of water. Unreacted MTX and salts
were removed by shaking the reaction mixture with 10
mg of HA overnight, removing the supernatant, and
washing the HA with water. Glu10 and its MTX conju-
gate were eluted by shaking the HA with 2 × 50 µL of
0.02 M pyrophosphate for 30 min. The conjugate was
purified by HPLC on a C18 column. Its identity was
confirmed by LDMS (calculated for C70H92N18O35 + H+

1745.6; found 1745.0).
Oligomers of D,L-2-amino-5-phosphonovaleric acid (pvl)

were synthesized from the monomer (I) using carbonyl-
diimidazole (CDI) as a condensing agent (5). A solution
of the monomer at pH 8 (0.05-0.1 M) was added to a
3-fold excess of solid CDI, and the resulting solution was
allowed to stand for 6 h (or overnight). Products ranging
from the dimer to the pentamer were identified by paper
chromotography (n-PrOH/NH3/H2O 7:1:2), and samples
of the oligomers were eluted from the paper. HPLC of
the reaction mixture on an RPC-5 column gave a series
of peaks that were assigned to oligomers of known length
by cochromatography with the material eluted from
paper.
To determine the shortest oligomer that binds to HA,

2-3 µg of the dimer, trimer, tetramer, or pentamer was
separately shaken with 10 mg of HA, and any oligomer
retained by the HA was eluted with K4P2O7 as described
above. HPLC analysis of the supernatant and K4P2O7
eluate showed that trimers and longer oligomers of pvl
were found only in the eluate and therefore had been
bound by the HA. Dimers were not bound to HA and
were found in the supernatant fraction.
To obtain the biotin derivative of (pvl)3, 6 µg of the

tripeptide isolated from RPC-5 was first adsorbed to 10
mg of HA. The solid was separated by centrifugation and
washed with H2O to remove Tris and other components
of the HPLC buffer. (Pvl)3 was then eluted with pyro-
phosphate as described above. (Pvl)3 (5-10 µg) in 20 µL
of buffer containing 0.2 M pyrophosphate and 0.2 M
NaHCO3 (pH 8.4) was added to 0.1 mg of solid NHS-LC
Biotin II. The reaction mixture was then allowed to
stand for 1 h at room temperature. The biotinyl deriva-
tive of the tripeptide was purified and isolated using an

* Author to whom correspondence should be addressed [tele-
phone (619) 453-4100, ext 1321; fax (619) 558-7359; e-mail
orgel@sc2.salk.com].
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RPC-5 column. Its identity was confirmed by ESMS
(calculated for C31H57N6O16P3S - H 893.2; found 893).
To recruit streptavidin to HA, 1 nmol of biotin-glu10

or biotin-(pvl)3 was first shaken with 1 mg of HA in 20
µL of 0.01 M Tris-ClO4 for 6 h (or overnight) at room
temperature. The supernatant was removed by centrifu-
gation, and the HA was washed with 100 µL of water. A
solution of 0.1 nmol of 125I-labeled streptavidin (25 000-
50 000 cpm) in 100 µL of buffer containing 1 M KCl and
0.01 M phosphate at pH 6.5 was added to the HA and
shaken for 45 min. The supernatant was removed by
centrifugation and the HA washed several times with 200
µL of H2O. The amounts of radioactivity found in the
supernatant, wash, and HA fractions were then mea-
sured (see Table 1). In control experiments, biotin-glu10
was replaced by glu10 and biotin-(pvl)3 was replaced by
(pvl)3. When a peptide bound to the HA was ligated to
biotin about 70% of the streptavidin was recruited to the
HA and 25-30% remained in the supernatant (Table 1).
In the control experiments no more than 5% of the
streptavidin was bound to the HA. Clearly the pread-
sorption of biotin conjugates of negatively charged polypep-
tides greatly enhances the adsorption of avidin to HA.
To recruit dihydrofolate reductase to HA, 1 nmol of

MTX-glu10 was adsorbed to HA as described above for
biotin-glu10. DHFR (0.52 nmol) in 200 µL of buffer
containing 0.1 M ammonium sulfate, 0.01 M potassium
phosphate, at pH 6.4, and 5% glycerol was added to the
HA and shaken for 45 min. The HA was separated from
the supernatant, washed with 100 µL of water, and then
eluted twice with 20 µL of 0.02 M K4P2O7. In control
experiments the MTX-glu10 was replaced by glu10. The
supernatant, the washes, and the pyrophosphate eluate
were analyzed on a 6% acrylamide SDS gel using Coo-
massie Blue to visualize DHFR. Figure 1 shows that in
the control experiments with glu10 more than 75% of the
DHFR was found in the supernatant (Figure 1, lane 1)
and only a small amount in the pyrophosphate eluate
(Figure 1, lane 3). In experiments involving MTX-glu10
more than 75% of the DHFR was found in the pyrophos-
phate eluate (Figure 1, lane 6) and very little in the
supernatant (Figure 1, lane 4). Preadsorption of
MTX-glu10, therefore, greatly increases the amount of
DHFR that binds to HA.
The above results show that conjugates of various

ligands with anionic polypeptides adsorbed noncovalently
on hydroxylapatite could be used as supports for affinity
chromatography. More importantly, HA presents special
opportunities in a related context, because it is the main
mineral component of bone. The surface of bone is freely
accessible to molecules in the extracellular fluid even if
they are as large as proteins (6). The bisphosphonates,
small molecules carrying four negative charges, have
been used extensively to attach technetium to hydroxyl-
apatite for bone scintigraphy (7). One example of the
recruitment of an anticancer drug, methotrexate, to bone
using a bisphosphonate has been reported (8). We believe
that anionic polypeptides may prove particularly conve-
nient as carriers of ligands to bone and may sometimes
have advantages over the bisphosphonates.

The mechanism of action of bisphosphonates on bone
resorption is not fully understood, but it seems clear that
it is not entirely a matter of adsorption to hydroxyl-
apatite. The properties of osteoblasts are profoundly
affected by submicromolar concentrations of bisphospho-
nates, suggesting that they attach to receptors, possibly
pyrophosphate receptors, on the cell surface (9). The
structures of polypeptides are completely unrelated to
that of inorganic pyrophosphate, so by using them as
carriers it should be possible to dissociate the direct
effects of adsorption to HA from the indirect effects due
to interaction with extracellular receptors on osteoblasts
(or osteoclasts).
Polypeptides are uniquely convenient as carriers,

because effective automated methods are already avail-
able for their synthesis, and the use of combinatorial
peptide libraries is well-established. The strength of
adsorption of the carriers could easily be controlled via
their length, while more or less degradable carriers could
be obtained by varying the ratio of D- to L-residues. In
the special case of a peptide ligand, the ligand and the
anionic carrier could be assembled in a single solid-phase
peptide synthesis. Presentation of ligands on HA that
interact directly with receptors on osteoblasts or osteo-
clasts, or which recruit proteins to bone, may find
applications in medicine.
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Insulin was covalently bound to water-soluble polymers such as poly(oxyethylene) and poly(acrylic
acid). The former and the latter product are water-soluble monovalent and multivalent conjugates,
respectively. Insulin was also bound to a poly(acrylic acid)-grafted polystyrene film, to form a water-
insoluble multivalent conjugate. The matrix polymer was prepared by graft polymerization of acrylic
acid initiated by glow-discharged polystyrene film. Insulin coupled with poly(oxyethylene) reduced
the mitogenic activity, but the poly(acrylic acid)-insulin conjugate stimulated cell growth more than
native insulin. A concentration of immobilized insulin much lower than that of native insulin and
the water-soluble insulin conjugates accelerated cell growth. The maximal mitogenic effect of the
immobilized insulin was greater than that of native insulin or the water-soluble insulin conjugates.
The findings suggest that the mitogenic effect of the water-insoluble, multivalent insulin conjugate
lasts longer than that of the water-soluble conjugates, owing to the absence of internalization into
the cell.

INTRODUCTION

Developments in molecular biology have revealed the
importance of biosignaling polypeptides, including growth
factors and cytokines. The covalent binding of biosignal
molecules to a soluble or insoluble matrix has a wide
range of applications, ranging from the elucidation of
biosignaling mechanisms and receptor isolation to clinical
therapeutics such as drug delivery and tissue regenera-
tion systems (1-4). The binding of biosignal molecules
to their specific receptors may lead to specific complexes
which are assembled and internalized into the cytoplasm
with a portion of the receptors returning to the cell
surface (down-regulation). However, whether all of these
processes are necessary has not been clarified. If the
internalization of biosignal-receptor complexes is not
indispensible for signal transduction, biosignal molecules
covalently linked to water-insoluble matrix should be
active.
We showed that insulin immobilized on various water-

insoluble matrices enhances the growth of anchorage-
dependent cells more than native insulin (5, 6). We
considered that this effect was due to long-lasting signal
transduction due to inhibited down-regulation (7). How-
ever, the growth-acceleration effect of immobilized insulin
might involve effects arising from chemical modifications
of the insulin and the generation of a multivalent ligand
system. These effects of immobilized insulin have not
been thoroughly investigated.
In the present study, to clarify the effect of chemical

modification and the generation of a multivalent ligand
system, we synthesized insulin-poly(oxyethylene) or
insulin-poly(acrylic acid) conjugates and compared their
effects with those of insulin immobilized to a poly(acrylic
acid)-grafted polystyrene film.

MATERIALS AND METHODS

Materials. Insulin (Ins) (bovine origin, no. I-5500) and
tresylated ω-methoxypoly(oxyethylene) (POE, MW )
5000) were purchased from Sigma Chemical Co. (St.
Louis). [125I]Insulin was purchased from Daiichi Chemi-
cal Ltd. (Tokyo). Poly(acrylic acid) (PAA, MW ) 15 000),
acrylic acid, and Clear-sol I were purchased from Nacalai
Tesque, Inc. (Kyoto, Japan). Polystyrene (PSt) was
purchased fromWako Pure Chemical Ltd. (Osaka, Japan)
and purified by precipitation in methanol before use.
Poly(oxyethylene) Conjugates. The synthetic

scheme is shown in Figure 1a (8). A phosphate-buffered
solution (pH 7.0, 0.5 mL) containing tresylated POE (100
µg) and the same solution (0.5 mL) containing insulin (1
mg) with or without [125I]insulin were mixed and stirred
for 24 h at 4 °C. The product was purified by ultrafil-
tration (Millipore Molecut II, filtration off below 10 kDa)
and referred to as Ins-POE. The formation of the insulin
conjugate was confirmed by high-performance liquid
chromatography (HPLC) using a column packed with
Cosmosil 5Diol-120, purchased from Nacalai Tesque, Inc.
[eluent, 0.02 M phosphate buffer (pH 7.0) and 0.2 M
NaCl; elution rate, 1.0 mL/min at room temperature;
detection, absorbance at 280 nm].
Poly(acrylic acid) Conjugates. The synthetic scheme

is shown in Figure 1b. A phosphate-buffered solution (pH
7.0, 0.5 mL) containing PAA (100 µg) was mixed with
the same solution (0.5 mL) containing 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (water-
soluble carbodiimide, WSC, 1 mg), and the mixture was
stirred for 24 h at 4 °C. The solution containing activated
PAA was quickly ultrafiltrated (Millipore Molecut II,
filtration off below 10 kDa), mixed with a phosphate-
buffered solution (pH 7.0, 1 mL) containing insulin (1 mg)
with or without [125I]insulin, and then stirred at 4 °C for
24 h. Thereafter, a phosphate-buffered solution contain-
ing glycine (10 mg, 1 mL) was added to the reaction
mixture and left at 4 °C for a further 6 h to block any
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activated carboxylic groups of PAA that remained unre-
acted. The product was purified by ultrafiltration and
is referred to as Ins-PAA. The formation of Ins-PAA
was confirmed by HPLC as described above for Ins-POE.
Immobilization of Insulin onto a Poly(acrylic

acid)-Grafted Polystyrene Film. The synthetic scheme
is shown in Figure 1c. A PSt film was cast from a toluene
solution (15 wt %) on a circular glass plate (diameter, 15
mm). The film was glow-discharged (200 W) with a high-
frequency wave generator (Nihon Koshuha Co., Yoko-
hama, Japan) for 20 s under a pressure of 5.65 Pa. The
film was exposed to air and incubated in a solution of
acrylic acid (20 wt %) for 24 h at 60 °C. The PAA-grafted
PSt film was washed with distilled water until the
absence of unreacted monomer and unbound PAA in the
wash was confirmed by a pH monitor.
The PAA-grafted PSt film was immersed in a phos-

phate-buffered solution (pH 7.0) containing WSC (1 mg/
mL) and [125I]insulin of various concentrations at 4 °C
for 48 h. After immobilization, the film was repeatedly
washed with phosphate-buffered saline [PBS (pH 7.4),
NaCl (8.0 g), KCl (0.2 g), KH2PO4 (0.2 g), NaHPO4 (1.15
g), MgCl2 (0/1 g), and CaCl2 (0.1 g in 1 L of distilled
water)] until the absence of [125I]insulin in the wash was
confirmed. Non-radiolabeled insulin was immobilized
under the same conditions. The immobilized insulin is

referred to as Ins-PSt. An insulin-adsorbed PSt film
was prepared in a similar manner without using WSC.
These films were disinfected with 70% ethanol and
washed with sterilized PBS for biological experiments.
Measurement of Contact Angle, Electron Spec-

troscopy for Chemical Analysis (ESCA), Surface
Concentration of Carboxylic Acid, and Composi-
tion of Conjugates. The contact angle of an air bubble
placed on polystyrene film was measured to assess the
surface wettability. Prior to the measurement, the PSt
film was incubated at 37 °C for 24 h. Surface modifica-
tions of polystyrene film were analyzed by ESCA using
a Perkin-Elmer 5500 series multi-technique apparatus
on freeze-dried samples. The surface amount of carboxy-
lic acid was measured using rhodamine 6G as reported
(5).
The composition of insulin in the conjugates was

determined by measuring 125I and fluorescence. The
labeled conjugates were prepared by the same methods
as the nonlabeled conjugates. The fluorescence was
measured at 345 nm by excitation at 280 nm. The insulin
contents were calculated by comparing the radioactivity
and fluorescence intensity of insulin conjugates with that
of insulin per unit weight.
Cell Culture and Growth Assay. Mouse fibroblast

STO cells were subcultured in Dulbecco’s modified Ea-

Figure 1. Synthetic schemes of insulin conjugates with (a) poly(oxyethylene) (POE), (b) poly(acrylic acid) (PAA), and (c) poly-
(acrylic acid)-grafted polystyrene (PSt) film. WSC is water-soluble carbodiimide.
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gle’s minimum essential medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), purchased from
Nissui Pharmaceutical Co. Ltd. (Tokyo).
The STO cells were harvested using PBS without

magnesium or calcium ions [PBS(-)], containing 0.15%
(w/v) trypsin (2000 units/g) and 0.02% (w/v) ethylenedi-
aminetetraacetic acid (EDTA). The cells were washed
once with DMEM containing FBS and once with DMEM,
then suspended in DMEM (2 × 104 cells/well), and
incubated in 24-well plates containing insulin conjugates
in DMEM (1 mL/well) under a 5% CO2 atmosphere at 37
°C. The cell growth was determined by measuring the
uptake of [3H]thymidine (9). After cell culture for 45 h,
the cells were incubated with [3H]thymidine for a further
3 h. Subsequently, the cells were washed once with PBS
and three times with ice-cooled TCA (10 wt %) and then
solubilized with 0.5 N NaOH. The lysate was neutralized
with 5 N HCl and then mixed with Clear-sol I, and the
radioactivity was measured.
Insulin Association with Cells. To determine the

internalization into cells and specific or nonspecific
complexation with the cell surface of the insulin conju-
gates (insulin association), STO cells were cultured in the
presence of 125I-labeled insulin conjugates for 3, 24, and
48 h. After three washes with PBS(-), the cells were
detached from culture plates using PBS(-) containing
0.02 wt % EDTA until cells adhering to the plates be-
came undetectable by optical microscopy. The cells were
collected by centrifugation, and the radioactivity was
measured in a γ counter.

RESULTS

Synthesis of Water-Soluble Insulin Conjugates.
Figure 2 shows the HPLC elution profile of the native
insulin and the insulin conjugates with POE and PAA.
Ins-POE eluted faster than the native insulin or POE.
The Ins-PAA conjugate eluted faster than native insulin
or PAA. Measuring the 125I-labeled insulin showed that
the insulin contents in Ins-POE and Ins-PAA were 0.95
( 0.09 and 4.06 ( 0.22 mol/mol, respectively ((standard
deviation, n ) 5). Fluorescence measurements indicated
that the contents in Ins-POE and Ins-PAA were 0.98
( 0.11 and 3.90 ( 0.15 mol/mol, respectively ((standard
deviation, n ) 3). These results demonstrated that Ins-
POE was composed of about one insulin molecule and
one poly(oxyethylene) chain and that Ins-PAA contained
about four insulin molecules in one poly(acrylic acid)
chain.
Graft Copolymerization and Insulin Immobiliza-

tion. The surface composition of polystyrene film after
various manipulations was analyzed by ESCA, and the
results are shown in Table 1. After glow discharge, the
content of oxygen in the film surface increased, showing
the formation of peroxides, alcohols, and other oxidation
products. After graft polymerization of acrylic acid, the
oxygen content increased, indicating the presence of PAA
(O, 40%). The concentration of COOH groups on the
PAA-grafted PSt film as determined with rhodamine 6G
was (4.3 ( 0.2) × 10-8 mol/cm2. The content of oxygen
decreased, and that of nitrogen became detectable by
insulin immobilization (N, 15.4%; O, 18.4%). The surface
wettability of the polystyrene film after various manipu-
lations was estimated in terms of the contact angle of
air bubbles in water, and the results are shown in Table
1. Glow discharge and graft polymerization of acrylic
acid increased the wettability. Insulin immobilization
slightly decreased the wettability of PAA-grafted PSt
film.
PAA-grafted Pst film was immersed in an aqueous

solution of insulin in the presence or absence of water-

soluble carbodiimide. The film was then repeatedly
washed with PBS until insulin release from the film was
undetectable. Complete removal of insulin, which was
weakly adsorbed on the film, required over 20 washes.
The amount of insulin immobilized or adsorbed on the
PAA-grafted PSt film was measured using radiolabled
insulin, and the results are shown in Figure 3. With
increasing feed concentrations, the amount of immobi-
lized insulin increased. The maximal surface concentra-
tion of immobilized insulin corresponded to complete
coverage of the film surface with insulin. A small amount
of noncovalently (physically) adsorbed insulin was found
on the film surface after repeated washing with PBS.
Table 2 shows that the covalently immobilized insulin

was not released under any conditions investigated, while
the adsorbed insulin was released into the culture
medium or taken up by cells under some conditions.
The association of insulin conjugates with cells during

culture is shown in Figure 4. Insulin internalization was
slightly suppressed by binding to POE but enhanced by
that to PAA. On the other hand, Ins-PSt was completely
free from insulin internalization, while insulin nonco-

Figure 2. HPLC elution profiles of (a) POE, (b) PAA, (c) native
insulin, (d) Ins-POE, and (e) Ins-PAA. BSA is bovine serum
albumin. The number indicates the molecular weight.

Table 1. Surface Properties of Polystyrene Film as
Investigated by ESCA and Contact Angle Measurement

element composition (%)
sample C O N

contact angle
of air in water

PSt 97.8 2.2 0.0 88 ( 3°
glow-discharged PSt 88.7 11.3 0.0 42 ( 3°
PAA-grafted PSt 78.1 21.9 0.0 35 ( 3°
Ins-PSta 73.3 15.7 11.0 38 ( 2°

a PAA-grafted PSt immobilized with insulin (0.684 µg/cm2).
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valently adsorbed on PAA-grafted PSt film was very
slowly taken up by the cells.
Mitogenic Activities of Insulin Conjugates. Fig-

ure 5 shows the rate of DNA synthesis in mouse fibrobast
STO cells cultured in the presence of various insulin
conjugates. The mitogenic effect of Ins-POE was lower
than that of native insulin. The effect of Ins-PAA was
a little higher than that of the native insulin. Small
amounts of Ins-PSt (0.1-0.05-fold the amount of native
insulin) stimulated DNA synthesis in STO cells. The
maximal mitogenic effect of Ins-PSt was much greater
than that of the water-soluble insulin conjugates inves-
tigated.

DISCUSSION

Soluble Insulin Conjugates. Insulin has two chains,
A and B, and three amino groups, A1-glycine, B1-
phenylalanine, and B29-lysine. The reactivity is A1 >
B29 > B1. The N terminus of the A chain is the most
reactive and is considered to be in the neighborhood of
the receptor binding site (10). Markussen et al. (11)
coupled insulin selectively through the B1 amino group
to divinyl sulfone-activated agarose using insulin that
was protected in positions A1 and B29, to construct a
high-capacity affinity chromatography system for insulin
receptors. On the other hand, Schoelson et al. (12)
incorporated benzoylphenylalanine, a photoactivable amino
acid, into position 25 of the B chain by chemical synthesis
and enzymatic semisynthesis to investigate the interac-
tion between insulin and the receptor. They concluded
that the efficiency of cross-linking was unusually high,
ranging from 60 to 100%, and the cross-linking resulted
in receptor and kinase activation. Weiland et al. (13)
synthesized a covalently dimerized insulin derivative
B29,B29′-suberoylinsulin and indicated that the deriva-
tive competitively inhibited insulin-stimulated DNA
synthesis in 3T3-L1 fatty fibroblasts. However, it had
no effect on mature rat adipocytes. These results dem-
onstrate that it is difficult to estimate the activity of
modified insulin.
In this study, the mitogenic effect of insulin was

reduced by coupling to poly(oxyethylene). We considered
the fact that the POE molecule hindered access of the

insulin to the receptor because insulin is linked to POE
mainly through the chemically reactive and biologically
active sites, A1 and B29. However, the Ins-PAA con-
jugate apparently possessed higher mitogenic activity
than the Ins-POE conjugate, although we also consid-
ered the fact that insulin is linked to PAA through A1
and B29. This should be due to the multivalency of Ins-
PAA. The Ins-PAA conjugate can be active by enhanc-
ing receptor dimerization, as well as the aggregation and
internalization of insulin conjugate-receptor complex.
Insoluble Insulin Conjugates. Covalent immobili-

zation by insulin onto the polymer matrix was first
reported by Cuatrecasas in 1969, who found that the
immobilized insulin stimulates isolated fat cells (14).
However, Oka and Topper found that some material with
insulin-like activity was released from insulin-Sepharose
(15). This substance had greater activity than native
insulin and was referred to as superactive insulin.
Wilchek and co-workers (16) considered the fact that the
biological effects attributed to the insulin-Sepharose
conjugate may be best explained in terms of insulin/
serum protein-substituted guanidine released from the
Sepharose matrix during cell culture.
The present study showed that immobilized insulin,

Ins-PSt, was more mitogenic than Ins-PAA. In addi-
tion to multivalency, some other mechanisms must be
operating in the action of Ins-PSt. We reported that
insulin immobilized on surface-hydrolyzed poly(methyl
methacrylate) film activated insulin receptors longer than
soluble insulin, due to inhibited down-regulation (7). Ins-
PSt should also activate the cellular signal-transduction

Figure 3. Amount of insulin adsorbed (O) or immobilized (b)
on PAA-PSt film. Bars represent the standard deviation. n
) 6.

Table 2. Percentage of Insulin Released during a 48 h
Incubation under Various Conditions

state of insulin on
polystyrene film

culture condition immobilization adsorption

serum-free medium with cells
in medium 0.0 3.3 ( 2.0
in cells 0.0 26.6 ( 6.0

serum-free medium without cells 0.0 1.3 ( 0.6
serum-containing medium 0.0 10.0 ( 1.3
PBS 0.0 0.0

Figure 4. Time-dependent association with mouse fibroblast
STO cells during culture in the presence of (4) native insulin,
(2) Ins-POE, (0) Ins-PAA, (b) Ins-PSt, and (O) insulin
adsorbed on PAA-PSt. Bars represent the standard deviation.
n ) 6.

Figure 5. Growth rate of mouse fibroblast STO cells in the
presence of (4) native insulin, (2) Ins-POE, (0) Ins-PAA, (b)
Ins-PSt, and (O) insulin adsorbed on PAA-PSt. Bars represent
the standard deviation. n ) 6.
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system over a long period without internalization. Mem-
brane-anchored growth factors or cytokines regulate cells
as “juxtacrine stimulators” (17). Immobilized insulin is
considered to be “an articial juxtacrine stimulator”. The
high activity of the artificial system will extend the
concept of juxtacrine stimulation.
Proteins physically adsorb onto solid materials, and it

is impossible to completely remove them by washing (18,
19). Therefore, some noncovalently adsorbed insulin
remained on poly(acrylic acid)-grafted polystyrene film
even after repeated washing. However, the amount was
very small; it was slowly released from the surface, and
the mitogenic effect was negligible. In Ins-PSt, insulin
was covalently bound and none was released during cell
culture. There should be no space where insulin could
physically adsorb on the activated PAA-grafted PSt film
surface.
Another problem concerning the insulin-Sepharose gel

conjugate is the porosity or the rough surface of the
matrix, which hinders access of cells to immobilized
insulin. Horwitz and co-workers (4) pointed out the
importance of a smooth surface in the activity of im-
mobilized biosignal proteins and reported that interleu-
kin-2 immobilized to plasma-treated polystyrene film
maintained the viability of an interleukin-2-dependent
cell line.
In the present investigation, the effectiveness of insulin

immobilization on insoluble matrix was demonstrated by
comparing Ins-PSt with Ins-PAA or Ins-POE conju-
gates. The effectiveness probably arose from inhibited
internalization. A comparison of two types of immobili-
zation matrices, polystyrene film and Sepharose gel, in-
dicated that the smooth film surface induced efficient
interaction of immobilized insulin with adsorbed cells.
We quantified the contribution of the lack of internaliza-
tion to the activity of immobilized biosignal proteins for
the first time, using smooth polystyrene film.
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Poly(ethylene glycol)-Grafted Liposomes with Oligopeptide or
Oligosaccharide Ligands Appended to the Termini of the Polymer
Chains
Samuel Zalipsky,*,† Nasreen Mullah,† Jennifer A. Harding,† Joshua Gittelman,† Luke Guo,† and
Shawn A. DeFrees‡
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3525 John Hopkins Court, San Diego, California 92121. Received August 31, 1996X

Novel conjugates tailor-made for inclusion in liposomal formulations, containing distearoylphosphati-
dylethanolamine (DSPE) as a lipid anchor, heterobifunctional polyethylene glycol (PEG) with a
molecular weight of 2000 as a linking moiety, and a biological cell adhesive ligand [YIGSR peptide or
Sialyl LewisX oligosaccharide (SLX)], were synthesized. They were characterized by NMR, chroma-
tography, and matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-
TOFMS). Inclusion of either of the ligand-PEG-lipid conjugates (2 mol %) in a lecithin/cholesterol/
methoxy-PEG2000-DSPE (55:40:3 mole ratio) lipid mixture followed by preparation of unilamellar
vesicles (100 nm) resulted in positioning of 55% of the YIGSR and 63% of the SLX ligands on the
periphery of the outer surface-grafted polymeric “brush”, as determined by a combination of specific
enzymatic alterations of each ligand and HPLC. Similar densities of ligand-bearing PEG chains were
incorporated into liposomes by simply incubating (37 °C, 5 h) either one of the ligand-PEG-lipid
conjugates with preformed lipid vesicles. This conjugate insertion process was aggregation free. Using
enzymatic derivatization-HPLC, it was demonstrated that all the ligands incorporated into lipid
membranes by this new approach were positioned exclusively on the outer leaflet of the liposomal
bilayers. Since liposomes of this type are intended for in vivo use as long-circulating, ligand-presenting
platforms, the insertion approach is preferable because of the more efficient utilization of ligand-
PEG-lipid conjugates.

INTRODUCTION

Liposomes, spherical self-enclosed vesicles composed
of amphiphilic lipids, constitute one of the most important
and extensively studied classes of supramolecular con-
structs. They play an important role in a variety of
subdisciplines ranging from studies of biological recogni-
tion to catalysis and chemical separations (1). Unila-
mellar liposomes of natural phospholipids loaded in their
aqueous compartment with biologically active substances
were long considered promising vehicles for improvement
of in vivo properties of drugs. However, this promise was
largely unfulfilled due to the tendency of liposomes to
interact with plasma components, a process resulting in
their rapid clearance from systemic circulation with
concomitant accumulation by organs of the mononuclear
phagocyte system (primarily liver and spleen). It has
been discovered that grafting of flexible water soluble
polymers on the surface of liposomes circumvents this
problem to a large extent [see reviews (2-6)]. The
optimal formulations of polymer-grafted liposomes (ap-
proximately 100 nm in diameter) have been obtained by
including in the total lipid mixture 3-7 mol % of
methoxypoly(ethylene glycol) with a molecular weight of
2000 in the form of distearoylphosphatidylethanolamine
(mPEG-DSPE1) conjugate, in addition to phosphatidyl-
choline (PC) and cholesterol. Although some other am-
phipatic polymers, most notably poly(2-methyl-2-oxazo-
lines) (7, 8), were also able to convey comparable beneficial
properties to liposomes, PEG remains the principal

polymer used for modification of liposomal surfaces.
Such formulations possess extraordinarily long in vivo
plasma circulation times (terminal T1/2 ) 45 h in humans,
with most of the dose cleared under the longer half-life)
(9). This property offers new opportunities for utilization
of such polymer-grafted liposomes as long-circulating
platforms presenting biologically relevant ligands. This
type of system is useful for ligand-mediated targeting or
as a means of increasing systemic exposure of small
biologically active substance ligands, which, in their free
form, are cleared from blood circulation very rapidly.
Potentially useful ligands could be vitamins (10, 11),
peptides (12), oligosaccharides (13), as well as macro-
molecules like immunoglobulins (14-17), other proteins
(18), and polysaccharides (3). Since the surface of PEG
liposome is covered by mobile, highly water-solvated
polymer chains, it is logical to form covalent attachments
with the biological ligands of interest through the end
groups of these chains (19, 20). This allows for maximal
exposure of the ligands on the periphery of the liposomes.
The more conventional methods of binding ligands to
polar head group residues of liposomal lipid components
resulted in interference by the surface-grafted PEG
chains in both the conjugation reactions and the interac-
tion of the bound ligand with the intended target (15,
16). Several end group-functionalized PEG-lipid con-
jugates were recently introduced to facilitate the develop-
ment of liposomes with ligands linked to the termini of
the grafted PEG chains (17, 19-21). There are two
principal approaches to preparation of such systems. One
involves preparation of lipid vesicles containing the* Address correspondence to Dr. Samuel Zalipsky, SEQUUS

Pharmaceuticals, Inc., 960 Hamilton Court, Menlo Park, CA
94025. Telephone: 415-323-9011. Fax: 415-617-3080. E-
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1 Abbreviations: PEG, poly(ethylene glycol); mPEG-DSPE,
methoxy-PEG-distearoylphosphatidylethanolamine; YIGSR, Tyr-
Ile-Gly-Ser-Arg; SLX, Sialyl LewisX; PHPC, partially hydroge-
nated soy phosphatidylcholine; PDP, 3-(2-pyridyldithio)propio-
nyl; MALDI-TOFMS, matrix-assisted laser desorption ioni-
zation-time of flight mass spectrometry.
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appropriate amounts of X-PEG-lipid, where X is a
reactive functionality, which is then used for covalent
fixation of the appropriate ligands (12, 17, 18). An
alternative methodology involves the initial preparation
of a three-component conjugate of the general structure
ligand-PEG-lipid, followed by formulation of the lipo-
somes (10, 13). Since in the first approach the conjuga-
tion reaction is done after liposome formation, it unavoid-
ably leaves some reactive functional groups on the inner
leaflet of the lipid bilayer and often some on the outer
leaflet as well. On the other hand, if the liposomes are
formulated with the preformed three-component conju-
gates, some of the valuable ligands inevitably are facing
the enclosed aqueous compartment and thus become
unavailable for their intended interaction with their
biological targets.
In this manuscript, we present the results of synthesis

and formulation of two new PEG-phospholipid conju-
gates of biological-cell adhesive ligands (Figure 1): the
peptide, Tyr-Ile-Gly-Ser-Arg (YIGSR), and the oligosac-
charide, SialR2,3Galâ1,4(FucR1,3)GlcNAc (Sialyl LewisX,
SLX), each representing a major group of potentially
useful substances. The pentapeptide sequence is the
shortest fragment of basement membrane glycoprotein,
laminin, retaining the binding activity to laminin cell
surface receptors. This binding was implicated in me-
tastasis and angiogenesis processes (22, 23). SLX is
recognized in vivo by E-, P-, and L-selectin, which play
an important role in inflammation-related tissue injury
(24). The conjugates were designed to fit in liposomal
membranes of mPEG-grafted lecithin/cholesterol vesicles
so that the biologically active ligands would be positioned
on the periphery of the grafted polymer chains. Our
results show that formulations obtained by mixing either
of the conjugates with the appropriate lipid components
and forming 100 nm unilamellar liposomes had ap-
proximately 60% of the ligands expressed on the exterior.
After careful characterization of this type of lipid vesicle,
we devised an improved method for formulation of ligand-
bearing polymer-grafted liposomes which contain ligand-
polymer components exclusively on the outer leaflet of
the lipid bilayer. Thus, the new method overcomes the
limitations of both of the above-mentioned approaches
to ligand-bearing PEG liposomes. This is the first

description of this methodology, which holds great prom-
ise in development of long-circulating liposomes carrying
biologically active ligands on their exterior.

RESULTS AND DISCUSSION

Synthesis of Conjugates. Our synthesis strategy,
schematically depicted in Figure 1, relied on the nucleo-
philic displacement reaction between bromoacetylated
oligosaccharide or oligopeptide ligands and thiol-termi-
nated PEG-DSPE. The use of a DSPE-based lipid anchor
was warranted to maximize the lipid bilayer affinity (25)
and to minimize the ability of the produced conjugates
to dissociate from liposomal bilayers (26). The bro-
moacetyl-thiol coupling reaction was previously used for
preparation of various protein and peptide adducts (27-
30). The thiol component was generated by a facile
reduction of 3-(2-pyridyldithio)propionate residue of PDP-
PEG-DSPE, derived from PEG2000 (17), with tributylphos-
phine (28). The peptide derivative, NR-(bromoacetyl)-
YIGSR-NH2, was prepared by standard solid-phase peptide
synthesis (30). The reactive derivative of SLX containing
bromoacetylated p-aminobenzoyl, appended onto the
amino group of the glucosamine residue of the pentasac-
charide, was assembled through a series of chemical and
enzymatic steps as described elsewhere (13). The con-
jugation reaction between the thiol and bromoacetyl
components proceeded only moderately under conven-
tional conditions often employed in protein chemistry, e.g.
aqueous buffer and close to neutral pH (30). After some
optimization of reaction conditions, the best results were
obtained by carrying out the coupling in DMF/aqueous
bicarbonate (9:1, v/v) in the presence of potassium iodide.
Under these conditions, we were able to obtain ap-
proximately 70% yields of reverse-phase silica-purified
YIGSR or SLX conjugates of DSPE-PEG. Both conju-
gates were characterized by NMR, chromatography, and
mass spectrometry. Figure 2 depicts the spectra obtained
by MALDI-TOFMS analysis of the conjugates. Both
produced a series of 44 Da-spaced lines centered around
3540 and 4056 Da for the pentapeptide and pentasac-
charide conjugates, respectively, i.e. within 44 Da, the
molecular mass of one ethylene oxide unit, of the theo-
retical values (3496 and 4012 Da). These results repre-
sent one of the first uses of MALDI-TOFMS for char-

Figure 1. Schematic depiction of the conjugation reactions.
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acterization of conjugates of three different components
assembled in a well-defined manner (31). Both of the
three-component conjugates formed clear aqueous solu-
tions thought to be micellar in analogy to previously
described solutions of mPEG-DSPE (32, 33).
Liposome Formulation and Quantitation of Ex-

ternal Ligands. Standard methodology of lipid film
hydration followed by extrusion was utilized to form
liposomes containing 2 mol % of one of the ligand-PEG-
lipid conjugates. On the basis of our previous experience
with optimal formulations of mPEG-grafted liposomes,
the total content of PEG-lipid (sum of mPEG-DSPE and
ligand-PEG-DSPE) was kept at 5 mole %, while the
remainder of the components was PHPC and cholesterol
(55:40 mole ratio) (2, 12, 13, 17). As demonstrated by
cryoelectron microscopy (Figure 3), liposomes obtained
by this methodology were predominantly unilamellar.
The total content of each ligand-PEG-lipid was deter-
mined by HPLC. In the case of the YIGSR ligand, we
also confirmed the content of the pentapeptide by amino
acid analysis. Since potential applications of these
systems involve interaction of the ligand residues with
the corresponding target receptors, it is the outer leaflet-
bound ligand that is of primary importance. In essence,
the ligand moieties facing the interior aqueous compart-
ment are going to be wasted. In order to determine the
amounts of external surface-bound ligands, we devised
a strategy involving an enzymatic alteration of each of
the ligands followed by HPLC determination of the
amounts of starting materials and products.
There are three primary reasons for choosing this

strategy. (A) Enzymes are large proteins, and thus, they
are not able to diffuse through lipid bilayers. (B)
Enzymatic reactions take place under conditions mild
enough that they do not cause liposomal bilayer mixing
and reformation. (C) Finally, enzymatic reactions are
clean; i.e. they produce only one product and will proceed
until the supply of accessible substrate is completely

depleted. For this purpose, we chose two enzymatic
cleavage reactions using readily available enzymes: sial-
idase and chymotrypsin. The sites of cleavage on each
of the ligand residues are shown with arrows in Figure
1. Thus, enzymatic reactions performed on ligand-
containing liposomes resulted in the appropriate alter-
ations of enzyme-accessible ligand residues. Both enzy-
matic reactions (sialidase with SLX and chymotrypsin
with YIGSR) were monitored by HPLC, which showed
disinct peaks of the appropriate ligand-PEG-lipid con-
jugates and their enzymatically modified products. The
micellar samples of both ligand-PEG-DSPE’s subjected
to such treatment proceeded cleanly to completion, yield-
ing one-peak products on HPLC. Figure 4 illustrates the
chromatogram of SLX-PEG-DSPE before, during, and
after completion of the sialidase-mediated cleavage of the
oligosaccharide. Similar chromatograms were observed
in the course of DSPE-PEG-YIGSR-NH2 digestion with
chymotrypsin (data not shown). Integration of starting
material and product peaks in the process of each of the
enzymatic reactions provided information about the
accessibility of each ligand. As can be seen from Figure
5, chymotryptic digestion of YIGSR-containing liposomes
proceeded readily up to a point of approximately 55%
conversion to the product, DSPE-PEG-Y. The product:
starting material ratio did not change even after ex-
tended incubation with the enzyme. Since we established
that all the accessible, micellar substrate is cleaved by
the enzyme, this observation is consistent with 55% of
the conjugate being anchored in the outer leaflet of the
liposomal bilayer. Similar experiments performed with
SLX liposomes showed that sialidase converted ap-
proximately 63% of liposomal SLX-PEG-DSPE into a
single-peak product, LX-PEG-DSPE. Both enzymatic
reactions were controlled for their activity in the presence
of ligand-free liposomes.
These experiments established that slightly more than

half of the total ligand-PEG-lipid conjugates (55 and

Figure 2. MALDI-TOFMS spectra of SLX-PEG-DSPE (A)
and DSPE-PEG-YIGSR-NH2 (B).

Figure 3. Cryoelectron micrographs of control (top, PHPC/
cholesterol/mPEG-DSPE, 55:40:5 mole ratio,≈100 nm diameter)
and SLX-containing liposomes (bottom, PHPC/cholesterol/mPEG-
DSPE/SLX-PEG-DSPE, 55:40:3:2 mole ratio, ≈100 nm diam-
eter). Courtesy of Dr. Peter M. Frederik.
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63%, respectively, for YIGSR and SLX liposomes) were
accessible to enzymatic cleavage and thus were posi-
tioned on the external leaflets of the liposomal bilayers.
These measurements of the external ligands are in accord
with a simple picture of spherical unilamellar liposome
geometry. Assuming a 100 nm diameter (R ) 50 nm)
and a 4 nm bilayer thickness (internal radius r ) 46 nm),
the percent of the ligand on the external leaflet should
be 4πR2/(4πR2 + 4πr2), which equals 54%. Bulkier head
groups of lipids, as well as deviations from the strictly
spherical shape of vesicles (see Figure 3), should cause
further preference for the outer surface (1). In compari-
son to YIGSR, SLX is a larger ligand. It is also a more
rigid residue, and the attachment site was positioned on
the second sugar moiety, further enhancing the require-
ments for steric accommodation. Thus, we think it is
reasonable that, under otherwise identical formulation
conditions, a somewhat larger percentage of SLX than
YIGSR is positioned on the external surface of the
liposomal bilayer.
Liposomes Bearing Ligands Exclusively on the

Outer Surface. Since liposomes of this type are in-
tended for in vivo applications as ligand-presenting long-
circulating platforms, only the ligand residues on the
external leaflet are potentially capable of interaction with
their intended biological targets. Thus, it is apparent
that maximal expression of the ligands on the external
surface is desirable, and the inner leaflet-bound ligands
are in essence wasted. Furthermore, preparation of
three-component conjugates of the type described here,
containing expensive biologically active ligands, is con-
sidered to be a formidable challenge. In light of these
considerations, a formulation containing similar densities
of ligand-PEG-lipid conjugates anchored exclusively on
the external surface of the liposomal bilayer is preferable
to more conventional preparations, which inevitably
result in a substantial fraction of the valuable three-
component conjugates being on the inner leaflet.
It has been known that incubation of some lipids with

liposomes or biological cells can result in their incorpora-
tion into the lipid bilayer (34). Recently, Uster et al.

demonstrated that mPEG-DSPE can be inserted into
lipid vesicles composed of lecithin/cholesterol, resulting
in external surface PEG-grafted liposomes with physical
and biological characteristics similar to those of liposomes
obtained by hydration-extrusion of the mixture of all the
lipids (33). Building on these precedents, we devised a
method for preparation of ligand-bearing polymer-grafted
liposomes containing ligand residues only on the external
surface. In a few biological experiments, it was demon-
strated that inclusion of 2 mol % of SLX-PEG-DSPE in
mixed lipid film hydration-extrusion formulations re-
sulted in good biological activity (13, 35). Therefore, our
aim was to achieve the same external surface ligand

Figure 4. HPLC chromatograms of SLX-PEG-DSPE before
(A) and after completion of sialidase-mediated cleavage of
micellar or liposome-inserted conjugate (B). The bottom chro-
matogram (C), showing 63% LX-PEG-DSPE and 37% SLX-
PEG-DSPE, was obtained after extensive sialidase-mediated
cleavage of SLX liposomes made by premixing of all the lipid
components. An identical peak profile was observed during
partial cleavage of the micellar conjugate.

A

B

C

Figure 5. Results of HPLC followup of chymotryptic cleavage
of DSPE-PEG-YIGSR-NH2 (1-2 units per micromole of pep-
tide) in a micellar form (A), liposomal formulation (PHPC/
cholesterol/mPEG-DSPE/DSPE-PEG-YIGSR-NH2, 55:40:3:2 mole
ratio) obtained by the lipid film hydration-extrusion method
(B), and liposomal formulation prepared by insertion of the
three-component conjugate (1.2 mol %) into preformed liposomes
(PHPC/cholesterol/mPEG-DSPE, 55:40:3 mole ratio) (C).

114 Bioconjugate Chem., Vol. 8, No. 2, 1997 Zalipsky et al.



density of ligand-PEG-lipid conjugates while keeping
the amount of the mPEG component unchanged. Ac-
cording to the enzymatic cleavage experiments, ap-
proximately 60% of the ligand conjugates were on the
external surface, which corresponds to 1.2 mol % of total
lipid. Therefore, ligand-PEG-lipid conjugates corre-
sponding to this amount were incubated with preformed
PHPC/cholesterol liposomes containing 3 mol % of mPEG-
DSPE. Thus, in contrast to previously published lipid
insertion experiments (33), the starting liposomes con-
tained mPEG-DSPE on both sides of the lipid bilayers.
In exploratory experiments at various time intervals,
aliquots of the liposomes incubated with SLX-PEG-
DSPE at 37 °C were withdrawn and the liposomal peak
was separated from the micellar conjugate by size exclu-
sion chromatography (Figure 6). HPLC was used to
determine the amounts of the ligand-containing conju-
gate in each of the fractions. As shown in Figure 7,
insertion of the SLX-PEG-DSPE conjugate into the
preformed liposomes proceeded readily at 37 °C and

noticeably more slowly at ambient temperature. Es-
sentially, the same time course of the insertion process
(data not shown) was observed upon incubation of DSPE-
PEG-YIGSR-NH2 with PHPC/cholesterol/mPEG-DSPE
(55:40:3 mole ratio) liposomes. On the basis of these
results, preparative batches of liposomes were obtained
by 5 h of incubation at 37 °C of the appropriate amounts
of either one of the three-component conjugates with the
preformed liposomes. As summarized in Table 1, the
average particle size determined by dynamic light scat-
tering was only slightly increased during this process.
The completeness of the incorporation of the ligand-
PEG-DSPE conjugates was monitored by size exclusion
chromatography. If all the inserted conjugate indeed
becomes part of the external leaflet, than all the ligand
in such a formulation should be available for the corre-
sponding enzymatic cleavage. As shown in Figure 5C,
and in contrast to results depicted in Figure 5B, all the
liposome-inserted DSPE-PEG-YIGSR-NH2 was com-
pletely consumed by chymotrypsin digestion. Incubation

Figure 6. Separation of liposomes (peak centered around fraction 10) and micelles (peak centered around fraction 20) by size
exclusion chromatography on a Biogel A50M column. Samples were taken at different time intervals after incubating SLX-PEG-
DSPE (1.2 mol %) at 37 °C with preformed liposomes (PHPC/cholesterol/mPEG-DSPE, 55:40:3 mole ratio, ≈100 nm diameter).
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of SLX-bearing liposomes prepared via the insertion
process with sialidase also resulted in consumption of the
entire three-component conjugate and its conversion into
a single HPLC identifiable product, LX-PEG-DSPE
(Figure 4B). These observations confirm that the in-
serted three-component conjugates are positioned exclu-
sively on the external surface of the liposomes.
Summary and Conclusions. We demonstrated the

synthesis of two conjugates composed of three compo-
nents: DSPE, heterobifunctional PEG acting as a linking
moiety, and an oligopeptide or an oligosaccharide cell
adhesive ligand. The composition and purity of the three-
part constructs, confirmed by NMR and chromatography,
were further corroborated by MALDI-TOFMS. The
conjugates were designed for incorporation into mPEG-
grafted liposomes so that the biological ligand in such
formulations would be positioned right at the periphery
of the polymeric brush. Using a novel combination of
enzymatic cleavage and HPLC analysis, we demonstrated
that 100 nm liposomes containing such three-component
conjugates prepared by the traditional lipid film hydra-
tion-extrusion process express only slightly more than
half (55-63%) of the total ligands on their external
surface, while the rest of the ligand moieties face the
internal aqueous compartment and thus are unavailable
for interactions with potential biological targets. To
assure more efficient utilization of ligand-PEG-lipid

conjugates, we prepared liposomal formulations via a new
approach utilizing bilayer insertion of the three-compo-
nent conjugates. By this method, ligand-bearing PEG-
grafted liposomes with the same ligand and mPEG
external surface densities as in previously biologically
tested traditional formulations were readily attainable.

EXPERIMENTAL PROCEDURES

Materials and Methods. mPEG-DSPE (21), PDP-
PEG-DSPE (17), and the bromoacetylated derivative of
Sialyl-LewisX (13) were prepared as described elsewhere.
NR-(Bromoacetyl)-YIGSR-NH2 was purchased from Ana-
Spec, Inc. (San Jose, CA). The enzymes, sialidase from
Vibrio cholerae and chymotrypsin, were purchased from
Oxford GlycoSystems (Rosedale, NY) and Sigma (St.
Louis, MO), respectively. Partially hydrogenated soy-
bean phosphatidylcholine (PHPC, iodine value of 35) and
cholesterol were obtained from Lipoid (Ludwigshafen,
Germany) and Croda (Fullerton, CA), respectively. Thin
layer chromatography (TLC) on silica gel GF plates
(Analtech, Newark, DE) was visualized with iodine vapor,
Dragendorff- (36) and phenol-sulfuric acid spray re-
agents, and UV light for detection of lipid, PEG, saccha-
ride, and UV-absorbing ligands. NMR spectra was
recorded on a 360MHz Nicolet instrument at Acorn NMR
(Fremont, Ca). Matrix-assisted laser desorption ioniza-
tion-time of flight mass spectrometry (MALDI-TOFMS)
was carried out at M-Scan, Inc. (West Chester, PA) on a
VG TofSpec mass spectrometer utilizing a UV nitrogen
laser at 337 nm and a VAX 4000 data station. Spectra
of DSPE-PEG-oligopeptide or -oligosaccharide were
acquired from 0.1 mg/mL solutions of the conjugates in
50 mM NaCl, containing trans-3-indoleacrylic acid (ma-
trix material) and insulin (internal standard). The
liposome particle size was determined by dynamic light
scattering (Coulter N4MD, Hialeah, FL). Shimadzu and
Rainin HPLC systems were used interchangeably. Amino
acid analysis was performed on hydrolyzed aliquots of
peptide liposomes at the Protein Structure Laboratory
of the University of California, Davis.
Preparation of HS-PEG-DSPE. Tributylphosphine

(80 µL, 0.32 mmol) was added under N2 to a clear solution
of PDP-PEG-DSPE (200 mg, 0.064 mmol) in isopropanol/
water (1:4, 6 mL) containing EDTA (10 mM). After 2 h,
TLC (CHCl3:CH3OH:H2O ) 90:18:2) revealed that the
reaction was complete. The starting material (Rf ) 0.56)
absorbed UV and was positive to Dragendorff spray. The
product, HS-PEG-DSPE (Rf ) 0.58), did not absorb UV
but was positive to Dragendorff spray. The byproduct,
2-thiopyridone, was observed under UV light (Rf ) 0.65).
The reaction mixture was lyophilized. The yellowish
solid residue was triturated with ether (3 × 3 mL). The
residual white solid (196 mg, 99% yield) was dried under
a water aspirator pressure and then in vacuo over P2O5.
It was used directly in the next step.
Preparation of SLX-PEG-DSPE. The bromoacety-

lated derivative of SLX (98 mg, 0.08 mmol) was added
to a DMF (2.8 mL) solution of HS-PEG-DSPE (197 mg,
0.07 mmol) followed by potassium iodide (14.3 mg, 0.086
mmol). After ≈5 min, a NaHCO3 (0.4 M)/Na2EDTA (10
mM) solution (pH 8.0, 328 µL, 0.13 mmol of bicarbonate)
was added. The reaction mixture was stirred at room
temperature overnight. After 21 h, TLC (CHCl3:CH3OH:
H2O ) 75:36:6) showed the SLX-PEG-DSPE product (Rf
) 0.37, visualized by UV, Dragendorff and phenol/H2SO4
sprays) and weak spots of the starting materials: SLX
derivative (Rf ) 0.0) and HS-PEG-DSPE (Rf ) 0.85).
Water (12 mL) was added to the reaction mixture, and
it was loaded onto a C8 silica column (8 g, 1 × 40 cm,
LC-8 Supelclean, Supelco). The column was eluted with

Figure 7. Time course of SLX-PEG-DSPE (1.2 mol %) inser-
tion into the preformed liposomes (same composition and size
as in Figure 6).

Table 1. Summary of Particle Sizes of YIGSR and SLX
Liposomes before and after Insertion of the
Corresponding Three-Component Conjugates into the
External Leaflet of Preformed Unilamellar Vesiclesa

particle size (nm)
liposomal sample type 90° angle 30° angle

YIGSR before insertion 100 177
after insertion 105 233

SLX before insertion 98 126
after insertion 99 137

a Unilamellar vesicles (PHPC/cholesterol/mPEG-DSPE, 55:40:3
mole ratio) prepared by film hydration-extrusion as described in
Experimental Procedures were incubated for 20 h at 37 °C with
either DSPE-PEG-SLX or -YIGSR conjugates (1.2 mol %). This
amount of the three-component conjugate (2%× 0.6 ) 1.2%) when
completely inserted results in the same amount of external leaflet-
bound ligands as formulations obtained by hydration-extrusion
of PHPC/cholesterol/mPEG DSPE/ligand-PEG-DSPE in a molar
ratio of 55:40:3:2. Note that larger particles scatter light much
more intensely at the 30° angle than smaller particles, which
biases the measurement taken at the 30° angle toward the larger
particles. Thus, the apparent particle size taken at the 30° angle
increases much more than those taken at the 90° angle.
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a stepwise gradient of methanol (0 to 70% v/v) in water
(10% increments every 20 mL) and then 15:80:5 water/
methanol/chloroform (60 mL). The product-containing
fractions were pooled and evaporated at ambient tem-
perature, producing colorless thick liquid. It was dis-
solved in tert-butanol (5 mL), lyophilized, and further
dried in vacuo over P2O5 to yield a white fluffy solid (203
mg, 74%). 1H-NMR (CD3OD): δ 0.88 (t, CH3-lipid, 6H),
1.15 (d, H-6 Fuc, 3H), 1.19 (t, OCH2CH3, 3H), 1.29 (bs,
(CH2)n, 56H), 1.61 (bm, CH2CH2CdO, 4H), 1.73 (t, H-3ax-
Sial, 1H), 2.01 (s, NHAc, 3H), 2.32 (2 × t, CH2CO, 4H),
2.58 (t, SCH2CH2CONH, 2H), 2.87 (dd, H-3eq-Sial, 1H),
2.93 (t, SCH2CH2CONH, 2H), 3.35 (m, NHCH2, 4H), 3.64
(s, PEG, ≈180H), 3.7-4 (m, overlapping sugar peaks and
CH2PO4CH2, 8H), 4-4.31 (m, overlapping, 5H), 4.43 (dd,
CHCH2CO, 1H), 4.54 (d, H-1 Gal, 1H), 4.83 (m, H-5 Fuc,
1H), 4.90 (d, H-1 GlcN, 1H), 5.06 (d, H-1 Fuc, 1H), 5.2
(m, POCH2CHCH2, 1H), 7.70 and 7.84 (2 × d, phenyl,
4H). MALDI-TOFMS (Figure 2A) produced a bell-
shaped distribution of ions spaced at equal 44 ( 1 Da
intervals and centered at 4056 Da (theory, 4012 Da).
Preparation of DSPE-PEG-YIGSR-NH2. HS-PEG-

DSPE (196 mg, 0.07 mmol) andNR-(bromoacetyl)-YIGSR-
NH2 (54.2 mg, 0.07 mmol, 1.2 equiv) were dissolved in
DMF (2 mL) and treated with potassium iodide (14.1 mg,
0.09 mmol, 1.3 equiv), followed by a NaHCO3 (0.4 M)/
Na2EDTA (10 mmol) solution (pH 8.0, 326 µL). After 21
h of stirring, TLC (CHCl3:CH3OH:H2O ) 75:36:6) con-
firmed the presence of expected product (Rf ) 0.55) along
with small amounts of the starting thiol and peptide
derivatives. The reaction mixture was diluted with 5 mL
of water and loaded onto a C8 silica column (8 g, 1 × 40
cm, LC-8 Supelclean, Supelco), which was eluted with
another 12 mL of water followed by a methanol gradient
(0 to 70% v/v) in water (10% increments every 25 mL)
and then 10:80:10 water/methanol/chloroform (60 mL).
The product-containing fractions were pooled and evapo-
rated at ambient temperature, producing colorless thick
liquid. It was dissolved in tert-butanol (5 mL), lyophi-
lized, and further dried in vacuo over P2O5 to yield a
white fluffy solid (174 mg, 69% yield). 1H-NMR (CD3-
OD): δ 0.9 (3 × t, CH3 of Ile and lipid, 12H), 1.2 (m, 1H),
1.26 (s, CH2, 56H), 1.58 (bm, CH2CH2CdO, 4H), 1.7 (m,
1H), 2.31 (2× t, CH2CdO, 4H), 2.45 (t, SCH2CH2CONH),
2.7 (t, SCH2CH2CONH), 2.9 and 3.1 (dd, peptide, 2H),
3.2 (m, 2H), 3.35 (m, NHCH2, 4H), 3.45 (t, 2H), 3.64 (s,
PEG, ≈180H), 3.7 (m, 4H), 3.9 (m, CH2PO4, 4H), 4.0 (m,
3H), 4.15-4.2 (overlapping peaks, 4H), 4.3-4.45 (over-
lapping peaks, 3H), 4.6 (m, 2H), 5.2 (m, PO4CH2CH, 1H),
6.7 and 7.1 (2 × d, phenyl of Tyr, 4H). MALDI-TOFMS
(Figure 2B) produced a bell-shaped distribution of ions
spaced at equal 44 ( 1 Da intervals and centered at 3540
Da (theory, 3496 Da).
Liposome Preparation. The ligand-containing lip-

osomes were composed of PHPC, cholesterol, mPEG-
DSPE, and ligand-PEG-lipid at a molar ratio of 55:40:
3:2. All liposomes were prepared by mixing chloroform
and/or methanol solutions of different lipids in a round
bottom flask. The solvents were removed by rotary
evaporation, and the dried lipid film produced was
hydrated with either sodium phosphate buffer (10 mM,
140 mM NaCl, pH 7) or HEPES buffer (25 mM, 150 mM
NaCl, pH 7) to produce large multilamellar vesicles. The
resulting vesicles were passed repeatedly under pressure
through 0.2, 0.1, and 0.05 µm pore size polycarbonate
membranes (37), until the average size distribution for
the diameter (monitored by dynamic light scattering) was
approximately 100 nm. The mean particle diameter
measured from 12 different batches ranged from 92 to
111 nm with an average of 98 nm. The content of the

SLX-PEG-DSPE or DSPE-PEG-YIGSR-NH2 in lipo-
somes was determined by HPLC at 272 nm using reverse-
phase HPLC. Quantitation of SLX-PEG-DSPE (Sym-
mery C8 column, 1 mL, Waters Associates, Milford, MA,
mobile phase of 92% aqueous methanol containing 20
mM ammonium phosphate at pH 7.0) in the liposome
preparations was greater than 97% of the amounts used
in the corresponding formulations. A Prodigy C8 column
(Phenomenex, Torrance, CA) with 92% aqueous metha-
nol, containing 0.1% TFA, was used for detection and
quantitation of DSPE-PEG-YIGSR-NH2 and its diges-
tion product. The amino acid composition of YIGSR
liposomes determined by amino acids analysis was as
follows: Tyr, 0.97; Ile, 1.00; Gly, 0.98; Ser, 0.96; and Arg,
1.08. The peptide content in 2 mol % formulations
calculated from phosphate and amino acid analysis was
in the range of 28-32 mmol per mole of phospholipid,
which was in accord with the ligand contents determined
by HPLC.
Cryoelectron microscopy photographs were obtained by

previously published method of Dr. P. M. Frederik (38).
Quantitation of Outer Leaflet-Bound Ligands.

Liposomes containing SLX-PEG-DSPE (2 mol %, 12.5
µmol/mL) were incubated for 16 h with sialidase (1 unit/
mL) at 37 °C in the digestion buffer (50 mM histidine, 4
mM CaCl2, and 150 mg/mL BSA at pH 6.5). Samples
were diluted 10 fold with methanol and analyzed by
HPLC. These experiments showed consistently that 62-
64% of the initial oligosaccharide-containing conjugate
was converted into the product, while 36-38% of the
starting conjugate remained unchanged. Under the same
conditions, micellar samples of SLX-PEG-DSPE (elution
time of 1.5 min) were completely converted into a single-
peak product (2.4 min), LX-PEG-DSPE. Liposomes
containing DSPE-PEG-YIGSR-NH2 (2 mol %) were
digested with chymotrypsin (1-2 units per micromole of
peptide) in HEPES buffer (25 mM, pH 7.2, 37 °C). At
different time intervals, aliquots were taken, diluted with
methanol, and analyzed by HPLC. The starting peptide
conjugate eluted at 4.2 min, while the single-peak
product, DSPE-PEG-Y, eluted at 7.6 min. Liposomal
samples of peptide conjugates were cleaved with chy-
motrypsin to the extent of 52-59%. The remaining 41-
48% of the starting conjugate, presumably localized in
the inner leaflets of the liposomal bilayers, was not
altered by the enzymatic reaction (Figure 5B).
Insertion of Ligand-PEG-DSPE Conjugates into

Preformed Liposomes. Liposomes were prepared as
before with 3 mol % of mPEG-DSPE and no ligand
conjugates. They were then incubated at ambient tem-
perature or 37 °C for up to 48 h with amounts corre-
sponding to 1.2 mol % of SLX-PEG-DSPE or DSPE-
PEG-YIGSR-NH2 (equal to 60% of 2 mol % in the
original formulations). At various time points, free ligand
conjugates (micelles) were separated from inserted ligands
(liposomes) by size exclusion chromatography (SEC). For
SLX liposomes, a Biogel A50M column equilibrated with
10 mM sodium phosphate, 140 mM sodium chloride, and
0.02% NaN3 at pH 6.5 was used. For YIGSR-containing
liposomes, a Sepharose 4B column was used with 10%
sucrose and 10 mM HEPES at pH 7.0 as eluent. Frac-
tions (1 mL) were collected, diluted 1:10 in methanol, and
analyzed for ligand content by HPLC (see Figure 6).
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Oligonucleotides Tethering Hoechst 33258 Derivatives: Effect of the
Conjugation Site on Duplex Stabilization and Fluorescence
Properties

Kristin Wiederholt, Sharanabasava B. Rajur, and Larry W. McLaughlin*

Department of Chemistry, Merkert Chemistry Center, Boston College, Chestnut Hill, Massachusetts 02167.
Received September 26, 1996X

A series of DNA conjugates have been prepared in which two different derivatives of Hoechst 33258
have been tethered to a sequence containing a 5′-GAATTC-3′ target site. The two derivatives differ
only in the length of the tether between the DNA and the Hoechst fluorophore. By using a DNA
backbone labeling protocol, one in which the Hoechst dye is tethered to an internucleotide
phosphoramidate residue, it was possible to easily vary the site of attachment with respect to the A-T
rich binding site. When tethered outside the GAATTC sequence, little if any helix stabilization results
upon hybridization of the conjugate to its complementary sequence. As the site of conjugation is moved
to one end of the target sequence and finally within the AATT sequence, more effective helix
stabilization results. When tethered between the two A residues, or between the A and T residue, a
∆Tm of at least +20 °C is observed. Upon hybridization and formation of the B-form DNA, binding by
the tethered Hoechst dye results, and the bound dye becomes brightly fluorescent. Upon a simple
titration of the single-stranded conjugate with the complementary target sequence the quantum yield
enhancement for hybridization only appears to be 5-7-fold at best. These fluorescence effects, generally
less dramatic than those observed with other sequences, result from an increase in quantum yield for
the single-stranded conjugate relative to the free Hoechst 33258. Heating the single-stranded conjugate
reduces the inherent fluorescence of the single-stranded conjugate to a level comparable with that of
the free Hoechst dye. In experiments monitoring absorbance vs temperature, a cooperative transition
is observed for the single-stranded conjugate. Both the high quantum yield observed for the single-
stranded conjugate and the observed thermally induced transition suggest that the single-stranded
conjugate can dimerize (at the GAATTC site), mediated by the groove-binding fluorophore.

INTRODUCTION

The Hoechst dyes are a class of extended heterocycles
based upon the bisbenzimidazole ring system that are
capable of binding in the minor groove of B-form DNA
at A-T-rich sequences. The flexible nature of this ex-
tended heterocyclic ring system permits the dye to adopt
a conformation that is isohelical with the minor groove
and thus optimize binding to double-stranded DNA (1).
Crystallographic analyses (2-5) have confirmed the
minor groove nature of these dye-DNA complexes and
suggested that the preference for binding in A-T-rich
sequences is the ability of the benzimidazole rings to
penetrate deeply within the groove structure, where they
can make hydrogen bonding contacts with specific thym-
ine O2-carbonyls and adenine N3-nitrogens (2-5). Elec-
trostatic effects (6) and van der Waals contacts (7) also
play an important role in complex formation. The
presence of G residues in the DNA duplex results in one
or more N2-amino groups protruding into the minor
groove, and the presence of this functional group prevents
penetration by the dye into the groove structure (8, 9).
The sequence preferences for complex formation by
Hoechst 33258 require a minimum of four contiguous A-T
(T-A) base pairs (8, 10-14) with the double-stranded
sequences AAAA‚TTTT and AATT‚AATT being the pre-
ferred binding sites. However, the exact nature of the
binding may differ depending upon the target sequence;
different sets of crystallographic analyses have indicated

that the position of the Hoechst 33258 fluorophore in the
target sequence (GAATTC)2 can be across the ATTC
sequence (2) or across the AATT sequence (3, 5), and
similar differences are observed for the target
(CAAATTTG)2 (15, 16).
In addition to their groove-binding characteristics, the

Hoechst dyes have fluorescent properties with a relatively
large Stokes shift (17). Although only moderately fluo-
rescent in aqueous solution, upon binding to double-
stranded DNA they exhibit a dramatically enhanced
quantum yield (18). These effects appear to be related
to the tight binding within the minor groove, where the
excited state is protected from the aqueous solution and
from processes involving nonradiative decay of the ex-
cited state (17). The fluorescence characteristics of
bisbenzimidazoles have been used to automate DNA
content assays (19-21), to determine cell numbers (22,
23), and to sort chromosomes (24). The quantum yield
effects for these dyes are sensitive enough to permit the
detection of one target cell per million in mixed cell
populations using appropriate instrumentation (25).
The development of DNA conjugates that rely upon the

well-characterized Watson-Crick hydrogen bonding in-
teractions for sequence targeting, and also tether a ligand
capable of reporting upon the hybridization event, should
be important in the development of DNA-based diagnos-
tics, such as in situ hybridization probes. In the current
work, the ligand is a groove-binding agent that requires
formation of the B-form DNA minor groove to initiate
binding. In this respect, hybridization by the conjugate
is required to trigger the binding event by the tethered
ligand. The resultant fluorescent signal reports on the
success of this event. We have previously described (26)
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the synthesis of two Hoechst 33258 analogues used to
prepare the DNA-Hoechst conjugates. In the present
paper we examine a specific binding site (GAATTC)2
containing four A-T (T-A) base pairs and determine how
placement of the tethered Hoechst analogues affects both
helix stability and the fluorescence properties of the
conjugate/target hybridization complex.

EXPERIMENTAL PROCEDURES

Materials. Oligodeoxynucleotides were synthesized
using 2′-deoxynucleoside phosphoramidites on an Applied
Biosystems 381A DNA synthesizer. The four common
2′-deoxynucleoside phosphoramidites containing aryl- or
isobutyrylamides were purchased from BioGenex (San
Ramon, CA). H-phosphonate derivatives were obtained
from Glen Research (Sterling, VA). The controlled pore
glass support containing the 3′-terminal nucleoside was
a product of CPG Inc. (Fairfield, NJ). Cystamine dihy-
drochloride, adamantanecarbonyl chloride, anhydrous
solvents, and ammonium hydroxide were all obtained
from the Aldrich Chemical Co. (Milwaukee, WI).
Nuclease P1 and snake venom phosphodiesterase were

products of Boehringer Mannheim (Indianapolis, IN).
Acrylamide and bis(acrylamide) were obtained from ICN
Biomedicals (Cleveland, OH). Thin layer chromatogra-
phy was performed on aluminum-backed precoated silica
gel 60 F254 plates purchased from EM Science (Gibbs-
town, NJ). UV measurements for thermal denaturation
studies employed an AVIV 14DS spectrophotometer
equipped with digital temperature control. Fluorescence
emission spectra were collected on a Shimadzu RF5000U
fluorescence spectrophotometer containing a Shimadzu
DR-15 microprocessor and graphics display terminal.
Methods. Syntheses. The synthesis of the two

Hoechst derivatives 3 and 4 has been described elsewhere
(26), and the DNA-Hoechst conjugates were prepared
using a thiol-containing linker attached to the DNA
backbone (27). The site of the cystamine-based linker
was determined by the position at which the nucleoside
H-phosphonate derivative was incorporated. For conju-
gation sites i and ii, the H-phosphonate of dG was
employed, and for conjugation sites iii and iv the H-
phosphonate derivative of dA was used.
Oligonucleotide Conjugation. To 1 A260 unit of a single

diastereomer of the desired dodecamer in 100 mM
Tris‚HCl, pH 8, was added DTT to a concentration of 10
mM, and the mixture was incubated at 50 °C for 1 h.
HPLC analysis [50 mM triethylammonium acetate, pH
7.0, with a linear gradient of acetonitrile (7-28% over
30 min)] after this time period indicated the complete
absence of the triphenylmethylacetyl-protected sequence
(retention time∼ 28 min) and the presence of a new peak
(retention time ∼ 9 min). The bromoacetylated Hoechst
derivative (3 or 4) in DMF was added to this reaction
mixture to a concentration of 15 mM (40% DMF). The
reaction mixture was shaken at ambient temperature for
48 h (a precipitate appeared during this period). An
equal amount of formamide was added to the reaction
mixtures; they were heated to 90 °C (to dissolve ag-
gregates) and loaded directly onto the gel for isolation
by electrophoresis.
The conjugated product was purified on a 20% de-

naturing (7 M urea) polyacrylamide gel. A fluorescent
band (365 nm excitation) was present at a position that
was retarded slightly from that of the oligomer containing
the cystamine-based linker. This band was excised from
the gel, crushed, and soaked in 0.3 M sodium acetate,
pH 6. The gel was removed and the product desalted
using a C18 Sep-Pak column and a water/methanol
gradient. The conjugated oligomer was eluted with

approximately 80% methanol in water. Yields varied,
typically 0.3-0.5 A260 units. The product exhibited a
UV-vis spectrum having characteristics of both DNA
(λmax ) 260 nm) and the Hoechst fluorophore (λmax ) 342
nm).
Tm Values. Tm values were obtained for complexes

containing a 1:1 mixture of the conjugate and its comple-
mentary sequence in 21 mM HEPES, pH 7.5, containing
100 mM NaCl and 20 mM MgCl2 at duplex concentra-
tions in the low micromolar range (1-2 µM). Solutions
were heated to 90 °C and then cooled slowly to 0 °C prior
to analysis. The samples were then heated in 0.5 or 1.0
°C steps, and absorbance readings were taken after a
period of temperature stabilization. Absorbance and
temperature readings were plotted using Igor software.
Tm values were determined from first -and second-order
derivatives, as well as graphically from the absorbance
vs temperature plots.
Fluorescence Measurements. Fluorescence measure-

ments were made in solutions typically containing ∼1 µM
of the DNA-Hoechst conjugate in 21 mM HEPES, pH
7.5, containing 100 mM NaCl and 20 mM MgCl2. All
emission measurements were made with the following
list of parameters: slit width, Ex/Em ) 10 nm/10 nm,
low sensitivity, medium speed. Samples were introduced
into a 1.25 mL cell thermally isolated with a water jacket.
Temperature was controlled with a recirculating water
bath typically at 20 or 90 °C. Fluorescence emissions
were measured at 470 nm with an excitation wavelength
of 342 nm. The fluorescence enhancement (∆F) values
were ratios obtained at 450 nm. This emission wave-
length represented the emission maximum for the duplex
conjugates and was slightly off the emission maximum
for the single-stranded conjugates.

RESULTS AND DISCUSSION

We have previously described the preparation of a
series of DNA-Hoechst conjugates and characterized
their thermal denaturation and fluorescence properties
for a sequence target containing six contiguous A-T1 base
pairs (26). In the present work we examine complex
formation between the conjugate and a target sequence
containing only a four base-pair binding site for the
Hoechst derivative and then determine how the site of
conjugation impacts both helix stabilization and the
fluorescence properties of the conjugated complexes. A
four base-pair target site is required for binding by
Hoechst 33258, and both AAAA‚TTTT and (AATT)2 have
been shown to be the preferred four base-pair binding
sites (8, 10-14). For this study we chose the binding site
(GAATTC)2 in which the palindromic four base-pair A-T-
rich target site is flanked by two G-C base pairs. This
target site has been used previously in crystal structure
analyses (2, 3, 5) and identified by DNA footprinting
studies using Hoechst 33258 (8, 10-14).
Synthesis of the Oligonucleotide Conjugates. The

parent Hoechst 33258 cannot be covalently tethered to
the oligonucleotides of interest without the introduction
of appropriate functionality. We have described the
synthesis of two Hoechst analogues (3 and 4, Scheme 1)
(26) in which a bromoacetamide tether is incorporated
into the terminal phenyl moiety of the parent fluorophore.
The two analogues differ only in the nature of the tether.
Hoechst derivative 4 contains an additional three atoms
(-OCH2CH2-) to lengthen the tether slightly with
respect to 3. Both derivatives can be conjugated to an
alkyl thiol in aqueous solutions at pH 8.

1 All letter abbreviations refer to the 2′-deoxynucleosides.
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The two Hoechst analogues were conjugated to the
DNA sequences using a postsynthetic approach. To vary
the site of conjugation within the DNA sequence, we have
employed a backbone labeling procedure (27, 28) in which
the dye is tethered to a short thiol linker incorporated
into the DNA sequence as a phosphoramidate inter-
nucleotide linkage. The internucleotide phosphoramidate
is prepared by oxidation of an H-phosphonate linkage,
immediately after its introduction to the DNA sequence,
using pyridine/CCl4 and the N-(triphenylmethylacetyl)-
cystamine (27). Oxidation of the H-phosphonate gener-
ates two isomeric phosphoramidate conjugates, the Rp
and Sp diastereomers, tethering the N-triphenylacet-
amide derivative of cystamine (1, Scheme 1). Placement
of the bulky triphenylacetamide on the linker attached
to the stereochemical center of the phosphoramidates
facilitated the separation of the Rp and Sp isomers
during isolation by HPLC in most cases. A typical
chromatogram is illustrated in Figure 1. After elution
of the failed sequences, both those representing failed
couplings and those representing failed oxidation of the

intermediate H-phosphonate, the two phosphoramidate
diastereomers (a and b) tethering the triphenylacet-
amide-protected linker are eluted. The early eluting
isomer “a” has been tentatively assigned as the Rp
diastereomer (26), while the later eluting isomer “b” has
been tentatively assigned as the Sp diastereomer. The
yield of dodecamers tethering the cystamine-based linker
is roughly half that expected for the native sequence. We
believe this loss in yield results from hydrolysis of the
putative phosphorochloridate (29, 30), the expected in-
termediate in the oxidation reaction. Owing to the
reactivity of this intermediate with water, effective
oxidation in the presence of the cystamine-based linker
occurs only under strictly anhydrous conditions, and trace
amounts of water will drastically reduce expected
yieldssand generally result in increased amounts of
failed sequences (note the early eluting peaks in Figure
1). Equal amounts of both diastereomers were obtained
in all cases, and only in one case were the diastereomeric
sequences unresolvable. When the cystamine-based
tether was placed at the internucleotide linkage between

Scheme 1
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the G and A residues (site ii, Table 1), the diastereomeric
sequences coeluted. For the conjugates 6 and 10 (Table
1), we could only prepare the requisite DNA sequence
tethering the cystamine-based linker as a diastereomeric
mixture.

The conjugates were formed by cleavage of the disulfide
bond to unmask the reactive thiol linker (2) and then
treatment with either of the Hoechst analogues 3 or 4
(Scheme 1). After isolation by polyacrylamide gel elec-
trophoresis, conjugates of the type 7 or 11 were obtained
as both the Rp and the Sp diastereomers (as noted above,
6 and 10 were obtained as isomeric mixtures). We were
unable to isolate the conjugated oligonucleotides by
HPLC, largely due to the problems of aggregation of the
excess fluorophore in the reaction mixture. The Hoechst
derivatives are known to aggregate in aqueous solutions
at concentrations above 30 µM, and the conjugations
reactions, while performed in aqueous/DMF mixtures,
required dye concentrations of roughly 15 mM. However,
after completion of the reaction, the aggregates could be
dissolved by the addition of excess DMF and then the
product isolated by loading the entire reaction mixture
onto a denaturing polyacrylamide gel. After electro-
phoresis, and excision and isolation of the fluorescent
band from the gel, the conjugates (stored at concentra-
tions of ∼10 µM) could be analyzed by HPLC. HPLC
analysis indicated that the initially prepared triphenyl-
acetamide-protected sequence (Figure 2a), the unmasked
thiol (Figure 2b), and the Hoechst conjugate (Figure 2c)
could all be effectively resolved. Each conjugate exhibited
a UV-vis absorbance spectrum characteristic of the
absorption maximum for DNA (260 nm) as well as that
for the Hoechst derivative (345 nm) (Figure 3).
Tm Characteristics of the Oligonucleotide Con-

jugates. The native dodecameric duplex exhibited a Tm
value of 51 °C (Table 1). In the presence of 1 equiv of
Hoechst 33258, the Tm was raised by 9 °C. We cannot
determine from this assay whether a single complex is
present since the fluorophore is known to bind to DNA
by more than one mode. Nevertheless, the increased Tm
suggests some minor groove binding, presumably at the
A-T-rich site, with attendant helix stabilization. We then
examined a series of conjugates prepared from the
Hoechst derivative 3. With the fluorophore tethered
between the two G residues (5), but outside the (AATT)2
binding site (conjugation site i), moderate helix stabiliza-
tion was present for one isomer (∆Tm ) +9 °C), but the
second diastereomer was less effective than the free
fluorophore in stabilizing the dodecameric duplex. Con-
trary to previous observations, it is the Sp diastereomer
that affords the more effective helix stabilizing charac-
teristics. When tethered between the G and A residues
at the end of the A-T binding site (conjugate ii), only the
diastereomeric mixture was available, but this mixture

Figure 1. HPLC isolation of the two phosphoramidate
diastereomers (a and b) for the dodecameric sequence 5′
d[GpApGpGpAp(NHCH2CH2S-SCH2CH2NHCOCPh3)-
ApTpTpCpGpApG]. HPLC conditions are described under Ex-
perimental Procedures.

Table 1. DNA-Hoechst Conjugates: Helix Stabilization
and Fluorescence Characteristics

conjugate
Hoechst
deriv

site of
conjgn isomera

Tm
b

(°C) ∆Fc ∆F*d

native duplex 51
native duplex 33258 60 2.5e

5 3 i (Rp) 53 1.3 16
5 3 i (Sp) 60 1.1 12
6 3 ii (Rp) + (Sp) 63 2.1 9
7 3 iii (Rp) 75 2.6 15
7 3 iii (Sp) 61 3.8 13
8 3 iv (Rp) 73 4.1 16
8 3 iv (Sp) 56 2.7 14

9 4 i (Rp) 57 1.1 18
9 4 i (Sp) 65 1.4 19
10 4 ii (Rp) + (Sp) 57 2.7 20
11 4 iii (Rp) 73 2.0 27
11 4 iii (Sp) 67 1.8 30
12 4 iv (Rp) 72 6.7 35
12 4 iv (Sp) 67 4.7 37

a Assignment of specific diastereomers is based upon arguments
made elsewhere (26). The use of parentheses is to indicate that
the assignments are tentative and are not yet corroborated by
structural data. b Tm values are the average of at least two
determinations and have an estimated error range of (1 °C. c ∆F
represents the ratio of the emission at 450 nm for the double-
stranded conjugate relative to the single-stranded conjugate after
titration by the complementary target. d ∆F* represents the ratio
of the emission at 470 nm for the double-stranded conjugate
relative to the single-stranded conjugate at 90 °C, after titration
by the complementary target. e This value was obtained by
comparing a solution of 1 µM Hoechst 33258 and 1µM single-
stranded GAATTC-containing sequence and then titrating this
solution with the complementary target single-stranded DNA. The
alternate experiment, comparing the fluorescence of 1 µMHoechst
33258 and then titrating with excess DNA duplex, results in a
∆F ) 26 (see text).

Figure 2. HPLC analyses of dodecameric sequences tethering
(a) the triphenylacetamide derivative of cystamine (1), (b) the
unmasked thiol (2), and (c) a Hoechst 33258 conjugate (11) (see
Scheme 1). A peak with the same retention time as that in (c)
was also present when the detector was set at 345 nm and a
sample of 11 analyzed under the same HPLC conditions. HPLC
conditions: 50 mM triethylammonium acetate, pH 7.0, with a
linear gradient of acetonitrile (7-28% over 30 min). Retention
times for the various dodecameric conjugates did not vary
significantly with sequence or with the Hoechst derivative.
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provided a 12 °C enhancement in Tmslikely an average
value between the Rp and Sp diastereomers. In a
previous study (26) the Rp diastereomers were always
more effective than the Sp isomers in stabilizing the DNA
duplex. This observation suggests that the purified Rp,
if available, might exhibit a more significant Tm effect.
In fact, this expectation was met with both conjugates 7
and 8. In both of these latter examples, the Rp isomers
resulted in Tm values that were 22-24 °C higher than
that of the native duplex (Table 1). An example of two
typical absorbance vs temperature transitions for a
conjugate that effectively stabilizes the DNA duplex is
illustrated in Figure 4. Both Sp diastereomers of 7 and
8 were also reasonably effective in stabilizing the DNA
dodecamer (∆Tm values of +10 and +5 °C, respectively).
We have attributed the differences in helix stabilizing
effects for theRp and the Sp isomers to orientation effects
related to the diastereomeric character of the linker. The
Rp diastereomer orients the linker more toward the
minor groove side of the DNA duplex, while the Sp
diastereomer presents the linker more toward the major
groove. The more effective helix stabilization by the Rp
isomers of conjugates 7 and 8 is again consistent with

this relative orientation of the ligands tethered to the
DNA backbone (26).
The Rp diastereomer 5 was not capable of providing

very effective helix stabilization, but this result is more
likely to reflect the position of the linker rather than any
diastereomeric consequences. It remains unclear why
the Sp diastereomer appeared more effective with this
sequence, but even these effects are relatively moderate.
With the tether placed outside the A-T-rich binding site,
it is likely that the linker restricts access by the Hoechst
derivative to the A-T-rich binding site. With the tether
incorporated into the terminal phenyl ring of the Hoechst
fluorophore, one might expect that positioning the linker
near the end of the binding site would be most effective.
With such a positioning, the Hoechst derivative would
be directed along the binding site, ostensibly in its
preferred binding mode. In this respect, conjugate 6
would appear to provide the optimal positioning for the
linker. However, both sites that place the linker more
toward the center of the binding target (iii and iv, Table
1) appear to provide nearly identical, and the most
impressive, Tm effects. This result could reflect that there
is sufficient linker flexibility to permit similar binding
from either tethered position or that more than one
binding mode within the (AATT)2 minor groove is pos-
sible. Crystal structure analyses indicate that two modes
of binding by Hoechst 33258 are possible within the
(GAATTC)2 binding site, differing in position by one base
pair (2, 3, 5).
The DNA conjugates formed from the Hoechst deriva-

tive 4 differ from those described above in that the tether
consists of an additional three atoms (-CH2CH2O-),
which could provide additional flexibility in binding to
the target A-T site. Tethering 4 outside the A-T-rich
binding site between the two G residues (conjugation site
i, Table 1) resulted in slightly more effective helix
stabilization that correlated with the results for 3. For
the diastereomeric mixture of conjugate 10, which teth-
ered between the G and the A residues (conjugate ii,
Table 1), only moderate stabilization was observed.
However, for the remaining two conjugation sites (iii and
iv, Table 1), both Rp diastereomers (11 and 12) provided
in excess of a 20 °C enhancement in Tm values (see Figure
4). The corresponding Sp diastereomers were again not
as effective but stabilized the helix somewhat more
effectively than did the corresponding conjugates pre-
pared from 3.
Although it not clear why, conjugation at site ii with

the derivative prepared from 3 resulted in a sequence
that was more effective at helix stabilization than the
corresponding derivative prepared from 4. This suggests
the role of the tether in some complexes is not fully
elucidated, particularly with the minimum four base-pair
binding site. Nevertheless, the most helix stabilizing
conjugates were those that resulted from placing the
linker within the targeted binding site. At both sites iii
and iv the Rp diastereomers were most effective at helix
stabilization, and this observation is also consistent with
those regarding the conjugates prepared from 3, as well
as those prepared previously for a binding site composed
of six contiguous A-T base pairs (26).
Fluorescence Properties. The four base-pair se-

quence (AATT)2 should provide an effective binding site
for the fluorophore, but the sequences outside the binding
site may impact the nature of the groove, particularly
its width, and result in less than optimal protection of
the excited state from collisional decay processes involv-
ing water (17). At a concentration of 1 µM Hoechst
33258, in the presence of 1 µM single-stranded oligo-
nucleotide, 5′-d(GpApGpGpApApTpTpCpGpApG), titra-

Figure 3. (a) Structure and UV-vis spectrum of the DNA-
Hoechst conjugate (9) formed by the reaction of 4 with the
dodecamer 5′ d(GpApGpGp(NHCH2CH2SH)ApApTpTpCpTpApG)
tethering an unmasked thiol.

Figure 4. Absorbance vs temperature plots for the native
dodecamer (left-side transition) and the conjugate 12 (Rp
diastereomer) complexed to its complementary sequence (right-
hand transition). The arrow indicates the approximate change
in Tm value between the two samples (∆Tm).
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tion with the complementary sequence, 5′-‚d(CpTpCp-
GpApApTpTpCpCpTpC) resulted in a moderate 2.5-fold
enhancement in quantum yield. However, the alternate
experiment, titration of free Hoechst 33258 by the double-
stranded sequence, resulted in a 26-fold enhancement in
quantum yield, very similar to what has been observed
in other studies (18, 26). The solution containing free
Hoechst 33258, and that containing the free fluorophore
with one of the single strands of the GAATTC-containing
sequence, differed in quantum yield by 10-fold. These
differences in quantum yield enhancement suggest that
the GAATTC-containing sequence, although not a com-
plete palindrome, is capable of adopting a secondary
structure in solution, perhaps mediated by the Hoechst
33258 groove binder, that results in significant enhance-
ment in the emission quantum yield.
Tethering the minor groove-binding fluorophore to the

oligonucleotide probe results in similar moderate in-
creases in quantum yield upon hybridization. The proc-
ess can be envisioned to occur in two steps, one a
recognition event between the probe and the target
sequence. Hybridization creates the minor groove-bind-
ing site and triggers the second step, that of ligand
binding. Since each sequence tethers but a single ligand,
the fluorescence properties of each complex should reflect
the presence of a single ligand. For each sequence, the
fluorescence of the single-stranded conjugate was meas-
ured, and then the sequence was titrated with the
complementary target sequence. After the addition of
each aliquot, the fluorescence spectrum was again meas-
ured, and the result obtained with 1 equiv of the
complementary strand is illustrated in Figure 5c. The
ratio of the emissions at 470 nm for the initial single-
stranded conjugate and the final double-stranded conju-
gate was used to determine the fluorescence enhance-
ment (∆F) values (Table 1). The most significant
fluorescence enhancement occurred with conjugate 12,
in which the dye is tethered essentially in the center of
the target sequence. One diastereomer results in nearly
a 7-fold increase in quantum yield, while the second
diastereomer has a value nearly 5-fold larger than that
measured for the single-stranded conjugate. These two
complexes also exhibit some of the highest Tm values (72
and 67 °C, respectively) observed in this study; both
properties suggest that the tethered ligand is most
effectively bound to the DNA duplex, and the A-T-rich
target site, when tethered in the center of the sequence.

Although the diastereomers of sequence 11 also exhibit
relatively high Tm values, the fluorescence properties are
more moderate. These observations suggest that the
fluorescence characteristics of such complexes may be
more sensitive to the nature of the binding event, and in
some cases the ligand may not effectively penetrate the
groove structure sufficiently well to avoid some relaxation
effects by nonradiative (e.g., collisional) processes.
However, it is possible that the single-stranded con-

jugates can result in the formation of some secondary
structure as noted above for the unconjugated sequences
in the presence of Hoechst 33258. For example, they can
undergo a self-complementary partial duplex assembly
using the central palindromic (GAATTC)2 sequence, with
additional stabilization by one of the tethered groove-
binding agents. Such a complex could also exhibit a
significant enhanced fluorescence emission signal such
as that observed for the free Hoechst dye in the presence
of the unconjugated sequences. Dissociation of this
palindromic partial duplex, followed by association with
the complementary target sequence during the titration
experiments, would result in only moderate apparent
quantum yield enhancement effectssexactly what has
been observed. Since we could not physically separate
the tethered ligand and DNA sequence, instead we
heated the single-stranded conjugates in an attempt to
destabilize such structures and release the bound fluo-
rophore. Under these conditions we observed a coopera-
tive transition similar to that expected for a helix-to-coil
transition. A decrease in the quantum yield of the
emission spectrum for the single-stranded conjugate was
also observed during heating over the temperature range
10-90 °C. The fluorescence observed for the single-
stranded conjugate at 20 °C (Figure 5b) was reduced
(Figure 5a) to a level comparable with that of free
Hoechst 33258.
We then compared the fluorescence enhancement

values for the complexes prepared by two procedures: (i)
the single-stranded conjugate was titrated with the
complementary target at 20 °C, and (ii) after formation
of the 1:1 conjugated duplex, the complex was heated and
cooled prior to fluorescence measurements. Regardless
of the procedure used, the quantum yields observed in
the fluorescence emission spectra were essentially the
same, suggesting that simple titration by the comple-
mentary target sequence disrupts the putative GAATTC
dimer and results in the formation of the conjugate-
target duplex (in some cases the emission for the heated/
cooled sample was very slightly reduced, reflecting
perhaps minor amounts of degradation). With the pres-
ence of the dimerized single-stranded conjugate, and the
inherent fluorescence enhancement from this complex,
the ∆F values observed for the double-stranded conjugate-
target complex seem, at best, only moderate (Table 1,
compare parts b and c of Figure 5). We obtained a second
set of fluorescence enhancement values (∆F*, Table 1)
in which we compared the fluorescence emission spectra
of the double-stranded conjugates (at 20 °C) with the
single-stranded conjugates at 90 °C (compare parts a and
c of Figure 5). Heating the single-stranded conjugate
disrupts the putative dimer and permits a comparison
of the fluorescence for the unbound (but tethered) ligand
with that of the corresponding conjugated duplex con-
taining the bound ligand. The quantum yield for the
single-stranded conjugate typically decreases by roughly
an order of magnitude with heating. At higher temper-
ature, nonradiative collisional effects may be slightly
increased, thus improving the apparent quantum yield
enhancement. For example, when free Hoechst 33258
is titrated with the native, nominally single-stranded

Figure 5. Fluroescence emission spectra (λex ) 342) for the
single-stranded conjugate 5′ d(GpApGpGpAp(NHCH2CH2S-
Hoechst)ApTpTpCpTpApG) (Rp 11) (a) at 90 °C, (b) at 20 °C,
and (c) in the presence of the complementary target at 20 °C
after heating and cooling.
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GAATTC sequence, the quantum yield increases roughly
35-foldsconsistent with expectations for the (GAATTC)2
binding site. However, when this complex is heated at
90 °C, the quantum yield decreases an apparent 46-
foldspresumably because of the enhanced collisional
effects at higher temperatures. Thus, a comparison of
the observed emission values for the single-stranded (90
°C) and double-stranded (at 20 °C) conjugates must be
done cautiously. Nevertheless, the quantum yield en-
hancements were now found to be as high as 37-fold,
similar to, or greater than, that observed for the free
Hoechst 33258 (Table 1). In general, duplexes containing
the Hoechst derivative 4 (with the longer linker) tethered
near or at the center of the AATT sequence resulted in
the highest enhancement values when compared with the
heat denatured single-stranded conjugate (27-37-fold).
These differences are likely to reflect the greater flex-
ibility afforded the ligand by the longer linker, but even
the shorter linker present in complexes prepared from 3
results in quantum yield enhancements from 9- to 16-
fold.
Conclusions. We have shown that the tethered

derivative of Hoechst 33258 can be used to target the four
base-pair sequence (AATT)2 and provide significant helix
stabilization. The most effective position for the linker,
employed to tether the fluorophore, is at the center of
the targeted binding site. Both types of DNA conjugates,
those prepared from either 3 or 4, enhance the Tm values
of the duplex by more than 20 °C when present as the
tentatively assigned Rp diastereomer. The fluorescence
properties after titration of the single-stranded conju-
gates with the target sequence are less defining and
appear at best only moderate. However, fluorescence vs
temperature, and absorbance vs temperature, plots in-
dicate that the single-stranded conjugates adopt some
secondary structure, most likely dimerization about the
palindromic GAATTC core sequence. Heating the single-
stranded conjugates reduced their fluorescence proper-
ties, consistent with a dimerized complex about the
tethered Hoechst dye. Although titration by the comple-
mentary target sequence disrupts the secondary struc-
ture present in the single-stranded conjugate and permits
complex formation, the results of this study suggest that
probe sequences containing palindromic sequences rich
in A-T base pairs may suffer from dimerization effects
mediated by such groove-binding agents.
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Amine-Reactive Forms of a Luminescent
Diethylenetriaminepentaacetic Acid Chelate of Terbium and
Europium: Attachment to DNA and Energy Transfer Measurements

Min Li† and Paul R. Selvin*
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An isothiocyanate form of a lanthanide chelate which is highly luminescent when bound to terbium
or europium has been synthesized. The chelate consists of diethylenetriaminepentaacetic acid (DTPA)
covalently joined to a chromophore, 7-amino-4-methyl-2(1H)-quinolinone (cs124), and to L-p-amino-
phenylalanine, in which the aromatic amine was further converted to an isothiocyanate group.
Ethylenediamine was also used in place of aminophenylalanine, but the isothiocyanate formed from
the aliphatic amine was significantly less reactive. Site-specific attachments to triglycine and to the
5′ ends of amine-modified DNA oligomers have been made. In addition, as an alternative method of
coupling to macromolecules, DTPA anhydride-cs124 can be used to react specifically with a 5′ amine
group on base-deprotected synthetic DNA oligomers. Synthesis and purification is relatively
straightforward in both cases, and luminescent properties are favorable for several applications,
including as nonisotopic labels, as long-lifetime alternatives to fluorophores in imaging and diagnostics
and particularly as donors in luminescence resonance energy transfer. Energy transfer measurements
are consistent with previously reported measurements using different attachment mechanisms.

INTRODUCTION

Luminescent lanthanide chelates have highly unusual
spectral characteristics that make them useful noniso-
topic alternatives to radioactive probes (1-5), as alterna-
tives to organic fluorophores, particularly where there
are problems of background autofluorescence (6-9), and
as donors in luminescence resonance energy transfer
(10-16). These characteristics include millisecond life-
time, sharply spiked emission spectrum (<10 nm fwhm),
large Stokes shifts (>150 nm), no self-quenching (17, 18),
high quantum yield for lanthanide luminescence (∼1),
and excellent solubility.
A commonly used luminescent lanthanide chelate is

diethylenetriaminepentaacetic acid (DTPA),1 covalently
attached to an organic chromophore, the latter acting as
an antenna or sensitizer to absorb the excitation light
and overcome the weak absorbance of the lanthanides
(11, 19-22). We have previously shown that carbostyril
124 bound to DTPA (11, 12) or to other polyamino-
carboxylate chelates (23) can sensitize both europium and
terbium, and the complex is an excellent donor in
resonance energy transfer experiments.
Conjugation of DTPA-chromophore moieties is most

often done through the dianhydride form of DTPA (24),
where one anhydride reacts with an amine-containing
chromophore and the other with amine-containing bio-
molecules (11, 17, 19, 21, 22). For conjugation, however,

the dianhydride has several disadvantages: (1) The
anhydride is nonspecific in which nucleophilic acyl
substitution reactions occur readily. When reacting with
DNA, this concern led us to use base-protected DNA in
our previous work (11, 12). However, base deprotection
required strongly alkaline conditions, which we found
cause significant cleavage of the DTPA-cs124 amide
bond, particularly on longer DNAs, and more mild
conditions led to questions of incomplete deprotection
(12). (2) The anhydride is water-labile. (3) The dianhy-
dride can lead to a number of products, including DTPA
disubstituted with chromophore, DTPA attached to the
macromolecule with no sensitizer, and macromolecules
cross-linked by DTPA. (4) The length of the linker arm
between DTPA and the macromolecule is fixed.
A number of groups have made isothiocyanate forms

attached to the backbone of DTPA (without a sensitizer),
in part to overcome these problems (25-28). The syn-
thesis, however, involves many steps and is time-
consuming, and its extension to DTPA-modified with a
sensitizer is not necessarily straightforward. We have
synthesized an isothiocyanate form of DTPA-cs124 by
utilizing one of the carboxyl groups: caDTPA is reacted
with cs124, followed by addition of diamino-compound,
and one of the amines is then converted to an isothio-
cyanate group (29, 30). The synthesis is straightforward,
and the isothiocyanate group formed from an aromatic
amine is highly reactive and does not interfere with
lanthanide luminescence. Furthermore, the amide-bond
formed from one of the carboxyl groups is able to
maintain coordination to the lanthanide (31) and the
binding constant is sufficiently high for most practical
purposes. We have also revisited the reaction of DTPA-
cs124 anhydride with DNA (11, 12) and have found
conditions in which base-deprotected DNA can be conju-
gated without side reactions.

EXPERIMENTAL METHODS

Chemicals. The following chemicals were purchased
from Aldrich: diethylenetriaminepentaacetic acid dian-
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phone (510) 486-6786; fax (510) 486-6059; e-mail prselvin@
lbl.gov].
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1 Abbreviations: DTPA, diethylenetriaminepentaacetic acid;
caDTPA , dianhydride of DTPA; cs124 or carbostyril 124,
7-amino-4-methyl-2(1H)-quinolinone; DMSO, dimethyl sulfox-
ide; DMF, dimethylformamide; EDA, ethylenediamine; HPLC,
high-performance liquid chromatography.
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hydride; 7-amino-4-methyl-2(1H)-quinolinone; anhydrous
N,N-dimethylformamide; anhydrous dimethyl sulfoxide;
triethylamine; ethylenediamine; thiophosgene; europium
chloride hexahydrate (99.99%); terbium chloride hexahy-
drate (99.999%). L-p-Aminophenylalanine was purchased
from Sigma. Distilled and deionized water (18 MΩ cm-1)
was used throughout. All glassware was washed with a
mixed acid solution and thoroughly rinsed with deionized,
distilled water (32). All plastic (metal-free) labware was
purchased from Bio-Rad. All chemicals were of the
purest grade available.
Purification. High-performance liquid chromatogra-

phy was performed at room temperature on either a
Beckman Model 100 system or a Waters 600E with a
Dynamax C18 column (Rainin) for reversed-phase puri-
fication and a GenPak Fax (Waters) 4.6 × 100 mm
column for anion exchange purification. The UV-absorb-
ing fractions were detected at 328 nm for cs-124 com-
pounds and at 260 nm for DNA oligos.
Synthesis (Figure 1). DTPA-cs124-L-p-Aminophen-

ylalanine (1). To a solution of caDTPA (200 mg, 560
µmol) in 5 mL of DMF and 300 µL of triethylamine was
added dropwise cs124 (115.5 mg, 1.2 × 560 µmol) in 2
mL of DMF. After 45 min, the reaction mixture was
added dropwise to a solution of L-p-aminophenylalanine
(121 mg, 1.2 × 560 µmol) in 5 mL of DMSO and 100 µL
of triethylamine. After 3 h of stirring, the solvent was
evaporated to dryness under reduced pressure and the
residue was redissolved in 5 mL of 1 M triethylammo-
nium acetate, pH 6.5. The product was purified by

reversed-phase HPLC using a 21.4 × 250 mm C18 column
(Dynamax 60 Å) with a flow rate of 12.5 mL/min. A 15-
min linear gradient, from 10% to 15% solvent B (solvent
A, 0.1 M triethylammonium acetate, pH 6.5; solvent B,
CH3CN), was used. The peak at retention time 14.5 min
was collected and dried to give 1 as a light yellow solid:
yield, 115 mg, 29%; 1H NMR δ (D2O, pD ) 6.5) 2.16 (3H,
s), 2.7-3.4 (16H, m), 3.50(2H, s), 3.60(2H, s), 4.23(1H,
m), 6.13(1H, s), 6.88 (2H, d), 6.95 (2H, d), 7.08 (1H, d),
7.33 (1H, d), 7.35(1H, s); FAB-MS, m/e 712 (M + H+).
DTPA-cs124-L-(p-Isothiocyanato)phenylalanine (2).

Compound 1 (50 mg, 70 µmol) in 40 mL of 0.5 M HCl
was added to 30 mL of CSCl2 (85% in CCl4) at room
temperature. The reaction was stirred vigorously for 1
h. The aqueous phase was washed with chloroform (5 ×
5 mL) to remove excess CSCl2 and then purified by
reversed-phase HPLC using a 21.4 × 250 mm C18 column
(Dynamax 60 Å) with a flow rate of 12.5 mL/min. A 25-
min linear gradient, from 10% to 50% solvent B (solvent
A, 0.1% CF3COOH in H2O; solvent B, CH3CN), was used.
The major peak at retention time 24 min was collected
and dried to give 2 as a white solid: yield, 16 mg, 30%;
1H NMR δ (CD3OD) 2.42 (3H, s), 3.06 (2H, t), 3.15 (2H,
t), 3.38 (8H, m), 3.51 (2H, s), 3.61 (2H, s), 3.92 (2H, s),
4.56 (1H, m), 6.35 (1H, s), 6.02 (2H, d), 7.09 (2H, d), 7.35
(1H, d), 7.65 (1H, d), 7.90 (1H, s); FAB-MS, m/e 754 (M
+ H+).
DTPA-cs124-EDA (3). To a solution of caDTPA (500

mg, 1.4 mmol) in 30 mL of DMF and 1 mLof triethyl-
amine was added dropwise cs124 (240 mg, 1.4 mmol) in
4 mL of DMF and stirred. After 30 min, 5 mL (75 mmol)
of ethylenediamine (EDA) was added, forming a white
precipitate. The reaction was stirred for 2 h at room
temperature and then stored in a refrigerator overnight,
forming a brown precipitate. The precipitate turned
white after several washes with 2-propanol and was
finally washed with ether and dried overnight under
vacuum. To remove excess EDA, the solid was redis-
solved in H2O, loaded on a C18 Sep-Pak (Waters), washed
with 12 mL of 0.4 M NaOAc, pH 6, and 6 mL of H2O,
and eluted with 50% MeOH/H2O. HPLC analysis [30-
min linear gradient from 15% to 60% solvent B (solvent
A, 0.1% CF3COOH in H2O; solvent B, CH3CN), 3 mL/
min with 10 × 250 mm C18 Dynamax 60 Å column]
showed two well-resolved peaks. The first peak at 16 min
was confirmed to be DTPA-cs124-EDA: FAB-MS, m/e
592 (M + H+). The second peak at retention time 19 min
was DTPA-(cs124)2.
DTPA-cs124-EDA-Isothiocyanate (4). Approximately

10 mg of the precipitate containing 3 was dissolved in 3
mL of H2O. Three milliliters of CSCl2/CCl4 (85%) was
added [precipitation of DTPA-(cs124)2 was observed],
followed by addition of solid CaCO3. After 30 min of
vigorous stirring, HPLC analysis of the supernatant
showed that the DTPA-cs124-EDA peak at retention
time 16 min (see 3) was quantitatively converted to a
peak with retention time 22 min, later shown to be 4.
The solution was extracted with CHCl3, and the precipi-
tate containing DTPA-(cs124)2 was removed by centrifu-
gation. The material in the water phase was purified
by HPLC using a 15-min linear gradient, from 15% to
40% solvent B (solvent A, 0.1% CF3COOH in H2O; solvent
B, CH3CN) with a 21.4 × 250 mm C18 Dynamax 60 Å
column at a flow rate of 12.5 mL/min: FAB-MS,m/e 634
(M + H+).
Conjugation of 2 to DNA Oligo. Thirty microliters of

0.1 M NaHCO3, pH 7, was added to dried synthetic DNA
oligo [10-mer with C6-amino linker at 5′ end, 50 nmol;
sequence: NH2-CCT-AGA-GTG-G (12)]. The solution
was mixed with compound 2 (20 × 50 nmol, dried by

Figure 1. Synthesis of isothiocyanate formed from DTPA-cs124
attached to ethylenediamine (4) or L-p-aminophenylalanine (2)
and conjugation with amino-modified DNA. When using the
anhydride-based conjugation (see text) with an amine-contain-
ing compound, the indicated “linker” is absent.
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SpeedVac prior to use). The pH of solution was adjusted
to 9-10 using Et3N aqueous solution. The mixture was
incubated at 37 °C overnight and then passed through a
P-6 column. The fraction was further purified on a
reversed-phase HPLC using a 10 × 250 C18 column
(Dynamax, 300 Å) with a flow rate of 3 mL/min. A 60-
min linear gradient, from 10% to 25% solvent B (solvent
A, 0.1 M triethylammonium acetate, pH 6.5; solvent B,
CH3CN) was used. Peak at 37 min was collected to give
the conjugate. Unconjugated DNA eluted at 18 min.
Yield: 40-80% based on HPLC profiles. Mass (by time-
of-flight MALDI): 4006 (calcd 4008). A second peak, not
fully resolved, eluted less than 1 min later and was found
to contain an approximately equal mixture of product and
a compound of 56 extra mass units. Further purification
by anion exchange [120-min gradient from 20% to 55%
B with a flow rate of 0.5 mL/min (solvent A, 25 mM Tris
HCl, pH 8.0, in 10% CH3CN; solvent B, 25 mM Tris HCl,
pH 8.0, and 1 M NaCl in 10% CH3CN)] yielded two well-
resolved peaks at 48 and 50 min, with the first peak
containing twice the area and corresponding to the
expected mass and the second peak corresponding to the
species of 56 extra mass units. Conjugation with a 14-
mer with C6-amino linker at 5′ end, NH2-CCT-AGC-AGC-
AGT-GG, was over 90% on the basis of HPLC profiles.
Conjugation of 2 with the same DNA lacking a 5′ amine
showed no reaction.
Conjugation of caDTPA-cs124 to DNA Oligo. To a

solution of ca-DTPA (7.1 mg, 20 µmol) in 100 µL of DMSO
and 11 µL Et3N was added dropwise cs124 (5.1 mg, 1.5
× 20 µmol) in 60 µL of DMSO at room temperature.
After a 0.5 h, 43 µL of reaction solution was mixed with
synthetic DNA oligos (e.g., 14-mer or 20-mer with C6-
amino linker at 5′ end, 10 nmol, reversed-phase HPLC
purified) in 60 µL of DMSO and 26 µL of 0.1 M Et3NOAc,
pH 8. The mixture was incubated at room temperature
overnight and then passed through a P-6 column. The
fraction was further purified on a reversed-phase HPLC
using a 10 × 250 C18 column (Dynamax, 300 Å) with a
flow rate of 3 mL/min. A 60-min linear gradient, from
5% to 25% solvent B (solvent A, 0.1 M triethylammonium
acetate, pH 6.5; solvent B, CH3CN) was used. The peak
at 44 min was collected and dried to give the conjugate:
yield, 30-80% based on HPLC profiles; mass, 5011 (14-
mer, calcd 5010), 6906 (20-mer, calcd 6906). Further
anion exchange purification (see above) displayed a major
single peak, with a second small (<10%) peak of 56 extra
mass units. Conjugation of caDTPA-cs124 with the
same DNA lacking a 5′ amine showed no reaction.
Hybridization Conditions. DNA oligomers were hy-

bridized to their complement in 10 mM Tris, pH 8.0, 10
mM MgCl2, and 150 mM NaCl by heating to 65-70 °C
and cooling over a period of 15-60 min to either room
temperature or 5 °C. The solvent was either H2O or D2O
(99.9%; Aldrich). For energy transfer measurement, and
an increasing amount of acceptor-labeled strand [tetra-
methylrhodamine (TMR) is the acceptor for terbium; Cy5
is the acceptor for europium] was added to lanthanide-
labeled DNA at approximately 0.25 µM. Complementary
DNA (labeled or unlabeled) was synthesized and purified
as previously described (11, 12).
Spectroscopy. Absorption measurements were made

on a Hewlett-Packard 8452A spectrometer. Time-
resolved and gated luminescence measurements were
made on a laboratory-built spectrometer used previously
(11, 12, 23) utilizing 337-nm pulsed excitation (5 ns, 40
Hz) and photon-counting detection (GaAs PMT and
multichannel scalar with 2-µs resolution). Terbium
emission was monitored at 546 nm and europium emis-

sion at 617 nm. Data were curve-fit to one or two
exponentials using TableCurve software (Jandel Scien-
tific).
Metal Binding. All of the chelate-conjugated com-

pounds were added in 1:1 molar ratio with a solution of
TbCl3 or EuCl3 in triethylammonium acetate, pH 5. The
solutions were incubated at room temperature for 30 min
and diluted in the appropriate spectroscopy buffer.

RESULTS AND DISCUSSION

Proof of Structure. Figure 1 shows the synthesis
pathways of two isothiocyanate forms of DTPA-cs124,
2 and 4. Several lines of evidence confirm the synthesis
and purity of the compounds. Single well-resolved HPLC
peaks were found for the products, with starting materi-
als running at different retention ratessconversion of the
amine to an isothiocyanate resulted in significantly
extended retention; mass spectroscopy confirmed the
expected mass; NMR showed the expected peaks with no
significant impurity components; both isothiocyanate
forms reacted quantitatively with an excess of triglycine
as determined by a shift in retention time in HPLC and
by mass spectroscopy analysis; products were highly
luminescent with terbium and europium, whereas start-
ing materials mixed with lanthanides showed no signifi-
cant lanthanide luminescence; absorption spectra showed
characteristic spectra of carbostyril as a 7-amide (maxi-
mum at 328 nm with secondary maximum at 342 nm
(23).
Reactivity Testing of -NCS Group. Compounds 2

and 4 were each mixed with ∼50-fold excess of triglycine
in a solution of 0.1 M triethylammonium acetate, pH 9,
for 0.5 h at room temperature. HPLC analysis [30-min
linear gradient 15-60% solvent B (solvent A, 0.1%
CF3COOH in H2O; solvent B, CH3CN; 3 mL/min with 10
× 250 mm C18 Dynamax 60 Å column] of the reaction
mixtures showed a peak corresponding to 2 at retention
time 23 min converted quantitatively to a peak at 13 min
(FAB-MS,m/e 943 [M + H+]) and a peak of 4 at retention
time 16 min was quantitatively converted to a peak at
11 min, respectively. Under conditions appropriate for
labeling amine-modified DNA (up to a 50-fold excess of
4 over DNA; see above), we found that 2 but not 4 was
sufficiently reactive. This is in agreement with the
results of Mujumdar et al., who found that an isothio-
cyanate of cyanine dyes formed from an aromaticsbut
not aliphaticsamine was sufficiently reactive with amine-
containing biomolecules (33).
Proof of Conjugation to DNA. 2 and caDTPA-

cs124 were each reacted with base-deprotected and
HPLC-purified synthetic DNA oligomers containing a 5′
amine. After both reversed-phase and anion exchange
HPLC, well-resolved peaks of the expected product mass
were isolated. Control reactions with DNA lacking a 5′
amine showed no reaction of either 2 or caDTPA-cs124
with the amines of the (deprotected) DNA bases. For
similar reaction conditions, no significant reaction of 4
with DNA was observed. With 2 there was a minor but
significant second peak of 56 extra mass units which was
not well resolved by reversed-phase HPLC alone but was
resolved after additional anion exchange. The source of
this extra mass is unknown, though it is possible that
the chelate bound some trace heavy metals. The two
peaks displayed identical luminescent properties after
lanthanides were added, and both hybridized approxi-
mately equally well to complementary DNA. Neverthe-
less, we routinely purified the conjugated DNA by both
reversed-phase and anion exchange HPLC to isolate the
product of proper molecular weight and found that this
gave the best hybridization results.
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Luminescence Measurements. Triglycine Com-
plexes. Terbium and europium luminescence of both 2
and 4 conjugated to triglycine had lifetimes and intensi-
ties unchanged from the unmodified DTPA-cs124. This
indicates that modification of the chelate complex with
these isothiocyanate groups does not alter the lumines-
cence properties of the bound lanthanide.
DNA Complexes. Figure 2 shows luminescence of 2

bound to Eu3+ or Tb3+, conjugated to DNA, and hybrid-
ized to its DNA complement in a D2O-based buffer. Table
1 summarizes the lifetime of both 2 and the anhydride
DTPA-cs124 conjugated to DNA under a variety of
solvent, temperature, and hybridization conditions. The
Eu lifetime is relatively insensitive to environmental
conditions, except for the well-known quenching effect
of H2O when ligated in the primary coordination sphere
(34-36). The Eu lifetime of 2.48 ms shown in Figure 2
is very similar to that of the unconjugated, unmodified
Eu-DTPA-cs124 [2.42 ms (23)] and to that of the Eu-
DTPA-cs124 complexed to DNA via the anhydride
reaction [2.48 ms, this work; 2.5 ms (11)]. As reported
previously for the anhydride form (11), the Eu lifetime
for both the isothiocyanate and the anhydride reactions
changes <5% between single- and double-stranded DNA.
The terbium excited state lifetime when the chelate is

bound to DNA is more sensitive to environmental
conditionsstemperature, salt, and hybridization
conditionssthan europium under similar conditions. The
terbium lifetime in DTPA-cs124 not attached to a

macromolecule is insensitive to these conditions (23). It
is likely that the origin of this greater sensitivity is due
to strong interaction between the chelate and the DNA
bases, and this interaction affects the excited state
lifetime of Tb3+ more than Eu3+ (likely because of the
greater energy of the terbium excited state). The 3.063
ms terbium lifetime in Figure 2 is somewhat longer than
that of the unmodified Tb-DTPA-cs124 [2.63 ms (23)]
and very similar to the lifetime of Tb-DTPA-cs124
complexed to DNA via the anhydride reaction and
hybridized [2.98 ms, this work; 2.81 ms (12)]. (The small
difference appears to be due to slightly lower temperature
used in the current work, although both are reported as
“5 °C”.) As we found previously for the anhydride
reaction (12), the lifetime of the terbium when bound to
DNA via the isothiocyanate increases upon hybridization
(2.19 ms for single-stranded, 2.50 ms for double-stranded;
both at room temperature and in D2O buffer) and
decreases with temperature (2.50 ms in D2O at room
temperature; 3.06 ms in D2O buffer at 5 °C for the double-
stranded, isothiocyanate-form) and increases slightly
with salt. The emission intensity of the lanthanide
complexes also decreases upon attachment to DNA
(roughly 5-10-fold). In contrast, the terbium lifetime in
the unreacted form is temperature and salt independent
(23). These observations imply that the chelate interacts
strongly with the DNA, and this interaction is modulated
by hybridization, temperature, and salt. More specifi-
cally, hybridization increases the terbium lifetime, which
is consistent with the symmetry in the crystal field
surrounding the terbium increasing upon hybridization.
In addition, particularly in the single-stranded form, the
cs124 may be able to interact with bases, forming a new
energy level which can lead to nonradiative deexcitation.
We find, for example, that in the single-stranded case,
terbium (but not europium) can have a small (typically
e10% amplitude) component of a few hundred micro-
seconds, indicating a species which is quenched. The
amplitude of this component generally decreases with
increasing salt and with hybridization.
Energy Transfer Measurements: ITC-Based Re-

actions. We have performed energy transfer measure-
ments by hybridizing the chelate-labeled DNA to a
complementary DNA containing an acceptor dye attached
to the 5′ end, in analogy to our previous work (11-13).
For Eu, we used Cy5 as the acceptor, and for Tb, we used
tetramethylrhodamine (TMR) as the acceptor. Addition
of 0.25 Cy5-labeled DNA per Eu-DTPA-cs124-ITC-14-
mer-DNA yielded a biexponential donor lifetime at 617
nm of 22% exp(-t/786 µs) + 78% exp(-t/2405 µs),
indicating 67% energy transfer (1-786 µs/2.41 ms) and
a distance of 62.2Å (R0 ) 70 Å) for the hybridized species
in D2O buffer. As expected, addition of further amounts
of Cy5 increased the amplitude of the short-time com-
ponent, without changing its lifetime (see also below). For
Eu bound via the anhydride, we found 70% energy
transfer (60.8 Å) for the hybridized species (see below).
These distances are in excellent agreement with the 61.2
Å found previously using the Tb-anhydride chelate at-
tached to the same 14-mer (12).
Energy transfer from terbium bound to a 10-mer DNA

via the isothiocyanate also yielded results consistent with
previous (and current) anhydride-based reactions. In
D2O buffer, at room temperature, for example, an inter-
mediate point in the titration with a TMR-labeled strand
yielded a donor lifetime at 546 nm of 43% exp(-t/355 µs)
+ 67% exp(-t/2187 µs). Previously, we found 329 and
2101 µs, respectively (12).
Energy Transfer Using Anhydride Reaction: Com-

parison to Previous Work. We repeated our previ-

Figure 2. Lifetime of Tb3+ and Eu3+ bound to 2 attached to
the 5′ amine group of synthetic DNA. The Tb data are for DNA
hybridized to an unlabeled complement. Solution conditions are
the same as in Table 1. Data were acquired every 2 µs, digitally
binned every 10 µs, and curve fit to a single exponential which
showed no residual structure and r2 > 0.99.

Table 1. Lanthanide Excited State Lifetime Attached to
DNAa

sample H2O; RT (ms) D2O; RT (ms) D2O; 5 °C (ms)

Tb-anhydride 1.5 (1.25) 2.38 (2.0) 2.98 (2.1-2.5)
Tb-ITC 1.43 (1.35) 2.50 (2.19) 3.06
Eu-anhydride 0.63 (0.63) (2.38) 2.41 (2.46)
Eu-ITC (0.60) 2.39 2.45

a The table shows the excited state lifetime of terbium or
europium attached to DNA either via 2 or via the anhydride
reaction. The numbers in parentheses correspond to unhybridized
DNA, those not in parentheses to lanthanide-labeled DNA hybrid-
ized to an unlabeled complement. Data were taken at 10 mM Tris,
pH 8.0, 10 mM MgCl2, 150 mM NaCl. In some cases, particularly
the single-stranded DNA, there was a minor component (<10%)
with a highly quenched lifetime (a few hundred microseconds),
likely caused by interaction of the chelate with the DNA bases.
The relatively large spread in the data for the Tb-anhydride
unhybridized data is due to variability in the temperature regula-
tion of the cuvette.
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ously published energy transfer measurements (11, 12)
on the 10-mer DNA, which was based on a base-protected
anhydride-coupling reaction, using our new anhydride-
coupling procedure. The repeatability was excellent: In
the current work, the terbium lifetime of terbium-labeled
DNA hybridized to a TMR-labeled complement is 328-
343 µs, corresponding to 88% energy transfer (previous
value 328 µs, 88% energy transfer), and the terbium
lifetime of the unhybridized donor strand is 2.19 ms
(previous value 2.10 ms), although this latter value is
fairly temperature-sensitive, increasing to as much as
2.50 ms if the temperature is not carefully controlled. The
sensitized emission of the TMR is 333-356 µs (326 µs,
previous value), in excellent agreement with the donor
lifetime of the hybridized species.
Similar agreement is found with the Eu-anhydride-

10-mer DNA hybridized to Cy5 complement (11). In this
work, the unhybridized donor lifetime is 2.41 ms (previ-
ous value 2.40-2.52 ms) and the hybridized lifetime is
0.19 ms, corresponding to 92% energy transfer (previous
values 0.22 ms, 91% energy transfer). The sensitized
emission lifetime of Cy5 at 668 nm is 0.24 ms (previous
value 0.25 ms).
Energy Transfer: Hybridization Conditions. Al-

though no effort was made to achieve optimal hybridiza-
tion conditions in this work, we generally found that our
simple (but commonly used) hybridization procedure did
not yield 100% hybridized donor strand, even with a 1.25-
fold excess of acceptor strand and at 5 °C, which was well
below the melting temperature of the DNAs. The amount
of unhybridized donor strand varied from 10% to 50%
(typically 10-20%). We generally found that DNA che-
late purified by both reversed-phase and anion exchange
yielded higher percentage of hybridization than those
purified only by reversed phase, although this result is
not rigorous and the reason for it is unclear. Since each
strand was shown to be pure, we do not believe the
unhybridized donor strand is due to some fraction of
donor strand that cannot hybridize. Complete hybridiza-
tion was achieved after gel purification to isolate the
double-stranded complex under nondenaturing conditions
(37): luminescence measurements on the DNA in gel
fragments yielding a single exponential and quenched
donor lifetime. Presumably kinetically trapped single-
stranded DNA complexes were formed in solution in our
simple hybridization procedures. We note that lan-
thanide-based energy transfer, with the capability to
accurately measure multiexponential donor lifetimes, has
the ability to detect even a relatively small percentage
of unhybridized strands. Standard fluorescence reso-
nance energy transfer does not have this ability. We
believe, therefore, that caution should be exercised in
assuming complete hybridization in FRET experiments
and that gel purification of the double-stranded complex
may be necessary, as others have found (37).
Conclusion. We have synthesized, purified, and

spectrally characterized new isothiocyanate derivatives
of DTPA-cs124 bound to small molecules and to DNA
oligomers. We have also optimized conditions for the
anhydride-based reaction of DTPA-cs124 with base-
deprotected DNA and shown that specific reaction at a
5′ amine can be achieved without side reaction at the
DNA bases. Finally, we have used these new products
in luminescence resonance energy transfer measure-
ments and have shown that the results are consistent
with previously published measurements. The facile
attachment to biomolecules of luminescent lanthanide
chelates should increase the utility of these compounds.
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Immunoassay Reagents for Thyroid Testing. 2. Binding Properties
and Energetic Parameters of a T4 Monoclonal Antibody and Its Fab
Fragment with a Library of Thyroxine Analog Biosensors Using
Surface Plasmon Resonance

Maciej Adamczyk,* John C. Gebler, Angelo H. Gunasekera, Phillip G. Mattingly, and You Pan

Diagnostics Division, Division Organic Chemistry (9-NM), Abbott Laboratories, Building AP 20,
100 Abbott Park Road, Abbott Park, Illinois 60064. Received November 6, 1996X

A library of 16 thyroxine analog biosensors were prepared for use on the BIAcore surface plasmon
resonance instrument. An anti-thyroxine monoclonal antibody and its Fab fragment were tested with
each biosensor to generate the association and dissociation rate constants, equilibrium association
constants, and Gibbs free energy values for characterizing the binding event.

INTRODUCTION
The literature has stressed the need for well-character-

ized immunoreagents used in immunoassays (1-9).
While haptens, tracers, immunoconjugates, and antibod-
ies are routinely characterized to determine their identity
and purity, their kinetic and thermodynamic properties
are seldom acquired. However, these parameters are
useful at all stages of immunoassay development from
selection of the antibody through determining the struc-
tural features important in the design of the tracer.
Characterizing the avidity of the antibody for a particular
ligand should be at least as critical as determining its
subtype, molecular weight, or purity. Determination of
these binding parameters can be a laborious endeavor
(10). However, the use of the automated BIAcore (Phar-
macia) technology greatly simplifies this task, thus
creating a convenient reference method. The BIAcore
instrument allows biomolecular interaction analysis (BIA)
in real time based on the surface plasmon resonance
(SPR) phenomenon (11). Briefly, one member of the
hapten-antibody pair is conjugated to the hydrophilic
dextran matrix supported on the gold layer of the SPR
chip to form a biosensor. A solution of the other binding
member is introduced at a constant rate to the surface
of the biosensor. Binding causes a change in the refrac-
tive index measured at the surface, generating an instru-
ment response which is directly related to the change in
the mass concentration in the surface layer. The result-
ing response is transformed by the instrument software
to a sensorgram that depicts response units (RU) versus
time (t). Nonlinear or linear regression analysis of the
sensorgram curves provides the value for the rates of
association (ka) and dissociation (kd) and, thus, the
equilibrium association constant (KA) and the change of
free energy (∆G) for the binding event.
Our continuing interest in immunoreagents for thyroid

testing led us to compare the binding interaction of a
structurally diverse library of thyroxine analog biosensors
with a previously described anti-thyroxine monoclonal
antibody (5) and its Fab fragment using the BIAcore
surface plasmon resonance instrument. Our aim was to
characterize both of these binding proteins in terms of

their association and dissociation rate constants, equi-
librium association constants, and Gibbs free energy
values in their reaction with potential ligand structures
and to further elucidate those structural features which
are important for the binding interaction.

MATERIALS AND METHODS

Sodium D-thyroxine pentahydrate, sodium L-3,3′-5-
triiodothyronine, L-3,5-diiodothyronine, 3,3′,5-triiodothy-
ropropionic acid, 3,3′,5,5′-tetraiodothyropropionic acid,
and 3,3′,5-triiodothyroacetic acid were obtained from
Sigma Chemical Co. (St. Louis, MO). D-3,3′,5-Triiodot-
hyronine was obtained from ICN Biochemicals (Cleve-
land, OH). Sodium L-thyroxine pentahydrate and all
other synthetic reagents were obtained from Aldrich
Chemical Co. (Milwaukee, WI) unless otherwise noted.
Synthesized compounds were purified by HPLC [Waters
(Millford, MA) system consisting of a model 590 pump, a
Lambda-Max 481 UV detector, a model 745B data
module, and a 40× 100 mm µBondapak C18 column; flow
rate, 45 mL/min]. Analytical HPLC was performed on a
Beckman Gold system with UV detection using a Waters
8 × 100 mm µBondapak C18 column. 1H NMR spectra
were recorded at 300 MHz on a Varian Gemini spectrom-
eter (Palo Alto, CA). Chemical shifts are reported in
parts per million (δ) using tetramethylsilane (TMS) as
the internal reference; coupling constants (J) are in hertz.
Elemental analyses were performed by Robertson Mi-
crolit Laboratories, Inc. (Madison, NJ). Melting points
were performed on an Electrothermal model 9100 digital
melting point apparatus (Gillette, NJ) and are uncor-
rected. Electrospray ionization mass spectrometry (ESI/
MS) was carried out on a Perkin-Elmer (Norwalk, CT)
Sciex API 100 Benchtop system employing the Turbo
IonSpray ion source. LC/ESI/MS was performed on the
API 100 apparatus interfaced with a binary microbore
HPLC system (Ultra Plus, Microtech Scientific, Sunny-
vale, CA) equipped with a PLRP-S column (2.1× 50 mm,
Polymer Laboratories, Amherst, MA). Dialysis was car-
ried out using SpectaPor 12-14 kDa molecular weight
cutoff dialysis tubing (Scientific Products, McGaw, IL).
SDS-PAGE was performed on a BioRad (Hercules, CA)
Minigel system utilizing 12.5% polyacrylamide gels (7 cm
× 10 cm × 1 mm), followed by staining with Coomassie
Blue. Gel permeation chromatography was carried out
on a Pharmacia P-50 system with UV detection at 280
nm. Surface plasmon resonance (SPR) measurements
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were carried out on a Pharmacia BIAcore automated
system using CM-5 four-channel sensor chips. Reagents
for the BIAcore instrument consisted of HBS buffer [10
mM Hepes (pH 7.4), 150 mM NaCl, 3.4 mM EDTA, and
0.05% surfactant P-20], a coupling kit containing N-
hydroxysuccinimide (NHS),N-ethyl-N-[3-(diethylamino)-
propyl]carbodiimide (EDAC), and 1 M ethanolamine
hydrochloride (pH 8.5), all from Pharmacia. Anti-
thyroxine mAb (5) and anti-theophylline mAb were
obtained from the Abbott cell culture facility (Abbott
Laboratories, Abbott Park, IL).
3′-Bromo-3,5′,5-triiodo-L-thyronine (4). To a solu-

tion of 5 (240 mg, 0.397 mmol) in NaHCO3 (50 mg, 0.596
mmol)/H2O (15 mL) with 50 µL of methylamine (40%
aqueous) was added I2 (101 mg, 0.397 mmol), followed
by stirring for 1 h. After removal of the solvent in vacuo,
the residue was dissolved in DMF (6 mL) and purified
by HPLC (40:60:0.05 CH3CN/H2O/TFA; retention time,
6.7 min) to give the product 4 (295 mg, 37%). 1H NMR
(CD3OD): 7.84 (2 H, s), 7.12 (1 H, d, J ) 3), 6.92 (1 H, d,
J ) 3), 4.15 (1 H, m), 3.19 (1 H, dd, J ) 14, 5), 2.94 (1 H,
dd, J ) 14, 6). ESI/MS (negative ion mode)m/z: 729 (M
- H)-. Mp: 214-216 °C dec (lit. 236-238 °C) (12).
3′-Bromo-3,5-diiodo-L-thyronine (5). Bromine (49

µL, 0.95 mmol) was added to a solution of 3,5-diiodo-L-
thyronine (3, L-T2, 500 mg, 0.95 mmol) in AcOH (10 mL)
containing 2 drops of concentrated HCl and stirred. After
40 min, the solvent was evaporated and the residue was
dissolved in EtOH (6 mL). The solution was purified by
HPLC (33:67:0.05 CH3CN/H2O/TFA; retention time,
5.6 min) to give the product 4 (415 mg, 69%). 1H NMR
(DMSO-d6): 7.83 (2 H, s), 6.94 (1 H, d, J ) 6.6), 6.81 (1
H, s), 6.65 (1 H, m), 4.06 (1 H, m), 3.14 (1 H, m), 2.99 (1
H, m). ESI/MS m/z: 604, 606 (M)+. Mp: 240-242 °C
dec (lit. 246-248 °C) (12).
3′,5′-Dibromo-3,5-triiodo-L-thyronine (6). Bromine

(123 µL, 2.38 mmol) was added to a solution of 3,5-diiodo-
L-thyronine (3, L-T2, 500 mg, 0.97 mmol) in AcOH (4 mL)
containing 2 drops of concentrated HCl and stirred. After
2 h, another portion of Br2 (50 µL, 0.38 mmol) and AcOH
(4 mL) were added. The resulting solution was stirred
for 30 min. After evaporation of the solvent, the residue
was dissolved in EtOH (6 mL) and purified by HPLC (37:
63:0.05 CH3CN/H2O/TFA; retention time, 6.9 min) to give
the product 6 (493 mg, 76%). 1H NMR (DMSO-d6): 7.83
(2 H, s), 6.95 (2 H, s), 3.61 (1 H, m), 3.18 (1 H, m), 2.86
(1 H, m). ESI/MS m/z: 682, 684, 686 (M)+. Mp: 259-
261 °C dec (lit. 262-264 °C) (12).

L-Thyroxine Dimethylamide TFA Salt (7). (A)
L-Thyroxine sodium salt pentahydrate (1, L-T4, 7.75 g,
8.72 mmol) was dissolved in THF (50 mL) and water (50
mL, pH was adjusted to 10 with 1 N NaOH). Di-tert-
butyl dicarbonate (1.75 g, 10 mmol) was added and the
solution stirred. After 2 h, THF was evaporated in vacuo.
The aqueous layer was diluted with water (30 mL) and
acidified with HCl to pH 2. The white precipitate was
collected and dried over P2O5 to give N-tert-Boc-L-
thyroxine (7.6 g, 99%). 1H NMR (DMSO-d6): 7.78 (2 H,
s), 7.19 (1 H, b), 7.03 (2 H, s), 4.14 (1 H, m), 3.05 (1 H,
m), 2.73 (1 H, m), 1.30 (9 H, s). ESI/MS (negative ion
mode) m/z: 876 (M - H)-. Mp: 206-208 °C (D isomer,
lit. 211-213 °C) (13). Analytical HPLC (70:30:0.05 CH3-
CN/H2O/TFA; retention time, 4.76 min, 98% purity). (B)
N-tert-Boc-L-thyroxine (424 mg, 0.48 mmol), EDAC (186
mg, 0.97 mmol), and NHS (111 mg, 0.97 mmol) in DMF
(8 mL) were stirred for 1.5 h. Dimethylamine (40%
aqueous, 2 mL, 18 mmol) was added to this solution and
stirred. After 1 h, the solution was acidified with TFA.
The reaction mixture was purified by HPLC (70:30:0.05
CH3CN/H2O/TFA; retention time, 5.94 min) to give N-

tert-Boc-L-thyroxine dimethylamide (312 mg, 71%). 1H
NMR (CD3OD): 7.82 (2 H, s), 7.08 (2 H, s), 4.85 (1 H,
m), 3.01 (3 H, s), 2.93-2.85 (3 H, s; 2 H, m), 1.42 (9 H,
s). ESI/MS (negative ion mode) m/z: 903 (M - H)-. (C)
N-tert-Boc-L-thyroxine dimethylamide (107 mg, 0.19 mmol)
was stirred in TFA (2 mL) for 30 min and then evapo-
rated in vacuo to give L-thyroxine dimethylamide TFA
salt (7) which was used in subsequent reactions without
further purification.
3,3′,5-Triiodo-L-thyronine dimethylamide TFA salt

(8) was prepared from 3,3′,5-triiodo-L-thyronine sodium
salt (2, L-T3) following the procedure for 7, above. (A)
Compound 2 (2.58 g, 3.96 mmol) gave N-tert-Boc-3,3′,5-
triiodo-L-thyronine (2.85 g, 97%). 1H NMR (DMSO-d6):
10.01 (1 H, b), 7.80 (2 H, s), 7.19 (1 H, d, J ) 9), 6.95 (1
H, s), 6.81 (1 H, d, J ) 9), 6.54 (1 H, b), 4.14 (1 H, m),
3.06 (1 H, m), 2.74 (1 H, m), 1.32 (9 H, s). (B) N-tert-
Boc-3,3′,5′-triiodo-L-thyronine (416 mg, 0.554 mmol) gave
N-tert-Boc-3,3′,5′-triiodo-L-thyronine dimethylamide (314
mg, 73%). HPLC (63:37:0.05 CH3CN/H2O/TFA; retention
time, 6.19 min). 1H NMR (CD3OD): 7.81 (2 H, s), 6.97
(1 H, d, J ) 3), 6.75 (1 H, d, J ) 9), 6.62 (1 H, dd, J ) 3,
9), 4.73 (1 H, m), 3.02 (3 H, s), 2.93 (3 H, s), 2.85 (2 H,
m), 1.42 (9 H, s). ESI/MS m/z: 779 (M + NH4)+. (C)
N-tert-Boc-3,3′,5-triiodo-L-thyronine dimethylamide (106
mg, 0.14 mmol) gave compound 8 which was used as the
crude salt in subsequent reactions without further pu-
rification.
O-Methyl-L-thyroxine TFA Salt (9) (14). (A) To a

solution of N-tert-Boc-L-thyroxine (550 mg, 0.63 mmol)
in DMF (7 mL) were added K2CO3 (433 mg, 3.14 mmol)
and CH3I (300 µL, 4.82 mmol). After being stirred for 1
h, the reaction mixture was directly purified by column
chromatography (SiO2, 30% EtOAc in hexane) to give
O-methyl-N-tert-Boc-L-thyroxine methyl ester (490 mg,
90%). 1H NMR (CDCl3): 7.73 (2 H, s), 7.26 (1 H, d, J )
3), 6.74 (2 H, m), 5.13 (1 H, b), 4.56 (1 H, m), 3.84 (3 H,
s), 3.76 (3 H, s), 3.09 (1 H, m), 2.97 (1 H, m), 1.45 (9 H,
s). ESI/MS m/z: 797 (M + NH4)+. (B) A solution of
O-methyl-N-tert-Boc-L-thyroxine methyl ester (432 mg,
0.48 mmol) and LiOH‚H2O (100 mg, 2.39 mmol) in THF
(7 mL) and H2O (7 mL) were stirred for 1 h. The reaction
mixture was acidified with 1 N HCl to pH 2 and extracted
with EtOAc (4 × 20 mL). The extract was dried over
anhydrous sodium sulfate, filtered, and evaporated in
vacuo to give N-tert-Boc-O-methyl-L-thyroxine (393 mg,
92%). 1H NMR (CD3OD): 7.80 (2 H, s), 7.15 (1 H, s),
6.84 (1 H, d, J ) 9), 6.66 (1 H, d, J ) 9), 4.34 (1 H, m),
3.79 (3 H, s), 3.14 (1 H, dd, J ) 5, 9), 2.85 (1 H, dd, J )
9, 4), 1.41 (9 H, s). ESI/MS m/z: 783 (M + NH4)+. (C)
Treatment of N-tert-Boc-O-methyl-L-thyroxine (370 mg,
0.42 mmol) with TFA (4 mL) gave compound 9 in
quantitative yield which was used in subsequent reac-
tions without further purification.
O-Methyl-3,3′,5-triiodo-L-thyronine TFA salt (10)

(15) was prepared following the procedure given above
for compound 9. (A)N-tert-Boc-3,3′,5′-triiodo-L-thyronine
(487 mg, 0.65 mmol) gave O-methyl-N-tert-Boc-3,3′,5′-
triiodo-L-thyronine methyl ester (451 mg, 87%). 1H NMR
(CDCl3): 7.64 (2 H, s), 7.15 (2 H, s), 5.15 (1 H, b), 4.56 (1
H, m), 3.83 (3 H, s), 3.76 (3 H, s), 3.07 (1 H, m), 2.96 (1
H, m), 1.45 (9 H, s). ESI/MS (negative ion mode) m/z:
904 (M - H)-. (B) O-Methyl-N-tert-Boc-3,3′,5′-triiodo-L-
thyronine methyl ester (410 mg, 0.53 mmol) gaveN-tert-
Boc-O-methyl-3,3′,5′-triiodo-L-thyronine (386 mg, 96%).
1H NMR (CD3OD): 7.78 (2 H, s), 7.13 (2 H, s), 4.37 (1 H,
m), 3.78 (3 H, s), 3.16 (1 H, m), 2.89 (1 H, m), 1.41 (9 H,
s). ESI/MS (negative ion mode) m/z: 890 (M - H)-. (C)
N-tert-Boc-O-methyl-3,3′,5′-triiodo-L-thyronine (366 mg,
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0.528 mmol) gave compound 10 in quantitative yield and
was used in subsequent reactions without further puri-
fication.
General Procedure for Conjugation of Linker to

Amino-Substituted Analogs. (A) A solution of N-tert-
Boc-6-aminocaproic acid (9.4 g, 40.6 mmol), EDAC (19.4
g, 101 mmol), and N-hydroxysuccinimide (11.6 g, 101
mmol) in DMF (100 mL) was stirred for 20 h. The solvent
was removed in vacuo. The residue was dissolved in
ether (50 mL) and washed with buffer (200 mL, 50 mM
phosphate, pH 6). The extract was dried over anhydrous
sodium sulfate, filtered, and evaporated in vacuo to give
N-tert-Boc-6-aminocaproic acid succinimidyl active ester
(12.1 g, 91%). 1H NMR (CDCl3): 4.60 (1 H, b), 3.12 (2
H, m), 2.85 (4 H, s), 2.62 (2 H, m), 1.5-1.35 (13 H, m, s).
ESI/MS m/z: 329 (M + H)+. (B) To a stirred solution of
the amine (or TFA ammonium salt) (0.4 mmol) and
N-tert-Boc-6-aminocaproic acid succinimidyl active ester
(0.6 mmol) in DMF (6 mL) was added diisopropylethy-
lamine (0.2 mL, 1.15 mmol). After analytical HPLC
showed complete reaction (1 h), the reaction mixture was
purified by preparative HPLC.
Compound 15L was obtained from compound 1L

(66%). HPLC (58:42:0.05 CH3CN/H2O/TFA; retention
time, 7.6 min). 1H NMR (CD3OD): 7.80 (2 H, s), 7.07 (2
H, s), 4.67 (1 H, m), 3.29 (1 H, m), 3.00 (2 H, m), 2.93 (1
H, m), 2.20 (2 H, m), 1.56 (2 H, m), 1.42 (11 H, s, m),
1.28 (2 H, m). ESI/MSm/z: 991 (M + H)+. Anal. Calcd
for C26H30I4N2O7‚CF3CO2H: C, 30.43; H, 2.80; N, 2.53.
Found: C, 30.48; H, 2.69; N, 2.62.
Compound 15D was obtained from compound 1D

(83%). HPLC (60:40:0.05 CH3CN/H2O/TFA; retention
time, 6.4 min). 1H NMR (DMSO-d6): 9.27 (1 H, b), 8.15
(1 H, d, J ) 8.7), 7.78 (2 H, s), 7.03 (2 H, s), 6.70 (1 H, b),
4.43 (1 H, m), 3.04 (1 H, dd, J ) 3, 8.6), 2.85 (2 H, m),
2.76 (1 H, m), 2.02 (2 H, m), 1.34 (13 H, s, m), 1.14 (2 H,
m). ESI/MSm/z: 990 (M)+. Anal. Calcd for C26H30I4N2O7‚
CF3CO2H: C, 30.43; H, 2.80; N, 2.53. Found: C, 30.49;
H, 2.5; N, 2.64.
Compound 16L was obtained from compound 2L

(68%). HPLC (55:45:0.05 CH3CN/H2O/TFA; flow rate, 45
mL/min; retention time, 8.4 min). 1H NMR (CD3OD):
7.77 (2 H, s), 7.01 (1 H, s), 6.72 (1 H, d, J ) 9), 6.57 (1 H,
d, J ) 9), 4.65 (1 H, m), 3.20 (1 H, dd, J ) 4.6, 13.6), 3.00
(2 H, m), 2.89 (1 H, m), 2.19 (2 H, m), 1.55 (2 H, m), 1.34
(13 H, s, m), 1.27 (2 H, m). ESI/MS m/z: 865 (M + H)+.
Anal. Calcd for C26H31I3N2O7‚CF3CO2H: C, 34.34; H,
3.27; N, 2.86. Found: C, 34.49; H, 3.22; N, 2.95.
Compound 16D was obtained from compound 2L

(85%). HPLC (55:45:0.05 CH3CN/H2O/TFA; retention
time, 6.06 min). 1H NMR (DMSO-d6): 8.13 (1 H, d, J )
8.4), 7.76 (2 H, s), 6.93 (1 H, , d, J ) 3), 6.79 (1 H, d, J )
8.7), 6.69 (1 H, m), 6.55 (1 H, dd, J ) 3, 8.6), 4.42 (1 H,
m), 3.06 (1 H, dd, J ) 4.6, 13.6), 2.85 (2 H, m), 2.83 (1 H,
m), 2.05 (2 H, m), 1.34 (13 H, s, m), 1.13 (2 H, m). ESI/
MS m/z: 865 (M + H)+. Anal. Calcd for C26H31I3N2O7‚
CF3CO2H: C, 34.34; H, 3.27; N, 2.86. Found: C, 34.65;
H, 3.26; N, 3.10.
Compound 17 was obtained from compound 3 (82%).

HPLC (50:50:0.05 CH3CN/H2O/TFA; retention time, 6.4
min). 1H NMR (DMSO-d6): 8.15 (1 H, d, J ) 8.1), 7.75
(2 H, s), 6.69 (1 H, m), 6.68 (2 H, d, J ) 6.3), 6.48 (2 H,
d, J ) 6.2), 4.41 (1 H, m), 3.01 (1 H, dd, J ) 3, 7.5), 2.88-
2.72 (5 H, m), 2.05 (2 H, m), 1.34 (11 H, s, m), 1.29
(2 H, m). ESI/MS m/z: 739 (M + H)+. Anal. Calcd for
C26H32I2N2O7: C, 42.25; H, 4.33; I, 34.40; N, 3.79.
Found: C, 41.92; H, 4.1; I, 34.11; N, 3.72.
Compound 18 was obtained from compound 4 (92%).

HPLC (60:40:0.05 CH3CN/H2O/TFA; retention time, 6.05
min). 1H NMR (DMSO-d6): 7.80 (2 H, s), 7.06 (1 H, d, J

) 3), 6.85 (1 H, d, J ) 3), 4.69 (1 H, dd, J ) 10, 5), 3.22
(1 H, dd, J ) 13, 4), 3.00 (2 H, t, J ) 7), 2.89 (1 H, dd, J
) 14, 10), 2.19 (2 H, t, J ) 8), 1.55 (2 H, t, J ) 7), 1.41
(11 H, s, m). ESI/MS (negative ion mode)m/z: 943 (M)-.
Anal. Calcd for C26H30BrI3N2O7: C, 33.08; H, 3.18; N,
2.97. Found: C, 32.78; H, 2.92; N, 2.90.
Compound 19 was obtained from compound 5 (83%).

HPLC (58:42:0.05 CH3CN/H2O/TFA; retention time, 5.7
min). 1H NMR (DMSO-d6): 7.79 (2 H, s), 6.83 (1 H, d, J
) 6.6), 6.80 (1 H, s), 6.53 (1 H, d, J ) 6.6), 4.68 (1 H, m),
3.20 (1 H, m), 3.00 (2 H), 2.89 (1 H, m), 2.22 (2 H, m),
1.55 (2 H, m), 1.42 (11 H, s, m), 1.29 (2 H, m). ESI/MS
m/z: 819 (M + H)+.
Compound 20 was obtained from compound 6 (93%).

HPLC (60:40:0.05 CH3CN/H2O/TFA; retention time, 5.4
min). 1H NMR (DMSO-d6): 7.80 (2 H, s), 6.85 (2 H, d,
s), 4.68 (1 H, m), 3.25 (1 H, m), 3.00 (2 H), 2.90 (1 H, m),
2.20 (2 H, m), 1.55 (2 H, m), 1.42 (11 H, s, m), 1.27 (2 H,
m). ESI/MS m/z: 897 (M + H)+.
Compound 21 was obtained from compound 7 (68%).

HPLC (65:35:0.05 CH3CN/H2O/TFA; retention time, 6.5
min). 1H NMR (CD3OD): 7.83 (2 H, s), 7.07 (2 H, s), 5.06
(1 H, m), 3.03-2.93 (3 H, s; 2 H, m), 2.93-2.83 (3 H, s;
2 H, m), 2.19 (2 H, m), 1.55 (2 H, m), 1.42 (10 H, s, m),
1.23 (3 H, m). ESI/MS m/z: 1018 (M + H)+.
Compound 22 was obtained from compound 8 (78%).

HPLC (63:37:0.05 CH3CN/H2O/TFA; retention time, 5.5
min). 1H NMR (CD3OD): 7.81 (2 H, s), 6.95 (1 H, d, J )
3), 6.74 (1 H, d, J ) 9), 6.62 (1 H, dd, J ) 3, 9), 5.48 (1 H,
m), 3.02-2.95 (3 H, s; 2 H, m), 2.93 (3 H, s), 2.85 (2 H,
m), 2.19 (2 H, m), 1.55 (2 H, m), 1.42 (10 H, s, m), 1.23 (3
H, m). ESI/MS m/z: 892 (M + H)+.
Compound 23 was obtained from compound 9 (94%).

SiO2 column (10-20% MeOH in CHCl3). 1H NMR
(DMSO-d6): 7.75 (2 H, s), 7.15 (2 H, s), 4.27 (1 H, m),
3.73 (3 H, s), 3.18 (1 H, m), 2.98 (2 H, m), 2.80 (1 H, m),
2.02 (2 H, m), 1.37 (13 H, s, m), 1.14 (2 H, m). ESI/MS
m/z: 1005 (M + H)+. Anal. Calcd for C27H32I4N2O7‚
CF3CO2H: C, 31.12; H, 2.95; N, 2.50. Found: C, 31.19;
H, 2.88; N, 2.60.
Compound 24was obtained from compound 10 (70%).

SiO2 column (10-25% MeOH in CHCl3). 1H NMR (CD3-
OD): 7.80 (2 H, s), 7.14 (1 H, d, J ) 3), 6.76 (1 H), 6.64
(1 H), 4.52 (1 H, m), 3.77 (3 H, s), 3.27 (1 H, m), 3.01 (2
H, m), 2.85 (1 H, m), 2.22 (2 H, m), 1.56 (2 H, m), 1.40
(11 H, s, m), 1.27 (2 H, m). ESI/MSm/z: 896 (M + NH4)+.
Compound 28was obtained from compound 14 (83%).

HPLC (47:53:0.05 CH3CN/H2O/TFA; retention time, 6.3
min). 1H NMR (DMSO-d6): 9.35 (1 H, b), 8.08 (1 H, d, J
) 8.1), 7.65 (2 H, s), 6.71 (1 H, b), 4.29 (1 H, m), 2.88-
2.81 (4 H, m), 2.71 (2 H, m), 2.05 (2 H, m), 1.34 (11 H, s,
m), 1.14 (2 H, m). ESI/MS m/z: 647 (M + H)+. Anal.
Calcd for C20H28I2N2O6: C, 37.14; H, 4.33; I, 39.30; N,
4.33. Found: C, 37.21; H, 4.39; I, 38.93; N, 4.52.
General Procedure for Conjugation of Linker to

Carboxy-Substituted Analogs (25-27). A solution of
the acid (11-13, 0.07 mmol), EDAC (0.141 mmol), NHS
(0.14 mmol), andN-tert-Boc-hexamethylenediamine (0.14
mmol) in DMF (3 mL) was stirred for 30 h. The reaction
mixture was purified by HPLC.
Compound 25was obtained from compound 11 (35%).

HPLC (70:30:0.05 CH3CN/H2O/TFA; retention time, 6.9
min). 1H NMR (DMSO): 9.30 (1 H, s), 8.05 (1 H, b), 7.79
(2 H, s), 7.05 (2 H, s), 6.74 (1 H, b), 3.38 (2 H), 3.01 (2 H,
m), 2.87 (2 H, m), 1.34 (13 H, s, m), 1.20 (4 H, m). ESI/
MSm/z: 947 (M)+, 847 [M - CO2C(CH3)3]+. Anal. Calcd
for C25H30I4N2O5: C, 31.70; H, 3.17; I, 53.69; N, 2.96.
Found: C, 31.94; H, 3.09; I, 53.62; N, 2.89.
Compound 26was obtained from compound 12 (33%).

HPLC (63:37:0.05 CH3CN/H2O/TFA; retention time, 6.8
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min). 1H NMR (DMSO-d6): 10.01 (1 H, s), 8.05 (1 H, m),
7.78 (2 H, s), 6.96 (1 H, d, J ) 3), 6.80 (1 H, d, J ) 8.7),
6.74 (1 H, m), 6.57 (1 H, d, J ) 8.7), 3.36 (4 H, m),
3.03 (2 H, m), 2.87 (2 H, m), 1.34 (13 H, s, m), 1.21
(2 H, m). ESI/MS m/z: 821 (M + H)+. Anal. Calcd for
C25H31I3N2O5: C, 36.57; H, 3.78; I, 46.45; N, 3.41.
Found: C, 36.44; H, 3.66; I, 45.98; N, 3.24.
Compound 27was obtained from compound 12 (34%).

HPLC (65:35:0.05 CH3CN/H2O/TFA; retention time, 6.4
min). 1H NMR (DMSO-d6): 10.01 (1 H, s), 7.79 (1 H, m),
7.73 (2 H, s), 6.93 (1 H, d, J ) 3), 6.80 (1 H, d, J ) 9),
6.77 (1 H, m), 6.58 (1 H, dd, J ) 3, 9), 2.98 (2 H, m), 2.86
(2 H, m), 2.75 (2 H, m), 3.36 (2 H, m), 1.34 (9 H, s; 2 H,
m), 1.18 (2 H, m). ESI/MS m/z: 835 (M + H)+.
Anti-Thyroxine Monoclonal Antibody Prepara-

tion. The anti-thyroxine-mAb (5) derived from cell line
ATCC HB11125 (American Type Culture Collection,
Rockville, MD) which was raised against T4 conjugate 59
(3) was purified using a Pharmacia FPLC system as
follows. The tissue culture media containing anti-T4 mAb
(150 mL) was centrifuged at 3500g and filtered through
a 0.2 µm filter to remove hybridoma cells. The super-

natant was applied at a rate of 10 mL/min to a protein-A
column (26 mm × 20 cm, 75 mL, Pharmacia) which had
been equilibrated with IgG binding buffer (500 mL,
Pierce). The protein-A column with bound monoclonal
antibodies was further washed with IgG binding buffer
(500 mL), and anti-T4 mAb was eluted with IgG elution
buffer (500 mL, Pierce), monitoring at 280 nm. Fractions
(4 × 30 mL) containing the desired component were
collected, combined, and dialyzed against PBS buffer (4
× 4 L, 2 days, 4 °C). The antibody concentration was
4.86 mg/mL as determined by UV spectroscopy at 280
nm using an absorption coefficient of 1.4 (16) and verified
by the micro-BCA protein assay (17) reagent kit (Pierce)
using mouse IgG as a standard protein. Purified anti-
T4 mAb was characterized for purity by SDS-PAGE
(Figure 1), and its molecular weight was determined by
LC/ESI mass spectrometry (Figure 2) according to the
methods reported below. The total recovery of the
purified anti-T4 mAb was 194 mg.
Anti-Thyroxine Fab Preparation. The digestion of

anti-T4 mAb was carried out with the ImmunoPure Fab
Preparation Kit (Pierce) according to the manufacturer’s
protocol. Thus, purified anti-T4 mAb (40 mg) in digestion
buffer (2 mL; 20 mM NaH2PO4, 10 mM EDTA, and 20
mM cysteine at pH 7.0) was incubated for 5 h in a 37 °C
incubator-shaker with immobilized papain (2 mL). Pa-
pain-digested anti-T4 mAb was passed through an im-
mobilized protein-A column (2 mL) supplied with the kit
to remove undigested mAb and the Fc fragments. The
protein-A column was washed again with an additional
ImmunoPure binding buffer (15 mL). Column flow-
through and column washes were pooled and concen-
trated to 4 mL using a Centriprep-30 concentrator
(Amicon, Beverley, MA). Concentrated anti-T4 Fab was
dialyzed against PBS (4 × 4 L, 2 days, 4 °C). The

Figure 1. Gel electrophoresis. (A) SDS-PAGE of anti-T4
monoclonal antibody and anti-T4 Fab. (B) NIH Image digital
plot of lane 1, molecular mass standards [phosphorylase b (94
kDa), BSA 966 kDa), ovalbumin (43 kDa), carbonic anhydrase
(30 kDa), trypsin inhibitor (20 kDa), and lysozyme (14.5 kDa)];
lane 2, purified mAb; lane 3, antibody digest; lane 4, purified
Fab fragment; and lane 5, purified Fc fragment.

Figure 2. ESI/MS of anti-T4 mAb and its Fab fragment. (A)
Raw mass spectrum. (B) Deconvoluted mass spectrum.
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concentration of anti-T4 Fab was 11.8 mg/mL as deter-
mined by the micro-BCA method using mouse IgG as a
standard protein. Purified anti-T4 Fab was characterized
for purity by SDS-PAGE (Figure 1), and its molecular
weight was determined by LC/ESI mass spectrometry
(Figure 2) according to the methods reported below. The
total recovery of the purified anti-T4 FAB was 9 mg
(∼65% yield).
Analysis by Gel Electrophoresis. The antibody

samples were dissolved in SDS-PAGE sample buffer (10
mM TRIS/HCl, 1 mM EDTA, 2.5% SDS, and 5.0%
â-mercaptoethanol at pH 8.0) and heated to 100 °C for 5

min. Gels were loaded with 15 µL of sample and run
under denaturing conditions using the manufacturer’s
protocol. Upon completion, the gels were stained with
Coomassie Blue using a standard developing routine from
the manufacturer. The resulting gels were evaluated
first by scanning (Apple OneScanner, Apple Computers,
Cupertino, CA) and then analyzing the image with the
gel plotting macros of NIH Image (version 1.58, public
domain image processing and analysis program for the
Apple Macintosh PowerPC from the NIH, Bethesda, MD,
downloaded from zippy.nimh.nih.gov).
Mass Spectrometry Analysis. Monoclonal Antibody.

A solution of anti-T4 mAb (1 mg/mL, 0.1% formic acid)
was injected into the LC/ESI/MS apparatus and eluted
with a linear gradient of 90:10 TFA (0.1% aqueous)/
acetonitrile to 100% acetonitrile over 40 min at a flow
rate of 75 µL/min. The column output was directly
interfaced to the mass spectrometer ion source. ESI/MS
operating parameters were as follows: interface auxiliary
air flow of 5 L/min at 400 °C and nebulizer air flow of
1.5 L/min, ion spray voltage (IS) of 4.8 kV, and orifice
voltage (OR) of 80 V. The instrument scanned a mass
range of 2200-3000m/z in 0.1 amu steps for a total scan
time of 8 s. The resulting spectra were reconstructed
using the manufacturer’s software (BioMultiview version
1.2) (Figure 2).
Fab Fragment. A solution of anti-T4 Fab (1 mg/mL,

0.1% formic acid) was injected into the LC/ESI/MS
apparatus and eluted with a linear gradient of 90:10 TFA
(0.1% aqueous)/acetonitrile to 100% acetonitrile over 20
min at a flow rate of 100 µL/min. The column output
was directly interfaced to the mass spectrometer ion

Figure 3. Sensorgram for activation and conjugation to a
sensor chip: (a) buffer baseline, (b) EDAC/NHS activation, (c)
buffer wash, (d) thyroxine analog conjugation, (e) buffer wash,
(f) ethanolamine quench, (g) buffer wash, (h) HCl wash, (i) buffer
wash, and (- - -) reference line for ∆RU.

Table 1. Biosensors Prepared and Their Binding Properties with Anti-Thyroxine Monoclonal Antibodya

no. R X1 X2 X3 X4 R1 ka (M-1 s-1) × 106 kd (s-1) × 10-5 KA (M-1) × 108 ∆G (kcal/mol) ∆∆G (kcal/mol)

43L H I I I I OH 3 ( 0.34 6 ( 0.95 525 ( 97.4 -14.5 0
43D H I I I I OH 2 ( 0.47 4 ( 0.18 647 ( 120 -14.7 -0.2
44L H H I I I OH 2 ( 0.75 77 ( 19 29 ( 11.7 -12.9 1.6
44D H H I I I OH 3 ( 0.30 84 ( 9 32 ( 5.23 -12.9 1.6
45 H H H I I OH -b - - - -
46 H I Br I I OH 2 ( 0.37 11 ( 2.6 187 ( 54.6 -14.2 0.3
47 H H Br I I OH 5 ( 0.60 317 ( 49 15 ( 3.09 -12.4 2.1
48 H Br Br I I OH 3 ( 0.45 18 ( 4.8 152 ( 51.0 -13.8 0.7
49 H I I I I N(CH3)2 1 ( 0.07 1 ( 0.03 1140 ( 76.2 -15.0 -0.5
50 H H I I I N(CH3)2 5 ( 0.25 592 ( 93 9 ( 1.39 -12.2 2.3
51 CH3 I I I I OH - - - - -
52 CH3 H I I I OH - - - - -

no. n X1 X2
53 1 I I - - - - -
54 1 H I - - - - -
55 2 H I 7 ( 0.34 590 ( 8 12 ( 0.60 -12.3 2.2

56 - - - - -
a All data are from nonlinear regression analysis of sensorgram curves. b - indicates that no binding was observed at the concentrations

tested.
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source. ESI/MS operating parameters were as follows:
interface auxiliary air flow of 4 L/min at 350 °C and
nebulizer air flow of 1.5 L/min, ion spray voltage (IS) of
4.8 kV, and orifice voltage (OR) of 20 V. The instrument
scanned a mass range of 700-2000m/z in 0.25 amu steps
for a total scan time of 5.2 s. The resulting spectra were
reconstructed using the manufacturer’s software (Bio-
Multiview version 1.2) (Figure 2).
Conjugation of Thyroxine Analogs to Sensor

Chips. (A) Removing the tert-Boc Protecting Group. A
solution of the tert-Boc-protected analog (15-28) (5.2
mmol) in TFA (0.2 mL) was stirred for 30 min. After
removal of the solvent in vacuo, the resulting TFA salt
(29-42) was used for conjugation to the sensor chip
without further purification.
(B) Activation and Coupling to the Sensor Chip for

Direct Kinetic Analysis (18) (Figure 3). The CM-5 sensor
chip was placed in the automated BIAcore instrument,
and the HBS buffer flow was started (5 µL/min), giving
an instrument response as shown in region a. After
about 4 min, the activation solution (5 µL/min, 0.2 M
EDAC and 0.05 M NHS) was injected (region b). After 6
min, HBS buffer was introduced (5 µL/min, 90 s) (region
c), before the thyroxine analog solution (29-42, 5 µg/mL
in 10% EtOH, 50 mM NaHCO3, and 500 mM NaCl at
pH 8.5) was added (region d). After 6 min, HBS buffer
was again introduced (5 µL/min, 2 min, region e), before
the unreacted active ester groups remaining on the
biosensor chip were blocked with ethanolamine (5 µL/
min, 1 M, 6 min, region f). Finally, the sensor surface
was washed with HBS buffer (5 µL/min, 2 min, region
g), aqueous HCl (5 µL/min, 100 mM, 2 min, region h),
and HBS buffer (5 µL/min, 4 min, region i) to remove
any residual noncovalently attached thyroxine analog. All
immobilization steps were performed automatically by

the BIAcore instrument to produce the biosensors 43-
56 (Table 1).
Kinetic Analysis. Eight concentrations (0.5-100 nM

in HBS buffer) of the binding protein (anti-T4 mAb or
anti-T4 Fab) were each injected over the surface of each
thyroxine analog biosensor (43-56) for 360 s at a rate of
5 µL/min. Afterward, the binding protein solution was
replaced with HBS buffer alone and the dissociation of
the protein from the biosensor surface was monitored for
200 s. Any remaining bound proteins were dissociated
by washing with formic acid (10 s, 1 M) in order to
regenerate the biosensor. The association and dissocia-
tion rates were calculated by selecting regions from the
binding and dissociation phases of the sensorgrams that
corresponded to a 1:1 binding interaction (19) (Figure 4).
Equilibrium affinity constants were derived from the
ratio of association and dissociation constants. All
experiments were performed at 25 °C. Data were col-
lected at 2 Hz intervals and analyzed using least-squares
statistics built into BIAevaluation 1.1.1 software (Phar-
macia) on a NEC personal computer.
Analysis for Nonspecific Binding. (A) A control

sensor chip lacking any ligand was prepared following
the general procedure for conjugation presented above
but substituting buffer for the ligand solution. Anti-T4
mAb ad anti-T4 Fab were used in the direct kinetic
analysis following the above procedure. The resulting
sensorgrams are shown in panels A and B of Figure 5,
respectively. (B) The binding of anti-theophylline mAb
to each of the thyroxine analog biosensors (43-56) was
evaluated under the same conditions as those used for
anti-T4 mAb and anti-T4 Fab in the direct kinetic
analysis, above. Six concentrations (0.5-100 nM) of anti-
theophylline mAb were injected over the biosensor sur-
faces and the sensorgrams recorded (Figure 5C).

Figure 4. SPR analysis with sensor 43L and T4 monoclonal antibody. (A) Sensorgrams generated with 2.5, 5, 10, 15, 20, 25, 50,
and 100 nM mAb. (B) Nonlinear regression plot of the association phase. (C) Nonlinear regression plot of the dissociation phase.
(D) Linear regression plot.
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RESULTS

Preparation of Thyroxine Biosensors. Derivati-
zation of the carboxylated surface of the sensor chip first
required the preparation of the chosen thyroxine analogs
bearing aminoalkyl linkers. As detailed in Scheme 1,
commercially available T4 (1, L and D enantiomers), T3
(2, L and D enantiomers), and T2 (3) were employed
directly in the reaction scheme without further modifica-
tion. The bromo analogs 4-6 were prepared according
to literature procedures (12, 20). Thus, 5 and 6 were
obtained directly by bromination of T2 (3), while 4 was
prepared by the iodination of BrT2 (5). Attempted
bromination of T3 (2L) led only to Br2T2 (6). Dimethyl-
amide compouds 7 and 8 were prepared through the
carbodiimide-mediated coupling of the corresponding
N-tert-Boc-protected derivatives of T4 (1L) and T3 (2L)
with excess aqueous dimethylamine and subsequent
deprotection with TFA. The knownO-methyl-substituted
T4 (14) and T3 (15) compounds were likewise issued as

the TFA salts 9 and 10 in 83% overall yield, from the
N-tert-Boc-protected derivatives after methylation with
methyl iodide in the presence of potassium carbonate and
deprotection with TFA. Analogs 1-10were coupled with
the NHS ester of N-tert-Boc-6-aminocaproic acid to give
compounds 15-24 in 66-94% yield after preparative
HPLC. Deprotection with TFA gave the aminoalkyl-
substituted thyroxine analogs. Thyroalkanoic acids 11-
13 (Scheme 2) were coupled to mono-N-tert-Boc-hexanedi-
amine (21), giving compounds 25 and 26 (33-35% yield),
and subsequently deprotected to give the requisite ami-
noalkyl derivatives 39-41. The aminoalkyl-substituted
3,5-diiodotyrosine derivative 42 was prepared as shown
in Scheme 3.
Conjugation of low-molecular weight ligands as typified

by the L-T4 analog 29 to the BIAcore sensor chips allowed
the generation of the sensorgram illustrated in Figure
3. Buffer alone (region a) gave a baseline response of
9174 RU. Activation of the carboxylated surface of the
chip with EDAC and NHS to give the NHS active esters
produced a change of 6000 RU (region b). Washing
returned the sensorgram to near baseline (9290 RU,
region c). Introduction of the ligand-bearing reactive
amino groups (region d) led to covalent attachment via
newly formed amide bonds with a change of 12 000 RU.
After washing, the instrument response fell to 9326 RU
(region e). Final blocking of unreacted active esters on
the solid surface with ethanolamine (region f) caused a
rise in RU of 15 000. Washing with buffer, aqueous HCl,
and buffer again gave the final biosensor chip. As
expected for low-molecular weight ligands, the 36 ∆RU
(region e - region i) after conjugation was too small to
be a reliable indicator of ligand density. Successful
conjugation was confirmed, however, on equilibration of
the sensors with anti-T4 mAb (Figure 4) where the ∆RU
was dramatically larger. For our experiments, conjuga-
tion using the optimum concentration of the aminoalkyl
thyroxine analogs (29-42) (5 µg/mL) gave rise to a
maximum ∆RU of about 1000 at saturation levels of anti-
T4 mAb for the resulting biosensors (43-56). These
biosensors were suitable for use in the direct kinetic
analysis, below.
To show that the interaction of anti-T4 mAb was

specific for the analyte on the biosensor and not to the
dextran surface, three experiments were performed.
First, a blank sensor was treated under the normal
conjugation protocol except that buffer was substituted
for the thyroxine analog ligand. Anti-thyroxine mAb and
Fab were tested at eight concentrations with the sensor.
The resulting sensorgrams are depicted in panels A and
B of Figure 5, respectively. Finally, thyroxine sensor 43L
was equilibrated with anti-theophylline monoclonal an-
tibody (Figure 5C). The sensorgram in all three experi-
ments showed a very small ∆RU response within the
noise level of the instrument. Additionally, the recorded
response appeared to be random. It did not correspond
to the incremental changes in the antibody concentration,
thus indicating no binding.
Preparation of T4 mAb and Fab. For this study,

the desired monoclonal antibody to T4 was obtained from
tissue culture media after filtration, centrifugation, and
protein-A column chromatography. After dialysis, the
concentration of the antibody was found to be 4.86 mg/
mL by UV spectroscopy. Assay by the micro-BCAmethod
found the concentration to be 4.99 mg/mL, which was in
close agreement with the UV value. Analysis by SDS-
PAGE showed two bands (Figure 1). The upper band
corresponded to the heavy chain of the antibody, with
an apparent molecular weight of 55 kDa, while the light
chain appeared as a sharp band at 27 kDa. LC/ESI/MS

Figure 5. Sensorgrams showing the absence of nonspecific
binding. (A) Sensorgrams generated with 2.5, 5, 10, 15, 20, 25,
50, and 100 nM mAb with no ligand on the sensor chip. (B)
Sensorgrams generated with 2.5, 5, 10, 15, 20, 25, 50, and 100
nM Fab with no ligand on the sensor chip. (C) Sensorgrams
generated with 2.5, 5, 10, 15, 20, 25, 50, and 100 nM theophyl-
line mAb and sensor 43L.
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(Figure 2) of the antibody gave a series of multicharged
ions centered at m/z 2600 (inset A). Deconvolution
showed four species (inset B) with molecular weights of
149 355 (20%), 149 541 (65%), 149 678 (100%), and
149 833 Da (85%), consistent with the expected mass of
an intact monoclonal antibody (22, 23).
Digestion of the monoclonal antibody with papain

produced a mixture containing the unreacted mAb, and
the Fc and Fab fragments. Chromatography (protein-
A) gave the Fab fragment in the void volume in 65% yield
after dialysis. The final concentration of anti-T4 Fab was
11.8 mg/mL (micro-BCA). SDS-PAGE (Figure 1) showed
two bands (27 and 25 kDa) and no detectable mAb or Fc
fragment. LC/ESI/MS (Figure 2) showed a series of
multicharged species centered at m/z 1500 (inset A). On

deconvolution (inset B), a single narrow peak was pre-
dominant atm/z 47 620 (100%), accompanied by a broad
peak centered at m/z 47 782 (30%).
Direct Kinetic Analysis. Monoclonal Antibody to T4.

Each thyroxine analog biosensor (43-56) was tested with
the purified anti-T4 mAb at eight concentrations ranging
from 0.5 to 100 nM on the BIAcore instrument to produce
a series of sensorgrams. Typical results are illustrated
in Figure 4A using biosensor 43L. The concentration-
dependent binding kinetics of anti-T4 mAb to biosensor
43L displayed in the sensorgrams were consistent with
a two-component interaction model, i.e., A + B h AB,
during the first 100 s of the association and dissociation
phases. In panels B and C of Figure 4, the solid curves
(with the left y-axis) represent the fitted data for these

Scheme 1

Scheme 2

Scheme 3
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regions of the association and dissociation phases, re-
spectively. The coplotted residuals (right y-axis and the
x-axis) show the difference between the fitted data and
the experimental data for each point. The uniform
distribution of points in the residual plots is typical for
the proposed 1:1 binding model and indicates a good fit
of the data (24). The plots were used to determine ka
and kd (Table 1). Figure 4D shows the result of the linear
regression analysis of the sensorgrams shown in Figure
4A, as a plot of ks versus concentration, where ks is the
slope of dRU/dt versus RUt. The slope of this plot is ka,
and the y-intercept is kd. The resulting values were in
close agreement with those in Table 1.
The T2 analog (45), the O-methyl derivatives (51 and

52), the thyroacetic acids (53 and 54), and the tyrosine
compound (56) showed no binding at the concentrations
tested. Of the ligands that bound, all but 49 appeared
to bind according to the proposed 1:1 binding model. The
residual plots of the association and dissociation phases
of the sensorgram for sensor 49 (not shown) were
decidedly skewed, indicating a deviation from the model.
Nonetheless, the association rate constant (ka) values for
all of the binding structures were similar, ranging from
1 to 7 × 106 M-1 s-1. However, the recorded dissociation
rate constants for the same structures exhibited a much
wider range of values (1-592 × 10-5 s-1). The equilib-
rium association constants, KA, were derived from the
equation

Of the analog biosensor surfaces that bound the T4 mAb,

values of KA ranged from 9 to 1140 × 108 M-1. The
analogs fell into four groups. T4 mAb had the highest
affinity for the enantiomeric thyroxine analog sensors
(43L,D) and the thyroxine dimethylamide sensor (49),
all of which were linked through the R-amino group. The
next group consisted of the mono- (46) and dibromo-
substituted (48) analogs of thyroxine. T3 derivatives
(44L,D), like the thyroxine sensors, showed no preference
for the stereochemistry of the R-amino group. The group
with the lowest affinity included the monobromo T3
analog (47), T3 dimethylamide (50), and the T3 derivative
lacking the R-amino grup (55). The values for the change
in free energy on binding of the analog surfaces with T4
mAb were obtained from the equation

and ranged from -12.2 to -15.0 kcal/mol. Using the ∆G
value for sensor 43L as a point of reference, ∆∆G was
determined from the equation

A difference of up to 2.8 kcal/mol was seen with the
sensors that exhibited binding to the antibody.
Monoclonal Antibody Fab to T4. Following the same

evaluation and data reduction protocols used for the
intact T4 mAb, the binding kinetics of purified Fab to the
biosensors (43-56) were recorded (Table 2). Those
surfaces that bound T4 mAb also bound the Fab fragment.
All the binding events appeared to follow the proposed
1:1 interaction of the model based on the residual plots

Table 2. Binding Properties of Anti-Thyroxine Monoclonal Antibody Fab Fragmenta

no. R X1 X2 X3 X4 R1 ka (M-1 s-1) × 106 kd (s-1) × 10-5 KA (M-1) × 108 ∆G (kcal/mol) ∆∆G (kcal/mol)

43L H I I I I OH 2 ( 0.22 15 ( 1.2 128 ( 18.1 -13.7 0
43D H I I I I OH 2 ( 0.23 45 ( 6.5 49 ( 8.21 -13.2 0.5
44L H H I I I OH 6 ( 0.84 491 ( 92 13 ( 2.86 -12.4 1.3
44D H H I I I OH 7 ( 0.42 920 ( 102 8 ( 0.96 -12.0 1.7
45 H H H I I OH -b - - - -
46 H I Br I I OH 2 ( 0.12 45 ( 2.1 51 ( 3.38 -13.2 1.0
47 H H Br I I OH 3 ( 0.90 267 ( 33 11 ( 3.65 -12.3 1.4
48 H Br Br I I OH 3 ( 0.38 101 ( 7.1 28 ( 4.30 -12.8 0.9
49 H I I I I N(CH3)2 1 ( 0.32 6 ( 0.22 114 ( 81.1 -13.6 0.1
50 H H I I I N(CH3)2 1 ( 0.16 704 ( 36 1 ( 0.24 -10.9 2.8
51 CH3 I I I I OH - - - - -
52 CH3 H I I I OH - - - - -

no. n X1 X2
53 1 I I - - - - -
54 1 H I - - - - -
55 2 H I 10 ( 0.17 1640 ( 39 6 ( 0.18 -11.9 1.8

56 - - - - -
a All data are from nonlinear regression analysis of sensorgram curves. b - indicates that no binding was observed at the concentration

tested.

KA ) ka/kd

∆G ) -RT ln(KA)

∆∆G ) ∆Gobs - ∆G43L
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and the low ø2 values obtained from analysis of the
sensorgrams. The association rate constants (ka) were
similar to those recorded for the whole antibody, 1-10
× 106 M-1 s-1, while the dissociation rates were from 1-
to 11-fold higher. Equilibrium association constants
ranged from 1 to 128× 108 M-1. Again, the sensors could
be separated into four groups with similar KA values. The
thyroxine sensor (44L) and the thyroxine dimethylamide
(49) had the highest affinity constants, followed by the
D enantiomer of the thyroxine sensor (43D). Unlike the
intact antibody, the Fab fragment had a slight preference
for the naturally occurring L stereochemistry. The mono-
(46) and dibromothyroxine sensors (48) were next in the
affinity ranking. T3 (44L,D), T3 dimethylamide (50), and
thyropropionic acid (55) had the lowest affinity for the
Fab fragment of those derivatives that bound. Values
for ∆G spanned the range from -13.7 to -10.9 kcal/mol,
giving ∆∆G values of 0-2.8 kcal/mol.

DISCUSSION

T4 (3,5,3′,5′-tetraiodothyronine or thyroxine) is a pow-
erful hormone with far-reaching and diverse physiological
effects. As the predominant hormone secreted from the
thyroid gland, T4 is essential for normal metabolic and
neural activity. Only 0.05% of T4 freely circulates in the
blood, while the rest is bound to proteins such as thyroid
binding globulin (TBG), thyroid binding pre-albumins,
and albumins. The concentration of T4 in serum is an
important diagnostic indicator of thyroid function (25).
The most common method of measuring serum levels of
T4 in the United States and Japan has been homogeneous
fluorescence polarization immunoassay (FPIA) (26). An
earlier report has dealt with the design and synthesis of
T4 FPIA immunoreagents (3). The increasing need for
higher sample throughput, ease of automation, and
economy in today’s cost-conscious health care environ-
ment has brought about a renewed interest in heteroge-
neous immunoassays for T4. The immunoreagents that
have optimal performance in a homogeneous assay need
not display similar performance in a heterogeneous
format. Traditionally, the choice of reagents has been
arrived at empirically by matching an antibody with a
tracer in a particular assay format. This labor intensive
approach has been successful but could have been greatly
simplified if the basic kinetic and thermodynamic binding
parameters of the immunoreagents had been known a
priori. Such biospecific interactions are dynamic events
which are reflected in the rates of association (ka) and
dissociation (kd) of the binding molecules. From these
values, equilibrium binding constants (KA) can be deter-
mined. Additionally, the change of the KA-derived Gibbs
free energy (∆G) during the binding event offers a
convenient means of relating changes in hapten structure
to changes in binding to protein. These critical immu-
nocomponent properties can be determined by surface
plasmon resonance on the automated BIAcore system.
In the approach presented here, one member of a

binding pair is conjugated to the surface of a sensor chip
while the other is injected in solution over the surface at
a constant rate. The instrument response is directly
related to the change in mass on the surface of the
biosensor. When both the binding components are
macromolecules, the choice of which component to con-
jugate to the sensor is largely arbitrary. Conjugation of
either component to the sensor will generate a substan-
tial initial rise in RU, and subsequent association with
the other component will generate a large ∆RU. The
kinetics of the interaction may not be the same for both
approaches simply because the process of conjugation can

change the conformation and reactivity of the species
involved (27).
Relatively few studies on the BIAcore system have

been reported in which a low-molecular weight ligand
(like T4) interacts with a large binding protein (like an
antibody). In this case, the choice of which component
to conjugate to the sensor surface is critical due to
instrument constraints. Conjugation of the antibody to
the sensor surface induces a large shift in RU in ac-
cordance with the large mass of the protein, but the
subsequent interaction with the ligand produces a small
shift that cannot be measured reliably. Although, ad-
vances in the BIAcore instrument and the accompanying
increase in the sensitivity of the detector have been
reported to mitigate this limitation (28). As in the case
of the bimacromolecular interaction cited above, it is
difficult to assess what effect immobilization of the
binding protein on the sensor chip has on its binding
properties. Three approaches to conjugation of low-
molecular weight ligands to the sensor chip have been
reported. One approach has been to conjugate the ligand
to a carrier protein, which can then be coupled to the
sensor surface (29-34). A concern with this protocol is
that the intermediate bioconjugate is a heterogeneous
species requiring an additional conjugation step and
charactrization to produce reliable biosensors. Low-
molecular mass ligands have also been attached to the
sensor surface indirectly by use of the streptavidin-biotin
interaction. A sensor covalently linked to streptavidin
captures the biotinylated ligand which subsequently
interacts with the binding protein to form a sandwich
(35). Sensors of this type have a limited lifetime and tend
to “leak”. Sensors made by the direct conjugation of the
ligand to the biosensor surface are more rugged (35, 36)
and well-defined. However, when the small ligand is
bound to the surface, there is only a small shift in RU
(Figure 3) so loading cannot be quantitated directly.
Only on binding with the antibody can a large and easily
quantitated ∆RU be obtained. This latter conjugation
procedure was chosen for the present study. This method
of evaluating the kinetic and thermodynamic properties
of these immunocomponents mimics the characteristics
of heterogeneous assays and avoids concerns about
altering the binding site conformation of the antibody but
requires the construction of a different biosensor for each
ligand tested. Alternative methods (37) that would
mimic homogeneous assay conditions are of intrest but
were not the subject of this study.
The T4 mAb that is the principle subject of this

investigation was obtained from immunization with the
N-acetyl-T4-bovine serum albumin (BSA) conjugate pre-
pared as shown in Scheme 4. While the L enantiomer of
N-acetyl-T4 was used as the starting material, we ex-
pected from our own model studies (38) that the conju-
gated hapten would be racemized as a result of azalac-
tone (39) formation during the activation. Racemization
of N-acyl amino acids under carbodiimide coupling condi-
tions is well-known (40). It was critical to probe whether
the monoclonal antibody that resulted from this immu-
nogen recognized the chiral center of the analyte. Thus,
biosensors 43L, 43D, 44L, and 44D were prepared with
care to avoid racemization of the chiral haptens. In
particular, the dimethyl amides (7 and 8, Scheme 1) were
prepared from L-T4 and L-T3 by activation of the N-tert-
Boc amino acids under conditions that avoid racemiza-
tion. Each of the other thyroxine analogs included in the
library of biosensors was chosen to probe other structural
requirements of the antibody. Sensors 43-48 were
prepared to test how the degree and type of halogenation
in the terminal aryl ring affected binding, while sensor
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56 tested whether that aryl group was necessary at all.
Sensors 49 and 50were prepared to address the necessity
of the ionizable carboxyl group, while 51 and 52 reflected
the absence of the ionizable phenol. Thyroalkanoic acid
sensors 53-55 were employed to test the need for the
R-amino group.
On the basis of the structure of the immunogen which

was used to generate the monoclonal antibody, we
expected that the diphenyl ether ring system would be a
major antigenic determinant. Moreover, the molecular
architecture of the hapten close to the site of conjugation
to the carrier protein is known to render the resulting
antibody relatively indifferent to changes surrounding
the site of attachment (3). The data obtained from the
surface plasmon resonance analysis on the BIAcore
system (Table 1) supported our suppositions. The free
energy of binding (∆G) of the thyroxine analog sensors
to the antibody became less favorable with the loss of
each halogen from the terminal aryl ring (43L > 46 ≈
48 > 44L > 47 . 45). The initial iodo-bromo exchange
on going from 43L to 46 resulted in a 0.3 kcal/mol
increase in ∆G. Removal of one iodo group (43L versus
44L) resulted in a further increase in ∆G of 1.6 kcal/mol.
The trend continued until the T2 derivative (45) showed
no binding at the concentrations studied. Likewise, the
tyrosine derivative (56) which lacked the B-ring of the
diphenyl ether entirely showed no binding. Eliminating
the phenolic HO group by conversion to the corresponding
methyl ether, as in sensors 51 and 52, also prevented
antibody binding. It seemed then that the binding of the
mAb was indeed sensitive to changes in the diphenyl
ether moiety.
Both the degree of halogenation and the presence of a

free phenol were important determinants for binding.
These observations may be directly related to the acidity
of the phenolic HO group. It would be expected that
changing a substituent from iodo to bromo would result
in a decrease in pKa of 0.1 [based on the literature (41)
pKa values for o-iodophenol and o-bromophenol of 8.5 and
8.4, respectively]. Replacing the iodo group with hydro-
gen would cause a much larger decrease of 1.5-2 pKa
units (based on the following pKa data: 6.79, T4; 8.86,
T3; and 10.28, T2) (12). A change of 1 pKa unit equals
1.32 kcal/mol. The ∆∆G of the antibody binding reaction
between sensors 43L and 44L (∆pKa of 2.1) amounted
to only 1.6 kcal/mol, about half of the expected value
based on the change in pKa of the analogs. A similar
trend in antibody-thyroxine analog binding was seen by
Rokos et al. (12). They reported cross reactivity data in
an RIA format of several thyroxine analogs with an
antibody directed toward an R-amino-linked L-T4 ethyl
ester immunogen. In their study, T4, BrT3, and Br2T2
(similar in structure to sensors 43L, 46, and 48, respec-
tively) displayed cross reactivity of 100, 85.6, and 47.6%,

respectively, while 3′-isopropyl-T3 cross reacted only
8.9%. In their study, as well as ours, as the halogenation
decreased, so did binding to the antibody. We conclude
that, while the interaction of the phenolic HO group with
this antibody is important, it need not be the only
contributing factor. The higher polarizability of the iodo
versus the bromo substituent may also contribute to the
results noted here.
The SPR-derived binding data indicated that our mAb

recognized both enantiomers of the thyroxine biosensors
(43L,D) and the triiodothyronine biosensors (44L,D) to
an equal degree, supporting the expectation that the
antibody would not be sensitive to changes surrounding
the chiral center. The dimethylamide-substituted sen-
sors (49 and 50) showed affinity for the antibody nearly
equivalent to that for the corresponding carboxy-substi-
tuted analogs (43L and 44L). The triiodothyropropionic
acid-derived sensor (55) which was linked via the car-
boxylic acid, thus lacking the chiral center, R-amino, and
free carboxyl groups, had similar binding to the corre-
sponding T3 dimethylamide sensor (50). In light of the
insensitivity of this mAb to changes in the structure
surrounding the chiral center, R-amino, and carboxyl
groups, it was surprising that neither the tetraiodo- nor
the triiodothyroacetic acid analogs (53 and 54, respec-
tively), which differed by a single methylene unit from
sensor 55, showed any binding to the antibody.
With only minor variations, the kinetic and thermo-

dynamic values obtained from the SPR analysis of the
Fab fragment with the same series of biosensors (Table
2) followed the same trend as seen with the whole
antibody. In absolute terms, the values for ∆G for the
Fab fragment were on average 0.8 kcal/mol less favorable
than those seen with the mAb. The Fab fragment had
very slight bias for the L enantiomer of thyroxine sensor
(43L) and the triiodothyronine sensor (44L), unlike the
intact antibody.
The kinetic binding data obtained for the Fab with the

thyroxine analog sensors followed a true 1:1 binding
event model which was represented by the dissociation
and the association phases of the sensorgrams; i.e.,
dissociation rates were independent of the concentration
of Fab (42). In contrast, this was true only for about the
first 100 s of the dissociation phases in the mAb-
thyroxine analog sensors binding sensorgrams. Thus, the
rate constants obtained with the Fab fragment would
appear to be absolute kinetic parameters, while in the
case of the mAb, the numbers would represent apparent
binding constants.

CONCLUSION

A library of ligand analogs were designed to probe the
structural requirements for the binding interaction be-

Scheme 4
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tween hapten and antibody. The binding properties of
the antibody were conveniently obtained using surface
plasmon resonance on the automated BIAcore instru-
ment. Conjugation of the ligand analogs to the SPR chip
obviated concern about altering the conformation of the
antibody while still mimicking a heterogeneous assay
format but required the preparation of a separate bio-
sensor for each ligand.
The data from the SPR analysis for the interaction of

anti-T4 mAb and its Fab fragment with a structurally
diverse library of thyroxine analog biosensors pointed to
the important contribution of the diphenyl ether ring
system and the ionizable phenolic hydroxyl group to the
interaction. Affinities recorded for the bivalent mAb and
the monovalent Fab differed by a factor of 2-13. Ad-
ditionally, the intact antibody was blind to the chirality
of the hapten, whereas the monovalent Fab had a slight
preference for the L enantiomers of the analogs of T4 and
T3.
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I., Mezõ, I., Kanyickska, B., and Kovács, M. (1988) Synthesis
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New and Versatile Ternary Ligand System for Technetium
Radiopharmaceuticals: Water Soluble Phosphines and Tricine as
Coligands in Labeling a Hydrazinonicotinamide-Modified Cyclic
Glycoprotein IIb/IIIa Receptor Antagonist with 99mTc

D. Scott Edwards,* Shuang Liu,* John A. Barrett, Anthony R. Harris, Richard J. Looby,
Marisa C. Ziegler, Stuart J. Heminway, and Timothy R. Carroll

The DuPont Merck Pharmaceutical Company, Radiopharmaceuticals Division, 331 Treble Cove Road,
North Billerica, Massachusetts 01862. Received October 28, 1996X

A hydrazinonicotinamide-functionalized cyclic platelet glycoprotein IIb/IIIa (GPIIb/IIIa) receptor
antagonist [cyclo(D-Val-NMeArg-Gly-Asp-Mamb(5-(6-(6-hydrazinonicotinamido)hexanamide))) (HYNIC-
tide)] was labeled with 99mTc using tricine and a water soluble phosphine (TPPTS, trisodium
triphenylphosphine-3,3′,3′′-trisulfonate; TPPDS, disodium triphenylphosphine-3,3′-disulfonate; or
TPPMS, sodium triphenylphosphine-3-monosulfonate] as coligands. The synthesis of technetium
complexes, [99mTc(HYNICtide)(L)(tricine)] (1, L ) TPPTS; 2, L ) TPPDS; 3, L ) TPPMS), can be
performed in one or two steps in high yield and with high specific activity (g20 000 Ci/mmol). For
example, the reaction of the HYNICtide, [99mTc]pertechnetate, stannous chloride, and tricine at pH
4-5 and room temperature results in the complex [99mTc(HYNICtide)(tricine)2], which reacts with
TPPTS (50 °C for 30 min) to give complex 1 in g90% yield as determined by radio-HPLC. Complexes
1-3 are formed as equal mixtures of two isomeric forms and are stable for g6 h in the reaction mixture
and in dilute solution. Both isomeric forms of complex 1 were found by a platelet-binding assay to
contain the 99mTc-labeled HYNICtide and possess biological activity. The composition of these
complexes was determined to be 1:1:1:1 for Tc:HYNICtide:L:tricine through a series of mixed ligand
experiments on the tracer (99mTc) level. Surprisingly, this composition is maintained over a wide
range of relative ligand ratios. The relative bonding capability of the three phosphine coligands to
the Tc was determined by spiking various amounts of TPPDS or TPPMS into TPPTS and falls in the
order TPPMS > TPPDS > TPPTS. The lipophilicity of the [99m Tc]HYNICtide complexes can be
systematically varied by the choice of the phosphine and aminocarboxylate coligands. Using the
combination of tricine and a phosphine ligand, HYNIC-derivatized peptides or other small molecules
can be labeled with 99mTc in high specific activity and with high stability for potential use as
radiopharmaceuticals.

INTRODUCTION

We have been actively pursuing a research program
to develop a thrombus imaging agent by labeling a
platelet glycoprotein IIb/IIIa (GPIIb/IIIa) receptor an-
tagonist with 99mTc (1-6). Recently, we reported the
99mTc labeling of a hydrazinonicotinamide-conjugated
GPIIb/IIIa antagonist (HYNICtide in Chart 1). We found
that the HYNICtide can be labeled using tricine as the
coligand and forms the complex [99mTc(HYNICtide)-
(tricine)2] with specific activity g20 000 Ci/mmol. How-
ever, [99mTc(HYNICtide)(tricine)2] is not stable in solution
and exists in many isomeric forms, which we attribute
to coordination isomerism from the hydrazine moiety of
the HYNICtide and the tricine coligand (5). Although
the biological data from animal studies in a canine
arteriovenous (AV) shunt and a deep venous thrombosis
(DVT) model show that the complex [99mTc(HYNICtide)-
(tricine)2] is able to image both arterial and venous
thrombus (3), it would still be difficult to develop for
clinical use because of the solution instability and the
presence of the many isomeric forms.
To prepare [99mTc]HYNICtide complexes with higher

solution stability and less isomerism, we used ethylene-

diamine-N,N′-diacetic acid (EDDA), which is more sym-
metrical and potentially tetradentate, as the coligand to
label the HYNICtide. We found that EDDA forms the
complex [99mTc(HYNICtide)(EDDA)], with much higher
solution stability and less isomerism (5). However, the
HPLC data showed that the complex [99mTc(HYNICtide)-
(EDDA)] exists in at least three isomeric forms. The use
of N-substituted EDDA analogs produces [99mTc]HYNIC-
tide complexes with different lipophilicity but offers no
improvement with respect to minimizing the number of
coordination isomers. Thus, EDDA and its N-substituted

* Authors to whom correspondence should be addressed
[telephone (508) 671-8311 (D.S.E.) and (508) 671-8696 (S.L.);
fax (508) 436-7500].
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Chart 1. Cyclic HYNICtide
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analogs are not ideal coligands for the 99mTc-labeling of
the HYNICtide.
In this paper, we describe an alternative approach, in

which a water soluble phosphine [Chart 2; trisodium
triphenylphosphine-3,3′,3′′-trisulfonate (TPPTS); diso-
dium triphenylphosphine-3,3′-disulfonate (TPPDS); so-
dium triphenylphosphine-3-monosulfonate (TPPMS)] is
used as the second coligand to form a ternary ligand
system. To our surprise, these monodentate water
soluble phosphines react readily with [99mTc(HYNICtide)-
(tricine)2], replace one of its two tricine coligands, and
form the technetium complexes [99mTc(HYNICtide)(tri-
cine)(L)] (1, L ) TPPTS; 2, TPPDS; 3, TPPMS) in high
yield and high specific activity (g20 000 Ci/mmol). Com-
plexes 1-3 are very stable in both the kit matrix and
dilute solutions. By two reversed phase HPLC methods,
we found that these complexes are formed as equal
mixtures of two species. Through a series of mixed ligand
experiments, we determined the composition of these
complexes to be 1:1:1:1 for Tc:HYNICtide:L:tricine (L )
TPPTS, TPPDS, and TPPMS). This composition is
maintained over a wide range of relative ligand ratios.
We also evaluated these three complexes in the canine
AV shunt and DVT models for their potential use as
thrombus imaging agents. The results of the biological
evaluation will be described in a companion report (7).

EXPERIMENTAL PROCEDURES

Materials. TPPTS and tetrabutylammonium dihy-
drogen phosphate (TBAP) were purchased from Aldrich
Chemical Co. TPPTS was purified according to the lit-
erature method (8) before use for radiolabeling. TPPDS
was prepared and purified according to the procedure
described in the literature (9). TPPMS was purchased
from TCI America, Portland, OR, and was used as
received. N-(6-Hydrazinonicotinyl)-D-phenylalanine meth-
yl ester hydrochloride was recieved as a gift fromMichael
J. Abrams and J. D. Higgins III, Johnson-Matthey
Pharmaceutical, Wester Chester, PA. Na99mTcO4 was
obtained from a Technelite 99Mo/99mTc generator, DuPont
Merck Pharmaceutical Co., North Billerica, MA. Deion-
ized water was obtained from a Millipore MilliQ Water
System and was of >18 MΩ quality. The synthesis and
biological properties of the cyclic GPIIb/IIIa HYNICtide
will be reported elsewhere (10, 11).
Instruments and Methods. The high-performance

liquid chromatography (HPLC) methods used a Hewlett-
Packard Model 1050 or Model 1090 instrument with
radiometric detector. The instant thin layer chromatog-
raphy (ITLC) method used Gelman Sciences silica gel
strips and a 1:1 mixture of acetone and saline as eluant.
HPLCMethod 1 used a Zorbax Rx C18 column (4.6 mm
× 250 mm, 80 Å pore size) at a flow rate of 1.0 mL/min
with a gradient mobile phase from 100% A [95:5 (0.025
M, pH 3.7, phosphate buffer/0.005 M TBAP):acetonitrile]
to 90% A and 10% B [20:80 (0.025 M, pH 3.7, phosphate

buffer/0.005 M TBAP):acetonitrile] at 20 min, 40% B at
30 min, and 100% B at 33 min.
HPLC Method 2 used a Vydac C18 column (4.6 mm ×

250 mm, 300 Å pore size) at a flow rate of 1 mL/min with
a gradient mobile phase starting from 100% A (10 mM
phosphate buffer, pH 6) to 30% B (acetonitrile) at 15 min
and 75% B at 25 min.
HPLC Method 3 used a heated (50 °C) Zorbax C18

column (4.6 mm × 250 mm, 80 Å pore size) at a flow rate
of 1 mL/min with a gradient mobile phase starting from
95% A (0.01 M phosphate buffer, pH 6) and 5% B
(acetonitrile) to 13% B at 15 min and 75% B at 20 min.
HPLC Method 4 used a heated (50 °C) Zorbax C18

column (4.6 mm × 250 mm, 80 Å pore size) at a flow rate
of 1 mL/min. The mobile phase is isocratic from 0 to 12
min using 100% A [90:10 (0.025 M phosphate buffer, pH
8):acetonitrile] and from 13 to 45 min using 100% B [87:
13 (0.025 M phosphate buffer, pH 8):acetonitrile].
Synthesis of Complexes 1-3. Two-Step Synthesis.

To a 10 mL vial were added 0.2 mL of the HYNICtide
solution (50 µg/mL in H2O), 0.2-0.4 mL of tricine solution
(100 mg/mL in H2O), 0.5 mL of 99mTcO4

- solution (100
mCi/mL in saline), and 25 µL of SnCl2‚2H2O solution (1.0
mg/mL in 0.1 N HCl). The reaction mixture was allowed
to stand at room temperature for 30 min. The HPLC
showed radiochemical purity (RCP) of g95% for the
resulting complex [99mTc(HYNICtide)(tricine)2]. To the
solution was added 0.1 mL of phosphine solution (10 mg/
mL in H2O). The reaction mixture was heated at 50 °C
for 30 min and analyzed by HPLC and ITLC.
One-Step Synthesis. To a 10 mL vial were added 0.2-

0.4 mL of tricine solution (100 mg/mL in H2O), 0.2 mL of
HYNICtide solution (50 µg/mL in H2O), 0.1 mL of
phosphine solution (10 mg/mL in H2O), 0.5 mL of
99mTcO4

- solution (100 mCi/mL in saline), and 25 µL of
SnCl2.2H2O solution (1.0 mg/mL in 0.1 N HCl). The pH
was adjusted to 4-5. The reaction mixture was heated
at 50 °C for 30 min and analyzed by HPLC and ITLC.
The [99mTc]HYNICtide complexes prepared according to
this approach were shown by HPLC to be identical to
those prepared according to the two-step synthesis. The
radiolabeling yields for complexes 1-3 along with their
HPLC (method 2) data are summarized in Table 1.
Composition Studies on 99mTc-HYNICtide Com-

plexes. Determination of the Number of HYNICtide
Ligands. To a 10 mL vial was added 0.4 mL of tricine
solution (100 mg/mL in H2O), followed by 0.2 mL of
HYNICtide solution (50 µg/mL in H2O), 0.2 mL of N-(6-
hydrazinonicotinyl)-D-phenylalanine methyl ester hydro-
chloride solution (50 µg/mL in H2O), 0.5 mL of 99mTcO4

-

solution (100 mCi/mL in saline), and 10 µL of SnCl2‚
2H2O solution (10 mg/mL in 1.0 N HCl). The reaction
mixture was heated at 50 °C for about 20 min. To
the solution was added 0.1 mL of TPPTS solution (10
mg/mL in H2O). The mixture was heated at 50 °C
for another 30 min and was then analyzed by HPLC
(method 3).
Determination of the Number of Phosphine Ligands.

To a 10 mL vial were added 0.2 mL of HYNICtide
solution (50 µg/mL in H2O), 0.4 mL of tricine (100 mg/
mL in H2O), 0.2 mL of TPPTS solution (20 mg/mL in

Chart 2. Structures of Three Water Soluble
Phosphines

Table 1. Radio-HPLC Data for Complexes 1-3

L complex yield (%) retention timea (min)

TPPTS 1 g90 11.0/11.4
TPPDS 2 g90 14.5/15.0
TPPMS 3 g90 17.4/17.8
a Using HPLC method 2.
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H2O), 0.2 mL of TPPDS solution (10 mg/mL in H2O), 0.5
mL of 99mTcO4

- solution (100 mCi/mL in saline), and 25
µL of SnCl2‚2H2O solution (1.0 mg/mL in 0.1 N HCl). The
reaction mixture was heated at 50 °C for 30 min and was
then analyzed by HPLC (method 4).
Determination of the Number of Tricine Ligands. To

a 10 mL vial was added 0.1 mL of TPPTS solution (10
mg/mL in H2O), followed by 0.2 mL of HYNICtide
solution (50 µg/mL in H2O), 0.1 mL of tricine solution
(200 mg/mL in H2O), 0.5 mL of glycine solution (200 mg/
mL in H2O), 0.5 mL of 99mTcO4

- solution (100 mCi/mL in
saline), and 25 µL of SnCl2‚2H2O solution (1 mg/mL in
0.1 N HCl). The mixture was heated at 50 °C for 30 min
and then analyzed by HPLC (method 3).
Solution Stability Studies. Solution Stability of

Complex 1 in Kit Matrix. Complex 1 in the kit matrix
was analyzed by HPLC (method 3) without dilution.
Aliquots of the reaction mixture were placed in eight
autosampler vials and analyzed sequentially over 6 h.
Solution Stability of Complex 1 in Solution with 10-

Fold Dilution. Aliquots (0.3 mL) of complex 1 were
diluted with either 0.9% saline (2.7 mL) or 2 wt % tricine
in saline (2.7 mL); the diluted solutions were analyzed
by HPLC as described above.
Solution Stability of Complex 1 in Solution with 100-

Fold Dilution. Aliquots (0.1 mL) of complex 1 were
diluted with either saline (9.9 mL) or 2 wt % tricine in
saline (9.9 mL); the diluted solutions were analyzed by
HPLC as described above.
Solution Stability of Isolated Peaks. The two peaks of

complex 1 were collected separately using HPLC method
3. The collected fractions were each divided into two
separate 10 mL vials. The pH was adjusted to 4.0 in one
vial and to 8.0 in the other. These solutions were
monitored for ∼24 h by HPLC.
TPPDS and TPPMS Spiking Studies. To each of

four 10 mL vials was added 0.2 mL of HYNICtide
solution (50 µg/mL in H2O), followed by 0.4 mL of tricine
solution (100 mg/mL in H2O), 0.1 mL of TPPTS solution
(10 mg/mL in H2O), 0.1 mL of H2O containing various
amounts of TPPDS (0, 50, 100, or 500 µg) or TPPMS (0,
50, 100, or 200 µg), 0.2 mL of 99mTcO4

- solution (200 mCi/
mL in saline), and 25 µL of SnCl2‚2H2O solution (1.0 mg/
mL in 0.1 N HCl). The pH was adjusted to 4-5. The
reaction mixture was heated at 80 °C for 30 min and
analyzed by HPLC (method 2).
Platelet-Binding Assay. The platelet-binding assay

was performed according to the literature method (12)
with some modification. Canine venous whole blood was
collected into citrate-containing syringes (sodium citrate
final concentration 0.38 wt %, Ricca Chemical Co.,
Arlington, TX). To form platelet-rich plasma, the whole
blood was centrifuged at 900 rpm for 10 min (Sorvall
Model RT6000B Rotor H1000B, DuPont Medical Prod-
ucts, Newtown, CT) and the supernatant retained. The
platelets were rendered quiescent via the addition of
aspirin (Sigma Chemical Co., St. Louis, MO) to obtain a
final concentration of 50 µM, prior to their incubation at
37 °C for 20 min. At the end of the 20 min incubation
period, prostaglandin E1 (final concentration 0.9 µM,
Sigma) was added and the pH was adjusted to 6.5-7
using 3.8 wt % sodium citrate (pH 5.5). The preparation
was centrifuged at 2300 rpm for 10 min and the super-
natant discarded. Approximately 3 mL of Tyrodes buffer
was added, and the preparation was placed on a gel
filtration column containing Sepharose CL-4B (Pharma-
cia Biotech, Uppsala, Sweden). The platelet fraction was
collected and the platelets were counted on a cell analyzer
(Simex K-1000, Baxter, Chicago, IL). The aliquot was

adjusted to achieve a final concentration of 1.8 × 107
platelets/well.
This assay was performed in a 96 well microtiter plate,

and the reagents (expressed as final concentration) were
added in the following order: Tyrodes buffer, calcium
chloride (2 mM, BioData Corp., Horsham, PA), thrombin
(0.1 unit/mL, Sigma), and platelets (1.8 × 107 platelets/
well). After 2 min of incubation at room temperature,
hirudin (0.5 unit/mL, Sigma) and the test agent (HPLC-
purified complex 1 or one of its two isolated radiometric
peaks) were added. The microtiter plate was incubated
at room temperature for an additional 15 min, followed
by centrifugation at 3000 rpm for 10 min. The pellet and
supernatant were separated, and incorporation of com-
plex 1 and its two isolated radiometric peaks was
determined via gamma scintillation counting.

RESULTS AND DISCUSSION

Recently, Abrams and co-workers reported the use of
HYNIC technology in labeling polyclonal IgG with 99mTc
for imaging focal sites of infection (13-17). This technol-
ogy has also been used for the 99mTc-labeling of chemo-
tactic peptides (18-20) and antisense and DNA oligonu-
cleotides (21-23). Since the HYNIC group can only
occupy one or two sites in the technetium coordination
sphere, a coligand such as glucoheptonate or tricine is
required. It has been shown that the specific activity of
the 99mTc-labeled polyclonal IgG using tricine as a co-
ligand is much higher than that obtained using gluco-
heptonate (15-17).
We have labeled the HYNICtide (Chart 1) using tricine

as the coligand to form the complex [99mTc(HYNICtide)-
(tricine)2] (5). We found that the complex [99mTc(HYNIC-
tide)(tricine)2] is not stable in solution, particularly under
dilute conditions, and exists in many isomeric forms,
which we attribute to coordination isomerism from the
hydrazine moiety of the HYNICtide and the two tricine
coligands. To reduce the number of coordination isomers,
we have used other more symmetrical polydentate ami-
nocarboxylates (such as EDDA) as coligands for the
radiolabeling. Although the complex [99mTc(HYNICtide)-
(EDDA)] has higher solution stability and less coordina-
tion isomerism, the radio-HPLC data show that it exists
in at least three isomeric forms, which interconvert in
solution (5). Therefore, EDDA and its N-substituted
analogs are not ideal coligands for the 99mTc-labeling of
the HYNICtide.
An alternative approach to reduce the coordination

isomerism is to introduce an additional coligand (L),
which may replace one of the two unsymmetrical, mul-
tidentate tricine coligands in [99mTc(HYNICtide)(tricine)2]
to form a complex [99mTc(HYNICtide)(tricine)(L)] with a
ternary ligand system. The use of an appropriate addi-
tional coligand (L) may impart constraints on the possible
coordination modes of the tricine and hydrazine ligands,
thereby minimizing the number of possible coordination
isomers. These constraints may arise from either a steric
or electronic preference for the coordination of L. For
this purpose, we have chosen three bulky monodentate
water soluble phosphines (Chart 2) as the additional
coligand for the 99mTc-labeling of the HYNICtide.
Triphenylphosphine itself is known to form complexes

with Tc in various oxidation states (24). A number of
Tc-hydrazido and Tc-diazenido complexes with mono-
dentate and bidentate phosphine ligands have been
reported (25-31), with well-defined coordination geom-
etries, including complexes formed on the tracer level
(99mTc) in aqueous solution (27). The sulfonate groups
are expected to be deprotonated under physiological
conditions, resulting in increased hydrophilicity and
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potentially improved target to background ratios for the
technetium complexes (7).
Synthesis of Complexes 1-3. Synthesis (Chart 3)

of complexes 1-3 can be achieved either in two steps, in
which the complex [99mTc(HYNICtide)(tricine)2] is formed
first and then reacts with TPPTS, TPPDS, and TPPMS,
respectively, or in one step by direct reduction of [99mTc]-
pertechnetate with stannous chloride in the presence of
the HYNICtide, tricine, and a phosphine coligand. The
reaction is carried out by heating the reaction mixture
at 50 °C for 30 min. The relative amounts of the three
ligands can cover a wide range. The tricine concentration
can be from 10 to 100 mg/mL. Using lower tricine
concentration (<10 mg/mL) results in the formation of a
significant amount of [99mTc]colloid. The phosphine
concentration can be from 1.0 to 5.0 mg/mL. Low
phosphine coligand concentration results in either in-
complete conversion of [99mTc(HYNICtide)(tricine)2] to
complexes 1, 2, or 3 in the two-step synthesis or the
formation of [99mTc(HYNICtide)(tricine)2] as a radioim-
purity in the one-step synthesis.
The concentration of the HYNICtide can range from 1

to 100 µg/mL. The radiolabeling yields (Table 1) for
complexes 1-3 are usually g90% using 5 µg of HYNIC-
tide (4.69 × 10-9 mol, FW ) 1066 for HYNICtide‚2TFA)
and 100 mCi of [99mTc]pertechnetate (∼7 × 10-10 mol of
99mTc and 99Tc for 24 h generator). The HYNICtide/Tc
ratio is about 7:1 under these conditions. Very high
specific activity (∼20 000 mCi/µmol) can be achieved for
complexes 1-3 without postlabeling purification. The
radiolabeling efficiency of this new ternary ligand system
is comparable to that obtained using tricine coligand only
(5). Since the [99mTc]HYNICtide complexes require no
postlabeling purification, this procedure is amenable for
clinical application.
HPLC Characterization. In our previous contribu-

tion (5), we found that the radio-HPLC (method 1)
chromatogram of [99mTc(HYNICtide)(tricine)2] (Figure 1)
showed at least 10 partially resolved peaks with retention
times ranging from 20 to 28 min. To our surprise, the
reaction of [99mTc(HYNICtide)(tricine)2] with TPPTS
produces complex 1, which shows only one peak at 33.2
min (Figure 2) using the same method. However, by a
gradient reversed phase method (method 2), we found
two partially resolved peaks (Figure 3) for complex 1.

Using a different gradient HPLC method (method 3) or
an isocratic reversed phase method (method 4), we were
able to resolve the two peaks (Figures 3 and 4), with the
area ratio being approximately 1:1. We also found that
the complex prepared according to the two-step synthesis
is exactly the same as that prepared according to the one-
step synthesis. It is remarkable that the use of a simple
monodentate phosphine ligand forms a new ternary
ligand system and reduces the number of isomeric forms
from >10 for [99mTc(HYNICtide)(tricine)2] to only 2 for
complex 1.

Chart 3. Synthesis of Complexes 1-3

Figure 1. Radio-HPLC chromatogram for complex [99mTc-
(HYNICtide)(tricine)2].

Figure 2. Radio-HPLC chromatogram (method 1) for complex
1.

Figure 3. Radio-HPLC chromatogram (method 2) for complex
1.

Figure 4. Radio-HPLC chromatogram (method 3) for complex
1.
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Platelet-Binding Assay. A platelet-binding assay
(12) was used to determine if the two peaks assigned as
complex 1 do, in fact, represent species comprised of the
99mTc-labeled HYNICtide and are competent to bind to
platelets. In this assay, there is marked excess of
receptor to eliminate competition for the GPIIb/IIIa
receptor sites. The assay was based on the following
data. There are approximately 74 000 copies of the
GPIIb/IIIa receptor per platelet; and 1 × 107 -2 × 107
platelets/well. In addition, we assumed that competition
from fibrinogen released from platelet alpha granules
does not effectively compete with our test agent. Thus,
the receptor saturation should occur at approximately 12
nM of test agent.
We separated the two peaks using radio-HPLCmethod

3. The collected fractions were evaporated to dryness,
redissolved in 0.9% saline, and diluted to the required
concentration for the platelet-binding assay. As a control,
we also collected both peaks as one fraction (combined
peaks 1 and 2). The HPLC purified complex 1 (combined)
and the two radiometric peaks were assessed at a fixed
concentration of 10 pM. It was found that the HPLC-
purified complex 1 (combined) and its two radiometric
peaks bind to the gel-filtered canine platelets to the same
extent (Table 2), demonstrating clearly that both isolated
peaks contain the 99mTc-labeled HYNICtide and possess
biological activity.
Composition Studies of [99mTc]HYNICtide Com-

plexes. A mixed ligand experiment was performed to
determine the number of HYNICtides bonded to the Tc.
In this experiment, the HYNICtide and a model com-
pound,N-(6-hydrazinonicotinyl)-D-phenylalanine methyl
ester (HYNIC-D-Phe-OMe), were used in the same reac-
tion mixture. After the radiolabeling, the reaction mix-
ture was analyzed by radio-HPLC (method 3). If only
one HYNICtide is bonded to the Tc, the chromatogram
is expected to show two sets of peaks, one set from
complex 1 and the other from the complex [99mTc(HYNIC-
D-Phe-OMe)(tricine)(TPPTS)]. If there were two HYNIC-
containing ligands in each complex, a third set of peaks
from the mixed ligand complex, [99mTc(HYNICtide)-
(HYNIC-D-Phe-OMe)(tricine)(TPPTS)], is expected. The
presence of only two sets of peaks in the radio-HPLC
chromatogram (Figure 5) demonstrates clearly that there
is only one HYNICtide bonded to the Tc in complex 1,
and by inference to complexes 2 and 3.

The number of tricine coligands in complex 1 was
determined similarly using tricine and glycine as com-
peting coligands. We used a 12:1 molar ratio of glycine
to tricine since the bidentate glycine is not as strong a
ligand as tricine. Figure 6 shows the radio-HPLC chro-
matogram (method 3) of the resulting reaction mixture.
Two sets of peaks from complex 1 and [99mTc(HYNICtide)-
(TPPTS)(Gly)2] are seen at 12 and 14 min, respectively,
suggesting that there is only one tricine coligand in
complex 1, and by inference in complexes 2 and 3. The
small peaks between these two sets of peaks are evident
in the chromatogram obtained using glycine only.
The number of TPPTS coligands in complex 1 was

determined similarly to that for the HYNICtide using
TPPTS and TPPDS as competing coligands. The pres-
ence of two sets of distinctive peaks at 12 and 36 min in
the radio-HPLC chromatogram (Figure 7) for complexes
1 and 2, respectively, indicates clearly that there is only
one phosphine coligand bonded to the Tc in these
complexes.
On the basis of these data, we conclude that these

technetium complexes contain one HYNICtide, one tri-
cine, and one phosphine coligand (TPPTS, TPPDS, and
TPPMS). It has been reported that on the carrier-added
(99Tc) level the reaction of [99Tc]tricine complex with 2
equiv of HYNIC-D-Phe-OMe results in formation of two
technetium complexes: [99Tc(HYNIC-D-Phe-OMe)(tricine)]-
and [99Tc(HYNIC-D-Phe-OMe)2(tricine)2]- (16). On the
tracer level (99mTc), however, the reaction of [99mTc]tricine
complex with excess HYNICtide results in complex 1 as
the only detectable product. No bis(HYNICtide) techne-
tium complex was observed even at a HYNICtide con-
centration of ∼100 µg/mL. We also carried out the
synthesis of complex 1 changing the level of each com-
ponent. Surprisingly, the 1:1:1:1 composition for Tc:
HYNICtide:tricine:TPPTS was retained over a wide
range of relative ligand ratios (HYNICtide, 1-100 µg;
tricine, 10-100 mg; TPPTS, 1-5 mg).
Solution Stability Studies. Another advantage us-

ing this new ternary ligand system is the high solution
stability of complexes 1-3. We examined the solution

Table 2. Results for Platelet-Binding Assay

compound
percentagea activity bonded to canine

platelet GPIIb/IIIa receptor

complex 1 (combined) 99
peak 1 98
peak 2 98
a The mean value of a single determination performed in

triplicate.

Figure 5. Radio-HPLC chromatogram (method 2) for complex
1 and [99mTc(HYNIC-D-Phe-OMe)(TPPTS)(tricine)].

Figure 6. Radio-HPLC chromatogram (method 2) for complex
1 and [99mTc(HYNICtide)(TPPTS)(glycine)2].

Figure 7. Radio-HPLC chromatogram (method 3) for com-
plexes 1 and 2.
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stability of complex 1 both in the kit matrix and in
solutions with 10- and 100-fold dilutions. For complex
1 in the kit matrix, the stability was assessed by radio-
HPLC (method 3) by performing eight injections over ∼6
h. For complex 1 in the dilute solutions, the reaction
mixture was first diluted with either 2 wt % tricine
solution or 0.9% saline, and the diluted solutions were
monitored in a similar fashion. Figure 8 shows the plot
of RCP (radiochemical purity) vs time for complex 1 in
the kit matrix. Plots of RCP vs time for complex 1 in
solutions with 10- and 100-fold dilutions are shown in
Figures SI and SII, respectively. It is clear that complex
1 is stable for g6 h in solution and the peak ratio remains
relatively constant.
We also examined the stability of the two isolated

peaks of complex 1 in solutions at different pH values.
The collected solution of each peak was divided into two
fractions, and the pH was adjusted to 4 in one fraction
and to 8 in the other. These fractions were monitored
by radio-HPLC (method 3). It was found that both peaks
are stable for at least 6 h in solution between pH 4 and
8 (Figures SIII and SIV). No interconversion was ob-
served for the two isolated peaks under conditions used
in this study.
Apparently, the use of this new ternary ligand system

offers several major advantages. First, bonding of the
phosphine coligand to the Tc dramatically reduces the
number of isomeric forms of the [99mTc]HYNICtide com-
plexes. Second, the solution stability of [99mTc]HYNIC-
tide complexes is dramatically improved. Finally, the
hydrophilicity of [99mTc]HYNICtide complexes with the
new ternary ligand system can be tuned by either
altering the number of sulfonato groups or using water
soluble phosphines with other polar functionality. The
tricine coligand can also be substituted by other poten-
tially tetradentate aminocarboxylates, such as dicine
[N-bis(hydroxymethyl)methylglycine] and bicine [N,N-
bis(hydroxymethyl)glycine]. However, the specific activ-
ity of [99mTc]HYNICtide complexes using dicine and
bicine as coligands is not as high as that of the corre-
sponding tricine complexes. This is consistent with the
literature results reported by Abrams and co-workers,
who found that the [99mTc]tricine precursor complex has
the highest reactivity with hydrazines (15).
In the past decade, the ligand design for technetium

radiopharmaceuticals has been focused on preparing
polydentate chelators [e.g., N3S triamidethiols (32-34),
N2S2 diamidedithiols (34-38), N2S2 diaminedithiols (39-
50), N2S2 monoamide monoaminedithiols (51-54), N-4-
oxopentan-2-ylidene-N′-pyrrol-2-ylmethylethane-1,2-di-
amine (H3MRP-20) (55, 56), and propylene amine oxime
(PnAO) (57, 58)], which are able to form stable complexes
with a 1:1 Tc:ligand ratio. Some of these chelators have

been successfully used to label proteins (37, 38), and
peptides (34, 48) with 99mTc for the development of target
specific radiopharmaceuticals. A binary ligand system
containing a tetradentate N2O2 and two monodentate
ether-substituted phosphine ligands was reported to form
cationic Tc(III) complexes such as 99mTc-Q3 (59, 60),
which is used as a heart imaging agent. Very few binary
ligand systems are used for the 99mTc-labeling of proteins
and peptides.
Recently, tridentate ligands containing the SNS donor

set were used in the synthesis of brain imaging agents
(61, 62). The combination of a dianionic tridentate SNS
ligand with a monodentate thiolate produces a binary
ligand system that can bind to the TcdO core and form
neutral square-pyramidal technetium complexes. This
“3 + 1” concept has been used for 99mTc-labeling of
dopamine transporters (63, 64). The ternary ligand
system described in this study contains three different
ligands: a bifunctional coupling group (HYNIC), a mono-
dentate phosphine, and the tetradentate tricine coligand.
It is remarkable that these three different ligands react
in one step with [99mTc]pertechnetate in the presence of
stannous chloride and form a technetium complex with
only two isomeric forms. This represents the first
example of a ternary ligand system used for the 99mTc-
labeling of peptides, proteins, or other biologically active
molecules.
Traditionally, the development of a new class of 99mTc

radiopharmaceuticals involves synthesis and character-
ization of new technetium complexes using macroscopic
amounts of 99Tc, followed by the translation of the
macroscopic 99Tc chemistry to the tracer level (99mTc)
chemistry. The composition and structure of 99mTc
complexes are determined by various spectroscopic (IR,
NMR, and FAB-MS) and X-ray crystallographic studies
on the corresponding 99Tc analogs. In this study, we used
a simple mixed ligand experiment to determine the
composition of 99mTc complexes. The composition of
complex 1 determined with this method is completely
consistent with that of the corresponding 99Tc analog,
[99Tc(HYNICtide)(TPPTS)(tricine)], determined with 1H
NMRmethods (65). This methodology also applies to the
composition determination for 99mTc complexes with other
binary or ternary ligand systems.
On the basis of the mixed ligand experiments, it is

quite clear that complex 1 contains one HYNICtide, one
tricine, and one TPPTS. However, the technetium oxida-
tion state and the exact nature of bonding between these
ligands (HYNIC, tricine, and phosphine) and the Tc metal
center are not yet clear. It has been proposed that the
technetium oxidation state in the [99mTc]tricine complex
is +5 (15-17). However, the oxidation state might
change when the HYNIC group and phosphine coligand
are bonded to the Tc center. Furthermore, the techne-
tium oxidation state largely depends on how the HYNIC
group binds to the Tc and how one counts the charge on
the HYNIC ligand.
When the HYNICtide binds to the Tc, it likely occupies

one site of the Tc coordination sphere by forming either
a Tc-hydrazido or Tc-diazenido bond. Complexes con-
taining Tc-hydrazido and Tc-diazenido bonds have been
previously reported and characterized by X-ray crystal-
lography (25-31). If one assumes that the coordination
geometry around the Tc is distorted octahedral, the
tricine coligand is expected to be tetradentate. Several
possible explanations can be envisaged for the existence
of two isomeric forms of these complexes, including the
resolution of diastereomers resulting from the chiral
center on the coordinated tricine and different geometric
orientations of the diazenido ligand due to restricted

Figure 8. Plot of RCP vs time for complex 1 in the kit matrix.
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rotation around the TcdN and NdN bonds. Efforts are
continuing to better understand the complex coordination
chemistry of this unique ternary ligand system.
The electron-withdrawing sulfonato groups have pro-

found impact on the donating capability of the phosphine
coligands. To study their relative donating capability,
we performed mixed ligand experiments by spiking a
range of amounts of either TPPDS or TPPMS, respec-
tively, into the TPPTS solution. Plotting (Figure 9) the
ratio of the yield of the ternary complex of the added
phosphine to the total yield of the two ternary complexes
[RCP2/(RCP1 + RCP2)] versus the mole fraction TPPDS/
(TPPDS + TPPTS) should give a measure of their relative
bonding affinity. For TPPDS, a slope of 1.12 indicates
that TPPDS is 1.12 times more powerful than TPPTS in
coordinating to the Tc. For TPPMS, plotting RCP3/
(RCP1 + RCP3) versus TPPMS/(TPPMS + TPPTS) also
gives a straight line with slope of 1.35, suggesting that
TPPMS is 1.35 times more powerful than TPPTS. It is
clear that as the number of electron-withdrawing sul-
fonato groups on the benzene rings decreases, the elec-
tron density on the phosphine donor atom increases;
therefore, the σ-donating capability increases. The rela-
tive donating capability for three water soluble phosphine
coligands falls in the order TPPMS > TPPDS > TPPTS,
as expected.

CONCLUSION

A hydrazinonicotinamide-functionalized cyclic GPIIb/
IIIa receptor antagonist [HYNICtide: cyclo(D-Val-NMe-
Arg-Gly-Asp-Mamb(5-(6-(6-hydrazinonicotinamido)hex-
anamide))))] was labeled with 99mTc using tricine and a
water soluble phosphine (TPPTS, TPPDS, or TPPMS) as
coligand. The combination of HYNICtide, tricine, and
phosphine produces a new ternary ligand system which
forms technetium complexes, [99mTc(HYNICtide)(L)(tri-
cine)] (1, L ) TPPTS; 2, L ) TPPDS; 3, L ) TPPMS),
with high specific activity (g20 000 Ci/mmol) and high
stability. Using two reversed phase radio-HPLC meth-
ods, we found that complexes 1-3 exist as equal mixtures
of two isomeric forms, both of which contain the radio-
labeled HYNICtide and have the capability to bind to
platelets as demonstrated in a platelet-binding assay (for
complex 1). The composition of these complexes was
determined to be 1:1:1:1 (Tc:HYNICtide:L:tricine) through
a series of mixed ligand experiments and is maintained
over a wide range of relative ligand ratios. Using the
mixed ligand experiment, we also demonstrated that the

binding capability of the aryl phosphine ligand, L, to the
Tc increases as the number of sulfonato groups decreases.
The lipophilicity of these technetium complexes can be
systematically varied by the choice of the phosphine
coligand. The tricine coligand can also be replaced by
other potentially tetradentate aminocarboxylates such as
bicine, dicine (15), and EDDA. However, tricine remains
the best with respect to the labeling efficiency. Using
the combination of an aminocarboxylate and a phosphine
as coligands, HYNIC-derivatized peptides or other bio-
logically active small molecules can be labeled with
99mTc in high specific activity and high stability for
potential use as radiopharmaceuticals.
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with 10-fold (Figure SI) and 100-fold (Figure SII) dilution,
and HPLC chromatograms (Figures SIII and SVI) for the
two isolated peaks at t ) 30 min and 6 h (4 pages).
Ordering information is given on any current masthead
page.
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Soluble Phosphines and Tricine as Coligands When Used To Label a
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A hydrazinonicotinamide-functionalized cyclic glycoprotein IIb/IIIa (GPIIb/IIIa) receptor antagonist
[cyclo(D-Val-NMeArg-Gly-Asp-Mamb(5-(6-(6-hydrazinonicotinamido)hexanamide))) (HYNICtide)] was
labeled with 99mTc using tricine and a water soluble phosphine [trisodium triphenylphosphine-3,3′,3′′-
trisulfonate (TPPTS); disodium triphenylphosphine-3,3′-disulfonate (TPPDS); or sodium triphenylphos-
phine-3-monosulfonate (TPPMS)] as coligands. Three complexes, [99mTc(HYNICtide)(L)(tricine)] (1,
L ) TPPTS; 2, L ) TPPDS; 3, L ) TPPMS), were evaluated in the canine arteriovenous shunt (AV
shunt) model and canine deep vein thrombosis imaging (DVT) model. All three agents were adequately
incorporated into the arterial and venous portions of the growing thrombus (7.8-9.9 and 0.2-3.7%
ID/g, respectively) in the canine AV shunt model. In the canine DVT model all three complexes had
thrombus uptake that far exceeded the negative control, [99mTc]albumin. The findings indicate similar
incorporation into a venous thrombus (% ID/g ) 2.86 ( 0.4, 3.4 ( 0.9, and 3.38 ( 1.1 for complexes
1, 2, and 3, respectively) and similar blood clearance with a t1/2 of approximately 90 min. Gamma
camera scintigraphy allowed visualization of deep vein thrombosis in as little as 15 min with the
thrombus/muscle ratios being 3.8 ( 0.8, 2.8 ( 0.4, and 3.0 ( 0.8 for complexes 1, 2, and 3, respectively.
The visualization of the thrombus improved over time, and the thrombus/muscle ratios were 9.7 (
1.9, 13.8 ( 3.6, and 9.4 ( 2 for complexes 1, 2, and 3, respectively, at 120 min postinjection. The
administration of complexes 1-3 did not alter platelet function, hemodynamics, or the coagulation
cascade. Furthermore, complexes 1-3 did not significantly differ in their uptake into the growing
thrombus, blood clearance, and target to background ratios. Therefore, all three complexes have the
capability to detect rapidly growing venous and arterial thrombi.

INTRODUCTION

Our thrombus research program has focused on de-
velopment of a thrombus imaging agent by labeling a
platelet glycoprotein IIb/IIIa (GPIIb/IIIa) receptor an-
tagonist with 99mTc (1-7). In our previous paper (1), we
described the 99mTc-labeling of a platelet GPIIb/IIIa
receptor antagonist [[cyclo(D-Val-NMeArg-Gly-Asp-Mamb-
(5-(6-(6-hydrazinonicotinamido)hexanamide)))) (HYNIC-
tide)] using tricine and water soluble phosphines [tri-
sodium triphenylphosphine-3,3′,3′′-trisulfonate (TPPTS);
disodium triphenylphosphine-3,3′-disulfonate (TPPDS);
sodium triphenylphosphine-3-monosulfonate (TPPMS)]
as coligands. The combination of HYNICtide with tricine
and phosphine produces a new and versatile ternary
ligand system, which forms technetium complexes,
[99mTc(HYNICtide)(L)(tricine)] (Figure 1, 1, L ) TPPTS;
2, L ) TPPDS; 3, L ) TPPMS), in high yield and high
specific activity (g20 000 Ci/mmol). It was found that
these complexes are formed as equal mixtures of two
isomeric forms and are stable for g6 h in both the
reaction mixture and dilute solutions. As a continuation
of that study, we now present the biological evaluation
of complexes 1-3 in the canine arteriovenous (AV) shunt
and deep vein thrombosis (DVT) models.

Deep vein thrombus is the result of a hypercoagulatible
state coupled with a period of stasis occurring in a low-
shear environment. The end result is the formation of a
fibrin-rich thrombus which also contains some platelets
and erythrocytes. In contrast, an arterial thrombus is
the result of the rupture of an atherosclerotic plaque
occurring under high-shear conditions, resulting in the
formation of a platelet-rich thrombus (8). The GPIIb/
IIIa complex is expressed on the membrane surface of
activated platelets and plays an integral role in platelet
aggregation and thrombus formation (9). Initial events
in thrombus formation frequently entail the activation
of platelets by thrombogenic conditions and their subse-
quent aggregation (10). Since the GPIIb/IIIa complex is
expressed only on the membrane surface of activated
platelets, the GPIIb/IIIa receptor makes an excellent
target for the development of a thrombus imaging agent.
Existing diagnostic modalities are inadequate to diagnose
and determine the morphology of the evolving thrombus
(11). Thus, the development of agents that will not only
detect the location but, in addition, determine the age of
the thrombi is a critical unmet need in nuclear diagnostic
medicine.

EXPERIMENTAL PROCEDURES

Materials. TPPTS was purchased from Aldrich Chemi-
cal Co. TPPDS was prepared and purified according to
the procedure described in the literature (6). TPPMS was
purchased from TCI America, Portland, OR, and was
used as received. Na99mTcO4 was obtained from a com-

* Authors to whom correspondence should be addressed
[telephone (508) 671-8696 (S.L.) or (508) 671-8341 (J.A.B.); fax
(508) 436-7500].
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mercial DuPont Merck 99Mo/99mTc generator, N. Billerica,
MA. [99mTc]albumin, canine [125I]fibrinogen, and [111In]-
oxine kits were purchased from Medi-Physics Inc., Ar-
lington Heights, IL, and were used as directed. Deionized
water was obtained from a Millipore MilliQ Water
System and was of >18 MΩ quality.
Methods. The radio-HPLC method used a Hewlett-

Packard Model 1050 instrument, a reversed phase Vydac
C18 column (4.6 mm × 250 mm, 300 Å pore size) at a
flow rate of 1 mL/min with the mobile phase starting
from 100% A (0.01 M phosphate buffer, pH 6) to 30% B
(acetonitrile) at 15 min and 75% B at 25 min. The ITLC
method used Gelman Sciences silica gel strips and a 1:1
mixture of acetone and saline as eluant.
The 99mTc labeling of the cyclic GPIIb/IIIa HYNICtide

was achieved following the previously described proce-
dure (1) with some modification. To a clean 10 mL vial
were added 0.5 mL of tricine solution (80 mg/mL in H2O,
pH 5), the HYNICtide solution (50 µg/mL in H2O; 0.1 mL
for DVT model and 0.2 mL for AV shunt model), 0.2 mL
of phosphine coligand solution (5 mg/mL in H2O), 19 mCi
of pertechnetate in 0.5 mL of saline, and 25 µL of SnCl2‚-
2H2O solution (1 mg/mL in 0.1 N HCl). The pH was
adjusted to 4-5. The reaction mixture was heated in a
water bath at 80 °C for 30 min and was then analyzed
by radio-HPLC and ITLC. The radiochemical purity
(RCP) for complexes 1-3 was g90% with no detectable
[99mTc]colloid. Doses for biological evaluation were pre-
pared by dilution with 2.0% tricine solution in saline to
the required concentration: 0.3 mCi/mL for the AV shunt
model and 1.5 mCi/mL for the DVT. The diluted solu-
tions were reanalyzed by radio-HPLC before the animal
study.

Canine Arteriovenous ShuntMethodology. Adult
beagle dogs of either sex (9-13 kg) were anesthetized
with pentobarbital sodium (35 mg/kg iv) and ventilated
with room air via an endotracheal tube (12 strokes/min,
25 mL/kg). For arterial pressure determination, the left
carotid artery was cannulated with a saline-filled poly-
ethylene catheter (PE-240) and connected to a Statham
pressure transducer (Model P23ID, Gould Co., Oxnard,
CA). Mean arterial blood pressure was determined via
damping the pulsatile pressure signal. Heart rate was
monitored using a cardiotachometer (Grass Instrument
Inc., Quincy, MA) triggered from a lead II electrocardio-
gram generated by limb leads. A jugular vein was
cannulated (PE-240) for drug administration. Both
femoral arteries and femoral veins were cannulated with
silicon-treated (Sigmacote, Sigma Chemical Co., St.
Louis, MO), saline-filled polyethylene tubing (PE-200)
and connected with a 5 cm section of silicon-treated
tubing (PE-240) to form extra corporeal arteriovenous
(AV) shunts. Shunt patency was monitored using a
Doppler flow system (Model VF-1, Crystal Biotech Inc.,
Hopkinton, MA) and flow probe (2-3.5 mm, Crystal
Biotech) placed proximal to the locus of the shunt. All
parameters were monitored continuously on a Model 7D
polygraph recorder (Grass Instrument Inc., Quincy, MA)
at a paper speed of 10 mm/min or 10 mm/s.
On completion of a 15 min postsurgical stabilization

period, an occlusive thrombus was formed by the intro-
duction of a thrombogenic surface (4-0 braided silk
thread, 5 cm in length, Ethicon Inc., Somerville, NJ) into
one shunt with the other serving as a control. A 1 h
shunt period was employed with the test agent (∼3.0 mCi
in 10 mL) administered as an infusion over 5 min,
beginning 5 min before insertion of the first thrombogenic
surface. The thrombus formed was comprised of a
platelet-rich component on the thrombogenic surface and
a fibrin-rich tail. At the end of the 1 h shunt period, the
silk was carefully removed, the portions separated and
weighed. The percent incorporation was determined via
well counting (LKB Model 1282, Wallac Inc., Gaithers-
burg, MD). Thrombus weight was calculated by sub-
tracting the weight of the silk prior to placement from
the total weight of the silk on removal from the shunt.
Arterial blood was withdrawn prior to infusion and every
30 min thereafter for determination of blood clearance,
whole blood collagen-induced platelet aggregation, pro-
thrombin time (PT), activated partial thromboplastin
time (APTT), and platelet count. Template bleeding time
was also performed prior to infusion and every 30 min
thereafter.
[111In]Platelets Preparation. The isolation and

111In-labeling of platelets were performed according to the
literature method (12) with some modification. Canine
arterial blood (40 mL) was withdrawn in 2.5% ACD
solution (2.5 g of trisodium citrate, 1.4 g of citric acid,
and 2.0 g of dextrose in 100 mL of H2O, pH 4.5). An
additional 20 mL of blood was drawn in 3.8% sodium
citrate solution, which serves as control. The samples
were centrifuged at 1400 rpm for 15 min to form platelet-
rich plasma (PRP) and platelet-poor plasma (PPP). The
ACD-PRP was pelleted (2800 rpm for 15 min) and
washed twice with ACD. The platelet pellet was resus-
pended in ACD (2 mL), and 60-100 µCi of [111In]Oxine
was added. The suspension was incubated at 37 °C for
5 min, followed by the addition of PPP (5 mL). The
suspension was centrifuged at 2800 rpm for 10 min. The
supernatant and platelet pellet were counted to assess
labeling efficiency (>80% in all cases). The platelet pellet
was resuspended in PPP (5 mL) and platelet viability
determined by comparing collagen-induced platelet ag-

Figure 1. HYNICtide complexes and three water soluble
phosphine coligands.

156 Bioconjugate Chem., Vol. 8, No. 2, 1997 Barrett et al.



gregation using nonlabeled and 111In-labeled platelets.
Only those [111In]platelet preparations that were within
25% of control were injected into the animal.
Canine Deep Vein Thrombosis Methodology. This

model incorporates the triad of events (hypercoagulatible
state, period of stasis, low-shear environment) essential
for the formation of a venous fibrin-rich actively growing
thrombus. Adult beagle dogs of either sex (9-13 kg) were
anesthetized with pentobarbital sodium (35 mg/kg iv) and
ventilated with room air via an endotracheal tube (12
strokes/min, 25 mL/kg). For arterial pressure determi-
nation, the right femoral artery was cannulated with a
saline-filled polyethylene catheter connected to a pressure
transducer (Model P23ID, Gould Co.). Heart rate was
monitored using a cardiotachometer (Grass Instrument
Inc.) triggered from a lead II electrocardiogram generated
by limb leads. The right femoral vein was cannulated
for drug administration. For the induction of a venous
thrombus, a 5 cm segment of both jugular veins was
isolated and circumscribed with silk suture. A balloon
catheter (3-4 F, Baxter Co., McGraw Park, IL) was
advanced from the facial vein into the jugular vein. A
microthermister probe (Physitemp Co., Clifton, NJ) was
placed on the vessel, which serves as an indirect measure
of venous flow. A period of stasis and hypercoagulatibil-
ity was induced by inflating the balloon and the local
administration of 5 units of thrombin (American Diag-
nosticia, Greenwich, CT) into the occluded segment.
Fifteen minutes later, the balloon was deflated and flow
reestablished as verified by the microthermister probe.
The test agent was administered over 5 min beginning

at reflow. Serial images were acquired using a gamma
camera (Digital Dyna Camera, Picker International,
Cleveland, OH) every 5 min for 2 h and region of interest
and target to background ratios calculated. Arterial
blood was withdrawn prior to administration and every
30 min thereafter for determination of blood clearance,
hematology, platelet function, and coagulation status. At
the end of the protocol the animal was euthanized with
an overdose of pentobarbital and the vessel excised. The
thrombus was removed and weighed, and the amount of

incorporation was determined via a gamma well counter
(LKB 1282, Wallac Inc., Gaithersburg, MD).
Hematologic Studies. Platelet, WBC, and RBC

counts and hematocrit determinations were performed
on whole blood collected in 2 mg/mL disodium EDTA
using a Sysmex K1000 (TEAMedical Electronics Co., Los
Alamitos, CA). Template bleeding time was assessed via
an incision in the lower lip (Surgicutt, Baxter Co.) and
the time to formation of a clot monitored. Whole blood
platelet aggregation was measured using a lumiaggre-
gometer (Chrono-Log Co., Havertown, PA) by recording
the change in impedance (platelet aggregation). Blood
samples were collected in 10 mM sodium citrate and
diluted 50% with saline supplemented with 0.5 mM Ca.
Aggregation was induced with collagen (5 µg/mL, Chrono-
Log Co.), and the changes in impedance were recorded
over 6 min. APTT and PT were monitored using a
microsample coagulation analyzer (MCA-210, BIO/DATA
Co., Horsham, PA).
Data Analysis. All values are expressed as the mean

( SEM. In the DVT studies the target (thrombus)
uptake was calculated by drawing a 4 × 4 pixel area in
the region interest and determining the average inten-
sity. Background values were determined in a similar
manner. Blood background was calculated using the
jugular vein just distal to the locus of the thrombus.
Statistical analysis consisted of a one-way analysis of
variance and, when appropriate, Student’s paired t-test,
two-tailed probability for assessing differences within
treatment and a Newman-Keuls test for assessing
differences between means of treatment groups. Differ-
ences were considered significant at P e 0.05.

RESULTS AND DISCUSSION

In this study, we used a canine AV shunt model and a
canine DVT imaging model to evaluate three platelet
GPIIb/IIIa antagonists, [99mTc(HYNICtide)(L)(tricine)] (1,
L ) TPPTS; 2, L ) TPPDS; 3, L ) TPPMS), for their
potential use in the detection of rapidly growing arterial
and venous thrombi. The thrombus formed in the AV
shunt model was comprised of a platelet-rich head

Figure 2. Thrombus uptakes for [125I]fibrinogen, [111In]platelets, [99mTc]albumin, and complexes 1-3 under both venous and arterial
conditions in the canine AV shunt model. All values are expressed as the mean ( SEM; N ) 10 for [111In]platelets and [125In]-
fibrinogen (except for venous conditions, where N ) 5), N ) 4 for albumin, N ) 6 for complex 1, N ) 3 for complex 2, and N ) 2 for
complex 3.
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(arterial conditions) and a fibrin-rich tail (venous condi-
tions), which allowed the rapid assessment of an agent
under both arterial and venous conditions. To validate
this model, the amount of incorporation of [111In]platelets
(58 µCi), [125I]fibrinogen (106 µCi), and [99mTc]albumin
(153 µCi) was assessed via well counting. [111In]platelets
and [125I]fibrinogen were adequately incorporated into the
growing thrombus with [111In]platelets favoring the
platelet-rich head (5.63 ( 0.6% ID/g) with lesser amounts
of incorporation observed in the fibrin-rich tail (0.17 (
0.02% ID/g). Similar amounts of [125I]fibrinogen were
incorporated under both the arterial and venous condi-
tions (0.11 ( 0.02 vs 0.07 ( 0.02% ID/g, respectively),
while little incorporation was observed with [99mTc]-
albumin (arterial, 0.05 ( 0.01% ID/g; venous, 0.04 (
0.001% ID/g) (Figure 2). The administration of [111In]-
platelets, [125I]fibrinogen, and [99mTc]albumin did not
alter any of the parameters studied (Table 1). Thus, the
deposition on the thrombogenic surface mimics that of
arterial conditions, i.e. high-shear, platelet-rich throm-
bus, and the platelet-poor tail mimics that of a venous
thrombus, i.e. platelet-poor, low-shear environment.

Complexes 1-3 were assessed in the canine AV shunt
model, and all show incorporation into a growing throm-
bus in both the platelet-rich arterial portion and the
venous platelet-poor tail (Figure 2). The greatest uptake
of complexes 1-3was observed under arterial conditions,
which reflects the platelet-rich environment. Similar
uptakes between complexes 1, 2, and 3 were seen under
arterial conditions (arterial range, 7.78-9.93% ID/g), and
all have significantly greater uptake than [125I]fibrinogen
and [99mTc]albumin. Complex 1 also exhibited signifi-
cantly greater uptake under arterial conditions than
[111In]platelets (P e 0.05). Venous conditions, as ex-
pected, demonstrated less uptake in the platelet-poor tail,
with all three complexes having greater uptake than
[125I]fibrinogen and [99mTc]albumin (P e 0.05). Complex
3 appeared to have greater uptake; however, this appar-
ent difference was not statistically significant due to
interanimal variability. The uptake of complex 3 ranged
from 1.2 to 6.2% ID/g. Complexes 1-3 share similar
blood clearance with a half-life of about 90 min (Figure
3). The biodistribution data demonstrated that com-
plexes 1 and 2 are preferentially renally excreted, while
complex 3 was preferentially excreted via the hepatobil-
liary route (Figure 4). [99mTc]albumin was renally cleared,
while [125I]fibrinogen demonstrated a mixed hepatobil-

Figure 3. Blood clearance of [125I]fibrinogen, [111In]platelets,
[99mTc]albumin, and complexes 1-3, expressed as a percentage
of the end of infusion value in the canine AV shunt model. All
values are expressed as the mean ( SEM; N ) 10 for [111In]-
platelets and [125I]fibrinogen (except for venous conditions,
where N ) 5), N ) 4 for [99mTc]albumin, N ) 6 for complex 1,
N ) 3 for complex 2, and N ) 2 for complex 3.

Table 1. Summary of the Hematological and Hemodynamic Effects of [99mTc]Albumin and Complexes 1-3 at 1 mCi/kg iv
in the Canine DVT Model and [111In]Platelets/[125I]Fibrinogen at 150 µCi/kg iv in the Canine AV Shunt Model

parametera

treatment
heart rate
(bpm)

mean arterial
pressure (mmHg)

APTT
(s)

platelet
count (×10E3)

aggregation
(ohms)

[111In]platelets/[125I]fibrinogen
control 135 ( 5 113 ( 8 17 ( 1 272 ( 17 27 ( 3
EOI 128 ( 5 113 ( 7 21 ( 2 264 ( 17 29 ( 2
1 h postinfusion 124 ( 5 112 ( 7 17 ( 1 264 ( 19 29 ( 2

[99Tc]albumin
control 150 ( 6 124 ( 8 15 ( 0 281 ( 8 24 ( 1
EOI 150 ( 5 124 ( 8 15 ( 1 289 ( 11 27 ( 3
1 h postinfusion 147 ( 7 124 ( 10 15 ( 1 284 ( 17 23 ( 2

complex 1
control 139 ( 5 118 ( 7 16 ( 1 278 ( 12 21 ( 2
EOI 139 ( 4 111 ( 6 16 ( 2 291 ( 9 22 ( 1
1 h postinfusion 138 ( 6 109 ( 1 15 ( 3 287 ( 4 23 ( 2

complex 2
control 121 ( 8 88 ( 15 16 ( 1 267 ( 20 22 ( 2
EOI 109 ( 1 78 ( 13 14 ( 1 225 ( 13 20 ( 4
1 h postinfusion 113 ( 6 84 ( 10 14 ( 1 264 ( 21 26 ( 1

complex 3
control 164 ( 7 94 ( 8 16 ( 1 281 ( 37 22 ( 3
EOI 163 ( 7 97 ( 11 16 ( 1 279 ( 37 19 ( 2
1 h postinfusion 166 ( 11 103 ( 8 15 ( 1 281 ( 45 22 ( 3

a All values are expressed as the mean ( SEM; N ) 10 for [111In]platelets and [125I]fibrinogen, N ) 4 for [99Tc]albumin and complex
1, N ) 3 for complex 2, and N ) 2 for complex 3.

Figure 4. Biodistribution of complexes 1-3. All values are
expressed as the mean ( SEM; N ) 6 for complex 1, N ) 3 for
complex 2, and N ) 2 for complex 3.
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lary/renal excretion pattern. In contrast, [111In]platelets
were sequestered in the spleen.
Complexes 1-3 and [99mT]albumin have been evalu-

ated in the canine deep vein thrombosis imaging model
(DVT). The sample data from the LKB gamma well
counter show no significant difference between the three
complexes in respect to % ID/g, although all three are
significantly greater than [99mTc]albumin (P e 0.05,
Figure 5). All three complexes demonstrated similar
rates of clearance from the circulating blood.

Representative unfiltered images of the three com-
plexes in the DVT imaging model at 15, 60, and 120 min
postinfusion are shown in Figure 6. The scale to the right
of the images represents a fixed scale that increases to
the hottest or most dense pixel represented by 506
(black). The region of interest (ROI) data acquired from
the images are shown in Figure 6 as target to background
ratios. Complexes 1, 2, and 3 were rapidly incorporated
into the growing thrombus, which can be easily visualized
by 15 min with the thrombus/muscle ratios of 3.8 ( 0.8,

Figure 5. Canine DVT thrombus uptake at 120 min (left) and thrombus/blood ratio (right) for [125I]fibrinogen, [111In]platelets,
[99mTc]albumin, and complexes 1-3 under both venous and arterial conditions. The thrombus uptake and target/background ratios
for all three complexes were significantly greater (P < 0.05) than for [99mTc]albumin. There were no significant differences between
complexes 1, 2, and 3 (P < 0.5). Target to background ratios were calculated on the basis of an average 4 × 4 pixel area in the region
of interest. All values are expressed as the mean ( SEM; N ) 6 for [99mTc]albumin, N ) 5 for complex 1, N ) 4 for complex 2, and
N ) 4 for complex 3.

Figure 6. Representative DVT images of complexes 1-3 at 15, 60, and 120 min postinfusion. The bar to the right of the images
indicates the scale from 0 (white) to 506 (greatest/black). The images have not been filtered. Arrows indicate presence of thrombus
in jugular veins.
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2.8 ( 0.4, and 3.0 ( 0.8, respectively. Increased uptake
over time was also observed with exceptional imaging at
60 min. All three complexes are significantly greater
than [99mTc]albumin with respect to ROI data (P e 0.05).
Hematologic and hemodynamic data were unaffected by
the administration of the complexes and remained in
normal range throughout the DVT study (Table 1). The
present study is in agreement with the work of Oster et
al. (14), who demonstrated that the 7E3 antibody,
directed against the the platelet GPIIb/IIIa receptor, was
capable of detecting both arterial and venous thrombi.
More recently, a series of disintegrins derived from snake
venom demonstrated limited utility in detecting venous
thrombi (15). In addition, a 99mTc-labeled peptide (P280)
that targets the platelet GPIIb/IIIa site has been shown
to detect growing venous thrombi in man (16). Thus, on
the basis of these data the targeting of the platelet GPIIb/
IIIa receptor is a viable approach for detecting throm-
boembolic events throughout the body.
In summay, complexes 1-3 show remarkably similar

incorporation into a growing thrombus and blood clear-
ance with a t1/2 of 90 min. None of the compounds
affected hemodynamics or hematological values, which
was consistent with the subtherapeutic levels adminis-
tered. In addition, complexes 1-3 exhibit similar abili-
ties to detect a growing thrombus within 15 min postin-
jection. Further, complexes 1-3 did not significantly
differ in their uptake into the growing thrombus, blood
clearance, and target to background ratio. Therefore, it
is concluded that all three agents are able to detect
rapidly growing venous and arterial thrombi.
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Synthesis of Cobalamin Dimers Using Isophthalate Cross-Linking of
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VA Medical Center-SUNY Health Science Center, Brooklyn, New York 11209, and Receptagen Corporation,
Edmonds, Washington 98020. Received August 21, 1996X

Several cobalamin (Cbl) dimers have been prepared for evaluation as potential antiproliferative agents
in the treatment of AIDS-related lymphoma. The Cbl dimers were synthesized by cross-linking Cbl
carboxylates, produced by acid hydrolysis of the b-, d-, and e-propionamide side chains of cyanoco-
balamin (CN-Cbl), through an isophthalate molecule. Linking molecules were used between the Cbl
carboxylates and the isophthalate moiety. The linkers were incorporated to provide a distance between
the two Cbl molecules such that the dimeric Cbls might bind two molecules of transcobalamin II
(TCII), the Cbl transport protein in plasma. Initially, the linking moiety used was 1,12-diaminodode-
cane, but the resulting dimers had low aqueous solubility. To improve the solubility of the dimers,
4,7,10-trioxa-1,13-tridecanediamine was employed as the linking moiety. This improved the water
solubility of the dimers considerably, while retaining the distance between the Cbl molecules at 41-
42 Å (fully extended). To introduce additional substitution on Cbl dimers, 5-aminoisophthalic acid
was used as the cross-linking reagent. p-Iodobenzoyl and p-(tri-n-butylstannyl)benzoyl conjugates of
5-aminoisophthalate were synthesized and used to prepare Cbl dimers. The stannylbenzoyl-conjugated
Cbl dimers were prepared as precursors to be used in radioiodination reactions, and the iodobenzoyl-
conjugated Cbl dimers were prepared as HPLC standards for the radioiodinated product. Attempts
to iodinate/radioiodinate the stannylbenzoyl Cbl dimers were unsuccessful. Although an explanation
for this is not readily apparent, the failure to react may be due to the lipophilicity of the linker used
and the steric environment of the two Cbl moieties. A biotinylated derivative of 5-aminoisophthalate
was also synthesized and used to prepare biotinylated-Cbl dimers. In a competitive rhTCII binding
assay with [57Co]CN-Cbl, Cbl dimers containing the lipophilic diaminododecane linking moiety had
decreased binding avidities compared to those of Cbl monomers substituted at the same corrin ring
carboxylate. However, Cbl dimers containing the water-solubilizing trioxadiamine linker appeared
to have avidities similar to those of the Cbl monomers.

INTRODUCTION

Cobalamins (Cbls1) are cofactors in enzymatic path-
ways associated with DNA and protein synthesis in cells
(1, 2). Actively dividing cells, such as hematopoietic cells
in bone marrow, avidly take up Cbls. Importantly, it has
been noted that Cbls play a significant metabolic role in
human leukemia cells (3, 4). These facts have led us to
investigate the application of Cbl depletion to the therapy
of rapidly dividing and proliferating cells found in

leukemias and lymphomas. Evidence for such an anti-
proliferative therapeutic approach is not without prece-
dent as previous investigations have shown that thera-
peutic responses could be obtained in patients when they
were isolated in an atmosphere containing the anesthetic
agent nitrous oxide (N2O) (5, 6). N2O administration
causes an oxidative inactivation of Cbl, depleting cells
in the body of metabolically active forms of Cbl. The use
of N2O, while effective for inactivation of Cbl, presents
several problems for its general application to the therapy
of leukemias or lymphomas. One major problem is that
patients are required to stay in an atmosphere of N2O
for extended periods of time, which results in extended
hospitalization and the need for constant patient moni-
toring. Additionally, serious neurological side effects
have been observed in some patients undergoing this
treatment. Further, the nonspecific nature of the oxida-
tion of Cbl with N2O can have effects on many different
biological systems and may lead to a number of toxicities.
Thus, an alternative approach for depletion of cellular
Cbl was conceived.
We have begun to investigate a novel approach to

depletion of cellular Cbl which is directed at developing
a pharmaceutical capable of blocking entry of endogenous
Cbls into cells. Since the entry of Cbls into cells at
physiological concentrations appears to be completely
dependent on a receptor-mediated process (7), we are
investigating synthetic Cbl derivatives designed to in-
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propyl]-3-ethylcarbodiimide; 2HEDS, 2-hydroxyethyl sulfide;
HSA, human serum albumin; LC, liquid chromatography;
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N-hydroxysuccinimide; PBS, phosphate-buffered saline; rt, room
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terfere with the receptor-mediated cellular uptake of
endogenous Cbls. It is known that cellular uptake of Cbls
is a complex and highly regulated process which involves
(1) transport of Cbl in plasma via a high-affinity serum
Cbl binding protein, transcobalamin II (TCII) (8); (2) cell
surface binding of the Cbl/TCII complex with a glycopro-
tein receptor (9); (3) internalization of the Cbl/TCII/
receptor complex; and (4) release of the Cbl to the
cytoplasm. Importantly, it has been shown in leukemia
cells (e.g. L1210 and K562 cell lines) that the Cbl/TCII
cell surface receptor density, which is directly related to
Cbl uptake, is up-regulated during proliferation and
down-regulated during quiescence (10). Although the
process of receptor-mediated uptake and delivery of Cbls
to cytoplasm is not fully understood, it has been shown
that the lysosomotropic agent chloroquine and the mono-
carboxylate proton ionophore monensin can drastically
decrease the Cbl/TCII surface receptor concentration in
K562 leukemia cells (10). The lack of information avail-
able on the effect of alterations in the Cbl molecule on
receptor trafficking and release of Cbl to cytoplasm
makes it impossible to have a rational design of Cbl
derivatives. Therefore, our initial investigations have
involved synthesizing a number of Cbl derivatives con-
taining a variety of appended groups for evaluation in
cellular proliferation assays. To focus our synthetic
efforts somewhat, we reasoned that Cbl derivatives
containing appended highly lipophilic groups (e.g. fatty
acids), highly ionic groups (e.g. alkyl sulfonates), or
lysosomotropic agents (e.g. polyamines) (11) might result
in retention of the Cbl, and possibly the retention of TCII/
cell surface receptor, in endosomes and/or lysosomes.
When considering possible Cbl derivatives for synthe-

sis, we became intrigued by derivatives that contain two
or more Cbl moieties on the same molecule. Of the many
derivatives that might be prepared, it appeared that
binding with more than one TCII molecule had a higher
potential for altering the receptor recycling process.
Following this logic, we became interested in dimeric Cbl
derivatives as they presented less of a synthetic challenge
than molecules with multiple Cbl moieties. Since our
approach was to utilize the Cbl/TCII receptor-mediated
cell internalization process, it was apparent that any
synthetic Cbl derivative prepared must bind with the
plasma protein TCII as effectively as endogenous Cbl.
Previous studies by this group (12, 13) and several other
groups (14-17) have shown that conjugation of chemical
moieties on the corrin ring side chains provides a stable
attachment to the Cbl moiety which, depending on the
location of attachment, has a varying effect on the
binding with TCII. That variability of binding has been
found to range from 3 orders of magnitude decreased
binding relative to cyanocobalamin (CN-Cbl), 1, for
conjugates at the c-acetamide side chain, to nearly
equivalent binding to TCII for the e-propionamide side
chain conjugates (12). Thus, cobalamin dimers that were
linked through corrin ring attachments were targeted.
As with other Cbl derivatives, we felt that the cobalamin
dimers should be designed such that it was possible to
append functional groups that could change the physical
nature (e.g. lipophilicity and ionic nature), or add lyso-
somotropic properties, to the dimers, so a trifunctional
cross-linking moiety was included in the design. Further,
it seemed important to design the Cbl dimers in a manner
that separated the Cbl moieties by a significant distance
such that binding with two TCII molecules might be
achieved.
Reported herein are the synthesis and preliminary

binding studies of 14 Cbl dimers. The dimers prepared
employ isophthalic acid or aminoisopththalic acid moi-

eties to cross-link corrin ring Cbl-carboxylates (b-, d-, or
e-isomers). Cross-linking was accomplished by incorpo-
rating linker molecules, containing two terminal amino
groups, between the Cbl carboxylates and the carboxy-
lates of isophthalic acid. As part of the investigation, Cbl
dimers containing arylstannanes were prepared such
that radioiodine might be incorporated through an io-
dodestannylation reaction (18, 19). Biotinylated Cbl
dimers were also prepared in the investigation. Binding
of 11 Cbl dimers with recombinant human TCII (rhTCII),
relative to [57Co]CN-Cbl, was measured in a competitive
binding assay.

EXPERIMENTAL PROCEDURES

General. All chemicals purchased from commercial
sources were of analytical grade or better and were used
without further purification. Cyanocobalamin (CN-Cbl;
vitamin B12) was obtained from Sigma Chemical Co. (St.
Louis, MO). N-Hydroxysuccinimide and isophthaloyl
dichloride were purchased from Lancaster Synthesis Inc.
(Windham, NH). All other reagents were obtained from
Aldrich Chemical Co. (Milwaukee, WI). Solvents for
HPLC analysis were obtained as HPLC grade and were
filtered (0.2 µm) prior to use. Ion exchange chromatog-
raphy was conducted with 200-400 mesh strongly basic
anion, 2% cross-linked Dowex 1 chloride (Aldrich). Am-
berlite XAD-2 nonionic polymeric adsorbent and octadecyl
functionalized silica gel for column chromatography were
also obtained from Aldrich. Bio-Sil NH2 (aminopropyl
bonded silica) (40-63 µm) for column packing was
purchased from Bio-Rad Laboratories (Hercules, CA).
Phosphate-buffered saline (PBS) was prepared as a
solution containing 8.1 mM Na2PO4, 1.2 mM KH2PO4,
and 138 mM NaCl, pH 7.4. Human serum albumin
(HSA) was obtained from Miles, Inc. (Elkhart, IN).
Molecular modeling of Cbl dimers was conducted to

estimate the distance between the Cbl moieties. The
modeling was conducted with ChemDraw Plus/Chem3D
Pro software (CambridgeSoft Corp., Burlington, MA) on
a Macintosh 8100/80 computer. Structures of the Cbl
cross-linking reagents were drawn (fully extended) and
minimized for structural error and energy, and inter-
atomic distances were obtained directly from the com-
puter program.
Spectroscopic Data. 1H NMR spectra were obtained

on either a Bruker AC-300 (300 MHz) or a Bruker AC-
500 (500 MHz) instrument. The chemical shifts are
expressed as parts per million using tetramethylsilane
as an internal standard (δ ) 0.0 ppm). IR data were
obtained on a Perkin-Elmer 1420 infrared spectropho-
tometer. UV data were obtained on a Perkin-Elmer
Lambda 2 UV-vis spectrophotometer or a Shimadzu UV
160U spectrophotometer. UV absorbances were obtained
as previously described (12). Mass spectral data were
obtained on a VG 70SEQmass spectrometer with 11250J
data system. Fast atom bombardment (FAB+) mass
spectral data were obtained at 8 kV using a matrix of
3-nitrobenzyl alcohol (3NBA) or a matrix of 90% thioglyc-
erol, 9% DMSO, and 1% TFA (DMIX). We were unable
to find conditions for obtaining mass spectral data with
the stannylbenzoyl-Cbl dimers 27-29.
Identity of the Cbl derivatives was established by mass

spectral and NMR data (see Supporting Information).
Elemental analyses were not obtained for the Cbl dimers
due to the difficulties encountered previously with mon-
omeric Cbls (12, 13). Purity of the Cbl derivatives was
established by HPLC analysis (see Supporting Informa-
tion).
Analytical Chromatography. HPLC separations of

compounds were obtained on a Hewlett-Packard quater-
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nary 1050 gradient pumping system with a variable
wavelength UV detector (360 nm). Analysis of the HPLC
data was conducted on Hewlett-Packard HPLC Chem-
station software. All reactions were monitored by HPLC.
Separations of the CN-Cbl, 1, and Cbl derivatives 2-10

were conducted on an aminopropyl-silica column at a flow
rate of 1 mL/min. The HPLC separations of the precur-
sor compounds 1-7 were conducted on a 5 µm, 4.6 mm
× 250 mm aminopropyl column (Rainin microsorb-MV
amino column) eluting with 58 mM pyridine acetate, pH
4.4, in H2O/THF (96:4) solution (9). Retention times for
the Cbls evaluated with this system were as follows: 1)
2.7 min; 2 ) 3.8 min; 3 ) 4.4 min; 4 ) 5.1 min; 5 ) 2.2
min; 6 ) 2.2 min; 7 ) 2.2 min; 8 ) 2.3 min; and 10 ) 2.3
min.
HPLC separations for benzoylaminoisophthalate 11-

14 were conducted on a Hewlett-Packard LiChrospher
100 RP-18 (5 µm; 4.6 mm × 125 mm) C18 column using
a gradient solvent system. Solvent A in the gradient was
MeOH. Solvent B was H2O. Starting from 70% A, the
initial solvent mixture was held for 2 min, then the
gradient was increased to 100% A over the next 10 min,
and 100% A was held for 5 min. The gradient was
decreased in percentage of A to 70% over the next 5 min.
Retention times under these conditions were as follows:
11 ) 3 min (solvent front); 12 ) 6.6 min; 13 ) 14.8 min;
and 14 ) 21.9 min.
HPLC separations for aminocaproate-biotin deriva-

tives 15-20 and for dimers 21-31 were conducted on a
C18 reversed phase column employing a gradient. Solvent
A in the gradient was methanol. Solvent B was aqueous
1% acetic acid. The gradient was begun at 40% A and
was held at that composition for 2 min, and then the
percentage of A was linearly increased to 100% over the
next 10 min. The gradient was held at 100% A for 20
min. Retention times under these conditions for dimers
were as follows: 15 ) 6.1 min; 16 ) 12.9 min; 17 ) 7.2
min; 18 ) 12.7 min; 19 ) 8.4 min; 20 ) 14.8 min; 21 )
12.6 min; 22 ) 12.3 min; 23 ) 13.0 min; 24 ) 13.5 min;
25 ) 13.8 min; 26 ) 13.9 min; 27 ) 8.6 min; 28 ) 8.7
min; 29 ) 9.0 min; 30 ) 12.8 min; and 31 ) 12.8 min.
For HPLC chromatography of dimers 32-34, reversed

phase chromatography was conducted at a flow rate of 1
mL/min. Solvent A in the gradient was methanol.
Solvent B was H2O. The gradient was held at the
starting mixture of 70% A for 2 min, and then the
percentage of A was linearly increased to 100% over the
next 10 min. Retention times for the compounds exam-
ined under these conditions were as follows: 32 ) 10.4
min; 33 ) 10.8 min; and 34 ) 10.8 min.
Preparative LC. A preparative LC system containing

a Rainin Rabbit-plus peristaltic pump and a Dynamax
Model FC-1 fraction collector was used to obtain pure
samples of Cbl derivatives. Compounds were separated
on either an aminopropyl silica column (1000 mm × 25
mm; 40-63 µm; Alltech) or a C18 reversed phase column
(25 mm × 500 mm; octadecyl; Aldrich). Isolation of
purified products was aided by evaluation of collected
fractions from the preparative LC on an analytical HPLC
column.
Preparation of CyanocobalaminMonocarboxylic

Acids 2, 3, or 4. The b-, d-, and e-Cbl monocarboxylates
(2, 3, and 4, respectively) were prepared as previously
reported (12). Briefly, CN-Cbl was hydrolyzed in 0.1 N
HCl over 10 days at room temperature. Following the
hydrolysis reaction, the isomeric monocarboxylates were
separated from starting CN-Cbl and from di- and triacids
by ion exchange chromatography. Separation of the
individual carboxylate isomers was accomplished by

preparative liquid chromatography on an aminopropyl-
silica column (25 mm × 1000 mm) at a flow rate of 0.15
mL/min.
General Procedure for Conjugation of 2, 3, or 4

with 1,12-Diaminododecane; Synthesis of 5, 6, and
7. The conjugation of the Cbl-monocarboxylates with
diaminododecane was accomplished as previously de-
scribed (12). Briefly, reaction of 2, 3, or 4 with diamino-
dodecane, EDC, or NHS and in a 1:1 mixture of DMF
and H2O for 4 days yielded the desired compounds after
purification by ion exchange chromatography.
Conjugation of CyanocobalaminMonocarboxylic

Acid with 4,7,10-Trioxa-1,13-Tridecanediamine; Syn-
thesis of 8 and 10. A 2.0 g (1.47 mmol) quantity of a
CN-Cbl monocarboxylic acid, 2 or 4, and 0.68 g (5.9 mmol)
of NHS were dissolved in 100 mL of water. To that
mixture was added 1.46 g (29 mmol) of NaCN, then 16 g
(36 mmol) of 4,7,10-trioxa-1,13-tridecanediamine was
added, and the pH was adjusted to 6 with 1 N HCl. To
that solution was added 1.14 g (5.9 mmol) of EDC, and
the pH of the solution was readjusted to 5.5. The reaction
mixture was then stirred overnight in the dark at rt. In
five intervals of 6-14 h, 0.68 g of NHS and 1.14 g of EDC
were added to the solution, with the pH value readjusted
to 5.5 each time. After a total reaction time of 4 days,
the solution was evaporated to dryness. The residue was
washed with 100 mL of acetone, and the solvent was
decanted. The remaining solid was dissolved in 50 mL
of H2O and applied to an Amberlite XAD-2 (200 g; 4 cm
× 60 cm) column. The column was eluted with 1 L of
water, and then the desired product was eluted with 500
mL of methanol. The methanol fractions were evapo-
rated to dryness, and the residue was dissolved in 25 mL
of water and was applied to a ion exchange column (100
g; 2.5 cm × 60 cm; acetate form; 200-400 mesh). The
final product was eluted using 250 mL of water, thereby
leaving nonconverted Cbl-acid bound to the column,
which was later eluted with 0.04 mol/L sodium acetate
buffer, pH 4.7. The fractions containing the final product
were evaporated to dryness and then washed with
acetone and filtered. The solid obtained was recrystal-
lized from aqueous acetone.
b-Isomer (8): yield, 2.0 g (87%); mp, 213-217 °C with

decomposition; 1H NMR (MeOH-d4) δ 0.44 (s, 3H), 1.17
(d, 5H), 1.25 (d, 4H), 1.36 (d, 7H), 1.45 (s, 4H), 1.74 (m,
10H), 1.88 (s, 11H), 2.27 (d, 8H), 2.34 (m, 11H), 2.56 (m,
11H), 3.17 (t, 3H), 3.2 (m, 9H), 3.3 (m, 6H), 3.4 (m, 4H),
3.5 (s, 7H), 3.58 (s, 8H), 3.6 (m, 11H), 3.7 (m, 1H), 3.88
(m, 1H), 4.07 (m, 1H), 4.1 (m, 1H), 4.17 (m, 1H), 4.3 (m,
1H), 4.5 (m, 1H), 4.6 (m, 1H), 6.04 (d, 1H), 6.27 (s, 1H),
6.52 (s, 1H), 7.13 (d, 1H), 7.25 (s, 1H); MS (FAB+) mass
calcd for C73H109N15O18CoP 1557, found 1558 (M + H)+;
IR (KBr, cm-1) 3400, 3200, 2950, 2060, 1660, 1570, 1490,
1060; UV (H2O) λ361 (ε ) 17 500).
e-Isomer (10): yield, 1.5 g (65%); mp, 112-116 °C with

decomposition; 1H NMR (MeOH-d4) δ 0.44 (s, 3H), 1.18
(s, 3H), 1.25 (d, 5H), 1.37 (d, 8H), 1.45 (s, 4H), 1.74 (m,
10H), 1.88 (s, 11H), 2.28 (d, 7H), 2.3 (m, 15H), 2.56 (d,
11H), 3.17 (t, 3H), 3.2 (t, 4H), 3.3 (m, 11H), 3.4 (m, 4H),
3.5 (s, 7H), 3.58 (d, 3H), 3.6 (m, 5H), 3.7 (m, 1H), 4.0 (m,
1H), 4.1 (d, 1H), 4.19 (m, 1H), 4.3 (m, 1H), 4.5 (d, 1H),
4.6 (m, 1H), 6.05 (d, 1H), 6.27 (s, 1H), 6.57 (s, 1H), 7.1
(d, 1H), 7.25 (s, 1H), MS (FAB+) mass calcd for C73-
H109N15O18CoP 1557, found 1558 (M + H)+; IR (KBr,
cm-1) 3400, 3200, 2950, 2060, 1660, 1570, 1490, 1060;
UV (H2O) λ361 (ε ) 12 800).
p-Iodobenzoyl-5-aminoisophthalic Acid, 12. A 5.0

g (28 mmol) quantity of 5-amino-isophthalic acid, 11, was
dissolved in 30 mL of 1 N NaOH and placed in an ice/
water bath. To the cold solution was added 7.5 g (28
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mmol) of 4-iodobenzoyl chloride in 60 mL of acetonitrile,
dropwise. The thick white precipitate was stirred for 10
min before the ice/water bath was removed, and the
mixture was allowed to stir for an additional 10 min. The
reaction mixture was adjusted to pH 4 with acetic acid
and the resulting solid collected. This solid was dissolved
in 30 mL of 1 N NaOH and washed with 2 × 50 mL of
ether. The resulting aqueous solution was filtered and
acidified to pH 4 with acetic acid. The white precipitate
was collected and dried under high vacuum to yield 11.6
g (99+%) of 12: mp >300 °C; 1H NMR (DMSO-d6) δ 7.84
(d, 2H, J ) 4.1 Hz), 7.94 (d, 2H, J ) 4.2 Hz), 8.27 (s,
1H), 8.51 (d, 2H, J ) 0.7 Hz); IR (Nujol, cm-1) 3570, 3300,
1645, 1580, 1525, 760; HRMS (FAB+; DMIX) (M + H)+
mass calcd for C15H11INO5 411.9682, found 411.9696.
p-Iodobenzoyl-5-aminoisophthalate DiTFP Ester,

13. A 5.0 g (12.2 mmol) quantity of 12 was suspended
in 100 mL of anhydrous ethyl acetate. To this suspension
was added 12.5 g (73 mmol) of 2,3,5,6-tetrafluorophenol
(TFP-OH) followed by 5.0 g (24.2 mmol) of 1,3-dicyclo-
hexylcarbodiimide (DCC). This suspension was stirred
at rt for 3 days before filtering off the solid and washing
with an additional 20 mL of ethyl acetate. The filtrate
was evaporated to dryness. The resulting sticky white
solid was suspended in 50 mL of acetonitrile, stirred for
30 min, and filtered to yield 3.75 g of 13 as a white solid
(43%): mp 250-251 °C; 1H NMR (DMSO-d6) δ 7.81 (d,
2H, J ) 4.3 Hz), 7.94 (d, 2H, J ) 4.2 Hz), 8.04 (m, 2H),
8.57 (t, 1H, J ) 1.4 Hz), 9.06 (d, 2H, J ) 0.7 Hz); IR
(Nujol, cm-1) 3220, 3060, 1750, 1655, 1520, 1485, 1330,
1195, 1110, 1085, 955, 945; HRMS (FAB+; 3NBA) (M +
H)+ mass calcd for C27H11F8INO5 707.9554, found
707.9552.
p-(Tri-n-butylstannyl)benzoyl-5-aminoisophthal-

ate DiTFP Ester, 14. A 2.0 g (2.8 mmol) quantity of
13 was dissolved in 20 mL of dry toluene under argon.
To this solution was added 2.8 mL (5.5 mmol) of bis-
(tributyltin), followed by 40 mg (0.04 mmol) of tetrakis-
(triphenylphosphine)palladium(0). The mixture was
stirred at rt for 15 min before heating to 80 °C for 2 h.
After 2 h, an additional 40 mg of palladium catalyst was
added. Within 1 h the mixture had turned black. After
cooling to rt, the toluene was removed by rotary evapora-
tion. The resulting black oil was taken into 20 mL of
ethyl acetate and dried onto 10 g of silica gel while on a
rotary evaporator. The oil-coated silica was added to the
top of a 250 g (40× 3.5 cm) silica gel column. The column
was initally eluted with hexanes containing 5% acetic
acid, but after eluting with 600 mL, the solvent was
changed to 90:10 hexanes/ethyl acetate (containing 5%
acetic acid). Fractions 14-16 were combined and dried
to yield 1.5 g of 14 as a white solid (62%): mp 120-123
°C; 1HNMR (CDCl3) δ 0.89 (t, 9H, J ) 7.3 Hz), 1.11 (m,
6H), 1.36 (m, 15H), 1.55 (m, 6H), 7.07 (m, 2H), 7.62 (d,
2H, J ) 4.1 Hz), 7.84 (d, 2H, J ) 4.1 Hz), 8.38 (s, 1H),
8.76 (t, 1H, J ) 1.6 Hz), 8.87 (d, 2H, J ) 0.7 Hz); IR
(Nujol, cm-1) 1750, 1645, 1520, 1480, 1185, 1100, 1085;
MS (FAB+) mass calcd (isotopic abundance) 868 (38%),
869 (37%), 870 (75%), 871 (53%), 872 (100%), 873 (41%),
874 (21%); mass found 868 (47%), 869 (42%), 870 (82%),
871 (55%), 872 (100%), 873 (42%), 874 (26).
Biotin TFP Ester, 16. A 3.0 g (12.3 mmol) quantity

of biotin, 15, was dissolved in 60 mL of warm (70 °C)
DMF under argon atmosphere. The solution was cooled
to ambient temperature, and 2.79 g (13.5 mmol) of DCC
was added, followed by 40.8 g (24.6 mmol) of TFP-OH.
The reaction mixture was cooled to 0 °C and stirred at
that temperature for 0.5 h. It was brought back to
ambient temperature and stirred for another 4-5 h. The
mixture was filtered and the filtrate evaporated to

dryness. The resultant solid was washed with 50 mL of
acetonitrile and dried to yield 5.0 g (98%) of 16 as a white
solid: mp 185-187 °C (20); 1H NMR (DMSO-d6) δ 1.4
(m, 2H), 1.7 (m, 2H), 2.5 (t, 2H), 2.8 (t, 2H), 3.1 (m, 1H),
4.1 (m, 1H), 4.3 (m, 1H), 6.4 (d, 2H), 7.9 (m, 1H); IR (KBr,
cm-1) 3250, 2915, 1790, 1710, 1520, 1480, 1090.
Biotin-Aminocaproate TFP Ester, 18. A 0.99 g

quantity (7.5 mmol) of 6-aminocaproic acid was dissolved
in 75 mL of H2O. To this mixture was added 0.5 mL of
triethylamine, followed by a solution of 1.96 g (5 mmol)
of 16 in warm acetonitrile (300 mL). The reaction was
stirred overnight at rt. It was filtered, washed with 50
mL of H2O, and dried under high vacuum to yield 0.870
g (47%) of 17. Additional material was obtained by
evaporating the filtrate to dryness, dissolving the residue
in 75 mL of CH3CN, and allowing the CH3CN solution
to cool to rt. The resultant solid was filtered, washed
with warm acetonitrile, and dried under high vacuum
to give an additional 0.6 g. Total yield of 17 was 1.47 g
(79%): mp 225-227 °C; 1H NMR (DMSO-d6) δ 1.2-1.6
(m, 8H), 2.0 (t, 2H), 2.2 (t, 2H), 2.5 (dd, 2H), 2.8 (dd, 2H),
3.1 (m, 3H), 4.1 (m, 1H), 4.3 (m, 1H), 6.4 (d, 2H), 7.7 (m,
1H); IR (KBr, cm-1) 3280, 2915, 1710, 1630, 1540, 1260,
1030.
A 1.0 g quantity (2.68 mmol) of 17 was dissolved in 50

mL of DMSO. To that solution was added 0.4 mL of
triethylamine, followed by 1.05 g (4.02 mmol) of TFP-
OTFA (21). The reaction mixture was stirred at rt for
15-20 min and then evaporated to dryness. The residue
was washed with ether and dichloromethane. The
resulting solid was dried under vacuum to yield 1.24 g
(89%) of 18: mp 139-141 °C; 1H NMR (DMSO-d6) δ 1.2
(t, 2H), 1.3-1.7 (m, 5H), 2.1 (t, 2H), 2.6 (dd, 2H), 2.8 (m,
4H), 3.1 (m, 4H), 4.2 (m, 1H), 4.4 (m, 1H), 6.4 (d, 2H),
7.8 (t, 1H), 8.0 (m, 1H); IR (KBr, cm-1) 3300, 2940, 1785,
1690, 1640, 1520, 950; HRMS (FAB+, 3NBA) (M + H)+
mass calcd for C22H28F4N3O4S 506.1737, found 506.1732.
Biotin-Aminocaproate 5-Aminoisophthalic Acid

DiTFP Ester, 20. A 0.35 g (0.67 mmol) quantity of 18
was dissolved in 40 mL of DMF. To that solution was
added 80 µL of triethylamine, followed by 0.182 g (1.01
mmol) of 5-aminoisophthalic acid. The reaction was
stirred at rt for 8 days, with triethylamine (80 µL) added
every 24 h. It was then evaporated to dryness, and the
residue was applied to a silica column. The column was
initially eluted with 450 mL of acetonitrile, followed by
40 mL of methanol, and then DMF, collecting 20 mL
fractions. The fractions containing the final product
(HPLC monitored) were evaporated to dryness to yield
230 mg (65%) of 19: mp 193-195 °C; 1H NMR (DMSO-
d6) δ 1.3-1.7 (m, 8H), 2.1 (t, 2H), 2.3 (t, 2H), 2.6 (m, 2H),
2.8 (m, 2H), 3.1 (m, 3H), 4.1 (m, 1H), 4.3 (m, 1H), 6.4 (d,
2H), 7.8 (t, 1H), 8.1 (m, 1H), 8.46 (s, 2H); IR (KBr, cm-1)
3280, 2920, 1710, 1690, 1640, 1240, 1100, 900; HRMS
(FAB+, 3NBA) (M + H)+ mass calcd for C24H33N4O7S
521.2070, found 521.2070.
A 200 mg (0.376 mmol) quantity of 19 was dissolved

in 30 mL of DMF under argon atmosphere. To this
solution was added 241 mg (0.94 mmol) of TFP-OTFA
by a transfer using a double-ended needle. That addition
was followed by addition of 112 µL of triethylamine. The
reaction mixture was stirred at rt for 24 h (HPLC
monitored) and then evaporated to dryness. The light
brown oil was triturated with ether, and the solution was
filtered and washed with 50 mL of additional ether to
yield 250 mg (86%) of 20: mp 135-137 °C; 1H NMR
(DMSO-d6) δ 1.3-1.7 (m, 8H), 2.1 (t, 2H), 2.3 (t, 2H), 2.6
(m, 2H), 2.8 (m, 2H), 3.1 (m, 3H), 4.2 (m, 1H), 4.4 (m,
1H), 6.4 (d, 2H), 7.8 (t, 1H), 8.1 (m, 2H), 8.57 (s, 1H), 8.9
(s, 2H); IR (KBr, cm-1) 3280, 2920, 1260, 1200, 1690,
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1520, 1185, 950; HRMS (M + H)+ mass calcd for
C36H32F8N4O7S 817.1942, found 817.1920.
Conjugation of CyanocobalaminMonocarboxylic

Acid Diaminododecane with Isophthaloyl Dichlo-
ride; Synthesis of 21-23. To a solution of 0.300 g
(0.192 mmol) of 5, 6, or 7 in 30 mL of DMF was added
18 µL of triethylamine. To that solution was added 0.195
g (0.096 mmol) of isophthaloyl dichloride over a period
of 10-15 min. The reaction mixture was stirred at 55-
60 °C for 48 h. It was then evaporated to dryness. The
solid residue was dissolved in 20 mL of methanol/H2O
(7:3) and eluted on a preparative reversed phase column
(500 mm × 25 mm) with the same solvent. The fractions
containing the product were evaporated to dryness.
b-Acid Dimer (21): yield, 121 mg (38%); mp 220-222

°C with decomposition; 1H NMR (D2O) δ 0.43 (s, 6H, C-20
CH3), 1.17 (s, 8H), 1.22 (d, 13H), 1.29 (s, 45H), 1.36 (d,
22H), 1.44 (s, 10H), 1.6 (m, 8H), 1.87 (s, 8H), 2.04 (m,
10H), 2.25 (s, 12H), 2.36 (m, 8H), 2.55 (d, 20H), 2.8 (m,
8H), 3.15 (m, 8H), 3.29 (s, 10H), 3.36 (m, 14H), 3.6 (m,
4H), 3.73 (m, 2H), 3.9 (d, 2H), 4.07 (m, 2H), 4.12 (m, 2H),
4.16 (m, 2H), 4.3 (m, 2H), 4.5 (m, 2H), 4.6 (s, 2H), 4.66
(m, 2H), 6.0 (s, 2H), 6.26 (d, 2H), 6.6 (s, 2H), 7.1 (s, 2H),
7.25 (s, 2H), 7.54 (t, 1H), 7.93 (d, 2H), 8.25 (s, 1H); MS
(FAB+) mass calcd for C158H228N30O30Co2P2 3208,2 found
3208 (M)+; IR (KBr, cm-1) 3400, 3200, 2950, 2060, 1660,
1570, 1490, 1060; UV (MeOH) λ360 (ε ) 33 900).
d-Acid Dimer (22): yield, 96 mg (30%); mp 217-220

°C with decomposition; 1H NMR (D2O) δ 0.43 (s, 6H, C-20
CH3), 1.18 (s, 8H), 1.3 (m, 36H), 1.37 (m, 12H), 1.46 (s,
10H), 1.6 (m, 8H), 1.9 (d, 12H), 2.05 (m, 10H), 2.2 (d,
16H), 2.35 (m, 8H), 2.6 (d, 18H), 2.8-3.0 (m, 16H), 3.15
(m, 6H), 3.3 (s, 8H), 3.37 (m, 14H), 3.6 (m, 4H), 3.76 (m,
2H), 3.9 (d, 2H), 4.07 (m, 2H), 4.12 (m, 2H), 4.18 (m, 2H),
4.3 (m, 2H), 4.5 (m, 2H), 4.6 (s, 2H), 4.68 (m, 2H), 6.0 (s,
2H), 6.26 (d, 2H), 6.6 (s, 2H), 7.1 (s, 2H), 7.25 (s, 2H),
7.54 (t, 1H), 7.95 (d, 2H), 8.25 (s, 1H); MS (FAB+) mass
calcd for C158H228N30O30Co2P2 3208, found 3208 (M)+; IR
(KBr, cm-1) 3400, 3200, 2950, 2060, 1660, 1570, 1490,
1060; UV (MeOH) λ360 (ε ) 42 400).
e-Acid Dimer (23): yield, 96 mg (30%); mp 225-228 °C

with decomposition; 1H NMR (D2O) δ 0.43 (s, 6H), 1.16
(s, 8H), 1.29 (m, 36H), 1.35 (d, 12H), 1.44 (s, 10H), 1.53
(m, 6H), 1.6 (m, 8H), 1.85 (s, 12H), 2.03 (m, 8H), 2.25 (d,
12H), 2.33 (m, 8H), 2.54 (d, 20H), 2.8 (m, 8H), 3.13 (m,
8H), 3.28 (s, 12H), 3.35 (m, 12H), 3.6 (m, 4H), 3.73 (m,
2H), 3.9 (d, 2H), 4.07 (m, 2H), 4.12 (m, 2H), 4.16 (m, 2H),
4.3 (m, 2H), 4.5 (m, 2H), 4.64 (m, 2H), 4.7 (s, 2H), 6.0 (s,
2H), 6.26 (d, 2H), 6.6 (s, 2H), 7.1 (s, 2H), 7.25 (s, 2H),
7.54 (t, 1H), 7.93 (d, 2H), 8.25 (s, 1H); MS (FAB+) mass
calcd for C158H228N30O30Co2P2 3208, found 3209 (M + H)+;
IR (KBr, cm-1) 3400, 3200, 2950, 2060, 1660, 1570, 1490,
1060; UV (MeOH) λ360 (ε ) 31 700).
Conjugation of CyanocobalaminMonocarboxylic

Acid Diaminododecane with p-Iodobenzoyl Ami-
noisophthalate; Synthesis of 24-26. To a solution
containing 0.30 g (0.192 mmol) of 5, 6, or 7 in 40 mL of
a 3:1 mixture of DMF/H2O was added 18 µL of triethyl-
amine. To that solution was added 68 mg (0.096 mmol)
of 13 over a 5-10 min period. The reaction mixture was
stirred at rt for 4-5 h and then evaporated to dryness.
The solid residue was dissolved in 20 mL of a 4:1 MeOH/
H2O mixture and applied to a preparative reversed phase
column (500 mm × 25 mm), which was eluted with the

same solvent. The fractions containing the product were
evaporated to dryness.
b-Acid Dimer (24): yield, 258 mg (70%); mp 285-290

°C with decomposition; 1H NMR (D2O) δ 0.43 (s, 6H), 1.17
(s, 8H), 1.22 (d, 13H), 1.29 (s, 45H), 1.36 (d, 22H), 1.44
(s, 10H), 1.6 (m, 8H), 1.86 (s, 12H), 2.04 (m, 10H), 2.25
(s, 12H), 2.36 (m, 8H), 2.55 (d, 20H), 2.83 (m, 8H), 3.15
(m, 8H), 3.29 (s, 10H), 3.36 (m, 8H), 3.58 (m, 2H), 3.65
(m, 2H), 3.75 (m, 2H), 3.9 (d, 2H), 4.06 (m, 2H), 4.12 (m,
2H), 4.16 (m, 2H), 4.3 (m, 2H), 4.5 (m, 2H), 4.57 (s, 2H),
4.65 (m, 2H), 6.0 (s, 2H), 6.26 (d, 2H), 6.5 (s, 2H), 7.1 (s,
2H), 7.25 (s, 2H), 7.7 (d, 2H), 7.89 (d, 2H), 7.98 (s, 1H),
8.26 (s, 2H); MS (FAB+) mass calcd for C165H232O31N31-
Co2P2I 3453, found 3453 (M)+; IR (KBr, cm-1) 3400, 3200,
2950, 2060, 1660, 1570, 1490, 1060; UV (MeOH) λ360 (ε
) 41 500).
d-Acid Dimer (25): yield, 280 mg (76%); mp 230-233

°C with decomposition; 1H NMR (D2O) δ 0.43 (s, 6H), 1.19
(s, 8H), 1.3 (m, 36H), 1.37 (d, 12H), 1.46 (s, 10H), 1.63
(m, 8H), 1.87 (s, 12H), 2.05 (m, 10H), 2.27 (d, 16H), 2.35
(m, 8H), 2.6 (d, 18H), 2.8 (s, 8H), 3.0 (s, 10H), 3.15 (m,
8H), 3.3 (d, 8H), 3.37 (m, 14H), 3.6 (m, 2H), 3.68 (d, 2H),
3.76 (m, 2H), 3.9 (d, 2H), 4.07 (m, 2H), 4.12 (m, 2H), 4.18
(m, 2H), 4.3 (m, 2H), 4.5 (m, 2H), 4.64 (m, 4H), 6.0 (s,
2H), 6.26 (d, 2H), 6.6 (s, 2H), 7.1 (s, 2H), 7.25 (s, 2H), 7.7
(d, 2H), 7.9 (d, 2H), 7.99 (d, 1H), 8.28 (s, 2H); MS (FAB+)
mass calcd for C165H232O31N31Co2P2I 3453, found 3453
(M)+; IR (KBr, cm-1) 3400, 3200, 2950, 2060, 1660, 1570,
1490, 1060; UV (MeOH) λ360.6 (ε ) 48 900).
e-Acid Dimer (26): yield, 265 mg (72%); mp 253-255

°C with decomposition; 1H NMR (D2O) δ 0.43 (s, 6H), 1.16
(s, 8H), 1.22 (d, 12H), 1.33 (m, 36H), 1.43 (s, 10H), 1.53
(m, 6H), 1.6 (m, 8H), 1.86 (s, 12H), 2.03 (m, 8H), 2.25 (d,
12H), 2.33 (m, 8H), 2.54 (d, 20H), 2.8 (s, 4H), 3.0 (s, 4H),
3.28 (s, 10H), 3.35 (m, 8H), 3.58 (m, 2H), 3.65 (m, 2H),
3.73 (m, 2H), 3.88 (d, 2H), 4.05 (m, 2H), 4.1 (m, 2H), 4.17
(m, 2H), 4.3 (m, 2H), 4.5 (m, 2H), 4.57 (s, 2H), 4.63 (m,
2H), 6.0 (s, 2H), 6.26 (d, 2H), 6.5 (s, 2H), 7.1 (s, 2H), 7.25
(s, 2H), 7.7 (d, 2H), 7.89 (d, 2H), 7.98 (s, 1H), 8.26 (s,
2H); MS (FAB+) mass calcd for C165H232O31N31Co2P2I
3453, found 3452 (M)2; IR (KBr, cm-1) 3400, 3200, 2950,
2060, 1660, 1570, 1490, 1060; UV (MeOH) λ360 (ε )
48 200).
Conjugation of CyanocobalaminMonocarboxylic

Acid Diaminododecanewith p-(Tri-n-butylstannyl)-
benzoyl Aminoisophthalate; Synthesis of 27-29. To
a solution containing 0.10 g (0.065 mmol) of 5, 6, or 7 in
40 mL of a 3:1 mixture of DMF/H2O was added 6 µL of
triethylamine. To that solution was added 28 mg (0.033
mmol) of 14 over a 5-10 min period. The reaction
mixture was stirred at rt for 12-14 h and then evapo-
rated to dryness. The residue was washed with 100 mL
of acetone, and the solvent was decanted.
b-Acid Dimer (27): yield, 93 mg (72%); mp >300 °C;

1H NMR (D2O) δ 0.43 (s, 6H, C-20 CH3), 0.88 (t, 9H), 1.12
(t, 12H), 1.17 (d, 8H), 1.22 (d, 13H), 1.29 (s, 45H), 1.36
(d, 22H), 1.44 (s, 10H), 1.6 (m, 8H), 1.87 (d, 12H), 2.04
(m, 10H), 2.25 (s, 12H), 2.36 (m, 8H), 2.55 (d, 20H), 2.8
(m, 8H), 3.15 (m, 8H), 3.29 (s, 10H), 3.36 (m, 14H), 3.6
(m, 4H), 3.73 (m, 2H), 3.9 (d, 2H), 4.07 (m, 2H), 4.12 (m,
2H), 4.16 (m, 2H), 4.3 (m, 2H), 4.5 (m, 2H), 4.66 (m, 2H),
6.0 (s, 2H), 6.26 (d, 2H), 6.6 (s, 2H), 7.1 (s, 2H), 7.25 (s,
2H), 7.6 (d, 2H), 7.9 (d, 2H), 7.98 (br s, 1H), 8.28 (br s,
2H); IR (KBr, cm-1) 3400, 3200, 2950, 2060, 1660, 1570,
1490, 1060; UV (MeOH) λ360 (ε ) 59 300)
d-Acid Dimer (28): yield, 90 mg (70%); mp 208-212

°C with decomposition; 1H NMR (D2O) δ 0.43 (s, 6H), 0.88
(t, 9H), 1.15 (t, 12H), 1.19 (s, 8H), 1.3 (m, 36H), 1.37 (d,
12H), 1.46 (s, 10H), 1.6 (m, 8H), 1.9 (s, 12H), 2.05 (m,
10H), 2.28 (d, 16H), 2.35 (m, 8H), 2.6 (d, 18H), 2.8-2.9

2 Obtaining exact mass values for molecules of >3000 amu
is difficult. It is believed that the difference of 1 mass unit
obtained is a reflection of the difficulty in assigning mass units
to the spectrometer data, not an indication that the mass is
different from that calculated for the desired compound.
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(m, 16H), 3.15 (m, 8H), 3.3 (s, 8H), 3.37 (m, 14H), 3.6
(m, 4H), 3.76 (m, 2H), 3.9 (d, 2H), 4.07 (m, 2H), 4.12 (m,
2H), 4.18 (m, 2H), 4.3 (m, 2H), 4.5 (m, 2H), 4.68 (m, 2H),
6.0 (s, 2H), 6.26 (d, 2H), 6.6 (s, 2H), 7.1 (s, 2H), 7.25 (d,
2H), 7.6 (d, 2H), 7.9 (d, 2H), 7.99 (br s, 1H), 8.28 (br s,
2H); IR (KBr, cm-1) 3400, 3200, 2950, 2060, 1660, 1570,
1490, 1060; UV (MeOH) λ360 (ε ) 47 700).
e-Acid Dimer (29): yield, 100 mg (78%); mp 202-205

°C with decomposition; 1H NMR (D2O) δ 0.43 (s, 6H), 0.88
(t, 9H), 1.12 (t, 12H), 1.15 (s, 8H), 1.29 (m, 36H), 1.35 (d,
12H), 1.44 (s, 10H), 1.53 (m, 6H), 1.6 (m, 8H), 1.86 (d,
12H), 2.03 (m, 8H), 2.25 (d, 12H), 2.33 (m, 8H), 2.54 (d,
20H), 2.8 (m, 8H), 3.13 (m, 8H), 3.28 (s, 10H), 3.35 (m,
10H), 3.6 (m, 4H), 3.73 (m, 2H), 3.9 (d, 2H), 4.05 (m, 2H),
4.1 (m, 2H), 4.17 (m, 2H), 4.3 (m, 2H), 4.5 (m, 2H), 4.6
(m, 2H), 6.0 (s, 2H), 6.26 (d, 2H), 6.6 (s, 2H), 7.1 (s, 2H),
7.25 (s, 2H), 7.6 (d, 2H), 7.9 (d, 2H), 7.98 (br s, 1H), 8.28
(br s, 2H); IR (KBr, cm-1) 3400, 3200, 2950, 2060, 1660,
1570, 1490, 1060; UV (MeOH) λ360 (ε ) 41 900).
Conjugation of CyanocobalaminMonocarboxylic

Acid Diaminododecane with Biotin-Aminocaproate
Aminoisophthalate; Synthesis of 30 and 31. To a
solution of containing 0.20 g (0.13 mmol) of 5, 6, or 7 in
40 mL of a 3:1 mixture of DMF/H2O was added 12 µL of
triethylamine. To that solution was added 50 mg (0.065
mmol) of 20 over a 5-10 min period. The reaction
mixture was stirred at rt for 3 h and then was evaporated
to dryness. The residue was washed with 100 mL of
acetone, and the solvent was decanted.
b-Acid Dimer (30): yield, 124 mg (62%); mp 195-198

°C with decomposition; 1H NMR (MeOH-d4) δ 0.43 (s,
6H), 1.17 (s, 8H), 1.3 (m, 20H), 1.35 (m, 22H), 1.46 (s,
10H), 1.6 (m, 8H), 1.8 (m, 6H), 1.87 (m, 10H), 2.0 (m, 4H),
2.17 (s, 10H), 2.25 (s, 12H), 2.57 (d, 16H), 3.16 (m, 9H),
3.29 (s, 8H), 3.37 (m, 6H), 3.6 (m, 4H), 3.76 (m, 2H), 3.9
(d, 2H), 4.07 (m, 4H), 4.16 (m, 2H), 4.28 (m, 4H), 4.5 (m,
4H),4.7 (m, 2H), 6.04 (s, 2H), 6.26 (d, 2H), 6.5 (s, 2H),
7.1 (s, 2H), 7.2 (s, 2H), 7.9 (d, 1H), 8.1 (s, 2H); MS (FAB+)
mass calcd for C174H254N34O33Co2P2S 3562, found 3561
(M)2; IR (KBr, cm-1) 3400, 3200, 2950, 2060, 1660, 1570,
1490, 1060; UV (MeOH) λ360 (ε ) 38 700).
e-Acid Dimer (31): yield, 100 mg (50%); mp > 300 °C;

1H NMR (MeOH-d4) δ 0.43 (s, 6H), 1.17 (s, 8H), 1.3 (m,
20H), 1.35 (m, 22H), 1.43 (s, 10H), 1.53 (m, 8H), 1.7 (m,
6H), 1.87 (m, 6H), 2.0 (m, 4H), 2.13 (s, 10H), 2.25 (d, 10H),
2.52 (d, 16H), 3.16 (m, 6H), 3.29 (s, 10H), 3.37 (m, 6H),
3.6 (m, 4H), 3.73 (m, 2H), 3.9 (d, 2H), 4.07 (m, 4H), 4.16
(m, 2H), 4.26 (m, 4H), 4.5 (m, 4H),4.64 (m, 2H), 6.04 (s,
2H), 6.26 (d, 2H), 6.6 (s, 2H), 7.1 (s, 2H), 7.23 (s, 2H), 7.9
(d, 1H), 8.1 (s, 2H); MS (FAB+) mass calcd for C174-
H254N34O33Co2P2S 3562, found 3562 (M)+; IR (KBr, cm-1)
3400, 3200, 2950, 2060, 1660, 1570, 1490, 1060; UV
(MeOH) λ360 (ε ) 40 000).
Conjugation of CyanocobalaminMonocarboxylic

Acid-Trioxadiamine with Isophthaloyl Dichloride;
Synthesis of 32. To a solution containing 300 mg (0.193
mmol) of 8 in 20 mL of DMF was added 30 µL of
triethylamine. To that solution was added 19.5 mg (0.096
mmol) of isophthaloyl dichloride over a 10-15 min period.
The reaction mixture was stirred at rt for 4-5 days, and
30 µL of triethylamine was added after each 24 h period.
After evaporating to dryness, the solid was dissolved in
20 mL of a 1:1 methanol/H2O mixture and was applied
to a preparative reversed phase column (25 mm × 500
mm), which was eluted with the same solvent. The
fractions containing the final product were evaporated
to dryness.
b-Acid Dimer (32): yield, 100 mg (32%); mp 195-198

°C with decomposition; 1H NMR (MeOH-d4) δ 0.44 (s,
6H), 1.18 (s, 6H), 1.25 (d, 7H), 1.31 (t, 20H), 1.36 (s, 14H),

1.45 (s, 8H), 1.74 (m, 20H), 1.88 (d, 15H), 2.27 (s, 11H),
2.37 (m, 22H), 2.56 (d, 20H), 2.85 (s, 5H), 2.99 (s, 2H),
3.2 (m, 18H), 3.3 (m, 12H), 3.4 (m, 10H), 3.5 (s, 14H),
3.58 (s, 18H), 3.6 (s, 30H), 3.9 (d, 4H), 4.0 (d, 2H), 4.1 (d,
2H), 4.18 (d, 2H), 4.3 (m, 2H), 4.5 (m, 2H), 4.7 (m, 2H),
6.0 (s, 2H), 6.28 (s, 2H), 6.56 (s, 2H), 7.1 (s, 2H), 7.25 (s,
2H), 7.56 (m, 1H), 7.8 (d, 2H), 8.3 (s, 1H); MS (FAB+)
mass calcd for C154H220N30O36Co2P2 3245, found 3245
(M)+; IR (KBr, cm-1) 3400, 3200, 2950, 2060, 1660, 1570,
1490, 1060; UV (H2O) λ361 (ε ) 33 900).
Conjugation of CyanocobalaminMonocarboxylic

Acid-Trioxadiamine with DiTFP Ester of Biotin-
Aminocaproate Aminoisophthalate; Synthesis of 33
and 34. To a solution containing 300 mg (0.193 mmol)
8 or 10 in 15 mL of DMF was added 30 µL of triethyl-
amine. To that solution was added 79 mg (97 mmol) of
20 over a 5-10 min period. The reaction mixture was
stirred at rt for 3-4 days (HPLC monitored), adding 30
µL of triethylamine after each 24 h period. The reaction
mixture was then evaporated to dryness. The solid
residue was dissolved in 20 mL of a 1:1 methanol/H2O
mixture and applied to a preparative reversed phase
column (25 mm × 500 mm), which was eluted with the
same solvent. The fractions containing the product were
evaporated to dryness.
b-Acid Dimer (33): yield, 160 mg (53%); mp 192-195

°C with decomposition; 1H NMR (MeOH-d4) δ 0.43 (s,
6H), 1.17 (s, 6H), 1.24 (d, 8H), 1.36 (d, 16H), 1.44 (s, 6H),
1.73 (m, 20H), 1.87 (m, 12H), 2.26 (s, 10H), 2.4 (m, 14H),
2.55 (m, 18H), 3.17-3.3 (m, 30H), 3.6 (m, 40H), 3.73 (m,
2H), 3.9 (m, 2H), 4.06 (m, 2H), 4.1 (m, 2H), 4.17 (d, 2H),
4.3 (m, 4H), 4.47 (m, 4H), 4.6 (m, 2H), 4.66 (m, 2H),6.03
(s, 2H), 6.27 (s, 2H), 6.55 (s, 2H), 7.12 (s, 2H), 7.25 (s,
2H), 7.9 (s, 1H), 8.16 (s, 2H); MS (FAB+) mass calcd for
C170H246N34O39Co2P2S 3602, found 3602 (M)+; IR (KBr,
cm-1) 3400, 3200, 2950, 2060, 1660, 1570, 1490, 1060;
UV (H2O) λ360 (ε ) 35 300).
e-Acid Dimer (34): yield, 120 mg (40%); mp 235-239

°C with decomposition; 1H NMR (MeOH-d4) δ 0.43 (s,
6H), 1.17 (d, 6H), 1.24 (d, 8H), 1.36 (d, 16H), 1.43 (s, 6H),
1.73 (m, 20H), 1.87 (m, 12H), 2.26 (d, 10H), 2.35 (m, 14H),
2.55 (m, 18H), 3.17-3.3 (m, 30H), 3.6 (m, 40H), 3.73 (m,
2H), 3.88 (m, 2H), 4.07 (m, 2H), 4.1 (m, 2H), 4.18 (d, 2H),
4.3 (m, 4H), 4.47 (m, 4H), 4.57 (m, 2H), 4.65 (m, 2H),6.03
(s, 2H), 6.27 (s, 2H), 6.56 (s, 2H), 7.11 (s, 2H), 7.25 (s,
2H), 7.9 (s, 1H), 8.16 (s, 2H); MS (FAB+) mass calcd for
C170H246N34O39Co2P2S 3602, found 3603 (M + H)+; IR
(KBr, cm-1) 3400, 3200, 2950, 2060, 1660, 1570, 1490,
1060; UV (H2O) λ360 (ε ) 31 400).
Binding of Cobalamin Derivatives with rhTCII.

Recombinant human transcobalamin II (rhTCII) was
prepared as previously reported (22). Stock solutions of
Cbl derivatives were prepared by dissolving 2 mg in 100-
200 µL of DMSO, followed by dilution to 1.0 mL with
H2O. Quantification of the Cbl derivatives was ac-
complished by UV, based on the measured extinction
coefficients at 360 nm (data provided with individual
compounds). Thus, a 20 µL aliquot of the stock Cbl
solution was diluted to 1 mL with H2O, and the absor-
bance at 360 nm was measured. An aliquot of the
original solution was diluted to obtain a 1 µM solution,
which was further diluted to 0.1 µM for use in the assay.
rhTCII was partially purified on a cation exchange

column as previously described (23). The rhTCII was
diluted in PBS containing 0.025% HSA to bind ap-
proximately 10 pmol of CN-Cbl (1)/mL. Aliquots of 100
µL of the rhTCII solution were added to tubes containing
0.01 pmol of [57Co]-1 and 0.1-30 pmol of unmodified 1
or Cbl derivatives 2-18. The solution volume in each
tube was adjusted to 1.0 mL with PBS, and the samples

166 Bioconjugate Chem., Vol. 8, No. 2, 1997 Pathare et al.



were incubated at rt for 1 h. The protein-bound [57Co]-1
was then separated from free [57Co]-1 by adsorption to
hemoglobin-coated charcoal (24). The amount of radio-
activity in each fraction was determined in a gamma
counter. The decrease in binding of [57Co]-1 in the
presence of various amounts of a Cbl derivative was
calculated and graphed (Figure 2). The quantities of each
derivative required to inhibit the binding of [57Co]CN-
Cbl to rhTCII by 50% was determined, and the apparent
affinities of the compounds relative to CN-Cbl were
calculated (Table 1).

RESULTS AND DISCUSSION

There are only a few reported examples of the prepara-
tion of Cbl dimers. In one example, it is proposed that
Co-S-S-Co Cbl dimers are prepared from reaction with
hydrosulfide ion (25). More recently, cobalt oligometh-
ylene bridged dimers [Co-(CH2)n-Co, where n ) 4-6]
have been prepared as potential “latent alkanediyl
diradicals” (26). Since our ultimate goal is to obtain Cbl
derivatives that could be used as therapeutic pharma-
ceuticals, the light sensitivity and instability of previously
described cobalt-linked dimers made them unsuitable.
Therefore, we directed our efforts to the synthesis of novel
new Cbl dimers that are designed to be stable to
degradation. The synthetic approach chosen for prepara-
tion of stable Cbl dimers was to employ a di- or trifunc-
tional cross-linking reagent that could couple two Cbl
corrin ring carboxylates through linking moieties, as
depicted in Figure 1. While bioactive Cbl dimers may
be obtained with a difunctional cross-linking reagent, the
desire to incorporate other functionalities into the dimers
led us to consider a trifunctional reagent. This cross-
linking arrangement allows for attachment of other
chemical moieties with specific biological properties
without having to make a second attachment on the Cbl
moiety. Since we were interested in the possibility of
binding two TCII molecules to the same Cbl dimer, the
distance between the two Cbl moieties was considered
to be critical for formation of such a complex. The linker
molecules employed have 14-15 atoms in the chain, and
linking of two of these with the isophthalic acid cross-
linking moiety provides a 41-42 Å (fully extended)
distance between the Cbls. This distance was thought
to be adequate to bind two TCII molecules.
Synthesis of Cobalamin Dimers and Precursor

Molecules. Our approach to preparing the Cbl dimers
was to synthesize the diamino-linker adduct of Cbl
carboxylates first and then couple the two adducts with
the cross-linking reagent. This approach was chosen

because the Cbl diamino-linker adducts had been previ-
ously prepared for related studies (12, 13). The initial
dimeric Cbls synthesized (Chart 2) incorporated diami-
nododecane adducts 5-7 (Chart 1) with isophthalate
cross-linking moieties. The alkylamino derivatives 5, 6,
and 7 were prepared by conjugation of the Cbl-carboxy-
lates 2, 3, or 4 with diaminododecane using the water
soluble carbodiimide, EDC,3 in DMF. The carboxylates
were prepared from mild acid hydrolysis of CN-Cbl, 1,
followed by careful separation of the isomers on a
preparative LC system employing an aminopropyl-silica
column (12). Synthesis of the isomeric Cbl dimers 21-
23 was accomplished by reacting one of the diaminodode-
cane adducts, 5, 6, or 7, with isophthaloyl dichloride. All
three isomeric derivatives (e.g. b, d, and e) were prepared
to compare the TCII binding of dimeric molecules with
their monomeric counterparts.
Radioiodination of Cbl dimers was initiated to evaluate

the biological properties of these compounds. We have
previously shown that, while direct radioiodination of Cbl
does not yield the desired product, radioiodination of Cbls
could be accomplished by conjugation with arylstannane
moieties (13). In general, incorporation of high specific
activity radioiodine into a benzoyl moiety is readily
achieved from the corresponding trialkylstannyl benzoate
intermediates (18). One approach to obtaining radioio-
dinated dimers was to prepare them from stannylbenzoyl
adducts of aminoisophthalate cross-linked Cbls. Thus,
p-(tri-n-butylstannyl)benzoyl-containing isophthaloyl
dimers 27-29 were prepared to be used for incorporation
of radioiodine into the dimers, and p-iodobenzoyl-contain-
ing isophthaloyl dimers 24-26 were prepared as HPLC
standards for radioiodinated Cbl derivatives.
Prior to the synthesis of the Cbl dimers 24-29, the

requisite activated isophthaloyl derivatives had to be
prepared. The synthesis of ditetrafluorophenyl (TFP)
esters of the iodobenzoyl and stannylbenzoyl adducts of
5-aminoisophthalic acid, 13 and 14, is shown in Scheme
1. Conjugation of p-iodobenzoyl chloride with 5-ami-
noisophthalic acid gave a nearly quantitative yield of the
crude adduct, 12. Preparation of the di-TFP ester 13was
accomplished in 43% yield by reacting 12 with DCC and
TFP-OH in ethyl acetate. Conversion of the aryl iodide,
13, into the aryl stannane, 14, was accomplished in 62%
yield using bis(tributyltin) and palladium catalyst.
Biotinylated Cbl dimers were of interest as reagents

for analytical studies. Therefore, Cbl dimers 30 and 31
were prepared. Rather than preparing all three isomeric
biotinylated derivatives, only the Cbls containing b- and
e-propionic acid side chains (2 and 4) were employed for
cross-linking reactions. Indeed, we were primarily in-
terested in the e-isomer of the biotinylated dimer as it
was expected to have the highest binding with TCII, but
since the Cbl e-carboxylate was available in small quan-
tities, initial development of cross-linking reaction condi-
tions was conducted with the more abundant b-carbox-
ylate, 2. Prior to cross-linking the aminoalkyl-Cbls 5 or
7, a carboxylate activated-biotinylated aminoisophthalic
acid derivative, 20, had to be prepared. Although N-
hydroxysuccinimido ester of biotin-aminocaproate was
commercially available,4 the high cost of this reagent led
us to synthesize the corresponding TFP ester, 18 (Scheme
2). Reaction of 18 with 5-aminoisophthalic acid provided

3 EDC is also referred to as EDAC (Sigma Chemical Co., St.
Louis, MO); 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide.

4 For example: sulfosuccinimido-6-(biotinamido)hexanoate is
available from Pierce (Rockford, IL) as NHS-LC-Biotin, and
biotinamidocaproate N-hydroxysuccinimide ester is available
from Sigma Chemical Co. (St. Louis, MO).

Table 1. Binding of Cbl Dimers with rhTCII Relative to
CN-Cbl, 1

cobalamin
(compound no.)

50% binding inhibition
for [57Co]CN-Cbla

% relative
rhTCII binding

1 1 100
21 111 0.9
22 284 0.35
23 5 20
24 52 1.9
25 6 16
26 1.8 56
30 26 3.8
31 4.5 22
32 23 4.3
33 23 4.3
34 1.8 56

a The binding inhibition quantity is that amount (pmol) of Cbl
derivative required to inhibit by 50% the binding of 0.01 pmol of
[57Co]CN-Cbl and was obtained by dividing 100 by the 50% binding
inhibition quantity.
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19 in 65% yield, and further conversion to 20 using the
transesterification reagent tetrafluorophenyl trifluoro-
acetate (TFP-OCOCF3) (21) was accomplished in 86%
yield.
It became apparent after the synthesis of Cbl dimers

21-31 that they had limited water solubility. Fortu-
nately, very low concentrations of Cbls are required to
obtain biological data with these compounds, permitting
in vitro evaluations to be conducted. However, the
increased lipophilicity of the compounds was considered
to be a potential problem with nonspecific binding and

could ultimately make formulation of a pharmaceutical
more difficult. Therefore, a method of water solubiliza-
tion for the dimers was sought. The favored approach
to solving this problem was to incorporate a more water
soluble linking moiety. Thus, commercially available
4,7,10-trioxa-1,13-tridecanediamine was conjugated with
two isomeric Cbl carboxylates, 2 and 4, to yield Cbl
adducts 8 and 10. This linking arm is nearly the same
length as the diaminododedane linker, resulting in
distances between Cbl carboxylates of 41.6 Å for 23 (and
related compounds) and 42.6 Å for 32 (and related
compounds). The reason for preparing only the b- and
e-isomers was based on availability of carboxylates as
described previously. Conjugation of 8 with isophthaloyl
dichloride provided Cbl dimer, 32. Importantly, that
compound was more soluble in water than its diamin-
ododecane counterpart. Due to the anticipated increased
water solubility of the simple isophthalate cross-linked
molecules, the biotin dimers 33 and 34 were synthesized.
The biotinylated Cbl dimers 33 and 34 were synthesized
in 40-53% yield from the reaction of 8 or 10 with the

Figure 1. General schematic representation of CN-Cbl dimers. The dimers contain two Cbl moieties, two linking moieties, a cross-
linking moiety, and, where desired, an appended group. This example depicts corrin ring e-propionamide attachment.

Chart 1. Structures of Cyanocobalamin Diamino
Spacer Adducts

Chart 2. Cyanocobalamin Dimers Synthesizeda

a i-Cbl are isomers of Cbl carboxylates 2 (b-), 3 (d-), or 4 (e-).
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aminoisophthalate di-TFP ester 20. Again, the resulting
Cbl dimers were found to be more soluble in aqueous
medium than their diaminododecane counterparts, 30
and 31.
Iodination Reactions. Iodination and radioiodina-

tion of Cbl derivatives containing arylstannanes must be
conducted under (near) neutral conditions or a side
reaction for the formation of c-lactone can predominate
(13). Attempts at iodination of HPLC purified stannyl
derivatives 27-29 in MeOH using NaI and N-chlorosuc-
cinimide (NCS)5 over a 30 min period resulted in no
change in the starting material. Attempts at iodination
using NaI/NCS in 5% HOAc/MeOH also did not alter the
starting material. Because there was a concern that the
iodide ion was somehow being inactivated toward oxida-
tion with NCS (e.g. being bonded to the Co in the corrin
ring), ICl was investigated as the iodination reagent.
Attempts to iodinate 29 with ICl in MeOH over a 30 min
period also failed to change the starting material; how-
ever, reaction of ICl in 5% HOAc/MeOH resulted in
conversion to another compound. Unfortunately, the new
compound was not the desired iodinated product as its
HPLC retention time was not the same as that of 26.
Although the data obtained were insufficient to deter-
mine the nature of the new compound, it seems likely
that it is the c-lactone derivative of 26. An evaluation
of the radioiodination of 29 also did not provide the
desired compound.
The lack of conversion of the arylstannanes (27-29)

to aryliodides (24-26) was surprising. Under the reac-

tion conditions employed, no previous iodinations of
arylstannyl-derivatized compounds have failed to affect
rapid (generally <1 min) and nearly quantitative sub-
stitution of the stannyl group. This failure to react with
electrophilic iodine could be due to unique nature of the
Cbls synthesized. The mass spectral data and chemical
shifts of butyl and aryl protons in the NMR spectra
indicated that the arylstannane is present in the dimer.
However, the HPLC retention time of the arylstannane
derivatives 27-29 was not as expected. Generally on
reversed phase HPLC, aryltri-n-butylstannyl derivatives
are retained much longer than the corresponding aryl-
iodide derivatives. This was not the case with compounds
27-29, as they had shorter retention times (8.6-9.0 min)
than the corresponding aryliodides 24-26 (14.1-14.2
min). Since the spectral data suggest that the com-
pounds are as depicted in Table 2, it is very difficult to
understand how this increased polarity is obtained in the
arylstannyl Cbl dimers. We can only hypothesize that
the lipophilic linker arms and the lipophilic arylstannane
are somehow compressed between the more hydrophilic
Cbl moieties, perhaps causing a shift in the benzimid-
azole rings or other portion of the molecule, making it
more hydrophilic. It is anticipated that we will be able
to obtain more information on the structures through a
crystal structure determination of the aryliodo derivative
26. An attempt to obtain the crystal structure of 26 is
underway.
Competitive Binding with TCII. Cbl dimers were

evaluated for their binding to rhTCII in a competitive
assay that measures the binding relative to CN-Cbl (12).
The assay employed partially purified rhTCII as the
binding protein, and high specific activity (e.g. 200 µCi/

5 These reagents were used because the conditions mimic the
radioiodination reaction conditions where NCS oxidizes Na[*I]I
to an electrophilic species in situ.

Scheme 1. Synthesis of Isophthalate DiTFP Ester Containing Iodobenzoate or Stannylbenzoate

a 1 N NaOH/iodobenzoyl chloride/0 °C. b TFP-OH/DCC/3 days. c Bu3Sn2/(Ph3P)4Pd(O)/toluene/80 °C.
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µg) [57Co]CN-Cbl as the tracer. The assay measures the
decrease in the binding of [57Co]CN-Cbl in the presence
of increasing concentrations of a Cbl dimer. The com-
petitive binding curves for Cbl dimers are shown in
Figure 2. The binding curves for the four isophthalate
cross-linked dimers, 21-23 and 32, relative to CN-Cbl,
1, are shown in Figure 2A. The data show that the
e-isomer, 23, binds more avidly than the b-isomer, 21,
or the d-isomer, 22. It is interesting to note that the
compounds of 21-23 appear to bind less avidly than the
corresponding monomeric Cbls 5-7, previously tested
(12). The differences observed could be due to the
decreased water solubility of the dimers compared to the
monomers. Indeed, water solubility appears to affect Cbl
binding as the more water soluble trioxadiamine-linked
Cbl-b-dimer, 32, bound more avidly than the diamin-
ododecane Cbl-b-dimer, 21.
Evaluation of iodobenzoyl-containing Cbl dimers, 24-

26, provided similar results to those observed for the
other diaminododecane-containing dimers 21-23 (Figure
2B). Again, only the e-isomer, 26, bound competitively
with [57Co]-1, and its binding appeared to be reduced from
that of the monomeric counterpart 7. Binding assays
were not conducted on the stannylbenzoate-containing
dimers 27-29 as these compounds were only to be used
as intermediates to prepare (radio)iodinated derivatives
24-26.
The results obtained for the biotinylated derivatives

30, 31, 33, and 34 are shown in Figure 2C. Binding of
the water-solubilized b- and e-isomers, 33 and 34, to

rhTCII is similar to the isomeric monomers 5 and 7. The
e-isomer, 31, which contains the less water soluble
diaminododecane linking moiety, does not bind as com-
petitively as the corresponding more water soluble e-
isomer, 34. Again, this difference may be due to the
lower water solubility of 31. Relative binding data for
the Cbl dimers are provided in Table 1. From the data,
the decrease in binding (from 100%) and the effect of
various modifications in the Cbl dimers on binding can
be readily assessed. It is interesting to note that
substitution on the isophthalate moiety appears to have
little effect on TCII binding, whereas there is a significant
improvement in binding with the addition of the trioxa-
diamine linker.
One of the questions we attempted to address in this

investigation was whether a Cbl dimer could bind two
TCII protein molecules. On the basis of the data obtained
from the competitive binding assay, it appears that under
the assay conditions (e.g. excess Cbl), only one Cbl moiety
in the dimers bound with rhTCII. However, unless large
quantities (e.g. micrograms-milligrams) of a dimer were
injected in patients, the amount of TCII should be in
excess even when considering endogenous Cbls (8, 29).
The results obtained in the competitive binding assay are
not surprising as it seems likely that binding of a Cbl
dimer with the one TCII molecule could occur at a rate
similar to a monomer but that the second TCII molecule
would have to combine with a Cbl that was highly
sterically hindered from the side that had bound TCII.
This would suggest that binding with a second TCII

Scheme 2. Synthesis of Isophthalate DiTFP Ester Containing Aminocaproylbiotin Substituent

a DCC/DMF/TFP/0 °C. b Aminocaproic acid/Et3N. c DMSO/Et3N/TFP-OTFA. d DMF/Et3N/5-aminoisophthalic acid/8 days. e DMF/
Et3N/TFP-OTFA.
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molecule might occur at a much slower rate. Determina-
tion of whether the dimers described herein bind with
two rhTCII molecules when the TCII is in excess has
proven to be difficult with partially purified rhTCII.
Thus, future studies will be directed at obtaining radio-
iodinated Cbl dimers to improve sensitivity of detecting

Cbl/TCII complexes by electrophoresis and size exclusion
HPLC.

SUMMARY

Fourteen isophthalate cross-linked Cbl dimers have
been synthesized. To our knowledge, the reported com-
pounds represent the first preparation of Cbl dimers that
are coupled at a position other than at the Co atom. The
Cbl dimers were prepared by cross-linking with carboxyl-
ate-activated derivatives of isophthalic acid or derivatized
aminoisophthalic acid. To provide a distance between
the Cbl moieties such that two TCII proteins might bind
a Cbl dimer, linking molecules were incorporated be-
tween the Cbl moieties and the isophthalic acid moieties.
The linker first evaluated, 1,12-diaminododecane, was
found to decrease the water solubility of the Cbls
considerably; therefore, a more water soluble linker, 4,7,-
10-trioxa-1,13-tridecanediamine, was also evaluated. The
trioxatridecanediamine improved the water solubility
significantly. In the investigation, Cbl dimers were
evaluated for their binding with rhTCII. Analysis of the
binding data shows that most of the Cbl dimers bound
less avidly to rhTCII than CN-Cbl. As expected, the Cbl
e-carboxylate derived dimers bound most avidly of the
three isomeric carboxylates studied. The more water
soluble dimers bound rhTCII more avidly than their
aliphatic counterparts, resulting in binding that was
nearly equivalent to that of CN-Cbl for the e-carboxylate
isomer.
In this initial investigation, the Cbl dimers synthesized

have provided basic information about their chemistry
and binding to TCII. Studies are planned to prepare
additional water soluble Cbl dimers and to obtain radio-
iodinated Cbl dimers. Once a radioiodinated Cbl dimer
is obtained, the question of whether it can bind two TCII
molecules will be assessed. It is anticipated that more
highly derivatized Cbl dimers will be needed to be
effective in Cbl/TCII cell surface receptor depletion, but
all Cbl derivatives synthesized will be evaluated for
potency as antiproliferative agents in in vitro assays. The
data obtained from in vitro analyses will be reported
elsewhere.
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Radiation-Induced Formation of 3,4-Dihydroxyphenylalanine in
Tyrosine-Containing Peptides and Proteins as a Function of
X-Irradiation Dose

Rama Jain, Harold G. Freund, Edwin Budzinsky, and Minoti Sharma*

Department of Biophysics, Roswell Park Cancer Institute, Buffalo, New York 14263 . Received October 7, 1996X

Radiation-induced formation of 3,4-dihydroxyphenylalanine (DOPA) in Tyr and Tyr-containing peptides
and proteins was investigated as a function of X-irradiation dose. Irradiated Tyr (0-30 Gy) and the
acid hydrolysates of irradiated peptide and protein (0-240 Gy) were conjugated with dansyl chloride.
The dansylated amino acids were analyzed by reversed-phase HPLC using fluorescence detection.
Formation of DOPA, determined by integrated peak area, increased with dose. Analysis of the major
product from irradiated tripeptide Tyr-Gly-Gly detected Gly and DOPA (2:1). Extension of the model
study to irradiated BSA and RNase A showed correlation of DOPA formation with Tyr modification
up to 120 Gy. Higher dose induced further transformation of DOPA. The fluorescence signal of
dansylated DOPA was linear from 1.5 nmol to 0.5 pmol (correlation coefficient of 0.999, n ) 3). The
detection limit allows the detection of 1 molecule of DOPA/300 molecules of BSA in 5 µg of dansylated
hydrolysate. Most standard amino acid analysis techniques are limited to detect normal residues of
protein. Protein-bound DOPA has been suggested to have a role in the replenishment of reduced
transition metal ion involved free-radical-generating system in vivo. Sensitive analysis of protein-
bound DOPA will be useful to study amplification of the radical-damaging event.

INTRODUCTION

There is increasing evidence that the oxidative modi-
fication of proteins may be physiologically important,
serving as a “marking” step for initiation of protein
degradation (1, 2). Oxygen radicals are formed ubiqui-
tously in biological systems by both enzymatic and metal-
ion-catalyzed oxidation (MCO) (3). Recent advances in
the understanding of the chemistry of oxygen free radical
and its role in modification of biological molecules have
led to the recognition that oxygen free radicals are
involved in physiological processes of aging as well as in
the pathogenesis of age-related disease (4, 5). The
findings that some amino acid residues are oxidized to
carbonyl derivatives by active oxygen species produced
during ionizing radiation, MCO, and ozone led to the
development of sensitive assays for their detection and
quantitation (6, 7). However, carbonyl compounds are
highly reactive toward nucleophiles in biological systems.
As a result, although useful as indicators of steady-state
oxidation to proteins, carbonyl compounds may not be
good candidate for assaying cumulative damage to long-
lived proteins by oxidative reactions (8). The nucleic
acids in crude tissue extracts and the unwashed free
reagents used are two major problems often encountered
in this assay (9). Besides, the introduction of carbonyl
groups into amino acid residues does not indicate the
involvement of a specific amino acid.
All aliphatic amino acids are potential targets of

modification by radiolysis (10), but aromatic amino acid
residues of proteins are particularly sensitive to oxidation
by ozone, singlet-oxygen, radiolysis, and MCO. The
formation of formylkynurenine from Trp, 3,4-dihydrox-
yphenylalanine (DOPA) from Tyr, and o-Tyr from Phe
as major oxidation products was recognized several
decades ago (11-14). Histidine residues are converted

to asparagine, aspartic acid, and 2-oxohistidine (5, 15,
16). Under anaerobic conditions, radiolytically generated
radicals promote considerable protein-protein cross-
linkage through •OH-facilitated -S-S and Tyr-Tyr (DT)
bonding (17). Several oxidation products of Trp including
N-formylkynurenine have been identified in the mature
human lens (18, 19).
Fluorescence spectroscopy is used generally to measure

the formation of DT and oxidation products of Trp. Upon
irradiation at 325 nm, DT exhibits strong fluorescence
at 410-420 nm. However, evidence based on spectro-
photometric measurement of fluorescent emission at 410
nm for formation of DT has been cautioned due to the
contribution of similar fluorescence at 400-450 nm by
Trp oxidation and other protein modification when
excited at 325 nm (7, 18). In a more specific procedure
for DT and o-Tyr (20), deuterium-labeled DT and o-Tyr
were added as internal standards to protein hydrolysates.
Then, following enrichment, the amino acids were con-
verted to their N-pentafluoropropyl O-isopropyl esters
and analyzed by selected ion monitoring GC/MS. This
technique requires the synthesis of deuterated amino
acids for internal standards as well as derivatization of
all the functional groups. For preparation of isopropyl
esters the samples require heating at 110 °C. All
modified amino acids may not survive such a drastic
condition. Due to intrinsic sensitivity, 2-oxohistidine
could be identified by HPLC analysis using electrochemi-
cal detection (21). A recent report on stabilization of this
amino acid during derivatization has allowed the detec-
tion of 2-oxohistidine by fluorescence labeling (22).
The direct evidence that tyrosine residues in protein

are converted to DOPA is rare (4). Protein-bound DOPA
(PB-DOPA) may well be a more widespread component
of protein and peptide than is generally accepted. The
main reason for this suggestion is that DOPA derivatives
are eclipsed by other amino acids in the standard
analytical procedures. The same may be true with other
chemical indicators of protein oxidation. The routine
method for dealing with chromatographically ambiguous
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PTH (phenylthiohydantoin) derivatives involved back
hydrolysis of the PTH-amino acid in hydroiodic acid vapor
(23). This procedure is frequently inconclusive due to the
oxidative degradation of PTH-amino acids. Resolution
of DOPA as its PTH derivative requires use of temper-
ature jumps and solvent gradation (24).
The current high interest in oxidation-linked mecha-

nism of disease (25) dictates that improved assay for
oxidative stress be thoroughly explored. A systematic
approach to develop a sensitive assay for routine analysis
of oxidized amino acids discussed earlier is still lacking.
Our laboratory is currently engaged in developing a
technique to assay the chemical indicators of protein
oxidation without relying on their intrinsic sensitivity.
This report describes the analysis of induction of DOPA
in peptides and proteins as a function of ionizing-
radiation dose.

MATERIALS AND METHODS

Materials. Dns-Cl (5-dimethylaminonaphthalene-1-
sulfonyl chloride), Dns-amino acids, L-DOPA, peptide
TyrGlyGly, BSA (bovine serum albumin), and RNase A
(ribonuclease A) were obtained from Sigma (St. Louis,
MO). The standard amino acids and constant boiling 6
N HCl ampules were purchased from Pierce (Rockford,
IL).
Eluents. HPLC grade solvents and analytical re-

agents (Baker analyzed) were used to prepare buffers for
the various solvent systems used in the analysis (see
figure legends). The working buffer (30 mM sodium
phosphate, pH 6.5) was prepared daily from 0.3 M stock
by dilution with double distilled, deionized water. All
solvents were filtered through a Rainin nylon-66 filter
(0.2 µm) and degassed prior to use. A high-pressure
inline filter (SSI, 0.5 µm) was used as a further safeguard
between the pump and the injector valve.
Apparatus. For most HPLC analysis, a microsorb

C18 column (5 µm, 4.6 mm i.d., 25 cm) and a HPXL pump
from Rainin Instrument Co., Inc., to deliver the solvent
(1 mL/min) were used with a Shimadzu fluorescence
detector RF-530 to monitor the dansylated amino acids.
For highly sensitive fluorescence detection, a fully pro-
grammable pump system from Rainin with a FL-750 B
McPherson detector equipped with a high-sensitive ac-
cessory unit was used. In the McPherson detector the
dansylated amino acids were irradiated at 365 nm with
a xenon-mercury lamp. A typical spectrum of xenon-
mercury shows 30% more output at 365 nm than at 340
nm, used commonly to excite dansylated derivatives. The
dansylated amino acids, when scanned at stop flow mode,
showed maximum emission at 520 nm. A Radial-Pak
8MBC18 cartridge (10 µm, 8 mm i.d., 10 cm) fromWaters
and a variable-wavelength detector with an Altex spec-
trophotometer flow cell were used for isolation of a peak
of interest from one 100 µg sample per run.
A GE Maxitron 250 X-ray, operated at 240 KV, was

used to irradiate the samples in distilled deionized water
(0.33 mg/mL). Oxygen was bubbled through the solution
for 20 min prior to and during the entire process of
irradiation. When multidosages are needed from a
sample to study the irradiation effect as a function of
irradiation dose (1 Gy ) 100 rad), aliquots were with-
drawn during the irradiation so that the first withdrawn
aliquot has zero dosage and the remaining aliquots have
the sum of dosages up to the time each aliquot is
withdrawn.
Hydrolysis of Peptide and Protein. Peptides and

proteins were hydrolyzed with 6 N hydrochloric acid at
110° C in Millipore-Water’s Pico Tag Work station
following manufacturer’s standard protocol. Typically

5-10 µg samples and 200 µL of hydrochloric acid
containing 1% (w/v) double distilled phenol were placed
in the Pyrex sample vial (6 × 50 mm, corning) and the
reaction vial (pico tag), respectively. After 20 h the
sample vials were placed in a clean reaction vial and left
for 30 min under vacuum to dry the samples. We
observed that the same procedure could be scaled up to
50 µg per vial.
Dansylation of Amino Acids. The conditions for

dansylation of amino acids were similar to those used
by Tapuhi et al. (26) and Oray et al. (27). A Dns-Cl
solution (4.5 mg/mL) was freshly prepared weekly with
HPLC grade acetonitrile. The aqueous solutions of the
amino acid mixture (1-10 nmol) and hydrolysates of
peptides and proteins (0.1-1 nmol), after transferring
from the hydrolysis vial to 1.5 mL Eppendorf tubes with
50 µL of distilled deionized water, were lyophilized in a
vacuum centrifuge. The residues were dissolved in 50
mM sodium borate buffer, pH 9.5. The ratio of Dns-Cl
to buffer was 1:2, and the volume used varied according
to the total concentration of Dns-susceptible amino
groups present in the sample. The optimal conditions
for the dansylation reaction were found to be at ratios of
Dns-Cl to amino acids of 5:1 to 10:1 as reported (26). The
reaction was carried at room temperature in the dark
for 60 min. The reaction mixture was filtered on an
ultrafree microcentrifuge unit (0.22 µm) to remove any
particulate material seen during dansylation. The fil-
trate was then subjected to HPLC analysis or stored at
-22 °C until analyzed. The dansylated samples, as
monitored by HPLC analysis, were found to be quite
stable under these conditions.

RESULTS

Figure 1 outlines the scheme used for assaying DOPA
in X-irradiated proteins. Briefly, modified protein is
subjected to acid hydrolysis to release both normal and
modified amino acids. The hydrolysate is labeled with
Dns-Cl. Optimum elution conditions are devised to
resolve the modified amino acid from the normal amino
acids by HPLC using fluorescence detection. Alternately,
the modified amino acid is enriched by HPLC, prior to
dansylation, from the normal amino acids. The enriched

Figure 1. Schematic representation for assaying protein
modification by fluorescence labeling.

174 Bioconjugate Chem., Vol. 8, No. 2, 1997 Jain et al.



amino acid is then labeled with Dns-Cl and analyzed by
HPLC using fluorescence detection.
Figure 2 shows HPLC analysis of a mixture of dansy-

lated amino acids. Except for Gly and Thr and Ile and
Leu pairs, a 90 min linear gradient of 8-60% acetonitrile
in 30 mM sodium phosphate buffer, pH 6.5, resolved all
other amino acids including DOPA. Extension of the
gradient from 90 to 120 min resolves the Gly and Thr
pair (not shown). The reproducibility of the system was
evaluated by injecting the mixture on different days. The
average deviation of the retention times and areas were
within 1% and 5%, respectively, n ) 5.
Figure 3 shows the formation of DOPA from Tyr (top)

and a modified peptide from the tripeptide Tyr-Gly-Gly
(bottom) as a function of irradiation dose. The irradiated
samples were labeled with Dns-Cl and analyzed by
reversed-phase HPLC. A 50% solution of acetonitrile in
30 mM sodium phosphate, pH 6.5, under isocratic condi-
tion, and a 20 min linear gradient of 40-60% acetonitrile
in the same buffer followed by a 20 min isocratic run with
60% acetonitrile were used to analyze the irradiation
products formed from Tyr and Tyr-containing peptide,
respectively. The percent modification of the peptide was
calculated on the basis of the integrated peak area of the
major modified peak shown in Figure 4 b. As described
in the Materials and Methods, the samples (0.33 µg/mL)
were irradiated in aqueous solution in the presence of
oxygen. The results shown in Figure 3 are an average
of three separate runs from each dose used in the study.
Figure 4a shows the HPLC profile of the peptide (Gly-

Gly-Tyr) prior to irradiation. The major modified peak
shown in the profile from the irradiated peptide (see
Figure 4b) was isolated by HPLC. Profiles c and d in
Figure 4 show HPLC analysis of the precolumn deriva-
tized acid hydrolysates from unmodified and modified
peptides, respectively. The use of a 50 min linear
gradient from 22 to 60% acetonitrile in phosphate buffer
detected Gly, Tyr, and its modified amino acid in the

dansylated hydrolysates. The identity of the peak at 36
min in the Figure 4d was confirmed as DOPA by
cochromatography with authentic marker (results not
shown). The amino acid composition of the peptides as
Gly:Tyr (2:1) and Gly:DOPA (2:1) in profiles c and d
showed that the major modified peptide in profile b
resulted from conversion of the Tyr residue to DOPA
during the irradiation. These results also support the
stability of DOPA under the experimental conditions. The
high level of recovery (>98%) of DOPA was also deter-
mined by adding a known amount of DOPA to the
unmodified peptide prior to hydrolysis and HPLC analy-
sis of the dansylated hydrolysate.
Figure 5 shows the HPLC profiles for asssaying DOPA

in (a) BSA as a control, (b) irradiated BSA, and (c)
irradiated RNase A. The identities of peaks 1 and 2 in
the profiles were confirmed as Tyr and DOPA by cochro-
matography of the postlabeled hydrolysate from irradi-
ated RNase A with authentic Tyr and DOPA (see Figure
5d). The use of a 50% solution of acetonitrile in phos-
phate buffer as an eluent allowed the detection of Tyr
and DOPA from the hydrolysate under isocratic condi-
tions. Figure 6 shows analysis of Tyr modification to
DOPA in RNase A (left) and BSA (right) as a function of
irradiation dose. The percent formation of DOPA cor-
relates with the percent modification of Tyr up to 120
Gy for both of the proteins. At higher doses (240 Gy),
the yield of DOPA represents approximately 50% of
Tyrosine modification. The recovery of most other amino

Figure 2. HPLC resolution of dansylated amino acids on a
reversed phase C18 column (5 µm, 4.6 mm i.d., 25 cm) using a
90 min linear gradient of 8-90% acetonitrile in 30 mM sodium
phosphate, pH 6.5. Detection: excitation 340 nm, emission 520
nm. The peaks 1-20 correspond to Asp, Glu, Asn, Gln, Ser, Leu,
Gly + Thr, Arg, Pro, Val, Met, Ile + Leu, Trp, Phe, Cys, Lys,
Tyr, and DOPA, respectively.

Figure 3. Formation of DOPA from Tyr (top) and a modified
peptide from Tyr-Gly-Gly (bottom) as a function of irradiation
dose (Gy).
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acids also were affected 25-30% with respect to the
control. For each dose, the same amount of dansylated
hydrolysate (1.66 µg) was analyzed under the conditions
described in Figure 2. In agreement with the reported
study (8) there was no change in valine content of the
irradiated samples compared to the control. To correct
for variation in protein content, tyrosine was normalized
to valine content of an aliquot of original hydrolysate.
The effect of each dose on Tyr content and subsequently
on DOPA formation was determined from three separate
experiments. The coefficient of variation was found to
be 3% for DOPA and 5% for Tyr, respectively.

DISCUSSION

The scheme outlined in Figure 1 for protein modifica-
tion assay involves the preparation and characterization
of a modified amino acid of interest as an authentic
marker. Determination of the effects of acid hydrolysis
and labeling conditions on the stability of the marker and
the quantitative labeling are some other considerations
that require systematic investigation prior to application
of the technique to study protein modification. In the
present study, DOPA is available commercially and as
discussed earlier was found to be quite stable to acid

hydrolysis conditions. Fluorescence labeling of DOPA
with Dns-Cl was monitored by HPLC analysis of the
labeling reaction mixture. Comparison of the integrated
peak area with respect to a standard dansylated amino
acid, showed quantitative labeling yield under the condi-
tions used routinely for derivatization of standard amino
acid. Successful application of the assay also depends
on devising appropriate HPLC conditions to resolve the
modified amino acids of interest from the standard amino
acids. The chromatographic characteristic of the modi-
fied amino acid generated by subjecting a specific amino
acid to a specific modification condition usually serves
to identify the same lesion in protein exposed to the same
condition. The identity of the peak of interest is con-
firmed further by cochromatography with authentic
marker. Figure 2 shows the resolution of dansylated
DOPA from the standard dansylated amino acids by
reversed-phase HPLC. For those modified amino acids
that do not resolve well from the standard amino acids,
resolution could be improved by HPLC enrichment of the
modified amino acids prior to labeling as outlined in the
schematic representation of the assay (Figure 1). In this
alternative procedure a fraction corresponding to the
retention time of the authentic marker is collected during
the HPLC analysis of the hydrolysate. The profile is
monitored by UV absorption, usually at 280 nm. The
collected fraction is lyophilized and labeled with Dns-Cl
for sensitive detection of the peak of interest by fluores-
cence detector. Since most of the standard amino acids
are eliminated during this procedure, HPLC analysis of
the labeled amino acid can be carried out either isocrati-
cally or under a gradient system of short duration
depending on the nature of modificaton of the amino acid.
This approach will reduce background interference and
improve detection limit substantially (28).
HPLC analysis of precolumn derivatized amino acids

appears to be a valid alternative to classical ion-exchange
chromatography with the subsequent postcolumn nin-
hydrin derivative (29). Precolumn derivatization of
amino acid is performed using PTH, o-phthalaldehyde

Figure 4. HPLC analysis of Tyr-Gly-Gly (a) and X-irradiated
Tyr-Gly-Gly (b) on a Radial-Pak C18 cartridge using a 30 min
linear gradient of 0-60% acetonitrile in 0.05% TFA; fluorescence
labeling assay of Tyr-Gly-Gly (c) and modified-Tyr-Gly-Gly using
a 50 min linear gradient of 22-60% acetonitrile in 30 mM
phosphate buffer, pH 6.5.

Figure 5. Fluorescence labeling assay of (a) BSA, (b) X-
irradiated BSA, (c) X-irradiated RNase A, and (d) cochromatog-
raphy of c with authentic Tyr (peak 1) plus DOPA (peak 2) by
reversed-phase HPLC using 50% acetonitrile solution in 30 mM
phosphate buffer, pH 6.5.
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(OPA), and Dns-Cl. The dansyl derivatives were selected
for the present study because the quantitative prepara-
tion of the amino acid derivatives is easy and they are
stable (26). The use of dansylated derivatives also avoids
the loss of cysteine and proline which cannot be detected
by the standard amino acid detection derivatives with
OPA. Dansyl label has high quantum efficiency. Previ-
ously we reported sub-femtomole detection of dansylated
nucleic acid by HPLC using laser-induced fluorescence
detection (30). Separation of dansylated amino acid by
HPLC has been reported earlier (27, 29, 31, 32). So far,
all of the reported studies have dealt with the separation
of standard amino acids. In a reported HPLC analysis
using 30 mM phosphate buffer, pH 6.5, and acetonitrile,
a complex three-step gradient was used for the separation
of the standard dansylated amino acids (27). Using the
same solvents Figure 2 shows resolution of 20 standard
amino acids including one modified amino acid (DOPA)
in a linear 90 min gradient. To our knowledge, this is
the first report of analysis of a dansylated derivative of
a modified amino acid.
Analysis of the major modified peak isolated from

irradiated tripeptide Tyr-Gly-Gly validated the technique
for DOPA analysis (Figure 4). The formation of DOPA
could also be detected in the dansylated hydrolysate of
the peptide before isolating the major modified peak from
the hydrolysate. However, the peak was isolated to
determine the amino acid composition which confirmed
that the conversion of Tyr to DOPA was the major
modification induced by ionizing radiation. The hydro-
phobicity and, as a result, the retention times of dansy-
lated Gly differed considerably from those of dansylated
Tyr and DOPA in reversed-phase HPLC analysis (see
Figure 2). However, appropriate HPLC conditions were
devised which allowed the determination of integrated
peak ratios of Gly and Tyr in the unmodified and Gly
and DOPA in the modified under the same conditions
(Figure 4c,d).
Having validated the technique for assaying modified

amino acid in the tripeptide, the model study was
extended to detect the formation of DOPA in X-irradiated
BSA and RNase A (Figure 5). BSA which contains
several Tyr and two Trp residues is a representative
protein model for oxidative modification (17). Ribonu-
clease A which lacks Trp has been subject of a number
of radiobiological investigation due to its low molecular
weight and known structure (33). The isocratic condi-
tions chosen for the HPLC analysis shown in Figure 5
were convenient for rapid detection of tyrosine modifica-
tion in the protein hydrolysates. However, for quantita-
tive purposes, the samples were analyzed under the
HPLC conditions described in Figure 2. The identities
of peaks 1 and 2 in the profiles shown in Figure 5 were
confirmed as Tyr and DOPA by cochromatograpy with
authentic markers (Figure 5d). Figure 6 shows the
formation of DOPA in RNase A (left) and BSA (right) as
a function of irradiation dose. The results were obtained
from analysis of 1.66 µg of dansylated hydrolysates. The
formula weight of RNase A is approximately five times
less than that of BSA. In the same quantity of hydroly-
sate from each protein, the Tyr content was higher in
RNase A than in BSA. In each case, as discussed earlier,
the content of Tyr was normalized with respect to valine
to determine the % modification.
Using a conventional fluorescence detector, we ob-

served that the relationship of fluorescence signal and
concentration of dansylated DOPA was linear from 1.5
nmol to 0.5 pmol with a correlation coefficient of 0.999,
n ) 3. This detection limit of fluorescence postlabeling
assay of dansylated DOPA allows the detection of 1

molecule of DOPA/300 molecules of BSA in a 5 µg protein
sample. Dose-related appearance of protein-bound DOPA
in BSA was reported by fluorometric detection (excitation,
280 nm; emission, 320 nm) using 10 times more sample
and a dose range 230-920 Gy in the presence of oxygen
(34). However, the present study shows that at doses
higher than 120 Gy the percent of formation of DOPA
does not correlate with the percent of modification of Tyr.
When samples were irradiated with a dose range 200-
600 Gy, a broad peak with a retention time longer than
that of DOPA appeared, the intensity of which increased
with dose at the expense of the DOPA peak (results not
shown). Although the peak was not identified, such an
observartion combined with the generation of brownish
yellow color seen in the irradiated samples suggests
further transformation of DOPA with higher dose, lead-
ing perhaps to the formation of some polymeric material.
Besides, the percent recoveries of most other amino acids
in both the proteins were also affected 30% or more at
240 Gy.
Free DOPA and other reactive quinones have been

implicated in a number of disease states (35). Protein-
bound DOPA may have a role in the replenishment of
reduced transition metal ion involved in a free-radical-
generating system in vivo (36). This would result in
amplification of the radical-damaging event that origi-
nally generated protein-bound DOPA. Since most stan-
dard amino acid analysis techniques are limited to detect
normal residues of protein, sensitive assay of low-level
oxidized amino acids implicated in protein oxidation will
be useful for monitoring oxidative stress-related physi-
ological and pathological processes.
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Synthesis and Preliminary Biological Evaluation of
(3-Iodobenzoyl)norbiotinamide and
((5-Iodo-3-pyridinyl)carbonyl)norbiotinamide: Two Radioiodinated
Biotin Conjugates with Improved Stability

Catherine F. Foulon,* Kevin L. Alston, and Michael R. Zalutsky

Department of Radiology, Duke University Medical Center,
Durham, North Carolina 27710. Received November 20, 1996X

A new class of radioiodinated biotin conjugates is described in which the amido bond between biotin
and the labeled prosthetic group is reversed. One conjugate, (3-[125I]iodobenzoyl)norbiotinamide (4c,
[125I]IBB) was labeled with Na125I in one step from (3-(tributylstannyl)benzoyl)norbiotinamide (4b,
TBB) via a demetalation reaction. However, the analogous reaction with ((5-(tributylstannyl)-3-
pyridinyl)carbonyl)norbiotinamide (6b, TPB) failed to yield ((5-[131I]iodo-3-pyridinyl)carbonyl)norbi-
otinamide (6c, [131I]IPB), necessitating a two-step approach for synthesizing [131I]IPB. The binding
of [125I]IBB and [131I]IPB to streptavidin in vitro was identical to that of biotinyl-3-[125I]iodoanilide, a
conjugate with an amido bond with normal configuration. Both [125I]IBB and [131I]IPB were stable in
serum while the first-generation compound was rapidly degraded. The biodistribution patterns of
[125I]IBB and [131I]IPB in mice are consistent with limited degradation of these conjugates by biotinidase
and deiodinases.

INTRODUCTION

The utilization of radiolabeled antibodies (MAbs)1 for
the localization and therapy of tumors has been impaired
by the inability to achieve high tumor-to-normal tissue
ratios in a time frame compatible with those of many
radionuclides of potential clinical interest (1). Among the
approaches being explored to circumvent this problem
is pre-targeting, which involves separate administration
of the MAb and the radionuclide. This strategy most
frequently attempts to exploit the high affinity of biotin
(1), a 244D vitamin found in low concentration in blood
and tissues, for the 65 kD proteins avidin (2) or strepta-
vidin (3). The feasibility of targeting radiolabeled biotin
derivatives to (strept)avidin-conjugated MAbs previously
localized on tumors was first demonstrated nearly a
decade ago (4). The structural elements of biotin involved
in binding to (strept)avidin are the urea moiety and the
nonoxidized thioether (5), thus leaving the carboxylic
group available for modification. For this reason, radio-
labeled biotin derivatives generally have been prepared
by direct functionalization of the carboxyl group of the
vitamin, resulting in a CO-NH amido bond (Scheme 1).

This tactic, designated as First Generation, has been
utilized to prepare biotin conjugates labeled with a wide
variety of radionuclides including 123/125/131I (6-9), 18F (10),
211At (11), 90Y (12), 111In (13, 14), 67Ga (15), and 99mTc (16).
Although most of these derivatives maintain a high

* Corresponding author: Catherine F. Foulon, Ph.D., Depart-
ment of Radiology, Box 3808, Duke University Medical Center,
Durham, NC 27710 (telephone, 919-684-7705; FAX, 919-684-
7122; e-mail, cfoulon@acpub.duke.edu).

X Abstract published in Advance ACS Abstracts, February 15,
1997.

1 Abbreviations used: MAbs, monoclonal antibodies; SIB,
N-succinimidyl 3-iodobenzoate; SIPC, N-succinimidyl 5-iodo-3-
pyridinecarboxylate; SBrPC, N-succinimidyl 5-bromo-3-pyridi-
necarboxylate; IBB, (3-iodobenzoyl)norbiotinamide; [125I]IBB, (3-
[125I]iodobenzoyl)norbiotinamide; TBB, (3-(tributylstannyl)-
benzoyl)norbiotinamide; BrPB, ((5-bromo-3-pyridinyl)carbonyl)-
norbiotinamide; [131I]IPB, ((5-[131I]iodo-3-pyridinyl)carbonyl)-
norbiotinamide; TPB, ((5-(tributylstannyl)-3-pyridinyl)carbonyl)-
norbiotinamide; IBA, biotinyl-3-iodoanilide; [125I]IBA, biotinyl-
3-[125I]iodoanilide; [211At]AtBA, biotinyl-3-[211At]atatoanilide;
CSF, cerebrospinal fluid; ITLC, instant thin layer chromatog-
raphy; Asn, asparagine; Asp, aspartic acid; Ser, serine; Tyr,
tyrosine.

Scheme 1. (A) Different Generations of Radiolabeled
Biotin Derivatives and (B) Interaction between
Biotin and Amino Acid Residues of Streptavidin (29)
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affinity for (strept)avidin and have good stability in vitro,
direct and indirect evidence suggests that these radio-
labeled biotin conjugates are rapidly metabolized in vivo.
The catabolic pathways involved include oxidation of the
sulfur, cleavage of the valeryl chain, loss of the radiolabel,
and cleavage of the radiolabeled prosthetic group by the
action of biotinamide amino hydrolase (EC 3.5.1.12,
biotinidase) (17). Avoiding biotinidase degradation has
been attempted previously by introducing steric hin-
drance at the level of the amido bond, depicted in Scheme
1 as Second Generation (18, 19).
In this study, we have evaluated two radioiodinated

biotin conjugates which have been designed to be resis-
tant to degradation by both biotinidase and deiodinases.
We attempted to impair recognition by biotinidase through
the use of a reversed amido bond (i.e., NH-CO bond)
between the valeryl chain of biotin and the prosthetic
group, depicted in Scheme 1 as Third Generation. The
templates used for radioiodination were selected on the
basis of our previous experience with N-succinimidyl
3-iodobenzoate (3a, SIB) and N-succinimidyl 5-iodo-3-
pyridinecarboxylate (5c, SIPC) as depicted on Scheme 2
(20-22). MAbs labeled via these reagents exhibited very
low levels of deiodination in vivo and yielded labeled
catabolites which were rapidly excreted via the urine, two
properties of interest for improved radioiodinated biotin
conjugates. (3-[125I]Iodobenzoyl)norbiotinamide (4c, [125I]-
IBB) was prepared in one step from (3-(tributylstannyl)-
benzoyl)norbiotinamide (4b, TBB) via a demetalation
reaction. However, the analogous reaction of ((5-(tribu-
tylstannyl)-3-pyridinyl)carbonyl)norbiotinamide (6b, TPB)
failed to yield ((5-[131I]iodo-3-pyridinyl)carbonyl)norbioti-
namide (6c, [131I]IPB) necessitating a two-step approach
for synthesizing [131I]IPB. We chose to radiolabel each
of these compounds with a different isotope of iodine in
order to evaluate their in vitro and in vivo biological
properties simultaneously, by paired-label experiments.
Both [125I]IBB and [131I]IPB exhibited good stability and
streptavidin binding, in vitro, and tissue distribution
profiles in mice consistent with limited degradation by
biotinidase and deiodinases.

EXPERIMENTAL PROCEDURES

Materials. Streptavidin was purchased from Sigma
Chemical Co. St. Louis, MO, and all other chemicals were
obtained from Aldrich, Milwaukee, WI. Norbiotinamine
hydrochloride (2) was purchased from Molecular Probes,
Eugene, OR, for preparing the radiohalogenated conju-
gates, whereas crude 2, prepared as reported by Szalecki
(23), was utilized for the synthesis of standards. N-
Succinimidyl 3-iodobenzoate (SIB, 3a), N-succinimidyl
3-(tributylstannyl)benzoate (3b),N-succinimidyl 5-bromo-
3-pyridinecarboxylate (SBrPC, 5a) and N-succinimidyl
5-(tributylstannyl)-3-pyridinecarboxylate (5b) were pre-
pared as described in previous publications (21, 24).
Biotinyl-3-[125/127I]iodoanilide ([125/127I]IBA) was prepared
according to a previously reported procedure (25). So-
dium [125I]iodide and sodium [131I]iodide in 0.1 N NaOH
were obtained from Dupont New England Nuclear,
Billerica, MA. tC18 cartridges were purchased from
Waters, Milford, MA.
HPLC purifications were conducted on a Beckman

system (Model 126 pump, Model 168 UV detector, Model
170 radioactivity detector) connected to a Model 406
analog interface module. Chromatography was per-
formed using either a reverse-phase column (Adsorbo-
sphere C18, 10 µm, 250 × 4.6 mm, eluted with methanol:
water, 55:45 at 1 mL/min) or a normal-phase column
(Adsorbosphere Silica, 10 µm, 250 × 4.6 mm, eluted with
hexane:ethyl acetate:acetic acid, 65:34.3:0.7 at 1 mL/min),
both obtained from Alltech, Deerfield, IL. TLC was
performed on silica gel IB2-F Baker-Flex sheets (J.T.
Baker, Phillipsburg, NJ). Silica gel impregnated glass
fiber ITLC plates were purchased from Gelman Science,
Ann Arbor, MI, and cut in 1.5- × 8-cm strips. Radioac-
tivity was quantified using a LKB 1282 Compugamma
dual-channel, automated γ counter. Higher levels of
activity were measured using a Capintec CRC-7R radio-
isotope calibrator. Elemental analyses were performed
by Atlantic Microlab, Norcross, GA. 1H NMR spectra
were recorded on a General Electric Midfield 300 MHz
spectrometer.
Norbiotinamine (2). This product was prepared as

described by Szalecki (23). Briefly, to a flask (predried
at 110 °C for 48 h) containing biotin 1 (0.49 g, 2.01 mmol)
dissolved in 20 mL of tert-butyl alcohol were added
diphenylphosphoryl azide (475 µL, 2.21 mmol) and tri-
ethylamine (308 µL, 2.21 mmol). The reaction mixture
was refluxed for 18 h under argon atmosphere, the
solvent removed by rotative evaporation, and the oily
residue dissolved in a 50% methanolic solution of 6 N
HCl (20 mL) and stirred overnight. Solvents were
removed using a vacuum pump, affording an oil (1.84 g)
which was not purified further before reaction with the
N-succinimidyl ester 3a, 3b, 5a, or 5b.
Preparation of IBB (4a), TBB (4b), BrPB (6a), and

TPB (6b): General Procedure. The crude oil 2 was
dissolved in DMF:water (4:1), and the pH was made basic
using triethylamine. TheN-succinimidyl ester derivative
3a, 3b, 5a, or 5b (1.2 equiv) in DMF was added to the
above mixture and stirred at room temperature for at
least 3 h. The reaction was monitored by TLC (chloro-
form:methanol, 6:1). The solvent was removed by rota-
tive evaporation and the product subjected to column
chromatography (silica gel, chloroform:methanol, 6:1).
The desired fractions were pooled, evaporated to dryness,
and recrystallized in DMF:H2O (1:1). The white crystals
thus obtained were filtered off and further dried under
vacuum. The products were stored under argon at 4 °C.
(3-Iodobenzoyl)norbiotinamide (IBB, 4a). IBB

was obtained as white crystals, in 18.3% yield. Rf (TLC)

Scheme 2. Preparation of Third-Generation Biotin
Derivativesa

a (i) tBuOH, TEA, diphenylphosphoryl azide. (ii) DMF, water,
TEA. (iii) Na131I, NCS, CHCl3, AcOH, 65 °C, 10 min. (iv)
Na125/131I, NCS, MeOH, Na2S2O5, room temperature, 20 s.
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) 0.53. Anal. Calcd for C16H20N3O2SI: C, 43.15; H, 4.52;
N, 9.44. Found: C, 43.21; H, 4.56; N, 9.35. 1H NMR
(DMSO-d6), δ (ppm): 8.52 (t, 1H, NHCO), 8.16 (s, 1H,
ArH2), 7.87 (d, 1H, ArH6), 7.83 (d, 1H, ArH4), 7.26 (t,
1H, ArH5), 6.45 (s, 1H, NHCO), 6.35 (s, 1H, NHCO), 4.29
(q, 1H, CHN), 4.13 (t, 1H, CHN), 3.22 (m, 2H, CH2N),
3.11 (q, 1H, SCH), 2.81 (m, 2H, SCH2), 1.62-1.36 (m, 6H,
(CH2)3). Mp ) 185-190 °C.
(3-(Tributylstannyl)benzoyl)norbiotinamide (TBB,

4b). TBB was isolated as white crystals, in 22% yield.
Rf (TLC) ) 0.67. Anal. Calcd for C28H47N3O2SSn: C,
55.27; H, 7.79; N, 6.91. Found: C, 55.07; H, 7.59; N, 6.83.
1H NMR (CDCl3) δ (ppm): 8.41 (m, 1H, NHCO), 7.86 (s,
1H, ArH2), 7.72 (d, 1H, ArH6), 7.54 (d, 1H, ArH4), 7.39
(t, 1H, ArH5), 6.45 (s, 1H, NHCO), 6.35 (s, 1H, NHCO),
4.29 (m, 1H, CHN), 4.14 (m, 1H, CHN), 3.24 (m, 2H,
CH2N), 3.11 (m, 1H, SCH), 2.80 (m, 2H, SCH2), 1.50-
0.83 (m, 33H, 3 nBu + (CH2)3). Mp ) 154-155 °C.
((5-Bromo-3-pyridinyl)carbonyl)norbiotinamide

(BrPB, 6a). BrPB was afforded as white crystals, in
14.5% yield. Rf (TLC) ) 0.39. Anal. Calcd for
C15H19N4O2SBr: C, 45.12; H, 4.80; N, 14.03. Found: C,
45.19; H, 4.80; N, 13.95. 1H NMR (DMSO-d6) δ (ppm):
8.85 (s, 1H, ArH2), 8.74 (d, 1H, ArH6), 8.61 (t, 1H,
NHCO), 8.29 (s, 1H, ArH4), 6.36 (s, 1H, NHCO), 6.27 (s,
1H, NHCO), 4.20 (q, 1H, CHN), 4.05 (t, 1H, CHN), 3.15
(d, 2H, CH2N), 3.00 (m, 1H, SCH), 2.71 (m, 2H, SCH2),
1.42-1.28 (m, 6H, (CH2)3). Mp ) 227-228 °C.
((5-(Tributylstannyl)-3-pyridinyl)carbonyl)norbi-

otinamide (TPB, 6b). TPB was obtained as white
crystals, in 24% yield. Rf (TLC) ) 0.55. Anal. Calcd for
C27H46N4O2SSn: C, 53.21; H, 7.61; N, 9.19. Found: C,
53.11; H, 7.56; N, 9.10. 1H NMR (DMSO-d6) δ (ppm):
8.83 (s, 1H, ArH2), 8.61 (s, 1H, ArH6), 8.56 (m, 1H,
NHCO), 8.14 (s, 1H, ArH4), 6.39 (s, 1H, NHCO), 6.29 (s,
1H, NHCO), 4.24 (m, 1H, CHN), 4.07 (m, 1H, CHN), 3.15
(m, 2H, CH2N), 3.05 (m, 1H, SCH), 2.78 (m, 2H, SCH2),
1.46-0.80 (m, 33H, 3 nBu + (CH2)3). Mp ) 134-138 °C.
N-Succinimidyl 5-[131I]Iodo-3-pyridinecarboxy-

late ([131I]SIPC, 5c). To a vial containing Na131I (1 mCi)
were added acetic acid:chloroform [5:95 (10 µL)], N-
chlorosuccinimide (10 µL, 13.3 mg/mL of chloroform), and
5b (10 µL, 5 mg/100 µL of chloroform). The vial was
vortexed, and the reaction was allowed to proceed at 65
°C for 10 min. The product 5c was isolated by HPLC
(normal-phase column eluted with hexane:ethyl acetate:
acetic acid, 65:34.3:0.7, at 1 mL/min). The product
eluting at 14 min was concentrated under a stream of
nitrogen and used directly for the next reaction.
Preparation of [131I]IPB (6c). A solution of com-

mercial 2‚HCl in pH 8.5 borate buffer (200 µL, 2 mg/mL)
was added to a vial containing 500 µCi of [131I]SIPC 5c.
The reaction was performed at room temperature for 20
min, and the sample was purified on HPLC (C18 column,
55% methanol, 1 mL/min). The desired product was
collected at 6.4 min and concentrated by elution through
a tC18 cartridge; [131I]IPB was isolated in 0.5 mL of
methanol. The solvent was evaporated under a stream
of nitrogen, and 6c was reconstituted in water for use in
the in vitro and in vivo studies. Radiolabeling yields
ranged between 75 and 82%.
Preparation of [125I]IBB (4c). Na125I (500 µCi) was

added to a vial containing TBB (4b) (100 µg in 100 µL of
methanol) along with N-chlorosuccinimide (20 µL, 2 mg/
mL of methanol). The vial was vortexed for a maximum
of 20 s, and a saturated aqueous solution of sodium
metabisulfite was added (2 × 200 µL). The product was
purified on HPLC (C18 column, 1 mL/min, 55% MeOH),
and 4c was collected at 8.9 min. After evaporation, 4c

was dissolved in 10 mL of water and concentrated on a
tC18 cartridge; [125I]IBB was collected in 0.5 mL of
methanol, which was evaporated under a stream of
nitrogen. The radiolabeling yields averaged 62%. The
product was stored in methanol at 4 °C and was stable
for up to 1 week.
In Vitro Binding to Streptavidin. The in vitro

binding of the radioiodinated biotin derivatives to strepta-
vidin was assessed. A constant activity (4 µCi in 100 µL
of distilled water) of [125I]IBB, [131I]IPB, or [125I]IBA was
mixed with increasing amounts of streptavidin (0-50 µg,
100 µL of distilled water) in a 1.5-mL polypropylene
conical vial. The vials were placed on an orbital shaker
and incubated at 37 °C for 5 h, and a 5-µL aliquot was
removed for analysis by silica gel ITLC. The plates were
eluted with distilled water:ethanol (1:1). The radioiodi-
nated biotin-streptavidin complex stayed at the origin
whereas the free biotinylated compound moved with the
solvent front. Each plate was cut horizontally, 1.5 cm
above the origin, and the activity levels in the two parts
were quantified. The percentage of radioiodine activity
associated with the biotin-streptavidin complex was
calculated as follows: the activity at the baseline mul-
tiplied by 100, divided the activity at the baseline and
on the upper part of the plate.
In Vitro Stability in Serum, Cerebrospinal Fluid

(CSF), and DistilledWater. Amixture of [125I]IBB and
[131I]IPB (4 µCi each in a total volume of 20 µL of distilled
water) was incubated at 37 °C in 1.5-mL polypropylene
centrifuge tubes with 200 µL of either mouse serum,
human serum, human CSF, or distilled water. An
additional experiment was performed in single-label
format to measure the stability of [125I]IBA (4 µCi per
tube). All measurements were performed in triplicate.
The stability of [125I]IBB and [131I]IPB was monitored over
24 h by silica gel TLC eluted with chloroform:methanol
(90:10). Plates were covered with tape to prevent the loss
of volatile species. At each time point, an aliquot (4 µL)
from each tube was co-spotted on TLC with the appropri-
ate cold standard; IBB, BrPB, and IBA had Rf values of
0.55, 0.48, and 0.51, respectively, under these conditions.
The plates were cut into three sections: part A, below
the spot of the cold standard, where the sulfoxide
byproducts (Rf ) 0.30) migrate, part B, with an Rf

corresponding to the cold standard, and part C, with Rf

greater than the cold standard, where iodide (Rf ) 0.95),
iodobenzoic acid, bromonicotinic acid (bothRf ) 0.80), and
3-iodoaniline (Rf ) 0.81) are found. The TLC sections
were counted for radioactivity in the γ counter using a
dual- or single-channel program as appropriate. The
percentage of intact radioiodinated biotin conjugate was
calculated from the following ratio: (activity in part B)/
(activities in parts A + B + C) multiplied by 100.
Tissue Distribution. A paired-label experiment was

performed to compare the tissue distribution of [125I]IBB
and [131I]IPB. Normal BALB/c mice weighting 20-25 g
were injected intravenously with [125I]IBB (5 µCi, 100 µL
of saline) and [131I]IPB (5 µCi, 100 µL of saline). Groups
of five animals were euthanized by halothane overdose
at 5, 30, and 60 min as well as 6, 12, and 18 h. The
organs were weighted and the 125I and 131I activity levels
counted in the γ counter using a dual-channel program.
The percentage of injected dose localized per organ was
calculated; blood, muscle, and bone were assumed to
account for 6%, 40%, and 10% of body weight, respec-
tively. Statistical analysis of the differences between 125I
and 131I tissue levels was performed using a paired t-test
with P < 0.05 considered to be significant.
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RESULTS

Radiochemical Synthesis. The preparation of [125I]-
IBB was readily accomplished by destannylation of TBB
using Na125I andN-chlorosuccinimide as the oxidant. The
total time required for synthesis and purification was 40
min with an average yield of 62%. The sulfoxide byprod-
uct also was produced in 2-10% yield but was removed
by HPLC. [125I]IBB was identified by coelution with an
authentic IBB standard at 8.9 min. No peak correspond-
ing to IBB was observed by the UV detector during HPLC
purification, consistent with the preparation of [125I]IBB
at the no-carrier-added level. Attempts to prepare [131I]-
IPB in a one-step fashion from TPB using the same
conditions were not successful. Modifying the reaction
conditions through the use of other oxidants (iodogen,
hydrogen peroxide), acid (acetic acid, hydrochloric acid),
and elevated temperature (65 °C) were fruitless. Hence,
a two-step procedure was utilized for the synthesis of
[131I]IPB. First, [131I]SIPC was prepared from 5b and
isolated by HPLC in an average yield of 60%. This
intermediate then was reacted in alkaline medium with
commercial norbiotinamine hydrochloride, and the reac-
tion mixture was subjected to HPLC. The yield for this
step was 80%. The identity of [131I]IPB was established
by coelution with a BrPB standard (6.4 min). With these
reaction conditions, the sulfoxide byproduct was not
produced. The lack of cold peak on the UV trace
corresponding to IPB during HPLC purification is con-
sistent with preparation of [131I]IPB at the no-carrier-
added level. Both [131I]IPB and [125I]IBB were stable for
at least 1 week when stored in methanol at 4 °C.
Binding to Streptavidin In Vitro. The binding of

[125I]IBB and [131I]IPB to streptavidin was evaluated in
vitro in order to determine whether inversion of the
amido bond impaired the affinity of these conjugates for
streptavidin. Instant thin layer chromatography (ITLC)
was used to separate bound and unbound radioligand,
and [125I]IBA was tested under identical conditions as a
control. As shown in Figure 1, binding saturation curves
for the three biotin derivatives were nearly identical. For
example, in the presence of 50 µg of streptavidin, the
percentage of radioligand boundwas 88.5( 1.0% for [125I]-
IBB, 84.7 ( 0.1% for [131I]IPB, and 83.8 ( 6.3% for [125I]-
IBA, indicating that inversion of the amido bond did not
interfere with binding to streptavidin.

In Vitro Stability. The in vitro stability of the three
radioiodinated biotin conjugates was compared following
incubation with mouse serum, human serum, human
CSF, and distilled water at 37 °C. Essentially all of the
radioiodine activity remaining associatedwith intact [125I]-
IBB, [131I]IPB, and [125I]IBA in distilled water (Figure
2A), CSF (Figure 2B) and human serum (Figure 2C). The
stability of [125I]IBB and [131I]IPB was evaluated for 6
days, and in these three media, 90% or more of the
radioactivity remained associated with the conjugate for
4 days. With time, an increasing fraction of radioiodine
activity was found in the lower part of the TLC pate,
consistent with the Rf of the sulfoxide byproducts. The
activity at the top of the TLC plate reflects either the
cleavage of the prosthetic group or deiodination. With
the exception of the value measured for [125I]IBB in
human serum at 3 days (3.4 ( 2.6%), less than 2% of the
activity eluted in the top part of the TLC plate. More
striking differences were observed in murine serum
(Figure 2D). The first-generation compound, [125I]IBA,
was degraded rapidly, with only 38.4 ( 1.5% and 14.2 (
1.6% remaining after 30 min and 6 h, respectively. Most
of the radioactivity (61.1 ( 1.4%, 30 min; 83.7 ( 1.2%, 6
h) was found at the top of the TLC plate. In contrast,
the percentage of radioiodine activity remaining as [125I]-
IBB and [131I]IPB in mouse serum at 6 h was 99.2 ( 0.5%
and 97.9 ( 0.4%, respectively. By 4 days, these values
had decreased to 86.0 ( 2.0% and 88.2 ( 2.5%. The
percentage of activity moving to the top of the TLC plate
was significantly higher from day 1 to 6 for [125I]IBB (1.5
to 3.3%) than for [131I]IPB (0.05 to 0.6%).
Tissue Distribution. The tissue distribution in

normal mice of [125I]IBB and [131I]IPB was investigated
in a paired-label experiment, and the results are pre-
sented in Table 1. Both compounds were cleared rapidly
from the blood, with less than 1% of the injected dose
remaining at 1 h. Although total recovery of urine was
not performed, the level of activity in the urine sample
obtained at necropsy was 22-26% at 1 h, suggesting
rapid excretion of both tracers. Thyroid levels of 125I and
131I were less than 0.25% at all time points, consistent
with a low degree of deiodination for both conjugates.
Both [125I]IBB and [131I]IPB cleared rapidly from most
normal tissues; however, retention of 131I was signifi-
cantly lower (P < 0.05, paired t-test) than that of 125I in
liver, spleen, lungs, heart, kidneys, and blood at most
time points. High levels of both biotin conjugates were
observed in the intestines during the first hour after
injection; however, by 18 h, less than 1% of the injected
dose remained in the intestines. The %ID in the intes-
tines for [131I]IPB was higher than that for [125I]IBB with
these differences being significant at all time points.

DISCUSSION

Antibody-mediated pre-targeting is an attractive strat-
egy for the selective delivery of radionuclides to tumors
because it attempts to exploit the specificity of the Mab
without the disadvantages associated with its macromo-
lecular size, namely slow blood clearance and poor
diffusion. Multistep approaches have evolved which
utilize the biotin-(strept)avidin system, with or without
clearing agent, to improve target-to-normal tissue ratios.
Encouraging results have been obtained in both diag-
nostic and therapeutic trials in patients (16, 26, 27) and
animal models (1, 13). Efforts are underway to improve
pre-targeting through the optimization of each component
of this strategy, including the nature of the MAb-
streptavidin conjugate, the clearing agent and the ra-
diolabeled biotin derivative (12, 28).

Figure 1. In vitro binding of [125I]IBB, [131I]IPB, and [125I]IBA
to streptavidin as a function of streptavidin concentration.
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The goal of the current study was to develop a better
radioiodinated biotin conjugate for use in pre-targeting.
Two conjugates have been evaluated with regard to the
following criteria: (a) ease of radiosynthesis, (b) retention
of binding to streptavidin, (c) stability toward dehaloge-
nation and degradation by biotinidase, and (d) clearance
of activity from normal tissues.
The design of radiolabeled biotin conjugates is facili-

tated by the considerable amount of information available
concerning the structural elements of biotin which are
involved in binding to (strept)avidin as well as processing
by biotinidase. Binding of the vitamin to (strept)avidin
occurs via the interaction of its ureido moiety with five
amino acids on these proteins (Asp 128, Asn 23, Ser 27,
Tyr 43, and Ser 45) and its nonoxidized sulfur to Thr 90
(29) (Scheme 1). Thus, the carboxylic group is available
to react with a wide variety of compounds, including
radiolabeled prosthetic groups. However, since hydrogen
bonds are established between the sp2 oxygen and the
hydroxyl group of biotin and Asn 49 and Ser 88, respec-
tively (29), radiolabeled biotin conjugates in which these
functionalities are modified can lose their potency for
binding to (strept)avidin (10, 30).

A wide variety of first-generation radiolabeled biotin
conjugates have been synthesized via an amino residue
on the prosthetic group, resulting in the formation of a
CO-NH amido bond (Scheme 1). Alkyl chain or aromatic
group spacers have been used to bridge the vitamin and
metal-labeled chelate conjugates (15, 16, 28, 30) or
halogen-labeled prosthetic groups (6-11). Most of these
biotin derivatives exhibit a good affinity for streptavidin;
however, it does not appear that these conjugates remain
intact after exposure to biological fluids in vitro or
administration in vivo. For example, the biotinyl-3-
halogenoanilides [125I]IBA and [211At]AtBA are rapidly
converted to their corresponding haloanilines in murine
serum in vitro (11), suggesting that cleavage of the CO-
NH amido bond had occurred.
The rapid degradation of biotin conjugates such as [125I]-

IBA most likely reflects the actions of biotinamide amino
hydrolase (EC 3.5.1.12, biotinidase). This enzyme specif-
ically cleaves the CO-NH amido bond between the
vitamin and the amino group of ε-lysyl residues of four
classes of biotin-dependent carboxylases or nutritive
proteins (31). Previous efforts to design more stable
radiolabeled biotin derivatives by impairing the action

Figure 2. Profiles of metabolites of [125I]IBB, [131I]IPB, and [125I]IBA after incubation in distilled water (A), human CSF (B), human
serum (C), and murine serum (D).
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of biotinidase have focused on generating steric hindrance
at the level of the amido bond (Scheme 1), either by
substitution on the carbon in the vicinal position of the
nitrogen (15, 19) or by methylation of the nitrogen itself
(19).
Herein, we describe an alternate approach for the

preparation of a more stable radiohalogenated biotin
conjugate in which the amido bond between the vitamin
and the prosthetic group is reversed (i.e., NH-CO bond,
Scheme 1). To accomplish this, it was necessary to
modify the vitamin such that a primary amino group be
present. The extension of the alkyl chain via reaction
with a diamino spacer was not suitable since this would
lead to a first-generation compound. Therefore, we
decided to transform the terminal carboxylic group of
biotin into a primary amine. Although this compound,
norbiotinamine 2, is now commercially available, we
followed a recently published procedure (23) to prepare
2 from biotin. Isolation of the amino derivative from the
starting material was problematic since both display the
same polarity and lack UV absorbance. We proceeded
directly to the coupling of 2 to the active esters (Scheme
2). Once the biotin moiety was coupled to the benzoyl or
pyridyl group, the resulting product became UV absorb-
ing, facilitating its purification using column chromatog-
raphy. We were then able to prepare the two haloge-
nated cold standards, IBB and BrPB, in adequate yield.
The brominated analogue of SIPC, previously established
as a valid substitute for the iodinated derivative (21), was
used for convenience.
The sensitivity of biotin to oxidizing agents has been

documented previously and has long prevented the direct
radioiodination of biotin conjugates due to concerns about
the production of non-avidin-binding sulfoxide byproducts
(32). However, we have shown recently that the kinetics
of iododestannylation occur faster than those of oxidation

and that the formation of the sulfoxide byproducts can
be minimized by using a 20 s reaction time (25). Under
these conditions, [125I]IBB could be synthesized in about
60% yield in a single step from TBB along with 0-10%
of the sulfoxide byproducts (which can be removed by
HPLC). Synthesis of [131I]IPB from TPB in a single step
could not be accomplished. This is not surprising since,
unlike SIB, radioiododestannylation of SIPC requires
elevated temperatures (21). Nonetheless, synthesis of
[131I]IPB was readily achieved in two steps. An advan-
tage of this procedure is that it avoids direct exposure of
biotin to the oxidantN-chlorosuccinimide, and as a result,
only negligible amounts of sulfoxide byproducts were
produced. Disadvantages include the longer preparation
time and the need for different columns and solvents for
the two HPLC purification steps that are required.
The binding of [125I]IBB and [131I]IPB to streptavidin

was measured in vitro to determine whether inversion
of the amido bond altered this interaction. This was a
potential concern because the side chain of the biotin
molecule is involved in streptavidin binding (29) and
modifications of this side chain have been shown to
influence the affinity of the biotin-avidin interaction (7).
Our results indicate that [125I]IBB and [131I]IPB binding
to streptavidin was saturable and virtually identical with
that of [125I]IBA, a biotin analogue which we previously
have shown to have the same affinity for streptavidin as
biotin itself (25).
The in vitro stability of [125I]IBB and [131I]IPB was

compared to that of the first-generation biotin conjugate,
[125I]IBA, in the presence of distilled water, murine and
human serum, and human CSF. Biotinidase levels in
CSF are about 0.5% of those encountered in serum (33),
and this medium was studied because of the potential
for utilizing radiohalogenated biotin conjugates in the
treatment of neoplastic meningitis (34). All three radio-

Table 1. Tissue Distribution of Radioactivity after Injection of [125I]IBB and [131I]IPB in Micea

% injected dose

tissue 5 min 30 min 1 h 6 h 12 h 18 h

[125I]IBB
liver 26.35 ( 1.80 17.11 ( 2.35 8.56 ( 1.47 0.09 ( 0.03 0.07 ( 0.04 0.03 ( 0.02
spleen 0.15 ( 0.02 0.09 ( 0.01 0.06 ( 0.02 0.00 ( 0.00 0.00 ( 0.00 0.00 ( 0.01
lungs 1.10 ( 0.20 0.58 ( 0.10 0.33 ( 0.06 0.01 ( 0.00 0.01 ( 0.00 0.00 ( 0.00
heart 0.73 ( 0.03 0.31 ( 0.02 0.14 ( 0.02 0.00 ( 0.00 0.00 ( 0.00 0.00 ( 0.00
kidneys 8.50 ( 1.30 4.11 ( 0.24 1.85 ( 0.19 0.03 ( 0.01 0.02 ( 0.01 0.01 ( 0.00
bladder 0.11 ( 0.11 0.58 ( 0.53 0.30 ( 0.26 0.07 ( 0.15 0.00 ( 0.00 0.00 ( 0.00
stomach 1.35 ( 0.45 1.84 ( 0.61 1.33 ( 0.98 0.04 ( 0.05 0.37 ( 0.35 0.03 ( 0.02
sm. int. 11.28 ( 0.17 17.01 ( 2.22 21.54 ( 3.17 0.39 ( 0.20 1.15 ( 0.91 0.07 ( 0.05
lar. int. 2.21 ( 0.20 4.55 ( 1.31 7.06 ( 2.15 6.86 ( 4.64 1.72 ( 0.26 0.29 ( 0.23
thyroid 0.18 ( 0.06 0.07 ( 0.02 0.08 ( 0.03 0.04 ( 0.01 0.05 ( 0.01 0.08 ( 0.01
muscle 16.27 ( 0.79 10.73 ( 0.52 7.27 ( 1.28 0.50 ( 0.13 0.09 ( 0.04 0.03 ( 0.00
bone 2.02 ( 0.26 1.12 ( 0.31 0.75 ( 0.26 0.19 ( 0.10 0.02 ( 0.02 0.00 ( 0.00
urine 2.19 ( 2.57 10.98 ( 6.69 22.22 ( 3.69 4.38 ( 7.45 0.40 ( 0.67 0.01 ( 0.01
blood 3.08 ( 0.13 1.79 ( 0.19 0.91 ( 0.10 0.07 ( 0.01 0.03 ( 0.01 0.03 ( 0.01
brain 0.05 ( 0.01 0.05 ( 0.02 0.06 ( 0.07 0.01 ( 0.02 0.00 ( 0.00 0.00 ( 0.00
[131I]IPB
liver 22.84 ( 2.08 7.87 ( 1.36 3.50 ( 1.48 0.03 ( 0.01 0.04 ( 0.02 0.01 ( 0.00
spleen 0.11 ( 0.02 0.04 ( 0.01 0.04 ( 0.04 0.00 ( 0.00 0.00 ( 0.00 0.00 ( 0.00
lungs 0.83 ( 0.21 0.25 ( 0.07 0.11 ( 0.05 0.00 ( 0.00 0.00 ( 0.00 0.00 ( 0.00
heart 0.46 ( 0.02 0.11 ( 0.02 0.04 ( 0.01 0.00 ( 0.00 0.00 ( 0.00 0.00 ( 0.00
kidneys 6.16 ( 1.47 1.17 ( 0.19 0.30 ( 0.06 0.01 ( 0.00 0.01 ( 0.01 0.00 ( 0.00
bladder 0.22 ( 0.29 0.80 ( 0.76 0.34 ( 0.27 0.05 ( 0.11 0.00 ( 0.00 0.00 ( 0.00
stomach 1.64 ( 0.68 2.50 ( 0.83 1.30 ( 0.92 0.05 ( 0.05 0.44 ( 0.47 0.04 ( 0.03
sm. int. 16.50 ( 2.77 30.86 ( 3.33 35.71( 4.42 0.28 ( 0.15 1.69 ( 1.42 0.10 ( 0.07
lar. int. 2.57 ( 0.19 5.45 ( 1.73 7.80 ( 2.78 10.91 ( 6.61 2.84 ( 2.31 0.39 ( 0.31
thyroid 0.11 ( 0.03 0.09 ( 0.02 0.14 ( 0.05 0.10 ( 0.02 0.13 ( 0.04 0.22 ( 0.06
muscle 13.55 ( 1.42 5.27 ( 0.37 3.46 ( 1.03 0.45 ( 0.06 0.08 ( 0.06 0.02 ( 0.01
bone 2.01 ( 0.36 0.84 ( 0.49 0.54 ( 0.21 0.31 ( 0.23 0.03 ( 0.01 0.02 ( 0.01
urine 6.66 ( 7.56 16.77 ( 10.21 '26.27 ( 5.59 3.55 ( 6.12 0.46 ( 0.60 0.03 ( 0.04
blood 2.98 ( 0.21 0.95 ( 0.19 0.36 ( 0.06 0.03 ( 0.01 0.02 ( 0.01 0.01 ( 0.01
brain 0.03 ( 0.01 0.02 ( 0.00 0.03 ( 0.04 0.02 ( 0.03 0.00 ( 0.00 0.00 ( 0.00
a IV injection, mean ( standard deviation of five animals (sm. int., small intestine; lar. int., large intestine).
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iodinated biotin conjugates were stable in distilled water
and CSF with minor degradation seen in human serum.
In murine serum, degradation of [125I]IBA was rapid
while both [125I]IBB and [131I]IPB remained intact. Even
after 4 days incubation in murine serum at 37 °C, more
than 85% of the radioiodine activity was still associated
with [125I]IBB and [131I]IPB. Furthermore, nearly all of
the remainder of the activity was present as the sulfoxide
byproduct. These results suggest that inversion of the
amido bond markedly increased the stability of [125I]IBB
and [131I]IPB in murine serum, presumably by minimiz-
ing recognition of these conjugates by biotinidase.
The tissue distribution of radioiodine activity after

injection of [125I]IBB and [131I]IPB was measured in
normal mice. Thyroid uptake of both conjugates was low
and at comparable levels to those observed previously
with analogously labeled MAb conjugates (20-22, 35).
The percentage of the injected dose of [125I]IBB and [131I]-
IPB found in the thyroid was about 5 times lower (P )
0.0012) than that reported for [125I]IBA (11). Both [125I]-
IBB and [131I]IPB cleared rapidly from the blood pool and
normal tissues as would be anticipated for these low-
molecular-weight compounds. The retention of [131I]IPB
in normal tissues generally was lower than that of [125I]-
IBB. This behavior is consistent with the lower lipophi-
licity and more rapid tissue clearance of 5-iodonicotinic
acid compared with 3-iodobenzoic acid (21, 35).
In contrast to levels seen in other normal tissues, a

high percentage of the injected dose of [125I]IBB and [131I]-
IPB was observed in the intestines at early time points.
These levels were two to three times higher (P ) 0.0001)
than those seen previously with [125I]IBA. Only limited
information is available concerning the intestinal uptake
of other radiolabeled biotin conjugates since published
studies have not included data for intestines (10, 30). The
accumulation of radioactivity in intestines with [125I]IBB
and [131I]IPB could reflect the behavior of a labeled
catabolite of these conjugates; however, neither 3-iodo-
benzoic acid nor 5-iodonicotinic acid (nor their MAb
conjugates) exhibit significant accumulation in the in-
testines (20-22, 35). A more likely explanation is that
this tissue distribution pattern reflects the behavior of
radioiodinated biotin itself, since this new generation of
derivatives is not subjected to cleavage by serum biotini-
dase. This possibility is consistent with the known
biosynthetic pathways of vitamins, including biotin (36),
and the demonstration of biotin uptake and biotinidase
activity in the intestines (37, 38).
In conclusion, we have described the synthesis and

biological characterization of a new class of biotin con-
jugates in which the labeled prosthetic group is linked
to biotin via a reversed amido bond. The two radioiodi-
nated conjugates [125I]IBB and [131I]IPB exhibited a high
affinity for streptavidin and were found stable in vitro.
The distribution of these compounds in normal mice was
consistent with that anticipated for biotin conjugates
which were resistant to both deiodination and the action
of biotinidase. Taken together, these results suggest that
this class of biotin conjugates may offer significant
advantages for pre-targeting strategies.
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Proof that multivalency amplifies individual carbohydrate-protein interactions is growing. N-
Acetylglucosamine (GlcNAc)-based dendrimers with valencies of two (9), four (10), and eight (11) were
prepared in fair to excellent yields (65-99%) on the basis of the rational scaffolding of L-lysine on
solid phase using established Fmoc and HOBt chemistry. These GlcNAc dendrimers were then further
transformed enzymatically (79-90% yields) into dendritic N-acetyllactosamine (LacNAc) derivatives
[di- (12), tetra- (13), and octavalent (14)] using UDPglucose, UDP-glucose 4′-epimerase, and GlcNAc
â-1,4-galactosyltransferase. GlcNAc and LacNAc dendrimers were used to inhibit lectin-porcine
stomach mucin interactions. Wheat germ agglutinin and Erythrina cristagalli lectin were used for
GlcNAc and LacNAc dendrimers, respectively. Di-, tetra-, and octavalent GlcNAc dendrimers exhibited
IC50s of 3100, 509, and 88 µM (6200, 2040, and 703 µM, with respect to monomeric GlcNAc content).
IC50s for the LacNAc series were 341, 143, and 86 µM (682, 574, and 692 µM, as compared with
monomeric LacNAc content). These data represent more than 20-fold increases in inhibitory potential
for dendritic GlcNAc as compared to that for monomeric GlcNAc. Studies with E. cristagalli do not
reveal significant increased inhibitory potential with multivalency.

INTRODUCTION

Carbohydrates are involved in numerous biological
functions, including cellular recognition, adhesion, cell
growth regulation, cancer cell metastasis, and inflam-
mation (1). However, it is known that individual carbo-
hydrate-protein interactions are generally of low affinity
(2). It is therefore important to investigate how such
weak carbohydrate-protein interactions can be amplified
in successful recognition processes. In fact, amplified
interactions can be observed on the basis of the glycoside
cluster effect (3). That is, the multivalent nature of cell
surface carbohydrates may act cooperatively to increase
the overall binding avidity of these interactions. Evi-
dence for the requirement of multivalency for tight
binding is growing. Glycopolymers (4) and, more re-
cently, glycodendrimers (5) have been used to show that
inhibitory potencies of glycosides are increased when
carbohydrates are properly presented in multivalent
form. This multivalency or cluster effect has been well
characterized for asialoglycoprotein hepatic receptors (6)
and for the inhibition of influenza virus attachment to
host sialylated receptors (4, 5).
N-Acetyllactosamine [O-(â-D-galactopyranosyl)-(1-4)-

2-acetamido-2-deoxy-D-glucopyranose; Galâ(1-4)GlcNAc,
LacNAc] is well known as a biologically important
disaccharide core structure of lactosaminoglycans, tumor-
associated antigenic carbohydrates, and many carbo-
hydrate receptors in glycoproteins and glycolipids (7, 8).
Specifically, LacNAc-containing compounds have been
implicated in mouse colon cancers (9), some thyroid
disorders (10), the sexual transmission of the H. ducreyi
pathogen (11), and corneal epithelial cell migration (12).
To date, only a few hypervalent LacNAc clusters have
been prepared for use in studies aimed at understanding
these interactions. These LacNAc-based glycopeptides
and glycopolymers have ill-defined chemical structures
(13). They vary in size and carbohydrate density and,

as such, may not constitute ideal candidates for precise
quantitative measurements.
Alternatively, dendrimers with covalently attached

glycoside residues represent novel and chemically well-
defined biopolymers with controlled densities (14). In
addition, bidirectional dendrimers can be used advanta-
geously as models for cell surface multiantennary glyco-
proteins as they share similar structural characteristics
(15). It therefore seems natural to turn our attention to
the synthesis of dendritic LacNAc conjugates as probes
for the study of N-acetyllactosamine-protein interac-
tions.
Purely chemical strategies for the synthesis of such

compounds is not an easy task, and owing to the stereo-
and regioselectivity in the formation of glycoside linkages,
chemoenzymatic methodologies have been regarded as
important tools for the preparation of structurally com-
plex oligosaccharides (16).
Herein, we present the efficient chemoenzymatic syn-

theses of N-acetyllactosamine dendrimers. Also, the
specific binding properties of families of N-acetylglu-
cosamine and LacNAc dendrimers with wheat germ
agglutinin (WGA) and Erythrina cristagalli lectin (ECA)
will be discussed.

MATERIALS AND METHODS

UDPglucose, bovine serum albumin, UDP-glucose 4′-
epimerase (EC 5.1.3.2), calf intestinal alkaline phos-
phatase (EC 3.1.3.1), GlcNAc â-1,4-galactosyltransferase
(EC 2.4.1.22), lectin from Triticum vulgaris (wheat germ
agglutinin, WGA) peroxidase labeled, and porcine stom-
ach mucin type III was purchased from Sigma. The
lectin from E. cristagalli (ECA) peroxidase labeled was
obtained from E-Y Laboratories (San Mateo, CA). Thi-
olated N-acetylglucosamine derivative 2 (2-acetamido-
3,4,6-tri-O-acetyl-2-deoxy-1-thio-â-D-glucopyranose,
GlcNAc) (17) and N-chloroacetylated dendrimers were
prepared as previously described (5).
The 1H and 13C NMR spectra were recorded on a

Brüker 500 MHz AMX NMR spectrometer. Proton
X Abstract published in Advance ACS Abstracts, February 15,
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chemical shifts (δ) are given relative to internal dimethyl
sulfoxide (2.49 ppm) for DMSO-d6 solutions and to
internal HOD (4.76 ppm) for D2O solutions. Carbon
chemical shifts are given relative to DMSO-d6 (39.4 ppm)
Assignments were based on COSY, HMQC, and/or DEPT
experiments. Mass spectra were obtained on a Kratos
Concept IIH spectrometer (FAB-MS, glycerol matrix). Gel
permeation chromatography (GPC) was performed using
Biogel P-2 and Sephadex G-50 columns using water as
eluent. Optical densities (ODs) for the ELLA tests were
measured on a Dynatech MR600 microplate reader.
Peracetylated Glucosamine Dendrimers (6a-8a).

N-Chloroacetylated dendrimer backbones 3-5 (Scheme
1) were synthesized as previously described (5, 17).
Coupling of 1-thio-N-acetylglucosamine derivative 2 (17)
with dendrimers 3-5 was done on solid phase. Polymer-
supported (Wang resin, 0.58 mmol/g substitution) den-
drimers 3-5 were placed in a 1% Et3N/DMF solution
containing compound 2 (1.2 equiv per N-chloroacetyl
functionality; 0.45, 0.34, and 0.24 mmol/g substitution
for dendrimers 3-5, respectively). Agitation of the
mixture was maintained for 16 h by bubbling nitrogen
through the solution. Before the bulk of the dendrimers
was released from the polymeric support, aliquots were
withdrawn and hydrolyzed (95% aqueous TFA, 1.5 h).
The completeness of the reaction was monitored by 1H
NMR spectra of the dendritic GlcNAc which showed
characteristic signals for any residual N-chloroacetyl
group at 4.12 ppm (DMSO-d6). Where required, cou-
plings were repeated.
Polymer-bound glycodendrimers 6a-8a were released

from the polymeric support (95% TFA, 1.5 h) and
obtained in 65-99% yields after dissolution in a mini-
mum amount of neat TFA and precipitation in ether.

Compound 6b: 1H NMR (DMSO-d6) δ 1.16 (m, 2H,
lysyl γ-CH2), 1.33 (m, 2H, lysyl δ-CH2), 1.46 and 1.61 (2m,
2H, lysyl â-CH2, nonequivalent), 1.75 (s, 6H, NAc), 1.90,
1.95, 2.00 (3s, 18H, OAcs), 2.36 (t, 2H, J ) 7 Hz, â-alanyl
R-CH2), 3.00 (m, 2H, lysyl ε-CH2), 3.20 (m, 2H, â-alanyl
â-CH2), 3.30 and 3.38 (2d, 2 × 2H, J ) 14.1 Hz, SCH2s),
3.66 (d, 2H, J ) 5.8 Hz, glycyl CH2), 3.73 (m, 6H, glycyl
CH2s), 3.81 (m, 2H, H-5), 3.89 (dd, 2H, J2,3 ) 9.89 Hz),
4.00 (d, 2H, J5,6 ) 10.3 Hz, H-6), 4.14 (m, 3H, lysyl R-CH,
H-6′), 4.77 (d, 2H, J1,2 ) 10.3 Hz, H-1), 4.86 (dd, 2H, J3,4
) 9.74 Hz, J4,5 ) 9.74 Hz, H-4), 5.05 (dd, 2H, H-3), 7.73
(m, 1H, lysyl ε-NH), 7.90 (m, 2H, â-alanyl NH, lysyl
R-NH), 7.98 (d, 2H, J ) 9.26 Hz, NHAc), 8.12 and 8.20
(2m, 2 × 2H, glycyl NHs); 13C NMR d 20.3, 20.4, 20.5
(OAcs), 22.6 (NHAc), 22.7 (lysyl R-C), 28.7 (lysyl δ-C), 31.7
(lysyl â-C), 32.6 (SCH2s), 33.7 (â-alanyl R-C), 34.8 (â-
alanyl â-C), 38.4 (lysyl ε-C), 42.0 and 42.4 (glycyl Cs),
52.0 (C-2), 52.5 (lysyl R-C), 61.9 (C-6), 68.4 (C-4), 73.6
(C-3), 74.7 (C-5), 82.8 (C-1), 168.4 to 172.8 (CdOs); FAB-
MS (positive) calcd for C49H73N9O25S2 1252.3, found
1253.2 (M + 1, 19.8%).
Compound 7b: 1H NMR (DMSO-d6) δ 2.35 (t, 2H, J )

6.8 Hz, â-alanyl R-CH2), 3.00 (m, 6H, lysyl ε-CH2), 4.77
(d, 4H, J1,2 ) 10.3 Hz, H-1); 13C NMR δ 22.6 (NHAc), 32.6
(SCH2s), 82.8 (C-1); FAB-MS (pos.) calcd for
C101H151N19O49S4 2543.6, found 2544.3 (M + 1, 0.5%).
Compound 8b: 1H NMR (DMSO-d6) δ 2.35 (t, 2H, J )

6.7 Hz, â-alanyl R-CH2), 3.00 (m, 14H, lysyl ε-CH2), 4.77
(d, 8H, J1,2 ) 10.4 Hz, H-1); 13C NMR δ 22.6 (NHAc), 32.5
(SCH2s), 82.7 (C-1).
De-O-acetylated N-Acetylglucosamine Dendrim-

ers (9-11). Each of the polymer free glycodendrimers
(6b-8b) was de-O-acetylated with NaOMe/MeOH (25 °C,
1.5 h) followed by H+ resin treatment to give dendrimers
9-11 in quantitative yields.
Compound 9: 1H NMR (D2O) δ 1.40 (m, 2H, lysyl

γ-CH2), 1.57 (m, 2H, lysyl δ-CH2), 1.77 and 1.83 (2m, 2H,
lysyl â-CH2, nonequivalent), 2.09 (s, 6H, NAc), 2.66 (t,
2H, J ) 6.5 Hz, â-alanyl R-CH2), 3.26 (t, 2H, J ) 6.9 Hz,
lysyl ε-CH2), 3.46 to 3.97 (m, 26H, â-alanyl â-CH2, glycyl
CH2s, SCH2s, H-2, H-3, H-4, H-5, H-6, H-6′), 4.27 (m, 1H,
lysyl R-CH), 4.74 (dd, 2H, H-1); 13C NMR δ 21.7 (NHAc),
21.8 (lysyl R-C), 27.3 (lysyl δ-C), 30.1 (lysyl â-C), 32.9
(SCH2s), 33.0 (â-alanyl R-C), 34.7 (â-alanyl â-C), 38.5
(lysyl ε-C), 53.5 (lysyl R-C), 83.5 (C-1), 41.8, 42.0, 42.4,
54.0,60.4, 69.2, 74.5, 79.4, and 81.3 (glycyl Cs, C-2, C-3,
C-4, C-5, C-6), 170.6-175.6 (CdOs); FAB-MS (pos.) calcd
for C37H61N9O19S2 999.4, found 1000.6 (M + 1, <1%).
Compound 10: 1H NMR (D2O) δ 2.09 (s, 12H, NAc),

2.66 (t, 2H, J ) 6.5 Hz, â-alanyl R-CH2), 3.26 (m, 6H,
lysyl ε-CH2), 4.74 (dd, 4H, H-1); 13C NMR δ 21.7 (NHAc),
83.5 (C-1).
Compound 11: 1H NMR (D2O) δ 2.11 (s, 24H, NAc),

2.68 (t, 2H, J ) 6.1 Hz, â-alanyl R-CH2), 3.28 (m, 14H,
lysyl ε-CH2), 4.75 (dd, 8H, H-1); 13C NMR δ 21.7 (NHAc),
83.5 (C-1).
N-Acetyllactosamine Dendrimers (12-14). Enzy-

matic reactions were performed according to established
procedures (18). Five milligram portions of GlcNAc
dendrimers 9-11 were dissolved in 50 mM sodium
cacodylate (pH 7.4, 565 µL) containing bovine serum
albumin (0.5 mg), 1.1 µmol of MnCl2, 3.4 µmol of NaN3,
28.3 µmol of UDPglucose, 200 milliunits of GlcNAc â-1,4-
galactosyltransferase (EC 2.4.1.22), 1 unit of UDP-glucose
4′-epimerase (EC 5.1.3.2), and 4 units of calf intestinal
phosphatase (EC 3.1.3.1). The reaction mixture was
incubated at 37 °C for 5 days while the pH was main-
tained at 7.4 by periodic addition of 0.1 MNaOH (Scheme
2).

Scheme 1. Synthesis of GlcNAc Dendrimers 9-11a

a (i) H2NNH2‚HOAc, DMF, N2, 25 °C, 15 min; (ii) 95% aqueous
TFA, 1.5 h; (iii) NaOMe/MeOH, 1.5 h, then H+ resin.
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LacNAc dendrimers were isolated by gel permeation
chromatography on both a Biogel P-2 column (2.3 × 90
cm) and a Sephadex G-50 column (2.3 × 75 cm) using
H2O as eluent. Isolated yields were 79-90%. NMR data
(D2O, Figure 1) showed complete galactosyl incorporation
as measured by the H-1 galactose signal at 4.55 ppm
relative to the H-1 GlcNAc, the NAc GlcNAc, and â-alanyl
R-CH2 signals at 4.78, 2.11, and 2.57 ppm, respectively.
Compound 12: 1H NMR (D2O) δ 1.40 (m, 2H, lysyl

γ-CH2), 1.59 (m, 2H, lysyl δ-CH2), 1.79 and 1.87 (2m, 2H,
lysyl â-CH2, nonequivalent), 2.11 (2s, 6H, NAc), 2.57 (t,
2H, J ) 6.7 Hz, â-alanyl R-CH2), 3.28 (t, 2H, J ) 6.9 Hz,
lysyl ε-CH2), 3.42 to 4.11 (m, 38H, â-alanyl â-CH2, glycyl
CH2s, SCH2s, H-2, H-3, H-4, H-5, H-6, H-6′ of GlcNAc
and H-2, H-3, H-4, H-5, H-6, H-6′ of Gal), 4.30 (dd, 1H,
JlysylR,lysylâ )8.7 Hz, JlysylR,lysylâ′ ) 3.2 Hz, lysyl R-CH), 4.55
(d, 2H, J1,2 ) 7.8 Hz, H-1 Gal), 4.77 and 4.79 (dd, 2H,
H-1 GlcNAc, nonequivalent); 13C NMR δ 21.7 (NHAc),
21.8 (lysyl R-C), 27.3 (lysyl δ-C), 30.1 (lysyl â-C), 32.9
(SCH2s), 33.0 (â-alanyl R-C), 34.7 (â-alanyl â-C), 38.5
(lysyl ε-C), 83.5 (C-1 GlcNAc), 102.5 (C-1 Gal); FAB-MS
(pos.) calcd for C49H81N9O29S2 1323.4, found 1324.3 (M
+ 1, 1.8%).
Compound 13: 1H NMR (D2O) δ 2.11 (s, 12H, NAc),

2.60 (m, 2H, â-alanyl R-CH2), 3.28 (m, 6H, lysyl ε-CH2),
4.55 (d, 4H, J1,2 ) 8.1 Hz, H-1 Gal), 4.77 (dd, 4H, H-1
GlcNAc, nonequivalent); 13C NMR δ 21.7 (NHAc), 83.5
(C-1 GlcNAc), 102.5 (C-1 Gal).

Coumpound 14: 1H NMR (D2O) δ 2.11 (s, 24H, NAc),
2.47 (m, 2H, â-alanyl R-CH2), 3.27 (m, 14H, lysyl ε-CH2),
4.55 (d, 8H, J1,2 ) 7.8 Hz, H-1 Gal), 4.77 and 4.79 (dd,
8H, H-1 GlcNAc, nonequivalent); 13C NMR δ 21.7 (NHAc),
83.5 (C-1 GlcNAc), 102.5 (C-1 Gal).
Enzyme-Linked Lectin Assays (ELLAs). Linbro

(Titertek) microtitration plates were coated with porcine
stomach mucin type III at 100 µL/well with a 5 µg/mL
stock solution in 0.01 M phosphate buffer (pH 7.3). The
wells were then washed three times with 300 µL/well
with 0.01 M phosphate buffer (pH 7.3) containing 0.05%
(v/v) Tween 20 (PBST). Washing with PBST was re-
peated after each incubation period. Wells were then
blocked with 150 µL/well with 1% BSA/PBS for 1 h at 37
°C. After washing, wells were filled with 100 µL/well of
inhibitor solutions and incubated again at 37 °C for 1 h.
Inhibitors used include allyl 2-acetamido-2-deoxy-R-D-
glucopyranoside (monomeric GlcNAc 15) (19) and O-(â-
D-galactopyranosyl)-(1-4)-2-acetamido-2-deoxy-â-D-
glucopyranosyl azide (monomeric LacNAc 16) (20) as
reference monovalent compounds (Figure 4), di- (9), tetra-
(10), and octavalent (11) GlcNAc dendrimers, and di- (12),
tetra- (13), and octavalent (14) LacNAc dendrimers.
Each inhibitor was added in serial 2-fold dilutions (60
µL/well) in PBS with the appropriate lectin-enzyme
conjugate concentration (1000-fold dilution of a 1 mg/mL
stock WGA solution in PBS for GlcNAc-based compounds
and a 100-fold dilution of a 1 mg/mL stock solution of E.

Scheme 2. Chemoenzymatic Synthesis of LacNAc Dendrimers 12-14
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cristagalli lectin in PBS for dendritic LacNAc) on Nun-
clon (Delta) microtiter plates and incubated at 37 °C for
1 h. These inhibitor solutions (100 µL) were transferred
to the antigen-coated plates and incubated for a second
hour. The plates were washed, and 50 µL/well 2,2′-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS) (1 mg per 4 mL) in citrate phosphate
buffer (0.2 M, pH 4.0 with 0.015% H2O2) was added. The
reaction was stopped after 20 min by adding 50 µL/well
of 1 M H2SO4, and the optical density was measured at
410 nm relative to 570 nm. Percent inhibition was
calculated as follows:

IC50s were reported as the concentration required for 50%
inhibition of the coating antigen. All tests were per-
formed in triplicate.

RESULTS AND DISCUSSION

GlcNAc-ending dendrimers with valencies of two (9),
four (10), and eight (11) were synthesized in fair to
excellent yields (65-99%) using chemical synthesis based
on the rational scaffolding of L-lysine core structures on
solid phase. The convergent strategy (Scheme 1) involved
the solid-phase synthesis of N-chloroacetylated glycyl-
glycine-capped multibranched L-lysine as previously
described (5). Each N-chloroacetyl group was then
substituted with the peracetylated 1-thio GlcNAc deriva-
tive 2. Hydrolysis from the resin (95% TFA) and protect-
ing group removal (NaOMe, MeOH) afforded 9-11.

These GlcNAc-based dendrimers were then enzymati-
cally transformed into di- (12), tetra- (13), and octavalent
(14) LacNAc dendrimers (Scheme 2). Isolated yields were
excellent (79-90%) and were indicative of the efficiency
of this chemoenzymatic strategy. These results also
indicate that even the shorter arms of the dendritic lysine
core were sufficiently long and free of steric hindrance
to be amenable to enzymatic transformations. While the
enzymatic galactosylation of N-acetylglucosamine is
known, this is the first reported achievement of the
enzymatic conversion of GlcNAc to LacNAc on a synthetic
dendrimer.
Porcine stomach mucin was used as a model coating

antigen for carbohydrate-glycoprotein interactions as it
is readily available and contains both N-acetylglucos-

Figure 1. 1H NMR (D2O, 500 MHz) spectrum of divalent N-acetyllactosamine dendrimer 12.

% inhibition )
[A(no inhibitor) - A(with inhibitor)]/A(no inhibitor) × 100 Figure 2. Inhibition curves for the binding of WGA to porcine

stomach mucin type III: allyl 2-acetamido-2-deoxy-R-D-gluco-
pyranoside (9) and GlcNAc dendrimers 9 (2), 10 ([), and 11
(b).
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amine and N-acetyllactosamine in high concentrations
to allow for effective microtiter plate enzyme-linked
inhibition assays (ELLAs) (21). WGA is a tetravalent
lectin that binds GlcNAc moities (22). Thus, it was used
for inhibition testing using GlcNAc dendrimers 9-11. To
test N-acetyllactosamine dendrimers 12-14, it was nec-
essary to use a lectin specific to LacNAc and one that
would not bind GlcNAc. For this reason, inhibition of
carbohydrate-porcine stomach mucin interactions with
dendrimers 12-14 was performed with E. cristagalli
lectin (ECA). ECA is a divalent lectin, and binding
studies have revealed that N-acetyllactosamine exhibits
the highest affinity for ECA, where most of the binding
energy is contributed by the nonreducing terminal ga-
lactose residue (23, 24). ECA-protein interactions are
therefore not inhibited by GlcNAc residues. Thus, inhi-
bition of binding of ECA to porcine stomach mucin by
newly synthesized glycodendrimers 12-14 would un-
equivocally demonstrate galactose incorporation and
inhibitory potency.
GlcNAc dendrimers having valencies of two (9), four

(10), and eight (11) exhibited IC50s of 3100, 509, and 88
µM, respectively, in the inhibition of WGA-porcine
stomach mucin type III binding. This represents IC50

values of more than 6200, 2040, and 703 µM, respectively,
as compared to that of monomeric GlcNAc 15 (at con-
centrations of >15 mM, allyl 2-acetamido-2-deoxy-R-D-
glucopyranoside exhibited 15% inhibition, Table 1). When
IC50s are plotted relative to monomer as a function of
dendrimer valency, the curve generated for this set of
data clearly indicates that multivalency enhances inhibi-
tory potencies for the WGA-porcine stomach mucin type
III interaction (Figure 5). The inhibitory potential of

dendrimer 11 represents more than a 20-fold increase
over that of the analogous monomer 15.
Thus, ELLA inhibition of binding of lectin to porcine

stomach mucin by dendrimers 9-11 (Figures 2 and 3)
showed a steady increase in the inhibitory potency as a
function of GlcNAc content.
Di- (12), tetra- (13), and octavalent (14) LacNAc

dendrimers, when used in the inhibition of binding of E.
cristagalli lectin to porcine stomach mucin type III by
ELLA, showed IC50 values of 341, 143, and 86 µM,
respectively [682, 574, and 692 µM. respectively. as
compared to that of O-(â-D-galactopyranosyl)-(1-4)-2-
acetamido-2-deoxy-â-D-glucopyranosyl azide (azido-â-
LacNAc) 16, Table 1]. As a control, octameric GlcNAc
11 did not inhibit the lectin-mucin interaction. When
expressed on a per hapten basis, the average binding
potency of 12-14 indicates that LacNAc residues in these
dendrimers were not strong ligands toward ECA. In this
case, no cluster effect was observed. One explanation
may be that the presentation of the carbohydrate resi-
dues plays an important role in this particular carbohy-
drate-lectin interaction and perhaps the LacNAc resi-
dues in the form presented here are not properly scaffolded
to confer steady increases as a function of multivalency.
Indeed, this phenomenon has been previously observed
for LacNAc clusters (24). These data do not negate the
overall importance of the multivalency or glycosidic
cluster effect in carbohydrate-protein interactions.

Figure 3. Inhibition curves for the binding of E. cristagalli to
porcine stomach mucin type III: O-(â-D-galactopyranosyl)-(1-
4)-2-acetamido-2-deoxy-â-D-glucopyranosyl azide (monomeric
LacNAc) (9), LacNAc dendrimers 12 (2), 13 ([), and 14 (b),
and octameric GlcNAc 11 (×).
Table 1. Results for the Inhibition of Binding of
HRPO-Labeled WGA or ECA to Porcine Stomach Mucin
by N-Acetylglucosamine Dendrimers 9-11 and by
N-Acetyllactosamine Dendrimers 12-14

compound IC50 (mM)a relative potency

allyl R-D-GlcNAc 15 >15b -
9 (dimer) 3.1 (6.2) >4.8
10 (tetramer) 0.51 (2.0) >25.4
11 (octamer) 0.088 (0.7) >170
azido-â-LacNAc 16 0.43 1
12 (dimer) 0.34 (0.68) 1.3
13 (tetramer) 0.14 (0.57) 3.0
14 (octamer) 0.086 (0.69) 5.0
a Values in parentheses refer to IC50s expressed relative to

monomeric GlcNAc or LacNAc content. b At a concentration of 15.3
mM, 15 showed 15.1% inhibition.

Figure 4.

Figure 5. IC50s as a function of dendrimer valency for GlcNAc
dendrimers 9-11 (9).

Figure 6. IC50s as a function of dendrimer valency for LacNAc
dendrimers 12-14 (9).
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Rather, they stress the need for well-designed glycoforms.
Of importance though is the fact that these results nicely
confirm the enzymatic incorporation of galactose residues
in the LacNAc dendrimers. No inhibition would have
been observed without proper galactosylation of GlcNAc
dendrimers since octavalent GlcNAc dendrimer 11 did
not inhibit the binding at all.
The above results indicate that, indeed, multivalency

can amplify carbohydrate-protein interactions. How-
ever, this effect is variable for each individual interaction,
and to what extent multivalency plays a role in such
interactions is still under active investigation.
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from generations and functional groups to functions. Angew.
Chem., Int. Ed. Engl. 33, 2413. (c) Fréchet, J. M. J. (1994)
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Versatile Linker Chemistry for Synthesis of 3′-Modified DNA
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A general method is described for the solid phase supported synthesis of DNA containing 3′-terminal
phosphodiesters modified with linkers bearing either amino, thiol, or hydroxyl groups. These products
are all made from a common intermediate, obtained by the reaction of trimellitic anhydride chloride
with aminopropyl CPG. The anhydride-derivatized support was then reacted with three appropriate
bifunctional spacers, giving DMT-protected hydroxyl solid supports bearing the masked functionality
as an ester, amide, or thioester. DNA synthesis was then performed, followed by ammonia cleavage
and deprotection, giving the hydroxyl-, amino-, or thiol-functionalized DNA 3′-phosphate diesters,
respectively. Test mononucleotides synthesized with each of the new supports were identical with
control mononucleotides made with 5′-immobilized nucleosides and alkylhydroxyl, alkylamino, and
alkylthio phosphoramidites. The new supports were then used to prepare several 3′-modified
oligonucleotides, which were characterized by gel electrophoresis, HPLC, and MALDI mass spectros-
copy. The amino- and thiol-functionalized DNAs were conjugated with chromophores, and purification
of these products was facilitated by use of reversed phase cartridges.

INTRODUCTION

The preparation of DNA containing unnatural 3′-
terminal groups has become increasingly important in
antisense applications (1) and for the attachment of
reporter groups (2, 3). A variety of synthetic methods
have been developed to meet these needs (4-8). We
present a simple and yet general way to obtain such
important materials.
Our work is based on an earlier contribution by Petrie

et al. (9) in which a phthalimide-based linker, prepared
and immobilized on controlled pore glass (CPG) in four
steps, was used to prepare 3′-aminoalkyl phosphate
functionalized oligonucleotides. A functionally analogous
structure 4 may be prepared in two steps by treating
aminopropyl CPG with trimellitic anhydride chloride 1,
followed by reaction with 6-amino-1-hexanol (Figure 1).
Automated DNA synthesis, followed by basic workup,
gave the desired 3′-(6-amino)hexanol 1-phosphorylated
oligonucleotides. Furthermore, the immobilized anhy-
dride support 2 could be reacted with other nucleophiles.
1,3-Propanediol or 6-(4,4′-dimethoxytrityl)oxy-1-thiohex-
ane gave the immobilized ester 3 and the thioester 5,
respectively, which were then used in automated DNA
synthesis to give 3′-hydroxyl or thioalkyl phosphate
functionalized oligonucleotides.

MATERIALS AND METHODS

Aqueous ammonia, mercaptoethanol, Tris free base,
and silver nitrate were of reagent grade from J. T. Baker;
dichloromethane (DCM), pyridine, dimethylformamide
(DMF), and acetonitrile were of Omnisolve grade from
VWR. N-Methylimidazole, 6-amino-1-hexanol, 1,3-pro-
panediol, triethylamine (TEA), dithiothreitol, Tris-HCl,
and trimellitic anhydride chloride were from Aldrich. 4,4′-
Dimethoxytrityl chloride was obtained from Chem Impex
and fluorescein-5-maleimide from Pierce. Aminopropyl-
and nucleoside-derivatized 1000 Å CPG and 5,6-carboxy-
fluorescein succinimide ester were from Biosearch Tech-
nologies, Inc. MALDI mass spectroscopy was performed

by the University of Michigan Protein and Carbohydrate
Structure Facility.
Synthesis of the Supports. 3-N-(1,3,4-Trimellityl-

3,4-anhydride) Aminopropylsilane, 2. Aminopropyl CPG
(5 g) was placed in a 125 mL Erlenmeyer flask with
stopper. A solution of trimellitic anhydride chloride 1
(1 g) in a mixture of pyridine (10 mL) and methylene
chloride (40 mL) was added, and the mixture was swirled
every 10 min for 1 h. The CPG was poured into a
sintered glass funnel and washed with methylene chlo-
ride (3 × 50 mL) and acetonitrile (3 × 50 mL). The
support was dried in vacuo and tested for the presence
of amino groups with a Kaiser test (10) and found to be
negative.
1-DMT-O-dihydroxypropyl-3-O-(4′ or 5′-trimellityl)-1′-

N-trimellityl)aminopropylsilane, 3. Support 2 (2 g) was
treated with a solution of 1,3-propanediol (1 mL) and
N-methylimidazole (0.5 mL) in DMF (10 mL) for 3 h. The
support was washed and dried as above and then slurried
in dry pyridine (100 mL); DMT chloride (1 g) was then
added. The mixture was shaken periodically, then al-
lowed to sit overnight, and was washed and dried as
previously (loading: 36 µmol/g by colorimetric DMT
loading assay).
1-DMT-O-aminohydroxyhexan-6-N-(4′ or 5′-trimellityl-

1′-N-trimellityl)aminopropylsilane, 4. Support 2 (2 g) was
treated with a solution of 6-amino-1-hexanol (2 g) in DMF
(10 mL) for 3 h. The support was washed and dried as
previously. The material was reacted with DMT chloride
as described above for 3, giving a loading of 76 µmol/g.
6-DMT-O-thiohydroxyhexan-1-S-(4′ or 5′-trimellityl-1′-

N-trimellityl)aminopropylsilane, 5. Support 2 (2 g) was
treated with a solution of 6-mercapto-1-O-DMT-hexane
(1 g, ref 11) with 1 mL of TEA in DMF (10 mL) for 3 h.
The support was washed as for 3 and dried to give a
loading of 31 µmol/g.
Mononucleotide Synthesis. Automated DNA syn-

thesis was performed on a Biosearch 8750 DNA synthe-
sizer, with Beckman (Fullerton) amidites. A 0.4 M
solution of 5-(ethylthio)-1H-tetrazole (AIC Corp, Strath-
more) in acetonitrile was used as the amidite activator,
with all other reagents the same as those previously
described (12). 6-(4-Methoxytrityl)amino-1-O-(diisopro-
pylaminocyanoethyl)hexyl phosphoramidite was pre-
pared according to the procedure of Sinha and Cook (13);
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6-(trityl)thio-1-O-(diisopropylaminocyanoethyl)hexyl phos-
phoramidite was made according to the procedure of
Connolly and Rider (14), and 3-O-(4,4′-dimethoxytrityl)-
1-O-(diisopropylaminocyanoethyl)propyl phosphoramidite
was synthesized with protocols described in Jaschke et
al. (15). 5′-Succinoylnucleoside CPG (ILO CPG, inverse
linkage CPG) was prepared as in Ortiago et al. (16).
Control mononucleotide synthesis by conjugation of
reporter group amidites onto ILO CPG was accomplished
by semimanual methods as follows: The column contain-
ing the support was detritylated on the DNA synthesizer
and thoroughly rinsed with dry CH3CN. The liquid was
removed from the column by an argon drying instrument
step. The column was removed from the instrument. For
a 200 nmol synthesis, the reporter group amidite solution
(200 µL of a 100 mg/mL, dissolved under argon) was
taken up in a 1 mL tuberculin syringe (luer slip-tip) and
200 µL of 0.31 M 5-(ethylthio)-1H-tetrazole in CH3CN in
a second syringe. One syringe was inserted into each
end of the column, and the syringe containing the amidite
was discharged into the column. Excess volume was
allowed to enter the syringe containing the 5-(ethylthio)-
1H-tetrazole solution. Next, the other syringe was
discharged, while the first syringe was allowed to fill with
the mixed fluid. The process was repeated (three times),
and the column was allowed to stand for 2 min. The
syringes were removed, the column was placed back on
the instrument, and oxidation and washing steps were
performed. For the DMT and MMT group containing
products, deprotection was accomplished on the instru-
ment with 3% dichloroacetic acid in DCM. The column
was then rinsed with CH3CN on the instrument, the
support was removed from the column and then treated
with concentrated ammonia in a sealed tube for 24 h at
55 °C. The tube was cooled and the ammonia solution
evaporated for further analysis. For the thiotrityl sample,
1 M AgNO3 (500 µL) was pushed slowly through the

column over 10 min and then washed by water (3 mL).
Next, 5% (v:v) aqueous mercaptoethanol (500 µL) was
applied for a duration of 10 min, followed by washing
with water (3 mL). The thiol mononucleotide was then
ammonia cleaved as above. For the test mononucle-
otides, 200 nmol DNA synthesis columns packed with
either 3, 4, or 5 were coupled with T amidite with
standard automated DNA synthesis protocols and re-
agents as mentioned above. The DMT group was re-
moved, and the CPG was treated with ammonia and heat
for 18-24 h. For the thiohexyl test mononucleotide, DTT
(2-3 mg) was added to the ammonia solution before the
onset of heating. The samples were then dried under
vacuum and redissolved in 20% acetonitrile in water for
subsequent analysis.
3′-Modified Oligonucleotide Synthesis. DNA syn-

thesis columns were packed with either 3, 4, or 5, and
the DNA fragments (see Table 1) were synthesized with
standard protocols and reagents. The 5′-DMT groups
were left attached, and for the 3′-aminohexyl- or 3′-
hydroxypropyl-derivatized fragments 18-24 h of 55 °C
heating in concentrated aqueous ammonia (1 mL) was
used to cleave the DNA from the support. For the 3′-
thiohexyl DNA, 2-3 mg of DTT was added to the
ammonia solution before the onset of heating. The
samples were cooled, and the DNA was isolated with a
reversed phase cartridge and protocols (17). The DNA
was evaporated for analysis or conjugation.
Reversed Phase HPLC Conditions. The dried

sample was dissolved in 20% acetonitrile in water, and
2-20 µL of this solution, depending on the concentration,
was injected onto a C18 3.3 cm cartridge (PE-ABI, 0258-
0164) with detection at 260 nm, eluted at 1 mL/min with
a gradient of 100% A (0.1 N ammonium acetate) for 2
min, 100% A to 90% A (B was 100% acetonitrile) over 10
min, then 90% A to 50% A over 10 min, and then back to
100% A over 1 min.

Figure 1. Synthesis of 3-5 from 2.
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Anion Exchange HPLC. The dried sample was
dissolved in 20% acetonitrile in water, and 2-20 µL of
this solution, depending on the concentration, was in-
jected onto a 16 × 40 mm Shodex DEAE 420-N 4 cM
column (Phenomenex) eluted with a gradient to 100% B
over 20 min. Buffer A was 0.025 M Tris-HCl, 0.01 M
Tris; buffer B was A plus 1.0 M NaCl.
Fluorescein Conjugation Studies. For the 3′-ami-

nohexyl-modified DNA, 5,6-carboxyfluorescein succinim-
ide ester (1 mg/10 ODs of DNA) was dissolved in DMSO
(100 µL) and added to a 2 mL screw cap polyethylene
tube containing the purified DNA, followed by an aqueous
solution 1 M in Na2CO3 and 1 M in NaHCO3 (500 µL).
The tube was sealed and allowed to stand for 18-24 h
at room temperature in the dark. The liquid was
evaporated under vacuum, and the residue was dissolved
in 2 mL of 0.05 M NH4OAc in HPLC grade water. The
solution was applied to a 1 × 20 cm Sephadex G-25
column (Sigma catalog no. G-25-80) packed and eluted
with 0.05 M NH4OAc in HPLC grade water. The tagged
DNA eluted rapidly as a green solution after 5-10 mL
of liquid had eluted, and this fraction was collected and
reduced to a solid under vacuum. The solid was dissolved
in 15% aqueous ammonia (1 mL) and applied to a
reversed phase cartridge (17), which had been pre-
equilibrated with acetonitrile (4 mL) followed by 1 M
triethylamine acetate (4 mL). The solution of the con-
jugate was reloaded twice and washed with 3% aqueous
ammonia (4 mL) followed by water (4 mL). Some faint
green color was sometimes observed to elute during the
aqueous ammonia washes. Next, the column was washed
with 20% acetonitrile in water (3 mL), and the strongly
green liquid that emerged was collected and evaporated
under vacuum to a solid for further analysis.
For the 3′-thiohexyl-modified DNA, 2 mg of fluorescein-

5-maleimide (2 mg/10 ODs of DNA to be conjugated) was
dissolved in DMF (100 µL) and added to a 2 mL screw
cap polyethylene tube containing the purified thiohexyl
DNA isolated as above. Next, 50 mM sodium phosphate/
150 mM sodium chloride, pH 7.2, buffer (500 µL) was
added. The tube was sealed, mixed, and allowed to stand
for 18-24 h at room temperature in the dark. The liquid
was evaporated under vacuum, and the residue was
processed further as above.

RESULTS AND DISCUSSION

The three new supports (3-5) were synthesized from
common intermediate 2, obtained by the reaction of
trimellitic anhydride chloride and aminopropyl CPG.

Solutions of bifunctional linkers were added, and subse-
quent washing gave the hydroxyl-functionalized supports
(Figure 1). In the case of the propanediol- and amino-
hexanol-functionalized materials, the supports could be
synthesized without protection of the additional hydroxyl
group. A DMT group was added to these to gauge the
loading during automated DNA synthesis. It was found
necessary to protect the hydroxy groups of heterobifunc-
tional spacers containing additional thiol functionality;
otherwise, heterogeneous products were obtained after
DNA synthesis. Insufficient differential reactivity be-
tween the OH and SH groups toward the immobilized
anhydride most likely produces a mixture of both ester
and thioester linked supports, the former giving rise to
an undesired product.
To confirm the identity of the 3′-terminal functionality

obtained from the use of 3-5, control mononucleotides
were prepared by adding amidites containing aminohexyl
(13), thiohexyl (14), and hydroxypropyl (15) functional
groups to a 3′-hydroxyl nucleoside immobilized through
its 5′-hydroxyl group. These were then compared to the
analogous structures prepared by coupling a single
phosphoramidite nucleotide to 3-5. The experiment is
shown schematically for the aminohexyl case in Figure
2. After aqueous ammonia workup, the control mono-

Table 1. Yields and Purity of 3′-Fluorescein Conjugates

sequencea
synthesis
scale (nM)

yieldb
(ODs)

%
convrnc

ODs
isolatedd

HPLC
puritye (%)

14-merNH2 200 18.7 75 3.0 95
14-merNH2 1000 43.9 >99 22.0 85f
16-merNH2 1000 47.5 95 16.0 86
19-merNH2 1000 68.0 >99 16.6 84f
20-merNH2 1000 64.3 93 22.5 94
14-merSH 1000 30.0 39
16-merSH 1000 25.5 19 8.2 49
19-merSH 1000 34.0 49
20-merSH 1000 24.0 24 16.9 34

a 14-mer sequence ) 5′-dCCGAGTACTAATCA-3′; 16-mer ) 5′-
dATACTTATCATGAGCC-3′; 19-mer ) T19; 20-mer ) 5′-dTC-
CACGTCATCGAGGTCATA-3′. b Yield of unconjugated DNA ob-
tained after first Micropure Cartridge purification. c HPLC
examination of size exclusion isolated material, after fluorescein
conjugation. d Yield of fluorescein conjugate purified by Micropure
Cartridge. e Purity of isolated probe, by HPLC. f Modified final
purification: loaded onto the reversed phase cartridge in 3%
aqueous ammonia, product eluted with 28% aqueous ammonia.

Figure 2. Synthesis of 3′-aminohexyl phosphate functionalized
T from two different solid supports.

DNA, Synthetic, 3′-Modified Bioconjugate Chem., Vol. 8, No. 2, 1997 195



nucleotides were found to be identical to those produced
from 3-5, according to coelution of the major products
on reversed phase HPLC (Figure 3 shows the result with
the aminohexyl example). DTT was added to the thiol-
functionalized product to curtail oxidative dimerization.
Several longer DNA fragments were then synthesized

on the new supports (Table 1). A 14-mer 5′-dCCGAG-
TACTATTCA-3′ was synthesized on 3, 4, and 5, as well
as with conventional dA-derivatized CPG. Overall cou-
pling yields were similar in the four cases, and no
evidence was observed for instability of the linkages
during synthesis or problems arising from the pendant
unblocked carboxyl groups. The DNA was cleaved from
the CPGwith aqueous ammonia and heating and purified
on a reversed phase cartridge (17). Yields of purified
DNA compared favorably with the amount normally
obtained for cartridge purification at these two synthesis
scales (see Table 1). MALDI mass spectroscopy (Table
2) showed the correct increase in mass for the 3′-modified
14-mers when compared to the spectrum of the unmodi-

fied 14-mer. Anion exchange HPLC of the three analogs
(Figure 4) showed that good quality products were
obtained in the case of the 3′-thiohexyl and 3′-propanol
examples. For the 3′-aminohexyl-derivatized 14-mer, a
substantial later eluting contaminant (20-30%) was
present (Figure 4C). This could be somewhat diminished
by prolonged heating with ammonia (Figure 4D shows
the ammonia/DNA solution after 8 days of additional
heating, after CPG removal), suggesting that this con-
taminant is unhydrolyzed amide with the mellitic acid
linker. A recent paper (18) describes difficulty in removal

Figure 3. Reversed phase HPLC analysis of products made in Figure 2. The peak at about 5 min is T nucleoside; the other minor
peaks were not identified.

Figure 4. Anion exchange HPLC of 14-mers with 3′ modification, after reversed phase cartridge purification: (A) 14-mer with
3′-hydroxypropyl phosphate; (B) 14-mer with 3′-thiohexyl phosphate; (C) 14-mer with 3′-aminohexyl phosphate and 24 h of
ammoniolysis; (D) same as (C) with 8 days additional heating in concentrated ammonia.

Table 2. Observed MALDI Masses of Unmodified and
3′-Modified DNAa

3′ terminus mass calcd diff found diff

unmodified 4217.2
hydroxypropyl 4357.3 138.1 140.1
aminohexyl 4400.0 179.2 182.8
thiohexyl 4524.9b 195.3 193.7
a Experimental error is ( 4.2 amu. b M/e‚TFA.
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of phthaloyl groups from alkylamines by basic hydrolysis,
in accord with this observation. However, the loss of
material due to this side reaction was compensated by
the yield of DNA obtained because of the high loading of
the support. The later eluting contaminant did not
interfere in subsequent reactions involving conjugation
of the 3′-aminohexyl-functionalized material and was
separated from the desired fluorescein conjugate with a
reversed phase cartridge procedure (see below).
Our findings contrast with an earlier study implying

that final products free of contaminants were obtained
when a similar structure was used for DNA synthesis
followed by hydrolysis with aqueous ammonia and heat-
ing (9). The later eluting impurity generated when 3′-
amino-linked DNA was synthesized on 4 could be sup-
pressed somewhat by using 1:1 methylamine/concentrated
ammonia for 24 h at 60 °C as the basic workup step (data
not shown). The use of methylamine as a component in
the hydrolysis step necessitates the use of N4-acetyl dC
phosphoramidite (in lieu of N4-benzoyl dC) during syn-
thesis, because of a side reaction (19). Since the product
still contains the unhydrolyzed impurity, this modifica-
tion will not be worthwhile for most applications.
Another possibility is that the later eluting contami-

nant may result from reverse addition of the 6-amino-1-
hexanol to the anhydride CPG 2. DNA synthesized on
this species would have a terminal hydroxyl instead of
an amine and, hence, an additional net negative charge,
eluting later in anion exchange HPLC. This was ruled
out by the synthesis of 4 using 6-amino-1-O-DMT hexanol
(20) and subsequent DNA synthesis followed by basic
hydrolysis. The products obtained from 4 synthesized
in this way had the same amount of the later eluting
contaminant (data not shown).
The importance of hydroxylalkyl-functionalized DNA

in antisense work is discussed in ref 15. The use of 3′-
amino- and thiol-functionalized DNA in fluorescent dye
conjugation was accomplished using variations on pub-
lished protocols (21, 22). For the above 3′-amino-linked
14-mer DNA fragment made at a 200 nmol scale, about
75% conversion was obtained with 50 equiv of a mixture
of fluorescein 5- and 6-carboxyhydroxysuccinimide active
esters (see Figure 5A; Figure 4C shows the unreacted
amino-functionalized oligonucleotide). This product could
be purified to ca. 95% purity by a simple reversed phase
cartridge method (see Figure 5B). Better amine conjuga-
tion efficiency (>90%) was obtained at larger synthesis

scales, perhaps because of concentration effects. Table
1 shows results with 16-mer and 20-mer examples at the
1 µmol scale. The corresponding 3′-thiol-modified DNA
gave lower efficiencies when conjugated with 100 equiv
of fluorescein-5-maleimide (Table 1, 19-49% vs 75-
>99%). Since very little dimerization of the thiol-
containing DNA was observed during the reactions, the
cause of these lower yields remains unclear. They may
be due to solubility problems or the quality of the
commercial fluorescein-5-maleimide used. Cartridge pu-
rification of the thiol-linked conjugates was also less
effective, perhaps due to the lower polarity of the thio-
hexyl 3′ moiety compared to the corresponding amino-
hexyl, leading to stronger binding of the starting mate-
rial, the thiohexyl DNA, to the stationary phase and
hence less effective purification. A 20% cross-linked
PAGE gel of 3′-conjugated DNA fragments, made with
both 3′-terminal modifications, showed strongly fluores-
cent products with about the same mobility on the gel
as the underivatized DNA (Figure 6). The gel lanes of
the thiol-linked conjugates contain some underivatized
material, in accord with HPLC analysis.

CONCLUSION

An immobilized anhydride intermediate has been used
in the synthesis of solid supports that provide 3′-modified
DNA containing 3′-alkyl OH, SH, and NH2 end groups.
The structural integrity and utility of the 3′-modifications
have been demonstrated. The thioester linkage of 5 has
been shown to survive the conditions of automated DNA
synthesis and may be useful in other systems where a
terminal thiol group is desired after aqueous basic
workup. Simple methods for isolating 3′-fluorescein
conjugates with the SH- and NH2-modified DNA have
been developed.
In principle, the method is compatible with other homo-

or heterobifunctional linkages, provided transient protec-
tion is used or the functional groups have sufficient
differential reactivity. Also, only a single support is
required for the generation of any single class of 3′-
modified nucleotide. This newmethod is, therefore, more
versatile and more easily implemented than many of the
3′ derivatization methods previously presented. Our new
linker methods may also be useful in other areas of solid

Figure 5. (A) Anion exchange HPLC of crude 3′-aminohexyl
14-mer conjugate with 5,6-carboxyfluorescein ONSu active ester.
(B) purified compound isolated using reversed phase cartridge.
A Gen-Pak Fax anion exchange HPLC column (Waters) was
used instead of the Shodex column.

Figure 6. 20% PAGE of purified dye conjugated DNA and
unconjugated fragments: (I) illumination with 254 nm UV and
fluorescent backing; (II) illumination with 312 nmUV and black
backing; X.C., xylene cyanol; (lane A) fluorescein-conjugated 3′-
aminohexyl 20-mer; (lane B) fluorescein-conjugated 3′-thiohexyl
20-mer; (lane C) 3′-aminohexyl 20-mer; (lane D) fluorescein-
conjugated 3′-aminohexyl 16-mer; (lane E) fluorescein-conju-
gated 3′-thiohexyl 16-mer; (lane F) 3′-aminohexyl 16-mer.
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phase supported chemistry, such as peptide or combina-
torial library synthesis.
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Efficient Functionalization of 2′,5′-Oligoadenylates with Sulfur
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To derivatize the 2′-terminus of 2′,5′-oligoadenylates with a thiol group, the reaction of periodate-
oxidized nucleotide and 2′,5′-oligonucleotide with aminothiols was explored. Two separate synthetic
approaches were employed, both of which relied upon the use of S-protected thiols. In one approach,
5′AMP was oxidized with sodium periodate to dialdehyde, which was reacted with cystamine
hydrochloride. Sodium cyanoborohydride reduction of the unisolated intermediate aminal gave
compound 4. The second approach involved reaction of S-(2-tetrahydropyranyl)cysteamine with the
dialdehyde obtained by periodate oxidation of 5′AMP to yield, after reduction with Na(CN)BH3, the
S-protected adduct 3. Intermediate 3 could be oxidized with aqueous iodine to give disulfide 4.
Disulfide 4, obtained by either of the above routes, was reduced with dithiothreitol (DTT) to the thiol
5. This same reaction sequence was applied to 2-5A tetramer monophosphate, p5′A2′[p5′A2′]2p5′A
(6a), to give via 6b the 2′-terminal-modified derivative 6c. Aqueous iodine oxidation of 6c provided
the disulfide 7, which reacted with DTT to give quantitative conversion to product, the free thiol 8.
Both the disulfide 7 and the S-tetrahydropyranyl-protected derivative (6c) were bound effectively to
the 2-5A-dependent RNase L of mouse L cells with IC50 values of 1 × 10-9 M for 7 and 8 × 10-10 M
for 6c, not significantly different from the corresponding value for the parent unmodified 2-5A (6a)
itself.

INTRODUCTION

Conjugates of 2′,5′-oligoadenylates (2-5A’s) (1, 2) with
small molecules and macromolecules, including carbo-
hydrates, proteins, and nucleic acids, are of growing
importance for affinity purification (3), affinity labeling
(4), and targeted degradation of specific RNAs (5-8).
Thiol-modified oligonucleotides present several conjugate
construction advantages including sulfur’s enhanced
nucleophilicity, ease of disulfide-based conjugation, and
the ready reversibility of the latter. Approaches that
generally have been used for derivatizations with thiols
have included direct synthesis from mononucleotidic
precursors (9-12), including introduction of the modifica-
tion into the starting nucleotide affixed to the solid
support matrix (13). Since these latter procedures are
not applicable to preformed nucleic acids, Chu and Orgel
(14) exploited 5′-derivatization via 5′-phosphoramidate
formation with cysteamine or cystamine. Such 5′-de-
rivatization is not possible in the case of 2-5A since the
5′-terminus must bear a free phosphate or polyphosphate
for maximum interaction with a key enzyme of the 2-5A
system, the RNase L (1, 2). Soukup and associates (15)
employed phosphoramidite methodology to synthesize an
oligonucleotide bearing a 3′-terminal primary amino
group which was subsequently reacted with sulfosuccin-
imidyl-2-(biotinamidoethyl)-1,3-dithiopropionate. This
conjugation product bore a disulfide bond in the linker
moiety between the oligo and the biotin. Reduction
provided a means of cleaving the biotin group from the
oligonucleotide domain. Again, however, this approach
would not be compatible with the need to derivatize a
preformed oligonucleotide.

A valuable route to oligoribonucleotide 3′-modification
involves periodate oxidization of the 3′-ribonucleotide to
a dialdehyde, which is reacted with an amine or amino
acid to yield a Schiff base, reduction of which by boro-
hydride gives a product in which the 3′-terminal ribose
is transformed to an N-substituted morpholine (16-21).
We have explored this theme to functionalize 2′,5′-
oligoadenylate with a 2′-terminal thiol or a disufide
moiety.

EXPERIMENTAL PROCEDURES

Chemicals. Adenosine 5′-monophosphate, cysteamine
(2-aminoethanethiol) hydrochloride, and cystamine [2,2′-
dithiobis(ethylamine)] hydrochloride were from Aldrich
(Milwaukee, WI). Fluka was the source for 3,4-dihydro-
2H-pyran, while sodium periodate was from Sigma (St.
Louis, MO), and 1,4-dithiothreitol was from Schwarz-
Mann (Orangeburg, NY). 2′,5′-Oligoadenylate trimer 5′-
monophosphate was synthesized according to the proce-
dure of Sawai (22) and purified by reversed-phase HPLC
(Zorbax ODS).
HPLC. Analytical HPLC was carried out on a Zorbax

ODS column (9.4 mm × 25 cm) using a linear gradient
of 0-100% solvent B in buffer A, where A was 0.05 M
ammonium phosphate of pH 7.0 and B was MeOH/H2O
(1:1) and the flow rate was 2 mL/min. Detection was by
UV.
Physical Measurements. Proton NMR spectra were

recorded on a Varian 220 MHz or 300 MHz spectrometer.
13C NMR spectra were recorded with the latter instru-
ment operating at 75.5 MHz. Ultraviolet spectra were
obtained on a Hewlett-Packard 8450 UV-vis spectro-
photometer. Chemical ionization mass spectra were
obtained on a Finnegan Extrel 1015 with NH3 as carrier
gas. Obtaining the mass spectrum of compound 3
required its conversion first to the free acid (with Dowex
50[H+]) and then (after lypophilization) silylation by
reaction with bis(triethylsilyl)acetamide in DMF.
Enzymatic Procedures. Digestions with bacteria

alkaline phosphatase (Escherichia coli ) and snake venom
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[e-mail torrence@helix.nih.gov; telephone (301) 496-2653; fax
(301) 402-0589].
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phosphodiesterase (Crotalus adamanteus, Worthington)
were performed as described previously (23). The prepa-
ration of mouse L cell extracts and the procedures and
reagents for the radiobinding assay to RNase L were also
as described in the literature (4-6, 21).
Synthesis of S-(2-Tetrahydropyranyl)cysteamine Hy-

drochloride. Cysteamine hydrochloride (2.0 g, 17.6 mmol)
was made anhydrous by addition and evaporation with
ethanol/toluene (2:1, 3× 50 mL). The resulting solid was
suspended in 3,4-dihydropyran (50 mL), and this mixture
was refluxed for 1 h. After evaporation of dihydropyran,
the residue was recrystallized twice from EtOAc/EtOH
(5:1) to give 1.86 g (9.54 mmol, 53.4%) of S-(2-tetrahy-
dropyranyl)cysteamine hydrochloride, mp 142-145 °C:
mass spectrum,m/z 162 [(M + H)+]; 1H NMR (CD3OD) δ
1.6 and 1.9 (br m, 6, C-3, C-4, and C-5 of THP), 2.8-3.1
(m, 2, cysteamine CH2-N), 3.1-3.3 (m, 2H, cysteamine
CH2-S), 3.6 and 4.0 (br m, 1 each, THP C-6 H’s), 5.9 (m,
1, C-2 H). Anal. Calcd for C7H16NOSCl: C, 42.52; H,
8.17; N, 7.08; Cl, 17.93; S, 16.22. Found: C, 42.34; H,
8.18; N, 7.14; Cl, 18.04; S, 16.52.
Preparation of 6′-Monophosphoryl-[3′-aza-3′-(â-S-tet-

rahydropyranylthioethylene)-1′,2′,3′,4′-tetradeoxypyranos-
1′-yl]adenine (3). Sodium periodate (0.5 mL of 0.1 M in
H2O, 0.05 mmol) was added in one portion to a pH 6.0
solution of 5′AMP (Na salt, 0.5 mL of 0.1 M in H2O, 0.05
mmol), and the resulting mixture was kept in the dark
at 0 °C for 30 min. To destroy unreacted periodate,
ethylene glycol (200 mL of 1 M aqueous solution, 0.2
mmol) then was added, and the resultant solution
maintained at 0 °C for an additional 10 min. S-(2-
Tetrahydropyranyl)cysteamine hydrochloride (0.5 mL of
0.5 M solution in H2O, 0.25 mmol) was added, and the
pH of the reaction mixture was adjusted to 8.5-9.0 with
1 M NaOH. The resulting mixture was maintained at 0
°C for 30 min, and then sodium cyanoborohydride (total
of 0.1 mmol, 0.5 mL of 0.5 M in water) was added. This
reaction mixture was kept at 0 °C for 1 h, during which
time the pH was maintained at 7.0 by the addition of
10%HOAc. The excess of cyanoborohydride was removed
by treatment with acetone at pH 5 for 1 h. (All proce-
dures using cyanoborohydride were conducted in a chemi-
cal fume hood.) Finally, the reaction mixture was diluted
10-fold with water, and the diluted solution was applied
to a DEAE-Sephadex A-25 column (HCO3

- form, 1 × 15
cm). Elution was accomplished with a linear gradient
of 0.05-0.5 M triethylammonium bicarbonate (TEAB)
(pH 7.0, total of 500 mL). Fractions (4 mL) were
collected. The desired product was found in fractions 42-
52 (buffer concentration approximately 0.2 M). TEAB
was removed by repeated additions and evaporations of
water. Product 3 was isolated as a sodium salt by
precipitation from a solution of 1% sodium iodide in
acetone. Compound 3 had an HPLC retention time of
44.5 min in the above specified system. The final yield
was 610 A259 units (0.04 mmol, 80% yield): mass spec-
trum, m/z 691 [(M + H)+, trisilylated 3] and 763 [(M +
H)+, tetrasilylated 3]; 1H NMR (D2O) δ 1.51, 1.72, and
1.82 (br m, 3, 4, and 5 methylenes of THP group), 2.35
(t, 1, 2JH4′-H4′′ ) 3JH4′-H5′ ) 11.4 Hz, H4′), 2.80 (br m, 5H,
H2′ and exocyclic CH2-N and CH2-S,), 2.87 (d, 1 H,
2JH4′-H4′′ ) 11.2 Hz, H4′′), 3.21 (d, 1, 2J H2′-H2′′ ) 10.3 Hz,
H2′′), 3.52 (m, 1, CH2-O of THP), 3.89 (m, 2, H6′ and
H6′′), 3.96 (m, 1, CH2-O of THP), 4.16 (m, 1, H5′), 4.84
(m, 1, S-CH-O), 5.85 (dd, 1, 3JH1′-H2′′ ) 10.4 Hz, 3JH1′-H2′′
< 2 Hz), 8.11 (s, 1, purine 2H), 8.24 (s, 1, purine 8H); 13C
NMR (D2O) δ 21.69 (C4 of THP), 24.92 (C-5 of THP),
26.12 (CH2-S), 31.28 (C3 of THP), 52.35 (C-4′), 54.41
(C2′), 57.40 (CH2-N of cysteamine), 64.80 (C6′), 66.19
(C6 of THP), 75.37 (C5′, 3J ) 8.0 Hz), 79.41 (C1′), 82.85

(C2, THP), 118.46 (adenine C5), 140.2 (adenine C8),
148.32 (adenine C4), 152.86 (adenine C2), 155.61 (ad-
enine C6).
Bis[6′-monophosphoryl-3′-aza-1′-(9-adenyl)-1′,2′,3′,4′-

tetradeoxypyranosyl-3′-â-ethylene] Disulfide (4). Com-
pound 4 was obtained in the same way as compound 3
from 0.2 mmol of AMP 2′,3′-dialdehyde (prepared as
above) and 1 mmol of cystamine hydrochloride (2 mL,
0.5 M, adjusted to pH 9.0 with NaOH). The product was
purified by means of DEAE-Sephadex A-25 (HCO3

- form,
1.6 × 25 cm column) chromatography employing a linear
gradient of 0.05-0.6 M TEAB, pH 7.5. Fractions of 4
mL were collected with the product being eluted in
fractions 94-114 (buffer concentration approximately 0.5
M). TEAB was removed by repeated addition and
evaporation of water, and the sodium salt of 4 was
isolated by precipitation from 1% NaI in acetone. The
final yield was 630 A259 units (0.042 mmol, 23%). Com-
pound 4 had an HPLC retention time of 39.0 min: 1H
NMR (D2O) δ 2.33 (t, 1, 2JH4′-H4′′ ) 3JH4′-H5′ ) 11.4 Hz,
H4′), 2.74 (t, 1, 2JH2′-H2′′ ) 3JH2′-H1′ ) 10.7 Hz, H2′), 2.94
(m, 4, S-CH2-CH2-N), 3.01 (d, 1, 2JH4′′-H4′ ) 11.7 Hz,
H4′′), 3.20 (d, 1, 2JH2′-H2′′ ) 10.7 Hz, H2′′), 3.85 (m, 2, H6′
and H6′′), 4.13 (m, 1, H5′), 5.72 (dd, 1, 3JH1′-H2′ ) 8.3,
3JH1′-H2′′ < 2 Hz, H1′), 8.02 (s, 1, adenine H2), 8.18 (s, 1,
adenine H8); 13C NMR (D2O) δ 34.20 (CH2-S), 52.57
(C4′), 54.36 (C2′), 56.50 (CH2-N), 64.57 (C6′), 75.46 (d,
3J ) 8.0 Hz, C5′), 79.44 (C1′), 118.28 (adenine C5), 140.02
(adenine C8), 148.03 (adenine C4), 152.71 (adenine C2),
155.40 (adenine C6).
Oxidation of Compound 3 with Aqueous Iodine. The

sodium salt of compound 3 (950 A259 units, 0.6 mmol) was
dissolved in H2O (750 mL), and iodine (0.05 M in 0.05 M
NaI) was added in 10 mL portions at 0 °C. The addition
of iodine solution was continued until a light brown color
persisted for 1-2 min. At this point, TLC revealed that
the reaction was completed as judged by the disappear-
ance of starting material.
The excess iodine was removed by evaporation in vacuo

at 10-20 °C (until the light brown color disappeared).
The remaining solution was diluted 10-fold with water
and applied to a DEAE-Sephadex A-25 (HCO3

-) column
(1 × 15 cm), and the column was eluted with a linear
gradient of 0.05-0.45 M, pH 7.5, TEAB. Fractions of 4
mL were collected, and the desired product was found in
fractions 81-102 (approximately 0.4 M TEAB). The yield
of oxidized product was 510 A259 units (0.31 mmol, 52%).
The product was identical by both TLC and HPLC with
the product of the reaction of oxidized AMP (2) with
cysteamine, i.e., compound 4.
Reaction of Compound 4 with Dithiothreitol. An aque-

ous solution of dithiothreitol (DTT, 1 mL of 1 M, 1 mmol)
was added to a solution of compound 4 (500 A259 units,
0.32 mmol) in H2O. After 10 min at 0 °C, HPLC analysis
revealed the presence of two major compounds with
retention times of 31.6 min (82%) and 33.7 min (13%),
respectively. This mixture was applied to a DEAE-
Sephadex A-25 column (1 × 15 cm, HCO3

- form) which
was eluted with a linear gradient of 0.05-0.3 M TEAB,
pH 7.5. The total elution volume was 500 mL, and 4 mL
fractions were collected. Fractions 40-62 contained two
compounds, both of which were eluted at significantly
lower salt concentration than was required to elute the
starting material, compound 4. One compound had a
retention time of 32.1 min (68%) and was identical with
the major product in the original DTT reaction mixture.
It was assigned the structure of 5. The second compound,
which had a retention time of 39.3 min (26%), was
identified as the starting disulfide 4. Free thiol 5 was
very sensitive to air oxidation; for instance, when a

200 Bioconjugate Chem., Vol. 8, No. 2, 1997 Lesiak and Torrence



solution of 4 was reduced with â-mercaptoethanol, HPLC
showed quantitative conversion to 5. However, lyo-
philization of the solution resulted in complete conversion
back to disulfide 4.
Reaction of 5′-Monophosphoryladenylyl(2′f5′)adenylyl-

(2′f5′)adenylyl(2′f5′)adenosine with S-(2-Tetrahydro-
pyranyl)cysteamine. Preparation of 6c. A procedure was
employed that was similar to the synthesis of compound
3. Specifically, the oligonucleotide p5′A2′p5′A2′p5′A2′p5′A
(240 A259 units, 5 mmol) in 200 mL of H2O was oxidized
with NaIO4 (60 mL of a 1 M aqueous solution, 6 mmol)
at 0 °C. Excess periodate was destroyed with ethylene
glycol (30 mL of 1 M aqueous solution), and then S-(2-
tetrahydropyranyl)cysteamine (50 mL of 0.5 M, 25 mmol)
was added in one portion. The pH of the reaction mixture
was adjusted to 8.5-9.0. After 40 min of reaction at 0
°C, a solution of sodium cyanoborohydride (25 mmol in
50 mL of H2O) was added, and the pH again adjusted,
this time to approximately 7.0. The pH was maintained
at about 7 by addition of 10% HOAc. After 1 h at 0 °C,
the excess sodium cyanoborohydride was destroyed with
acetone at pH 5. The resulting mixture was diluted 10-
fold with H2O and applied to a DEAE-Sephadex A-25
column (HCO3

- form, 1× 10 cm). The column was eluted
with a linear gradient (0.05-0.6 M, total of 500 mL) of
TEAB, pH 7.5. Fractions of 4 mL were collected. Product
6cwas eluted in fractions 63-71. After removal of TEAB
by repeated addition and evaporation of H2O, compound
6c was converted to the sodium salt by treatment with
NaI/acetone as before. The final yield was 133 A258 units
(2.77 mmol, 55.4%). Compound 6c had a retention time
of 37.1 min. Bacterial alkaline phosphatase treatment
of 6c gave only one product which had a higher retention
time of 41.39 min, as expected for the production of the
less polar 5′-unphosphorylated core. Snake venom phos-
phodiesterase digestion of 6 resulted in the generation
of 5′AMP and compound 3 in the required 3:1 ratio.
However, in addition to the expected products, an ad-
ditional product with a slightly greater retention time
than 5′AMP (13.54 min compared to 13.03 for AMP) was
formed in 13% yield.
Reaction of Compound 6c with Iodine. Preparation of

Compound 7. Compound 6c (70 A258 units, 1.46 mmol),
in 300 mL of H2O, was oxidized according to the identical
procedure used for the oxidation of compound 3. After
completion of the reaction, the entire mixture was applied
to a DEAE-Sephadex A-25 column (Cl- form, 1 × 10 cm).
Elution was accomplished with a linear gradient of 0.05-
0.6 M LiCl (total of 500 mL). Fractions of 4 mL were
collected. The product (7) was eluted in fractions 93-
110 (LiCl concentration of approximately 0.55 M). These
fractions were reduced to dryness in vacuo, and the
residue was dried by two azeotropic evaporations with
ethanol/benzene (1:2, 2 × 100 mL). Acetone (50 mL) was
added to the residue. After the resultant mixture was
stirred for 5-10 min, the insoluble component was
centrifuged down, washed with acetone (2 × 5 mL), and
then dried in vacuo. The final yield was 55 A258 units
(1.15 mmol, 79%). Compound 7 had an HPLC retention
time of 30.4 min.

RESULTS AND DISCUSSION

The reaction of periodate-oxidized ribonucleotides or
oligoribonucleotides with amines or amino acids followed
by reduction with borohydride gives products in which
the ribose (or terminal ribose in the case of oligoribo-
nucleotides) has been transformed to the corresponding
morpholine derivatives (17, 18, 21). However, when we
attempted to extend this reaction to conjugation of the
simple aminothiol, 2-aminoethanethiol (cysteamine), we

noted the formation of three major products and at least
five minor products, none of which were identified
(results not shown). We surmise that this result may
be due to the reactivity of thiols with the aldehyde groups
generated in the oxidation step (24, 25).
Guided by the above hypothesis, we explored protection

of the reactive thiol functionality during the dialdehyde-
amine conjugation reaction. Two separate but conver-
gent approaches were employed.
The first approach (Scheme 1) used the natural disul-

fide of cysteamine, namely, cystamine. Thus, 5′AMPwas
oxidized with sodium periodate to the dialdehyde, which
was reacted with cystamine hydrochloride followed by
sodium cyanoborohydride reduction to give compound 4.
The second synthetic approach used the tetrahydro-

pyranyl group for S-protection. Thus, S-(2-tetrahydro-
pyranyl)cysteamine was obtained in good yield by reflux-
ing a suspension of cysteamine hydrochloride with 3,4-
dihydropyran. This method was similar to that reported
for protection of cysteine (26); however, in this case, no
solvent was used. In turn, S-(2-tetrahydropyranyl)-
cysteamine was reacted with periodate-oxidized 5′AMP
to yield, after reduction with Na(CN)BH3, the S-protected
adduct 3. It was particularly important to destroy all of
the excess periodate before addition of protected thiol due
to its high oxidation susceptibility (27, 28). Compound
3 could be deprotected with aqueous iodine (29) to give,
after purification, a 52% yield of product identical in all
respects to disulfide 4 above, obtained from the reaction
of oxidized AMP with cystamine. Pilot reactions under
various pH conditions demonstrated that the pH of the
reaction mixture should not be higher than 6 to avoid
overoxidation.

Scheme 1
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Disulfide 4, obtained by either of the above routes, was
reduced with DTT to the thiol 5 (Scheme 1). HPLC
showed an 82% conversion to compound 5 during the
DTT reaction. Although the thiol 5 was formed in high
yield according to direct HPLC analysis of the reaction
mixture, we were unable to isolate the pure free thiol
(5) itself since it was contaminated by the disulfide 4,
apparently formed during workup by the facile air
oxidation of compound 5. Such ready oxidation of oligo-
nucleotides bearing 3′-terminal thiols has been observed
previously (13).
This successful reaction sequence was applied to 2-5A

tetramer monophosphate, p5′A2′[p5′A2′]2p5′A. Synthetic
conditions used to prepare 3 readily converted p5′A2′-
[p5′A2′]2p5′A (6a) to the 2′-terminal-modified derivative
6c in moderate yield. Characterization of compound 6c
was through snake venom phosphodiesterase digestion,
which produced both 5′AMP and 3 in the requisite 3:1
ratio. A small amount of an additional compound was
generated under these latter digestion conditions. We
speculate that this arises from the partial decomposition
of 3, but this reaction product has not been characterized
further.
Aqueous iodine oxidation of compound 6c provided

disulfide 7 in high yield. Characteristically, disulfide 7
could be 5′-dephosphorylated by bacterial alkaline phos-
phatase. Snake venom phosphodiesterase digestion gave,
as expected, 5′AMP and the disulfide 4 in a 3:1 ratio.
Limited digestion with a mixture of both bacterial
alkaline phosphatase and snake venom phosphodi-
esterase further characterized the essential structural
elements of the molecule by production of adenosine,
5′AMP, A2′p5′A, A2′p5′A2′p5′A, and compound 4. The
disulfide 7 reacted cleanly with DTT to give quantitative
conversion to a product that was not isolated but was
presumed to be the free thiol (8), in analogy to the
reduction of 4 to 5.
Both disulfide 7 and the S-tetrahydropyranyl-protected

derivative were evaluated for their ability to bind to
the 2-5A-dependent RNase L of mouse L cells. The
concentrations (IC50 values) of these derivatives required
for replacement of 50% of the radiolabeled probe,
p5′A2′p5′A2′p5′A2′p5′A3′[32P]p5′C3′p, from the enzyme
were 1 × 10-9 M for 7 and 8 × 10-10 M for 6c, not
significantly different from the corresponding value for
2-5A tetramer 5′-monophosphate itself. Assay condi-
tions normally include an excess of â-mercaptoethanol,
so that the disulfide would be reduced to the free thiol,
and the IC50 for 7 would be for the reduced oligonucle-
otide, not compound 7.

CONCLUSIONS

The reaction of S-protected aminothiols with periodate-
oxidized 3′-ribonucleotide-terminated oligonucleotides
provides a viable synthetic approach to the introduction
of thiols into preformed oligonucleotides. Specifically, we
have demonstrated the key steps in this method using
5′AMP as a model and by applying it to the 2′,5′-linked
oligonucleotide, p5′A2′p5′A2′p5′A2′p′5A. However, in
principle this chemistry should be applicable to any
nucleic acid bearing a 3′ (or 2′)-terminal ribose, so long
as no modified nucleotides are present which would be
incompatible with the specific reactions involved in this
derivatization.
As a practical matter, which preparative methodology

would be preferable: (a) direct conjugation to cystamine
or (b) reaction with S-(2-tetrahydropyranyl)cysteamine
and subsequent oxidation? A decision would depend
upon the specific substrate under consideration. The
faster approach would be cystamine conjugation, but this

would be limited by the relatively low yield of product
and the increased difficulty of product purification. Thus,
the latter method would be restricted to the simplest
substrates, such as the mononucleotide AMP. For the
more complex oligonucleotide substrates, the two-step
sequence of conjugation with S-(2-tetrahydropyranyl)-
cysteamine followed by iodine oxidation would be prefer-
able since the higher yields of the individual steps would
allow more facile product purification.
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Post-synthetically Ligated Ribozymes: An Alternative Approach to
Iterative Solid-Phase Synthesis
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To improve the overall yield of ribozyme synthesis, a convergent approach, based on the post-synthetic
formation of an amino linker between two half-ribozymes was investigated. Borane‚pyridine-mediated
reductive amination of 3′-phosphoglycaldehyde-5′-half-ribozymes with 5′-aminohexyl-3′-half-ribozymes
generated the corresponding amino-linked ribozymes in yields >77% on different scales. The
investigation of a variety of reducing agents is discussed together with a kinetic analysis of the selected
coupling reaction. These post-synthetically ligated ribozymes exhibited slightly reduced in vitro
catalytic activity and cell efficacy.

INTRODUCTION
Ribozymes are RNA enzymes (Cech, 1993; Symons,

1994) that can be designed to cleave other RNA mol-
ecules. trans-Cleaving hammerhead ribozymes show
great promise as therapeutic agents due to their inherent
catalytic activity combined with highly specific binding
to a chosen target RNA (Christoffersen and Marr, 1995).
Improvements in the chemical synthesis of RNA (Wincott
et al., 1995; Scaringe et al., 1990) have led to the site-
specific introduction of various chemical modifications
into hammerhead ribozymes providing nuclease resis-
tance (Usman and Cedergren, 1992; Yang et al., 1992)
and enhanced catalytic activity (Beigelman et al., 1995;
Burgin et al., 1996). Because of the iterative nature of
solid-phase oligoribonucleotide synthesis, only modest
chemical yields of a 37-mer ribozyme can be achieved.
Moreover, the necessary reversed-phase and anion-
exchange purification steps further diminish this yield
due to the inherent difficulty in separating the full-length
ribozyme from the failures. As part of an ongoing effort
to overcome these limitations, our group has designed
an alternative approach (Bellon et al., 1996) in which two
half-ribozymes are synthesized using known solid-phase
methodologies. These halves contain complementary
chemical functionalities that allow post-synthetic chemi-
cal ligation through a covalent linkage. Due to their
lengths and the iterative synthesis process, the half-
ribozymes are obtained in greater yield as compared to
a full-length ribozyme. Therefore, this half-ribozyme
approach has a theoretical advantage over the purely
solid-phase procedure, with respect to yields, provided
that the post-synthetic chemical ligation proceeds ef-
ficiently.
We describe herein the design, synthesis, and reductive

amination coupling of half-ribozymes, on a pilot scale,
together with a kinetic analysis of the conjugation
reaction. The optimized conditions were then applied to
a larger scale synthesis (50 µmol), allowing a direct
comparison between the half-ribozyme strategy and
classical recurrent ribozyme synthesis. Catalytic activity
and cell culture efficacy of the amino-linked ribozymes
are also discussed.

MATERIALS AND METHODS

General Methods. Glyceryl-CPG and aminohexyl
linker phosphoramidite were purchased from GlenRe-
search, Sterling, VA. Sodium cyanoborohydride, sodium
borohydride, sodium triacetoxyborohydride, borane‚-
pyridine, borane dimethylamine, and amberlyst A-26
borohydride were obtained from Aldrich Chemical Co.,
Milwaukee, WI. Sep-Pak Plus (C18) purification car-
tridges were obtained from Waters Corp., Milford, MA.
Oxidative Cleavage of the 3′-Phosphoglyceryl-5′-

half-ribozyme. A typical procedure is represented with
half-ribozyme 4. Half-ribozyme 4 (100 µL, 50 nmol) was
oxidized over 30 min with 10 equiv of aqueous NaIO4 (1
µL, 500 mM).
Small-Scale Desalting of the Ribozymes after

Periodate Oxidation or Anion-Exchange HPLC. A
typical procedure is represented with half-ribozyme 8.
The crude oxidized 3′-phosphoglycaldehyde-5′-half-
ribozyme 8 was applied to a Waters Sep-Pak Plus (C18)
cartridge conditioned with CH3CN/MeOH/H2O (1:1:1, 10
mL) and SuperQ H2O (20 mL). Following sample ap-
plication, the cartridge was washed with SuperQ H2O (10
mL) to remove formaldehyde and excess sodium periodate
or excess sodium chloride in the case of anion-exchange-
purified samples. Product was then eluted from the
column with CH3CN/MeOH/H2O (1:1:1, 10 mL) and dried
under reduced pressure.
Reductive Amination Ligation of 5′- and 3′-Half-

Ribozymes. A typical procedure is represented by the
synthesis of the amino-linked ribozyme 9. 3′-Phospho-
glycaldehyde-5′-half-ribozyme 8 (10 µL, 500 µM) and
5′-aminohexyl-3′-half-ribozyme 5 (10 µL, 500 µM) were
mixed in a 1.5 mL Eppendorf tube. Sodium N2-aceta-
mido-2-iminodiacetate (ADA) (20 µL of 200 mM, pH 6.2)
was then added (125 µM half-ribozyme final concentra-
tion). Reductive amination coupling was initiated with
borane‚pyridine in EtOH (1 µL, 160 mM, 30 equiv).
Reaction was sampled (0.5 µL, 60 pmol) every few hours
and diluted in water (200 µL, 180 µL injected) for HPLC
analysis.
Analytical Anion-Exchange HPLC. All analyticals

were run on a Hewlett-Packard 1090 HPLC using a
Dionex NucleoPac PA-100 column, 4 × 250 mm. Per-
chlorate buffers (buffer A ) 10 mM NaClO4/1 mM Tris‚-
HCl; buffer B ) 300 mM NaClO4/1 mM Tris‚HCl, both
pH 9.3) and column heating to 50 °C were standard
conditions. Analyticals were run with 30-60 pmol of
ribozyme injected in a volume of 180 µL. Half-ribozymes
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were analyzed on a 30-60% B gradient over 12 min.
Oxidized 3′-phosphoglycaldehyde-5′-half-ribozymes were
run at 80 °C on a 45-75% B gradient over 12 min.
Reductive amination reactions were analyzed on a 40-
70% B gradient over 12 min.
Small-Scale Purification of the Amino-Linked

Ribozymes. Crude samples (5 mL) were injected onto
a Dionex NucleoPac PA-100, 22 × 250 mm (90 mL),
column equilibrated with buffer A (buffer A ) 20 mM
NaCl/10% EtOH/1 mM Tris‚HCl; buffer B ) 1 M NaCl/
10% EtOH/1 mM Tris‚HCl, both pH 9.3). The linked
ribozymes were purified at elevated temperatures since
heat was necessary to melt the hybrid formed between
the unreacted halves. A 55-70% B gradient was applied
over 60 min. A 10 mL/min flow rate was used, and
fractions were collected every minute. Fractions contain-
ing full-length product >80% by peak area were pooled
and desalted using the method described for 8.
Large-Scale Reversed-Phase HPLC Purification

of the 5′-Half-Ribozyme 4 and Full-Length Control
RPI.3718. The crude material from a large-scale trityl-
on (50 µmol) synthesis was applied to a Pharmacia Source
15RP 16/10 column equilibrated in 100% buffer A (buffer
A ) 1 M NaCl/5 mM Tris‚HCl, pH 9.0; buffer B ) 60%
EtOH/5 mM Tris‚HCl, pH 9.0) on a FPLC system
(Pharmacia Biotech). A gradient from 0 to 40% B in 4
column volumes (CVs), from 40 to 42% B in 5 CVs, and
then from 42 to 100% B in 3 CVs was applied at a flow
rate of 10 mL/min (300 cm/h). Fractions containing over
60% full-length material by HPLC were pooled and
subjected to manual detritylation with HCl. The solution
was acidified to pH 2 (20-40 mM HCl) with 1 M HCl for
15 min. The pH of the solution was then adjusted to pH
7 with Tris base (1 M Tris base, pH 11-12). This
material was analyzed by HPLC at >70% full-length by
area.
Large-Scale Anion-Exchange HPLC Purification

of the Half-Ribozymes 4 and 5, Full-Length Control
RPI.3718, and Amino-Linked Ribozyme 9. The re-
versed-phase purified, detritylated material was applied
to a Pharmacia Source 15Q 26/10 (50 mL) anion-exchange
column on a Pharmacia FPLC system. A NaCl gradient
(buffer A ) 20 mM NaCl/5 mM Tris‚HCl, pH 9; buffer B
) 1 M NaCl/5 mM Tris‚HCl, pH 9) was applied at a flow
rate of 10 mL/min. The half-ribozymes were purified
using a 30-50% B gradient in 40 CVs. For the full-
length control, RPI.3718, a gradient from 40 to 60% B in
40 CVs was used. The linked ribozyme 9 was purified
at 55 °C with a gradient from 60 to 80% B in 20 CVs.
The fractions containing over 80% full-length material
were pooled. This material was analyzed by HPLC at
>85% full-length by area.
Large-Scale Desalting of the 3′-Phosphoglyc-

aldehyde-5′-half-ribozyme 8 and of the Anion-
Exchange-Purified Ribozymes. The ribozyme solu-
tions were applied to a 1.6 × 10 cm (20 mL) bed of
Bondapak C18 125 Å (37-55 µM) packed in a Pharmacia
HR 16/10 column pre-equilibrated in water. Application
and desalting were run at a flow rate of 10 mL/min.
Ribozyme was cleared from the column with a step
gradient to 30% EtOH in water. All UV-absorbing
fractions were pooled and dried under reduced pressure.
Electrospray Mass Spectrometry. Desalting was

performed using a modified ammonium acetate precipi-
tation procedure (Stults and Marsters, 1991). Ribozyme
(10 nmol) was suspended in SuperQ water (30 µL). NH4-
OAc (50 µL, 5 M, pH 5.6) was added and the solution
vortexed. After 10 min, absolute EtOH (600 µL) was
added and the ribozyme solution vortexed and placed in
the -70 °C freezer overnight. Samples were centrifuged

(14 000 rpm, 30 min), and supernatant was carefully
removed. The pellets were treated twice more with this
procedure to ensure efficient ammonium exchange. ES-
MS was performed on a Fison Instruments VG Quattro-
SG quadrapole mass spectrometer. Desalted and am-
monium-exchanged samples were suspended in deionized
water (1 nmol/µL). The ribozyme solution (1 µL) was
added to an acetonitrile (ACN) solution [17 µL, 80% ACN/
2.5 mM 1,2 diaminocyclohexane-N,N,N′,N′-tetraacetic
acid (CDTA)/0.1%TEA]. The ribozyme/ACN solution was
injected through a fused silica loop (10 µL) at 4 µL/min.
The instrument was run in ES(-) mode (cone voltage )
42 V) on a mass range of 400-1500.
Ribozyme Catalytic Activity Assay. RPI.3718,

amino-linked ribozyme 9, its inactive version, and 5′-32P-
end-labeled substrate 3 were heated separately in reac-
tion buffer (50 mM Tris‚HCl, pH 8.0; 40 mM MgCl2) to
95 °C for 2 min, quenched on ice, and equilibrated to the
final reaction temperature (37 °C) prior to the start of
the reactions. Reactions were carried out in enzyme
excess and were started by mixing ∼1 nM substrate with
500 nM ribozyme in a final volume of 50 µL. Aliquots of
5 µL were removed at 0.5, 1, 2.5, 5, 10, 15, 20, 30, and 60
min, quenched in formamide loading buffer, and loaded
onto 15% polyacrylamide/7 M urea gels. The fraction of
substrate and product present at each time point was
determined by quantitation of scanned images from a
Molecular Dynamics PhosphorImager. Ribozyme cleav-
age rates were calculated from plots of the fraction of
substrate remaining vs time using a double-exponential
curve fit (Kaleidagraph, Synergy Software) (Burgin et al.,
1996). For RPI.3718, the fast portion of the curve
represented 54% of the total reaction; therefore, the
observed cleavage rate (kobs) was taken from fits of the
first exponential. For amino-linked ribozyme 9, the slow
portion of the curve represented 93% of the total reaction;
therefore, the observed cleavage rate (kobs) was taken
from fits of the second exponential.
Smooth Muscle Cell Proliferation Assay. Rat

aortic smooth muscle cells (RASMC) were isolated and
propagated as described (Jarvis et al., 1996a). Cell
proliferation assays were performed according to a
modification of the method of Jarvis et al. (1996a).
Briefly, cells were set at a density of 5000 cells per well
in a 24-well tissue culture plate and cultured in Dulbec-
co’s Modified Eagle’s Medium (DMEM) containing 10%
FBS for 24 h at 37 °C in a 5% CO2 atmosphere. Cells
were then washed twice in Dulbecco’s phosphate-buffered
saline (DPBS) and serum starved in DMEM containing
0.5% fetal bovine serum (FBS) for 48 h to induce a
quiescent state. Cells were then washed twice with
DPBS and treated with 0.5 mL per well of 100 nM
ribozyme complexed with 7.2 µg/mL LipofectAMINE
(GIBCO-BRL) for 1.5 h at 37 °C. Ribozyme/lipid com-
plexes were then removed, and the cells were washed
twice with DPBS and incubated in DMEM containing
0.25% FBS for an additional 6 h. Cells were then
stimulated to proliferate by addition of 10% FBS. Cell
proliferation was measured by incorporation of BrdU as
described (Jarvis et al., 1996a).

RESULTS AND DISCUSSION

Synthetic Strategy. A realistic averaged stepwise
chemical yield (ASWY) of 96.5% can be routinely obtained
for ribozyme synthesis as determined by the ratio (µmol
of FLR/µmol scale)1/n × 100, where µmol of FLR is the
amount of full-length ribozyme in the crude mixture,
µmol scale is the scale of synthesis and n is the number
of synthesis cycles. This half-ribozyme approach has a
theoretical advantage over the iterative procedure with
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respect to yields. A 96.5% ASWY correlates in 28%
theoretical yield for a 37-mer ribozyme, 49% theoretical
yield for a 21-mer half-ribozyme, and 56% theoretical
yield for a 17-mer half-ribozyme. A critical requirement
is the chemical ligation yield of the two halves to form
the full-length ribozyme (Figure 1). We have determined
that a minimum coupling yield of 57% is theoretically
sufficient to compete with iterative synthesis (49%× 57%
) 28%). However, the convergent route requires an
additional purification step to separate the chemically
ligated full-length ribozyme from the unreacted halves.
Therefore, we have set the threshold that ensures the
advantage of this segmented approach over iterative
synthesis at 71% half-ribozyme coupling yield (Figure 1).
It is clear from Figure 1 that any improvement in the
ligation efficiency that raises it above 71% will provide
a greater amount of full-length ribozyme. Ideally, quan-
titative ligation efficiency would lead to 39% FLR, to
be compared with 28% for the iterative approach
(Figure 1).
Design of Half-Ribozymes. An important require-

ment for this strategy to be successful is that the site of
chemical ligation must not interfere with the ribozyme
core to ensure that full catalytic activity is retained. It
has been previously shown that the stem II or loop II of
the hammerhead ribozyme is not essential for catalytic
activity (Bellon et al., 1996; Tuschl et al., 1993; Benseler
et al., 1993; Beigelman et al., 1994; Hendry et al., 1994).
Similarly to our previous work (Bellon et al., 1996), the
standard GAAA tetraloop II and the stem II region of
the generic, nuclease stable ribozyme motif (Beigelman
et al., 1995; Burgin et al., 1996), as represented by
RPI.3718 (Jarvis et al., 1996a) 1 (Figure 2), were modified
to accommodate post-synthetic chemical coupling (Figure
3). Chemical ligation or conjugation of oligonucleotides
can be greatly enhanced by the presence of a template
(Gryaznov and Letsinger, 1993; Herrlein et al., 1995).
Therefore, we assumed that successful coupling reaction

of the two half-ribozymes relied upon formation of the
stem II bringing the two chemical moieties within close
proximity to one another. Free energies predicting
duplex stability of the suitable 5′-3′ (4.5 or 6.7) and
undesired 5′-5′ (4.4 or 6.6) or 3′-3′ (5.5 or 7.7) duplexes
were calculated (Freier et al., 1986) with the standard
self-complementarity ggcc stem II (as represented in 6
and 7, Figure 3) or with a modified gcacc five base-pair
stem II (as represented in 4 and 5, Figure 3) (Table 1).
The ∆G° values were clearly in favor of the 5 base pair
stem II ensuring the formation of the correct duplex 4.5
by -3.3 kcal mol-1 over the other possible duplexes 4.4
or 5.5.
Furthermore, a uridilyl residue was introduced be-

tween the 3′-phosphoglyceryl moiety and the stem II in
the 5′-half-ribozyme 4 (Figure 3) to allow spatial bridging
between the primary amine of 5 and the carbonyl

Table 1. Free Energies ∆G° Calculation Based on Nearest-Neighbor Model, 37 °C, 1 M NaCl or 10 mM Mg2+

5 bp (gcacc) 4 bp (ggcc)stem II

duplex 4.5 (5′-3′) 4.4 (5′-5′) 5.5 (3′-3′) 6.7 (5′-3′) 6.6 (5′-5′) 7.7 (3′-3′)
∆G° (kcal mol-1) -11.7 -8.4 -8.4 -10.4 -10.4 -10.4

Figure 1. Theoretical chemical yield comparison between half-
ribozyme approach and iterative ribozyme synthesis. Ligated
ribozyme synthesis yields are calculated as follows: (49% ×
ligation yield), where 49% is the 21-mer half-ribozyme synthesis
yield as determined from a 96.5% ASWY; or (49% × ligation
yield) × 80%, where 80% is the recovery yield of the additional
purification step for the convergent route. The selected break-
even point for the two strategies corresponds to 71%.

Figure 2. Structures of RPI.3718 1, RPI.3718S 2, and the RNA
substrate 3.

Figure 3. Structures of the 5 base-pair and 4 base-pair stem
II half-ribozymes 4, 5, 12, 15, and 16 and 6 and 7, respectively.
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functionality of the oxidized 4. Indeed, preliminary work
on morpholino-linked ribozymes (Bellon et al., 1996)
indicated that a single atom difference between an
aminohexyl linker and an aminoethylene glycol linker
had a tremendous influence on the extent of product
formation (data not shown).
Reductive Amination Coupling of Half-Ribozymes.

We selected a linear amino linkage to covalently bridge
the 5′- and 3′-half-ribozyme since reductive amination
chemistry has been applied effectively to a wide range
of oligonucleotide substrates under aqueous conditions
(Goodchild, 1990; Morvan et al., 1996; Deschamp and
Sonveaux, 1995; Harambilis et al., 1994; Lemaitre et al.,
1987). The previously studied morpholino linkage (Bel-
lon et al., 1996) was not chosen here because of long
reaction time together with the formation of two linked
products.
Half-ribozymes 4 and 5, derived from RPI.3718, were

synthesized on a 2.5 µmol scale on glyceryl-controlled
pore glass (Urata and Akagi, 1993) and on an inverted
abasic polystyrene (Jarvis et al., 1996b), respectively, and
then purified according to standard methods (Wincott et
al., 1995). The 3′-phosphoglyceryl-5′-half-ribozyme 4 (125
µM aqueous solution) was subjected to oxidative cleavage
with 10 molar equiv of a 100 mM aqueous solution of
sodium periodate (Figure 4A). Complete conversion of 4
to the 3′-phosphoglycaldehyde-5′-half-ribozyme 8 could
be observed within 30 min (Figure 4B). Since the
periodate-mediated oxidation of the 3′-phosphoglyceryl
4 generates 1 molar equiv of highly reactive formalde-
hyde, 8 was eluted from the reaction mixture on a Sep-
Pak C18 cartridge (Waters Corp.). Half-ribozymes 8 (125
µM) and 5 (500 µM) were then reacted with 30 molar
equiv of aqueous NaBH3CN (Borch et al., 1971) (500 mM)
in ADA buffer (100 mM), pH 6.0 (Figure 5A). Unlike the
morpholino ribozyme (Bellon et al., 1996), after 7 days
of reaction, a substantial amount of unreacted 3′-phos-
phoglycaldehyde 8 could be observed (Figure 5B). After
HPLC purification, 9was identified as the desired amino-

linked ribozyme on the basis of ES-MS analysis (calcd
11928.6, found 11929.0). Product 10 was assigned as a
cyanoborane adduct in accordance with our previous data
(Bellon et al., 1996). As a result of the incomplete
reaction of the half-ribozymes, in addition to the undes-
ired formation of the adduct 10, the amino-linked ri-
bozyme, 9, was obtained in only 50.2% yield (Table 2).
Since the necessary 71% coupling efficiency (Figure 1)
was not obtained, we investigated other reducing agents
to suppress the formation of the adduct as in 10 yet allow
faster and higher yielding synthesis of 9.
We assumed that the borane adduct formation could

be prevented with the use of borane reducing reagents
already complexed with an amine (Pelter et al., 1988).
Such amine-borane complexes have reducing properties
similar to those of hydroborates (Pelter et al., 1988),
which are known to be rather selective for Schiff base
reduction. We investigated the use of borane‚pyridine
(Pelter et al., 1984; Bomann et al., 1995; Moorman, 1993)
and borane‚dimethylamine (Billman and McDowell, 1961)
complexes together with other types of hydroborates such
as sodium borohydride (Abdel-Magid et al., 1994), sodium
triacetoxyborohydride (Abdel-Magid et al., 1990; Hart

Figure 4. (A) NaIO4-mediated oxidative cleavage of the 3′-
phosphoglyceryl-5′-half-ribozyme 4 to the 3′-phosphoglycalde-
hyde 8. (B) Anion-exchange HPLC analysis of the oxidative
cleavage reaction after 0, 10, and 30 min.

Figure 5. (A) NaBH3CN-mediated coupling of the amino-linked
ribozymes 9 and 10. (B) Anion-exchange HPLC analysis of the
reductive amination of 8 with 5 after 0 and 150 h.
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and Leroy, 1995), or borohydride exchange resins (Yoon
et al., 1993; Gibson and Bailey, 1977). Half-ribozymes 8
(125 µM) and 5 (500 µM) were reacted in ADA buffer (100
mM), pH 6.0, in the presence of 30 molar equiv of the
reducing agent for 48 h (Table 2). As seen from Table 2,
borane‚pyridine complex produced a very high yield of
the amino-linked ribozyme 9 without the concomitant
formation of a second ligated product. A small amount
of unreacted 5′-half-ribozyme was still observed after 48
h of reaction (Figure 6). Following anion-exchange
purification, this material was subjected to ES-MS to
determine whether 8 could have been reduced (Andrews
and Crawford, 1980) into the corresponding 3′-phospho-
glycol, 11 (Urata and Akagi, 1993), thereby competing

with the reductive amination. The mass analysis (calcd
6652.2, found 6653.0) was in agreement with the molec-
ular weight of alcohol 11, although 8 (calcd 6650.2) and
11 (calcd 6652.2) only differ by 2 atomic mass units. The
fact that 11 did not react with the 5′-aminohexyl-3′-half-
ribozyme 5 when subjected to the same reductive ami-
nation conditions (data not shown) provided supportive
evidence regarding the 3′-phosphoglycol nature of 11.
Reducing the molar equivalent of borane‚pyridine to 5
equiv lengthened considerably the reaction time (over 5
days) without preventing the formation of 11. Adding
the 30 molar equiv in two portions at a 12 h interval did
not change the scope of the reaction (data not shown).
Kinetic Analysis of the Borane‚Pyridine-Medi-

ated Half-Ribozyme Coupling. To prepare for the
large-scale (50 µmol) comparison of the half-ribozyme
approach vs recurrent synthesis, we felt it was important
to fine-tune reaction conditions giving rise to the amino-
linked ribozyme 9. In particular, optimal reaction time
and concentration of the halves were investigated. Cou-
pling reactions were set in ADA buffer (100 mM), pH 6.0,
in the presence of 30 molar equiv of BH3‚Pyr (800 mM
in ethanol) with 1.25 mM, 125 µM, or 12.5 µM of the 3′-
phosphoglycaldehyde-5′-half-ribozyme 8 and the 5′-
aminohexyl-3′-half ribozyme 5 (1:1 stoichiometry). Anion-
exchange HPLC monitoring of the coupling reaction
allowed us to plot the formation of the amino-linked
ribozyme, 9 (expressed in percent yield), vs time (Figure
7A). The 125 and 12.5 µM reactions reached the same
72% coupling yield after 24 and 150 h, respectively,
whereas a final 56% coupling efficiency could be obtained
after only 5 h with the high 1.25 mM concentration
(Figure 7A). Extending the reaction time up to 150 h
for the three concentrations did not have any significant
impact on the amount of product formed. One possible

Table 2. Reductive Amination of 8 (125 µM) with 5 (500 µM) in ADA (100 mM, pH 6.0) with 30 Molar Equiv of Reducing
Agent for 48 h at Room Temperaturea

reducing agent

NaBH3CNb NaBH(OAc)3c BH4‚Amberlyst A-26d NaBH4
c BH3‚Pyre BH3‚HNMe2c

9 (%) 50.2 NRf NR NR 81.2 4.4
10 (%) 14.5 NR NR NR NR NR
a Yields are expressed as µmol ratio × 100 based on the disappearance of the limiting reagent 8. b 500 mM in H2O, 7 days of reaction.

c 100 mM in H2O. d2.5 mmol equiv of BH4
- g-1 of resin. e 80 mM in EtOH. f NR, no significant reaction after 48 h.

Figure 6. Anion-exchange HPLC analysis of the borane‚-
pyridine-mediated coupling of the amino-linked ribozyme 9 after
0 and 48 h of reaction.

Figure 7. (A) Kinetic plots of the formation of 9 over time using 1.25 mM, 125 µM, or 12.5 µM stoichiometric amounts of
half-ribozymes 5 and 8. (B) Kinetic plot of the rescue reaction using 125 µM 5 and 2 × 125 µM 8: (1) formation of 9; (2) consumption
of 5.
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explanation for this “plateau” effect is that the 3′-
phosphoglycaldehyde-5′-half-ribozyme 8 was competi-
tively reduced into the corresponding alcohol (Andrews
and Crawford, 1980) during the reductive amination with
5. To further validate this hypothesis, we designed a
“rescue” experiment in which another equivalent of half-
ribozyme 8 was added to the 125 µM reaction after 24 h.
As predicted, this procedure increased the final coupling
yield to 93.6% after 48 h (Figure 7B). Another “rescue”
experiment in which a molar equivalent of 5 was added
to the 125 µM reaction after 24 h did not have any effect
on the formation of the product 9 (data not shown),
corroborating the fact that 8 was consumed in a side
reaction. Since these “rescue” experiments did not use
the desired 1:1 stoichiometry, the single mixing of an
equimolar amount of half-ribozymes (125 µM) together
with a 24 h reaction time was selected for the 50 µmol
large-scale comparison. The experimental time points
(Figure 7A) were treated (Burgin et al., 1996) using a
double-exponential curve algorithm (KaleidaGraph). Ki-
netic analyses of the initial velocities of the reactions
revealed a direct relationship between half-ribozyme
concentration and the initial rate constant (Table 3). The
lower yield (72%) obtained in these kinetic experiments
was attributed to the 1:1 stoichiometry since it is known
that reductive amination works optimally in the presence
of a 5-fold excess of the amine residue (Borch et al., 1971).
Catalytic Activity of the Amino-Linked Ribozyme

9 and Its “Inactive” Counterpart. Once the amino-
linked ribozyme 9 was synthesized and characterized, it
was critical to ascertain the effect of this chemical linkage
on the ribozyme activity. “Active” amino-linked ribozyme
9, its “inactive” counterpart containing two mutations in
the catalytic core that abolish cleavage activity (Beigel-
man et al., 1995; Jarvis et al., 1996) (see 4 and 5, Figure
3), and the control RPI.3718 were assayed under single-
turnover conditions for their cleavage rate on short
substrate 3 (Figure 2). The amino-linked ribozyme 9was
approximately 10 times slower than RPI.3718 (Table 4),
confirming that one can extensively modify the stem II/
loop II region without dramatically affecting cleavage
activity. As expected, the inactive amino-linked ribozyme
completely lacked detectable catalytic activity.

Cell Efficacy of Phosphorothioate-Containing
Amino-Linked Ribozyme 14 and Its “Inactive” Coun-
terpart 17. Equally important was to assess the cell
culture efficacy (Jarvis et al., 1996a,b) of these amino-
linked ribozymes as compared to the control RPI.3718S
2. It has been shown that one to four phosphorothioates
linkages are required at the 5′-end of the ribozyme to
optimize cell efficacy of the ribozyme (Jarvis et al.,
1996b). Therefore, the 3′-phosphoglyceryl-5′-half-ri-
bozyme 12, containing four phosphorothioate linkages
at the 5′-end (Figure 3), was synthesized and periodate-
oxidized under the same conditions as described for its
all-phosphodiester analog 4. Interestingly, a negative
shift in the retention time was observed for the 3′-
phosphoglycaldehyde 13 (Figure 8A), suggesting that
in addition to the desired oxidative cleavage of the 3′-
cis-diol, nonspecific oxidation of the phosphorothioate
linkages to their phosphodiester analogs may have oc-
curred. After Sep-Pak desalting, 13 (177 µM in ADA,
100 mM, pH 6.0) was reductively aminated with the
aminohexyl-half-ribozyme 5 under the borane‚pyridine
conditions (Figure 8B). The expected partially thiolated
amino-linked ribozyme 14 was formed and subsequently
purified on anion-exchange HPLC. After ammonium
acetate precipitation, this material was subjected to ES-
MS analysis to assess its phosphorothioate content. As
seen from the electrospray mass spectrum (Figure 9), two
peaks corresponding to 14 with one remaining phospho-
rothioate linkage (calcd 11944.7, found 11944.0) or two
remaining phosphorothioates (calcd 11960.7, found
11961.0) could be identified. This clearly confirmed that
oxidation of at least two phosphorothioate linkages to
their oxygenated homologs had occurred during the
periodate-mediated oxidative cleavage. Surprisingly, no
material corresponding to the all-phosphodiester amino-
linked ribozyme 9 was observed, indicating that at least
one of the thiolated positions seems to be particularly
resistant toward oxidation. Desulfurization of phospho-

Figure 8. (A) Anion-exchange HPLC analysis of the NaIO4-mediated oxidative cleavage of the thiolated 3′-phosphoglyceryl-half-
ribozyme 12 to the 3′-phosphoglycaldehyde 13, after 0 and 30 min reaction times. (B) Anion-exchange HPLC analysis of the borane‚-
pyridine-mediated coupling of the amino-linked ribozyme, 14, after 0 and 48 h of reaction and after purification.

Table 3. Initial Velocities of the Reductive Amination
Cross-Coupling Reaction

half-ribozyme 5 and 8 concentration

1.25 mM 125 µM 12.5 µM

kobs (h-1) 0.611 0.290 0.086

Table 4. Cleavage Rate of the Substrate 3 by the
“Active” Ribozyme 9, Its “Inactive” Analog, and
RPI.3718Sa

ribozyme

“active” 9 “inactive” 9 RPI.3718

kobsb (min-1) 0.012 <0.0001 0.144
a Over 82%, 55%, and 0% of the substrate 3 was cleaved over 1

h with ribozymes RPI.3718, 9, and inactive 9, respectively. b [Rz]
) 500 nM, [3] ∼ 1 nM, 50 nM Tris-HCl, pH 8.0, 37 °C, 40 mM
Mg2+.
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rothioate linkages using diverse oxidizing reagents is a
commonly used method for base composition analysis of
thiolated oligonucleotides (Connolly et al., 1984; Schuette
et al., 1994; Wyrzykiewicz and Cole, 1994). To the best
of our knowledge, a single study (Agrawal et al., 1990)
describes the use of sodium periodate as the oxidizing
agent. Base composition on phosphorothioate-containing
ribozymes performed in our hands necessitated the use
of 250 equiv of sodium periodate per phosphorothioate
linkage at 37 °C over 2 h to complete full oxidation (D.
Sweedler, unpublished data). Therefore, we were not
expecting such an overwhelming side reaction under the
relatively mild conditions used (a maximum of 2.5 equiv
of NaIO4 per phosphorothioate linkage, 30 min at room
temperature). The exact position(s) of the(se) remaining
phosphorothioate linkage(s) on the ribozyme is (are)
under investigation using a modification of the iodo-
ethanol method developed by Gish and Eckstein (1988).
The “inactive” version 17 of the amino-linked ribozyme
14 was synthesized similarly from half-ribozymes 15 and
16 (Figure 3). The same phosphorothioate/phosphodi-
ester distribution could be observed as determined by ES-
MS (17 with one PdS, calcd 11896.6, found 11896.0; 17
with two PdS, calcd 11912.7, found 11912.0)
RPI.3718S 2 is a chemically stabilized 37-mer ribozyme

targeted against site 575 of the proto-oncogene c-myb
mRNA; it contains four phosphorothioate linkages at the
5′-end. RPI.3718S has been shown to inhibit vascular
smooth muscle cell proliferation with an IC50 of ap-
proximately 75 nM (Jarvis et al., 1996a). “Active” and
“inactive” amino-linked ribozymes 14 and 17, respec-
tively, together with the “active” control RPI.3718S and
its inactive version RPI.3704 (Jarvis et al., 1996a) were
delivered to quiescent RASMC using LipofectAMINE as
a cationic lipid vehicle. The cells were stimulated with
10% fetal bovine serum, and cell proliferation was
measured by a bromodeoxyuridine incorporation assay
(Jarvis et al., 1996a). As seen in Figure 10, treatment
of the cells with the catalytically active ribozymes 14 and
RPI.3718S resulted in significant inhibition of prolifera-
tion, whereas the “inactive” version (17 or RPI.3704)
failed to inhibit. It is apparent that a significant window
of inhibition of cell proliferation exists between “active”
and “inactive” ribozymes, confirming the mode of action
of the ribozymes. Furthermore, the extent of this inhibi-
tion by the amino-linked ribozyme 14 is similar to that
obtained with the control RPI.3718S. This clearly dem-
onstrates that post-synthetically ligated ribozymes are as

potent as their traditionally synthesized analogs in
inhibiting c-myb mRNA-induced cell proliferation. In
agreement with previous work (Jarvis et al., 1996a), the
slightly diminished inhibition of cell proliferation can be
attributed to the presence of only one and two thiolated
linkages in the amino-linked ribozyme, 14, whereas
RPI.3718S contains four phosphorothioate linkages.
50 µmol Large-Scale Comparison between Half-

Ribozyme Approach and Iterative Synthesis. Cleav-
age activity and cell culture efficacy of these amino-linked
ribozymes having been demonstrated, it was imperative
to study the scale-up of this post-synthetic coupling to
validate the theoretical advantage of the half-ribozyme
approach in terms of yields (Figure 1). Therefore, the
5′-half-ribozyme-3′-phosphoglyceryl 4, 3′-half-ribozyme-
5′-aminohexyl 5, and RPI.3718 (Figures 2 and 3) were
synthesized on a 50 µmol scale on a 390Z ABI synthesizer
using known methodologies (Wincott et al., 1995).
RPI.3718 and 4were then purified using the routine two-
step (trityl-on reversed-phase and trityl-off anion-ex-
change) purification, whereas 5was submitted to a single
anion-exchange procedure since it did not contain a trityl
group at the 5′-end. As predicted from a 96.5% ASWY,
RPI.3718 was obtained in 26.1% chemical yield at the
crude reaction mixture stage. This yield was further
diminished to 17.7% after purification (3102 AU260 nm,
8.88 µmol, Figure 11A) with a 96.3% HPLC spectropho-
tometric purity at 260 nm. The 5′-aminohexyl-3′-half-
ribozyme, 5, was obtained in 52.7% yield at the crude
level, corrected to 34.9% after purification (2667 AU260 nm,
18.45 µmol, 97.9% HPLC purity, Figure 11A). More
surprising was the much lower chemical yield obtained
for the 3′-phosphoglyceryl-half-ribozyme, 4 (18.5%, 1750
AU260 nm before purification, Figure 11A), synthesized on
glyceryl-CPG (63 µmol g-1, Glen Research). Analysis of
the trityl release data indicated a sharp drop of the trityl
cation-induced conductivity after the first coupling of the
2′-O-methyluridilyl residue onto the glyceryl-CPG, while
the conductivity remained constant thereafter. This
suggested that the first coupling on the solid support was
not optimal. Highly loaded (>40 µmol g-1) CPG solid
supports are known (Wright et al., 1993) to lose the
mechanical and fluidic properties suitable for large-scale

Figure 9. ES-MS for 14 (4.5 µM) in 80% CH3CN/H2O, 0.1%
TEA with CDTA, charge states 11- to 19-. The computer-
deconvoluted masses are represented in the inset. Figure 10. RASMC were treated with ribozymes complexed

with cationic lipid as described under Materials and Methods.
Cell proliferation is displayed as the percentage of cells that
undergo DNA replication in response to serum stimulation. The
0% and 10% FBS controls show the proliferative response of
untreated cells in the absence of or presence of serum.
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synthesis. Therefore, we functionalized highly cross-
linked aminomethyl polystyrene solid support (McCollum
and Andrus, 1991) with 1-O-dimethoxytritylglycerol ac-
cording to a known procedure (Urata and Akagi, 1993).
Under these conditions, glyceryl polystyrene solid support
was obtained with a 11.6 µmol g-1 loading yield. Unfor-
tunately, 4 synthesized from this resin was not obtained
in any better yield as compared to CPG. This led us to
believe that the electron-withdrawing acetoxy group
(Urata and Akagi, 1993) adjacent to the dimethoxytrityl
residue diminished the reactivity of the primary hydroxyl
group generated after detritylation.
It was obvious that since 4 was obtained with a lower

chemical yield (6.88 µmol) than the full-length control
RPI.3718 (8.88 µmol, Figure 11), the coupling of the two
halves could not generate more material than the itera-
tive synthesis. However, the coupling study was com-
pleted to evaluate the scale-up of the pilot reactions
(Figure 11B). 3′-Phosphoglyceryl-half-ribozyme 4 (1305
AU260 nm, 6.88 µmol) was oxidized as above into the 3′-
phosphoglycaldehyde 8, which was desalted on reversed-
phase HPLC to remove excess NaIO4 and formaldehyde.
The aldehyde 8 was coupled in ADA buffer (100 mM, pH
6.0) with a stoichiometric amount of 5′-aminohexyl-half-
ribozyme 5 (994 AU260 nm, 6.88 µmol, Figure 11B, final
half-ribozymes concentration ) 116 µM) in the presence
of 30 molar equiv of BH3‚Pyr (80 mM in ethanol) for 24
h. As expected, the amino-linked ribozyme 9 was ob-
tained cleanly in 77.6% coupling yield, well above the 71%
threshold (Figure 1). After a final anion-exchange HPLC
purification step to remove the unreacted 5′- and 3′-
halves, 1344 AU260 nm (4.04 µmol) of 9 exhibiting a 97.4%
HPLC spectrophotometric purity at 260 nm was isolated
(Figure 11B). This corresponds to a 58.7% coupling yield
after purification. However, due to the low yield of its
precursor 4, the chemically ligated ribozyme 9 was only
obtained with a 8.1% overall yield to be compared with
the 17.7% overall yield for RPI.3718 (Figure 11).

CONCLUSION

Post-synthetically amino-linked ribozymes have been
shown to possess the necessary cleavage activity and cell
efficacy required to be considered as alternatives to solid-
phase synthesized ribozymes. Furthermore, it has been
demonstrated, on both small- and large-scale, that the
post-synthetic assembling of half-ribozymes through a
reductive amination coupling reaction meets the theo-
retical yield requirement to be competitive with iterative
synthesis. However, this yield advantage is counterbal-

anced by the necessity of using a 3′-phosphoglyceryl-5′-
half-ribozyme that cannot be synthesized in satisfactory
yields.
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Influence of Membrane-Active Peptides on Lipospermine/DNA
Complex Mediated Gene Transfer
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To explore whether endosomal release presents a major barrier to lipospermine-mediated gene delivery,
acidic membrane-active peptides derived from influenza virus or artificial sequences were incorporated
into DNA/dioctadecylamidoglycylspermine ()Transfectam) complexes. Depending on the cell line used,
gene expression levels are approximately 3-30-fold higher than those obtained by applying DNA
complexed to optimal amounts of Transfectam alone. In addition, gene transfer efficiency of DNA
complexes with lower amounts of Transfectam (1.5-2 charge equiv) is increased by a factor of up to
1000 by peptides INF6 (influenza virus derived sequence) and INF10 (artificial sequence). The helper
lipids 1,2-dioleoylphosphatidylethanolamine, egg phosphatidylethanolamine, and 1,2-dioleoyl-rac-
glycerol also can enhance the gene transfer. Thus, endosomal escape seems to be only a moderate
barrier for optimized, positively charged DNA/Transfectam complexes, but a substantial bottleneck
for less positively charged complexes.

INTRODUCTION

Gene therapy relies on strategies that allow efficient
and safe introduction of genetic information into human
cells. Although most gene therapy protocols use recom-
binant viral vectors, the limitations of those biological
vectors have prompted the design of a great variety of
new synthetic systems, among which mono- and polycat-
ionic amphipathic molecules, able to complex DNA, have
proven to be very attractive (Felgner et al., 1987, 1994;
Behr et al., 1989; Leventis and Silvius, 1990; Gao and
Huang, 1991; Rose et al., 1991; Hawley-Nelson et al.,
1993; Solodin et al., 1995). This class of vectors has been
shown to be applicable for in vivo administration in
experimental animals (Brigham et al., 1989; Alton et al.,
1993; Zhu et al., 1993; Canonico et al., 1994; Liu et al.,
1995; Schwartz et al., 1995; Thierry et al., 1995) and in
clinical trials (Nabel et al., 1993; Caplen et al., 1995).
Despite the advances, the efficiency of these vectors,
based on number of administered genes, remains orders
of magnitude behind that of viral vectors. Efforts to
further improve lipid-based gene transfer have been
primarily focused on the direct modification of the
cationic lipid (acyl chains, spacer arm, hydrophilic part;
Felgner et al., 1994; Remy et al., 1994); the mechanism
and the limiting steps of gene delivery remain unclear.
Packaging of DNA into compact particles, uptake into the
cell, release from internal vesicles, release of the DNA
from the cationic lipid, and transfer into the nucleus are
considered important steps of DNA delivery. Complex-
ation of cationic lipids and DNA results in the formation
of nucleolipidic particles (Behr, 1994; Sternberg et al.,

1994; Gao and Huang, 1996), which bind to the cell
membrane surface by charge interaction, and endocytosis
seems to be an efficient and the major delivery pathway
(Legendre and Szoka, 1992; Behr, 1993; Zhou and Huang,
1994; Wrobel and Collins, 1995; Zabner et al., 1995) in
many cell types. However, subsequent steps, i.e. the
transport of DNA from the endosome to the cytoplasm
and thence to the nucleus (Zabner et al., 1995) and the
release of DNA from the cationic lipid (Zabner et al.,
1995; Xu and Szoka, 1996), are considered to represent
bottlenecks in successful gene transfer. Release of DNA
from endosomes is suggested to proceed by destabilization
of the endosomal membrane triggered by mixing the
cationic lipids with the cellular anionic lipids (Leventis
and Silvius, 1990; Xu and Szoka, 1996); it is, however,
unclear how efficiently this mechanism proceeds.
The goal of this work was to evaluate whether gene

expression mediated by the lipospermine Transfectam
(dioctadecylamidoglycylspermine, DOGS1) (Behr et al.,
1989) can be further enhanced by adding compounds that
should facilitate the transfer across the endosomal
membrane. As membrane-destabilizing agents we used
amphipathic peptides (Plank et al., 1994; Mechtler and
Wagner, 1997) as well as helper lipids (Duzgunes et al.,
1989; Leventis and Silvius, 1990; Felgner et al., 1994;
Zhou and Huang, 1994; Remy et al., 1995) added to
Transfectam/DNA. Amphipathic peptides were previ-
ously found to strongly (up to g1000-fold) enhance
polycation-based gene transfer (Plank et al., 1994;
Gottschalk, 1996; Mechtler and Wagner, 1997; Zauner,
1995). As reported in this paper, we found that incor-
poration of peptides into Transfectam/DNA complexes
results in (only) 3-30-fold higher gene expression as* Author to whom correspondence should be addressed [tele-

phone (+43) 1-80105-783; fax (+43) 1-80105-782; e-mail
WagnerE@Bender.co.at].
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1 Abbreviations: DOG, 1,2-dioleoyl-rac-glycerol; DOGS, dio-
ctadecylamidoglycylspermine ) Transfectam; DOPE, 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine; EPC, egg phosphati-
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compared to optimized, positively charged Transfectam/
DNA complexes. This suggests that for Transfectam/
DNA complexes the escape of DNA from endocytic
vesicles is an existing, but minor, bottleneck. However,
transfection of more electroneutral formulations is strongly
increased by peptides and helper lipids by up to 1000-
fold, indicating that for these particles endosomal escape
is a limiting step.

MATERIALS AND METHODS

Materials. The plasmid pCMVL, coding for the Photi-
nus pyralis luciferase gene under control of the cytome-
galovirus enhancer/promoter, has been described (Plank
et al., 1992). Endotoxin content was measured by the
Limulus amebocyte lysate assay (BioWhittaker, Walk-
ersville, MD). Lipopolysaccharide content of pCMVL
used in transfection experiments was 0.2 endotoxin unit/
µg of DNA. Transfectam was synthesized as described
(Behr et al., 1989) and is available from Promega
(Madison, WI). Chloroquine, bafilomycin A1, DOPE,
MOG, DOG, EPE, EPC, cholesterol, and melittin (from
bee venom) were obtained from Sigma (St. Louis, MO).
Peptide Synthesis. Peptides described in Table 1

were assembled on an Applied Biosystems 433 synthe-
sizer with feedback monitoring by using fluorenylmethox-
ycarbonyl (Fmoc)-protected amino acids. Amino acids
were coupled by the HBTU activation method (FastmocU;
0.25 mmol scale; Knorr et al., 1989). The following side
chain protecting groups were used: (Boc)Lys, (t-Bu)Glu,
(t-Bu)Asp, and (Trt)Asn.
The synthesis and purification of the INF5 and INF6

peptides are described in Plank et al. (1994). The
peptides INFA, INF10, and EGLA-I were synthesized
according to the method of Mechtler and Wagner (1997).
In brief, for EGLA-I, an HMP-resin (TentaGel R PHB;
0.22 mmol/g, Rapp Polymere) was chosen, using a
mixture of 70%N-methylpyrrolidone/30% dimethylform-
amide (DMF) as solvent. Peptides INFA and INF10 were
synthesized on a Cys(Trt) preloaded aminomethylated
polystyrene resin with a p-carboxytrityl chloride linker
(0.52 mmol/g; PepChem, Tübingen, Germany) using DMF
as solvent.
The peptides were cleaved from the resin, and side

chain protecting groups were removed with a mixture of
trifluoracetic acid/water/phenol/thioanisole/ethanedithiol
(10:0.5:0.75:0.5:0.25) for 1.5 h at room temperature.
Crude peptides were precipitated by dropwise addition
of diethyl ether and were collected by centrifugation.
Peptides were washed three times with ether and sub-
sequently dried under a stream of argon followed by high
vacuum. Crude peptides, dissolved in 1 M triethylam-
monium bicarbonate (pH 9), were subjected to gel filtra-
tion (Sephadex G-10; 20 mM triethylammonium acetate,
pH 7.3). The purified peptide fractions were freeze-dried
in a Speedvac (Savant) and stored as a powder at -80
°C.

The purity of the peptides was determined by analyti-
cal reversed phase HPLC, and peptide identities were
confirmed by time-of-flight mass spectroscopy performed
with a Finnigan MAT Lasermat instrument. Purified
peptides were stored at -80 °C as lyophilized powder or
in a 75:25 (v/v) HBS/glycerol mixture. Peptide INF6 lost
its biological activity when stored in solution, most likely
by structural changes involving aggregation (changes in
HPLC profile). The membrane disruption activity of the
peptides was tested in liposome and erythrocyte lysis
assays (Plank et al., 1994; Mechtler and Wagner, 1997).
Liposome Leakage Assay. The ability of peptides

INF6 and INF10, in free form or associated with Trans-
fectam, to disrupt liposomes was assayed by the release
of calcein from liposomes loaded with a self-quenching
concentration of calcein. Liposomes (lipid compositions
in molar ratio: EPC/EPE/cholesterol/SM, 10:3:5:2) were
prepared as described (Mechtler and Wagner, 1997) by
reversed phase evaporation with an aqueous phase of 100
mM calcein (dissolved by addition of 3.75 equiv of sodium
hydroxide) and 50 mMNaCl and extruded through a 100
nm polycarbonate filter to obtain a uniform size distribu-
tion. The liposomes were separated from unincorporated
material by gel filtration on Sepharose 4B with an iso-
osmotic buffer (200 mM NaCl, 25 mM HEPES, pH 7.3).
For the leakage assay in 96 well microtiter plates, the
liposome stock solution was diluted (10 µL/mL) in assay
buffer (200 mM sodium chloride containing 20 mM
citrate, pH 5.5, or 20 mM HEPES, pH 7.3). Fivefold
serial dilutions of the test samples (stock solutions in 100
µL of buffer: 5 µg of peptide INF6 or 7.5 µg of INF10,
either in free form or associated with 7.5 µg of Trans-
fectam) were prepared in a 96 well microtiter plate (rows
B-G). Row H was left as blank. Eighty microliters of
the serial dilution of the test samples was added to 100
µL of the liposome solution in another 96 well microtiter
plate (final lipid concentration: 15 µM) and, after 20 min
of incubation at room temperature, assayed for calcein
fluorescence at 515 nm (excitation 495 nm) on a micro-
titer plate fluorescence photometer (Perkin-Elmer). The
value for 100% leakage was obtained by addition of 1 µL
of a 10% Triton X-100 solution to row A; row H (liposomes
without peptide) was defined as 0% leakage.
Preparation of the Cationic Lipid/DNA Com-

plexes with/without Membrane-Active Peptides or
Helper Lipids. Complexes of DNA and Transfectam
were prepared as described (Barthel et al., 1993). Briefly,
plasmid DNA (3 µg) and the desired amount of Trans-
fectam were each diluted into 75 µL of 150 mMNaCl and
gently mixed. After 10-20 min, the two solutions were
mixed. After an additional 10 min, the mixture was
diluted with serum-free medium to a final volume of 2
mL; 1 mL of the transfection mixture was put on each
well of the duplicate.
We use the term “charge equivalent” to indicate the

amount of lipid used for a transfection; 1 charge equiv
corresponds to the amount required to neutralize all of

Table 1. Sequences and Origins of the Different Membrane-Active Peptides

peptide origin
specificity for

low pH sequence (N f C terminus) ref

melittin peptide from bee venom no GIGAV LKVLT TGLPA LISWI KRKRQQ a
INF6 influenza HA-2 (see b) no GLF GAI AGFI ENGW EGMI DGWYG b
INF5 dimeric HA-2 acidic mutant yes GLF EAI EGFI ENGW EGnI DG ]K b

GLF EAI EGFI ENGW EGnI DG
INFA influenza HA-2 alanine mutant no GLF EAI EAFI ENAW EAMI DAWYG c
EGLA-I artificial sequence yes GLFL GLA [EGLA]4 EGL EGLA GGSC c
INF10 influenza HA-2 EGLA hybride yes GLF ELA EGLA ELGW EGLA EGWYGC c
a Benachir and Lafleur (1995). b N-terminal sequences of influenza virus hemagglutinin subunit HA-2 [see Plank et al. (1994)]; n,

norleucine; K, carboxyl-terminal lysine modified at NR and Nε. c Mechtler and Wagner (1997).

214 Bioconjugate Chem., Vol. 8, No. 2, 1997 Kichler et al.



the negative charges carried by the phosphate groups of
the plasmid. For example, 3 µg of DNA corresponds to
9 nmol of negative charges; the charge ratio is calculated
by taking into account the fact that 1 mol of Transfectam
carries three positive charges, as three ammonium
groups are protonated at physiological pH; according to
this calculation, 3 µg of nucleic acid is neutralized by 3
nmol (3.8 µg) of Transfectam.
Membrane-active peptides (0.5 or 1 mg/mL solutions

in HBS/glycerol, 3:1) were added to the preformed Trans-
fectam/DNA complexes; after a 10-20 min period, the
transfection volume was adjusted to 2 mL with culture
medium, and 1 mL of this transfection mixture per well
was pipetted onto the cells.
Helper lipids (DOPE, DOG, EPC, EPE, MOG) and

cholesterol were diluted in ethanol containing a trace of
methylene chloride (10 µL in 1 mL ethanol). The Trans-
fectam/DNA/helper lipid complexes were formed by mix-
ing the desired amounts of Transfectam/helper lipid (the
amounts of helper lipids used are given in equivalents
(mole/mole) to Transfectam) prior to dilution with the
DNA solution.
Chromatography of Peptide/Transfectam/DNA

Complexes. To demonstrate that the negatively charged
peptides (at physiological pH) are bound via electrostatic
interactions to the Transfectam 2 equiv/DNA complex,
we subjected purified INF5 (90 µg) or Transfectam 2
equiv/60 µg of DNA with/without 90 µg of INF5 to gel
filtration (Superose 12 HR10-30, Pharmacia, 10 × 300
mm, HBS, flow rate 0.5 mL/min). Free peptide was
detected by spectrophotometry measuring at 280 and 230
nm.
Cell Culture. Media, horse serum, and fetal calf

serum (FCS) were from Gibco-BRL (Gaithersburg, MD).
Culture media were supplemented with 2 mM L-glutamine
and antibiotics. Human melanoma cells (H225) were
kindly provided by S. Schreiber and G. Stingl (University
of Vienna, Austria). BNL CL.2 (mouse embryonic liver
cells), A549 (human lung carcinoma cells), and M-3
(Cloudman S91 melanoma cells; clone M-3) were obtained
from ATCC (Rockville, MD). H225 cells were cultured
in Roswell Park Memorial Institute (RPMI) medium
1640/10% FCS/1 mM sodium pyruvate, A549 cells in
Dulbecco’s Modified Eagle Medium (DMEM)/10% FCS,
BNL CL.2 cells in high-glucose DMEM/10% FCS, and
M-3 cells in Ham’s-F10 medium/15% horse serum/5%
FCS.
Transfection of Cells. Fifty thousand to seventy-five

thousand cells per well for 24 well plates (Nunc, Roskilde,
Denmark) and 150 000 cells per well for 6 well plates
were plated the day before transfection. For all experi-
ments, the final transfection volume was 1 mL per well.
After 3-4 h, transfection medium was replaced with
fresh medium containing 10% FCS. Luciferase activity
was assayed 24 h after transfection. Each experiment
was carried out several times; within a series, experi-
ments were done in duplicate.
Luciferase Activity. Cells were harvested after 24

h in 150-200 µL of 250 mM Tris (pH 7.3)/0.5% Triton
X-100. The cell lysate was then transferred to 1.5 mL
Eppendorf tubes and centrifuged for 5 min at 10000g to
pellet debris. Luciferase light units were recorded (using
a Clinilumat LB9502 instrument from Berthold, Bad
Wildbad, Germany) from an aliquot of the supernatant
(20 µL) with 10 s integration after automatic injection of
freshly prepared luciferin solution (Cotten et al., 1991).
Luciferase background (150-250 light units) was sub-
tracted from each value, and the transfection efficiencies
were expressed as total light units per well and are the

means of duplicates. The Bradford dye-binding assay
(Bio-Rad, Hercules, CA) was used to quantify the protein
content.
Flow Cytometry. Plasmid DNA was incubated with

the fluorescent intercalator dye YOYO-1 (Molecular
Probes, Eugene, OR; ca. 1 dye molecule/300 bp), after
which complexes were mixed as described above. The
complexes were added to 300 000 H225 cells per well (6
well plates) at either 4 °C (cell surface association) or 37
°C (cell surface association and cellular uptake) for 4 h.
The cells were washed twice with cold PBS and harvested
with 1 mM EDTA in PBS. Cells were then analyzed on
a FACScan (Becton Dickinson, San Jose, CA).

RESULTS

Increased Efficiency of Lipospermine/DNA Com-
plexes through Membrane-Active Peptides. Com-
plexes of plasmid pCMVL (encoding a luciferase reporter
gene) and 1, 1.5, 2, or 4 charge equiv of Transfectam in
combination with various amounts of the membrane-
active peptide INF6 (see Table 1) were prepared. As the
influenza-derived peptide INF6 has four negative charges
at pH 7, it will associate, via electrostatic interactions,
with the cationic lipid/DNA particles. Almost all of the
peptide was found to bind to the transfecting particles
(as determined by chromatography, see Materials and
Methods). Transfection efficiencies were determined by
using human H225 melanoma cells (Figure 1) and several
other cell lines (Figure 2). As shown in Figure 1, a 100-
1000-fold increase could be observed upon addition of
INF6 when 2 and 1.5 equiv, respectively, of lipid were
used. In optimal conditions (4 equiv) only a slight
enhancement (up to 5-fold) could be obtained in H225
cells. No enhancement was observed when neutral
particles (1 charge equiv) were used, presumably because
only few peptides can bind to these complexes. In fact,
interactions with the cell membrane might be reduced

Figure 1. Transfection efficiency of Transfectam/DNA/INF6
complexes. Complexes of 1 (]), 1.5 (O), 2 (0), and 4 (4) charge
equivalents of Transfectam/3 µg of pCMVL in the presence of
increasing amounts of the membrane-active peptide INF6 were
used. DNA complexes were mixed with RPMI 1640 culture
medium and added to the human melanoma cells H225 (75 000
cells per well in 24 well plates). After 4 h, the transfection
medium was replaced by fresh RPMI containing 10% FCS. The
cells were harvested 24 h after transfection and assayed for
luciferase activity. Total luciferase activity of the cells is shown
and is the mean of duplicates ((SD). (Insert) Representation of
the luciferase activity versus the calculated charge ratio (Trans-
fectam/DNA + INF6; +/-) of the different complexes. As the
negatively charged peptide INF6 (four negative charges per
molecule at neutral pH) associates with the positively charged
lipospermine/DNA complex, the charge ratio +/- is modified.
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because residual positive charges on the complex required
for cell interaction have been masked by the peptide
association. The insert of Figure 1 presents the trans-
fection efficiency of Transfectam/DNA/INF6 complexes
versus the theoretical charge ratio (() of the complexes.
High luciferase expression can be achieved with almost
electroneutral lipid-based vectors.
We tested several other cell lines to determine whether

the effects of the membrane-active peptide on liposper-
mine-mediated gene transfer is specific for H225 mela-
noma cells or not (see Figure 2). The results obtained
on mouse embryonic liver cells (BNL CL.2), human lung
carcinoma cells (A549), and murine melanoma cells (M-
3) demonstrate that the enhancement of transfection
efficiency through addition of INF6 to DNA/2 equiv of
Transfectam is a more general phenomenon. The extent
of increase in gene expression mediated by the peptide
is cell type dependent; while in H225 cells with DNA/
2equiv of Transfectam/INF6 similar results were ob-
tained as with DNA/4equiv of Transfectam (see also
Figure 1), in the other tested cell lines approximately 10-
50-fold higher expression levels were obtained.
To determine whether the peptide might influence the

association of the DNA complexes with the cell, flow
cytometry studies of various transfection complexes were
performed on H225 cells. For this purpose the plasmid
DNA was labeled with the intercalator YOYO-1 (Rye et
al., 1992; Hirons et al., 1994) before formation of the lipid/
DNA complex. As shown in Figure 3, the association of
the Transfectam/DNA complexes with the cell surface
varies with the charge ratio: with 2 equiv, a heteroge-
neous cell population is found, while at 4 equiv a classical
Gauss curve is obtained. Addition of membrane-active
peptides to 2 equiv (or 4 equiv, not shown) of Transfectam
does not significantly modify the association with the cell
(compare parts B and C of Figure 3), at either 37 or 4 °C
(not shown). These experiments suggest that the peptide
acts as expected; that is, it improves the release of the
complexes from the endosomes.
Enhancement Is Peptide Sequence Dependent.

Previous work with ligand/polylysine DNA complexes in
association with membrane-destabilizing peptides showed
that peptides with specificity for low pH were the most
useful (Plank et al., 1994; Mechtler and Wagner, 1997).
Our preliminary results (described above) led us to test
a series of membrane-active peptides (Table 1) in as-
sociation with 2 charge equiv of Transfectam.
The peptides INF6, INFA, and melittin, which possess

a good membrane disruption activity but no specificity

for low pH (Plank et al., 1994; Mechtler and Wagner,
1997), displayed different behaviors: INFA and INF6
(negatively charged) increased the transfection efficiency
of 2 charge equiv of Transfectam 10- and ∼200-fold
respectively, while melittin (positively charged) only
slightly increased the luciferase expression (Figure 4).
Moreover, melittin was highly toxic at 2.5 µg/mL. The
peptides INF5 and INF10, which can efficiently disrupt
membranes at pH 5.0 (Plank et al., 1994; Mechtler and
Wagner, 1997), gave better results than the INFA peptide
but were less efficient than the INF6 derivative. The
artificial pH-specific peptide EGLA-I, in which one of the
alanine residues in the repeat of GALA (Parente et al.,
1988a,b) has been replaced by glycine (Mechtler and
Wagner, 1997), gave results comparable to those of the
INF5 peptide but had less activity than INF6.
Thus, the most efficient peptide in combination with

Transfectam appeared to be peptide INF6 whose mem-
brane-destabilizing activity is pH independent. To con-
firm that the peptides are still active when ionically
bound to the cationic lipid/DNA complex, we measured
leakage activity of the two most efficient peptides, INF10
(Figure 5A) and INF6 (Figure 5B), either in free form or
associated with Transfectam, using calcein-loaded lipo-
somes of natural lipid composition (EPC/EPE/cholesterol/
SM) at neutral or acidic pH. As can be seen, the peptides
efficiently release calcein also in combination with Trans-
fectam, although the activity is diminished in quantity.
In quality, the characteristics of the peptides are re-
tained: INF10 shows specificity for acidic pH, whereas
INF6 is effective at both pH levels.
To check whether the peptides may act at the level of

acidic endocytic vesicles, we measured the level of
reporter gene expression obtained with Transfectam 2
equiv/DNA + peptide in the presence or absence of the
specific inhibitor of the vacuolar proton pump bafilomycin
A1 (Bowman et al., 1988; Yoshimori et al., 1991). As
expected, the INF10 formulation (with specificity for low
pH) was more sensitive to bafilomycin (5-fold decreased
gene expression) than the INF6 formulation (see Figure
6). Note that transferrin-polylysine/acidic-peptide medi-
ated gene transfer was shown to be also inhibited
approximately 5-fold by bafilomycin (Plank et al., 1994;
Zauner et al., 1995). Bafilomycin did not decrease the
efficiency of 4 charge equiv of Transfectam. This latter
observation is consistent with the buffering properties
of the spermine headgroup (Behr, 1994).
Combination with Neutral Lipids (Helper Lipids)

Affects the Transfection Efficiency. The efficiency
of Transfectam/DNA complexes near electroneutrality is
strongly increased when 1.5-2 equiv of the helper lipid
DOPE (moles per mole to Transfectam) is added (Remy
et al., 1995). We tried to find other lipids able to increase
the efficiency of Transfectam when such suboptimal
amounts were used. The combination of 2 charge equiv
of Transfectam with 1-3 equiv (mol/mol) of DOPE, EPE,
or DOG resulted in 10-20-fold higher gene expression
levels (Figure 7). MOG enhanced expression approxi-
mately 4-fold, whereas EPC and cholesterol could not
improve the transfection efficiency on H225 cells. An
additional increasesup to 7-foldsof the Transfectam/
DOPE formulation could be obtained by mixing DOG (1
mol % to DOPE) with these two lipids (data not shown).
The effect of DOPE and DOG relies presumably on their
ability to induce fusion and to stabilize HII phases
(Duzgunes et al., 1989; Siegel et al., 1989). The addition
of DOPE to 2 charge equiv of Transfectam completely
changes the FACScan profile (compare parts B and D of
Figure 3): the cell population is more homogeneous and

Figure 2. Peptide effect can be observed on several cell lines.
The efficiency of Transfectam 2 equiv/pCMVL/5 µg of INF6
complexes was tested on H225, BNL CL.2, and A549 cells
(100 000-150 000 cells plated per well in 6 well plates) and on
M-3 cells (60 000 cells per well plated in a 24 well plate coated
with 0.1% gelatin). Total luciferase activity of the cells is shown
and is the mean of duplicates ((SD).
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the cell association and uptake are higher with than
without helper lipid.

DISCUSSION

The efficiency of DNA transfer mediated by cationic
lipids or polycations is dependent on many factors,
including size and structure of complexes, immunoge-
nicity, stability in serum and against intracellular en-
zymes, binding and uptake into the cell, release into the

cytoplasm and transfer into the nucleus, or the release
of the DNA from the cationic carrier.
Transfection based on receptor-mediated endocytosis

of polylysine conjugate/DNA particles is thought to be
particularly limited in efficiency by the accumulation of
DNA complexes in intracellular vesicles. Methods to
destabilize the endosomal membrane, such as addition
of replication-defective adenoviruses (Curiel et al., 1991),
membrane-active peptides derived from influenza virus
(Wagner et al., 1992; Plank et al., 1994) or from rhinovi-
rus (Zauner et al., 1995), andsin some cell typessthe
use of lysosomotropic agents (Wagner et al., 1994) or
glycerol (Zauner et al., 1996), have been shown to
strongly enhance the level of gene expression.
There is mounting evidence that DNA delivery seems

to take place by endocytosis also in cationic lipid-based
gene transfer (Felgner et al., 1987, 1994; Behr et al.,
1989; Leventis and Silvius, 1990; Gao and Huang, 1991;
Rose et al., 1991; Hawley-Nelson et al., 1993; Solodin et
al., 1995; Legendre and Szoka, 1992; Behr, 1993; Zhou
and Huang, 1994; Wrobel and Collins, 1995; Zabner et
al., 1995). Cationic lipid-based gene transfer has been
found to be efficient in a great variety of cells; in contrast
to polylysine-based gene transfer, it has been less clear
whether the release of the DNA from endosomal com-
partments is limiting this method of gene transfer
(Leventis and Silvius, 1990; Zabner et al., 1995; Xu and
Szoka, 1996). This also may depend on the nature of the
particular applied cationic lipid or lipid mixture.
Using the lipospermine Transfectam, it was found in

previous studies that transfection efficiency was optimal

Figure 3. FACS analysis. Three hundred thousand H225 cells were incubated in the presence of transfection complexes containing
1.5 µg of YOYO-1-labeled pCMVL and either Transfectam 4 (A) or 2 equiv (B), Transfectam 2 equiv/1.5 µg of INF5 (C), or Transfectam
2 equiv/1.5 equiv of DOPE (D). After 4 h, the cells were washed twice with PBS, harvested with 1 mM EDTA/PBS, and analyzed by
FACS (thick lines). Cells incubated with YOYO-1-labeled DNA alone were indistinguishable from unstained control cells and are
shown as negative control (thin lines).

Figure 4. Several peptides are able to increase the efficiency
of Transfectam 2 equiv. Increasing amounts of peptide were
added to Transfectam 2 equiv/3 µg of DNA complexes (as
described under Materials and Methods and Figure 1). The best
formulation for each peptide is compared to Transfectam 4 and
2 charge equivalents. Total luciferase activity of the cells is
shown and is the mean of duplicates ((SD).
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when the charge ratio of cationic lipid to DNA was highly
positive (i.e. about 3-6; Barthel et al., 1993). The
positive charges promote binding and uptake of the
complex into cells. In addition, Transfectam has endo-
some buffering capacity (pKa of the least basic secondary
amine ca. 5.4), thus protecting DNA from enzymatic

degradation and potentially causing also some osmotic
destabilization of buffered endosomes (Behr, 1994).
We were interested whether the efficiency of Trans-

fectam-mediated plasmid delivery can be enhanced by
incorporating influenza-derived peptides. This series of
peptides has been previously shown to be able to disrupt
liposomes, erythrocytes, or endosomes of cultured cells,
enhancing receptor-mediated gene transfer up to ap-
proximately 1000-fold (Plank et al., 1994; Mechtler and
Wagner, 1997). When optimal amounts of Transfectam
are used in association with membrane-destabilizing
peptides, a significant, but only moderate (3-30-fold),
enhancement of the gene expression was obtained (Fig-
ures 1 and 2). Thus, in this context, escape from
endocytotic vesicles seems not to be a major bottleneck
of gene transfer. Related findings were reported by
Kamata et al. (1994), who showed that two influenza-
derived peptides can increase the level of gene expression
of the commercially available formulation Lipofectin by
up to a factor of 5.
However, when we used less positively charged com-

plexes, the addition of membrane-active peptides resulted
in up to a 1000-fold increase in expression (1.5 charge
equiv of Transfectam in the presence of 2 µg of INF6),
reaching or surpassing the level obtained with the
optimized amounts of cationic lipid (Figures 1 and 2). The
peptide did not change binding of DNA to the cell (Figure
3). Consistent with the working hypothesis that the
peptides act on an endosomal level, the effect mediated
by the pH-specific peptide INF10 was sensitive to endo-
somal neutralization by bafilomycin A1 (Figure 6). Among
the peptides tested, only the acidic (negatively charged)
ones gave good results in combination with Transfectam.
This is in agreement with the hypothesis that for
improved endosomal escape of DNA the peptides have
to be in the same endocytotic vesicles as the lipid/DNA
complexes, which is the case when (negatively charged)
peptides are ionically bound to the positively charged
Transfectam/DNA particles. The order of efficiency of
peptides, when associated with 2 charge equiv of Trans-
fectam, was found to be as follows: INF6 > INF10 >
EGLA-I, INF5 > INFA > melittin (Figure 4). These
results are different from those obtained with the ligand/
polylysine-based system. While INF5 was found to be
the best peptide in association with transferrin/poly-
lysine, and approximately 50-fold more effective than
INF6 (Plank et al., 1994; Mechtler and Wagner, 1997),
in Transfectam-based gene transfer INF5 is 10 times less
efficient than INF6. Peptide INF5 has membrane dis-
ruption activity only at acidic pH, whereas INF6 is also

Figure 5. Liposome leakage assay. The leakage activity of
peptides INF10 (A) and INF6 (B), in free form (circles) or
associated with Transfectam (squares), was determined at pH
7.3 (solid symbols) and 5.5 (open symbols) on EPC/EPE/
cholesterol/SM (10:3:5:2) liposomes loaded with 100 mM calcein.

Figure 6. Effects of bafilomycin A1 on the transfection efficien-
cies of Transfectam/DNA/peptide or DOPE complexes. Trans-
fection of H225 cells was performed in the absence (light bars)
or presence (dark bars) of bafilomycin A1 (final concentration
200 nM). After 4 h of incubation, the medium was replaced by
a fresh one containing 10% FCS. Total luciferase activity of the
cells is shown and is the mean of duplicates ((SD).

Figure 7. Helper lipids are able to increase the efficiency of 2
charge equiv of Transfectam. Transfection complexes were
prepared as described under Materials and Methods. Total
luciferase activity of the cells is shown and is the mean of
duplicates ((SD).
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active at neutral pH. In lipid-free polylysine-based gene
transfer such an activity at neutral pH results in toxic
side effects, which were not observed in cells transfected
with peptide INF6 in the liposomal system. An ad-
ditional possible explanation for the higher efficiency of
peptide INF6 (compared to INF5 or INF10) is a reduced
acidification of endosomes resulting from the buffer
capacity of Transfectam (Behr, 1994).
It has recently been shown that highly efficient DNA

complexes with low charge (2 equiv of Transfectam) can
also be generated by the inclusion of the helper lipid
DOPE (Remy et al., 1995). We compared this type of
complex with the peptide-containing complexes. The
enhancement by DOPE is thought to rely on its capacity
for transition from the bilayer (LR) phase to the inverted
hexagonal (HII) phase. The endosomal protonation pro-
motes this transition, resulting in membrane-active
activity (Allen et al., 1990; Litzinger and Huang, 1992;
Farhood et al., 1995). Our FACS data suggest an
additional, potentially important effect of the helper
lipid: the cell association of the transfection complexes
is far more pronounced when 1.5 equiv of DOPE is added
to 2 charge equiv of Transfectam (Figure 3D) than when
the lipospermine is used alone. This suggests that DOPE
not only improves the escape of DNA from the endosomes
but also increases cell association (and uptake) of the
complexes. The existence of this second effect of DOPE
is also supported by the fact that the Transfectam/DOPE
efficiency is only partially abolished by the presence of
the vacuolar proton pump inhibitor bafilomycin A1 (Fig-
ure 6).
Besides DOPE, we used several other lipids in combi-

nation with Transfectam to compare their helper capacity
with the activity of the membrane-active peptides. EPE
and DOG, but not EPC or cholesterol, could enhance the
gene expression in H225 cells (Figure 7) to an extent
similar to that shown by peptides INF6 and INF10. The
lipids that enhance are diacylglycerols, i.e. lipids which
do not form stable lamellar structure due to a small
headgroup surface. This reinforces the conclusion that
the helper lipid has to possess a membrane destabiliza-
tion activity.
These results show that the modes of action of Trans-

fectam and polylysine after endocytosis of DNA com-
plexes are different. In contrast to polylysine-mediated
gene transfer, gene transfer mediated by optimized
positively charged Transfectam/DNA complexes cannot
be greatly enhanced by the addition of membrane-active
peptides, DOPE, glycerol (Zauner et al., 1996), or replica-
tion defective adenoviruses[when added to Transfectam/
DNA at up to 30 000 particles per cell, data not shown;
see also Zabner et al. (1995)]. This finding is not
unexpected and is in agreement with the hypothesis that
a surplus of positively charged lipids in the DNA complex
can directly destabilize the endosomal membrane by lipid
mixing (Leventis and Silvius, 1990; Xu and Szoka, 1996)
and/or osmotic stress resulting from endosomal protona-
tion of the surplus of Transfectam. In keeping with these
hypotheses, the transfection efficiency of DNA complexed
with lower, suboptimum amounts of lipids (i.e. 1.5-2
charge equiv) can be increased up to 1000-fold by a
membrane-active peptide (without influencing cell as-
sociation). This confirms that for these particles endo-
somal escape is a limiting step, similar to what has been
observed for polylysine-based gene delivery.
Efficient lipid/DNA transfection complexes that possess

a charge ratio near neutrality may be useful for in vivo
gene transfer. They might be prerequisite for selective,
targeted liposomal gene transfer by specific receptor
ligands (Remy et al., 1995; Compagnon et al., 1996). This

is also supported by recently published findings of Lee
and Huang (1996), who demonstrated that folate-targeted
liposome/DNA complexes carrying a net positive charge
lose their specificity. In addition, as has also been shown
for the polylysine-based system (Plank et al., 1996),
positively charged lipid/DNA complexes interact with
serum complement; only electroneutral particles do not
activate the complement system. This correlates well
with the in vivo results obtained by Schwartz et al.
(1995): they observed highest reporter gene expression
when low positively charged Transfectam/DNA com-
plexes (i.e. 0.8 or 1.8 equiv) were used in combination
with the lipid DOPE. Thus, for in vivo applications, the
charge ratio between the carrier and nucleic acids seems
to be a key parameter, meaning that Transfectam/DNA/
membrane-active peptides might be an alternative to
other cationic lipid formulations.
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Nuclease Activity and Binding Characteristics of a Cationic
“Manganese Porphyrin-Bis(benzimidazole) Dye (Hoechst 33258)”
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To increase the binding affinity and/or the sequence selectivity of the chemical nuclease manganese-
(III) tetrakis(4-N-methylpyridiniumyl)porphyrin, we synthesized a conjugate molecule by associating
a tris(4-N-methylpyridiniumyl)metalloporphyrin motif to Hoechst 33258 (H33258), a DNAminor groove
binding dye known for its selective affinity for A‚T tracts. Selected double-stranded (ds) 35-mer
oligodeoxyribonucleotides have been used to probe DNA chain breakages induced by the manganese
derivative of the conjugate after activation by potassiummonopersulfate. Gel electrophoresis analyses
show that DNA cuts were generated by the metalloporphyrin moiety of the hybrid molecule, with the
H33258 entity interacting in two different possible orientations, upstream or downstream, with its
preferred affinity site inside the minor groove. Also studied was the cleavage of a ds 29-mer
oligodesoxyribonucleotide containing two stretches of A‚T basepair (bp) which clearly showed that
the hybrid can occupy the binding region at least in four preferred ways. These cleavage experiments
support the strong and selective interaction of the metalloporphyrin-dye hybrid with DNA and allow
the estimate of 10 bp as an average size for the affinity site of an isolated conjugate molecule. Further
studies by UV-visible spectroscopy, DNA melting temperature determinations, and DNase I
footprinting showed, for higher concentrations of H33258 conjugate, a preferential interaction of only
the H33258 moiety with DNA (estimated binding site size 6-7 bp) with the porphyrin entity pushed
out of the groove and, for the highest concentrations, self-aggregation of the H33258 conjugate all
along the DNA strand in a nonselective mode.

INTRODUCTION

Inhibition of gene expression by creating specific
irreversible damage on DNAmight be a potentially useful
strategy. Such achievement is based on the preparation
of molecules able to damage selected sequences on the
targeted DNA. Based on bleomycin, an antitumor anti-
biotic agent combining both DNA binding properties and
ability to cleave DNA (1, 2), a variety of DNA binders
linked to cleaving reagents have been prepared: dista-
mycin-EDTA iron (3), bis(1,10-phenanthroline)-copper
(I) (4), and Hoechst 33258-1,10-phenanthroline-copper
(I) (5).
The metalloporphyrin [meso-tetrakis(4-N-methylpyri-

diniumyl)porphyrinato]manganese(III) activated with an
oxygen atom donor such as KHSO5 is able to cleave
double-stranded (ds) DNA at nanomolar concentration
(6). The active form generated in situ with KHSO5 is a
MnV-oxo complex reminiscent of the activated form of
cytochrome P-450 (7). The mechanism of DNA cleavage

involves the oxidative activation of C1′-H or C5′-H bonds
of deoxyriboses in a ratio depending on the presence of
triplets of adenine-thymine basepairs (bp’s) (8, 9). To
increase the binding affinity and/or to modulate the
cleavage specificity of this chemical nuclease (which is
itself sequence specific, cutting at three adjacent A.T
residues), a [tris(4-N-methylpyridiniumyl)porphyrinato]-
manganese(III) moiety has been previously coupled with
intercalating agents (10-12), oligonucleotides (13-15),
and peptide nucleic acids (16). DNA minor groove
binders have also been extensively studied for their
capacity to bind to defined sequences of DNA. Netropsin,
one of them, has been recently covalently attached to a
cationic porphyrin (17). Here, we focused our interest
on another minor groove binder, the bis(benzimidazole)
dye Hoechst 33258 (H33258 for short, 2′-(4-hydroxy-
phenyl)-5-(4-methyl-1-piperazinyl)-2,5′-bis(1H-benzimi-
dazole)) that was attached to a cationic manganese
porphyrin. Interactions between H33258 and nucleic
acids have been studied in detail by X-ray diffraction
(18-22), NMR spectroscopy (23-26), fluorescence spec-
troscopy (27-29), electric linear dichroism (30), and a
range of other biophysical methods (31-33). From all
of these data, it appears that the high-affinity site of
H33258 is a quadruplet of adenine-thymine bp’s. Con-
cerning this quadruplet, the exact nature of the sequence
as also the nature of the flanking bases may modulate
the interaction of H33258 (32).
So, association of a cationic metalloporphyrin and

H33258 could lead to an efficient nuclease with an
improved affinity for DNA and an increased selectivity
for A‚T rich regions (H33258 should enhance the affinity
and direct the specificity of the hybrid). Here, we remind
that binding of the general transcription factor TATA box
binding protein (TBP, i.e. a protein with high affinity for

1 Abbreviations: (A‚T)3, triplets of adenine-thymine base
pairs; bp, base pair; CT-DNA, calf thymus DNA; DMF, dimeth-
ylformamide; ds, double-stranded; FAB, fast atom bombard-
ment; Hepes,N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic
acid; H33258, Hoechst 33258; MnTMPyP, pentaacetate of
manganese(III) meso-tetrakis(4-N-methylpyridiniumyl)porphy-
rin; MnTrisMPyP, tetraacetate of manganese(III) 5-[4-[4-(car-
boxy)-1-butoxy]phenyl]-10,15,20-tris(4-N-methylpyridiniumyl)-
porphyrin; ODN, oligodeoxynucleotide; P/D, [DNA polymer in
base pairs]/[dye] ratio; poly(dA)‚(dT), polydeoxyadenylic acid-
polythymidylic acid; poly[d(A-T)‚d(A-T)], poly(deoxyadenylic
acid-thymidylic acid); poly(dG)‚(dC), polydeoxyguanylic acid-
polydeoxycytidylic acid; poly[d(G-C)‚d(G-C)], poly(deoxyguanylic
acid-deoxycytidylic acid); TBP, TATA box binding protein; Tm,
melting temperature; Tris, tris(hydroxymethyl)aminomethane.

X Abstract published in Advance ACS Abstracts, February 15,
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A‚T rich sequences) to a promotor located upstream from
the transcription start site is essential for the accurate
and efficient initiation of transcription (34). Causing
damage on DNA on such regions could inhibit transcrip-
tion. On the other hand, it has been recently demon-
strated that some minor groove binders (like H33258) are
effective inhibitors of the formation of a DNA/TBP
complex (35) or topoisomerases (36, 37). Adding a
reactive entity such as a metalloporphyrin endowed with
oxidative properties should improve the efficiency of this
class of inhibitors.
We report here, in a first part, cleavage experiments

performed with the conjugate molecule “manganese
porphyrin-H33258” 1 (Figure 1) on a series of synthetic
oligonucleotides. These ODNs were built to contain or
not (i) one well-characterized affinity site of H33258 [5′-
CAAATTTG-3′] (32) and (ii) one or two affinity sites of
MnTMPyP [(A‚T)3] (8).
The other part of this article concerns additional

physicochemical data to discuss the behavior in solution
and the mode of interaction of conjugate 1 with DNA
models. On the basis of melting temperature determina-
tions, DNase I footprinting experiments in the presence
of the conjugate, and UV-vis spectroscopy studies in the
presence of varying concentrations of poly(dA)‚(dT), poly-
[d(A-T)‚d(A-T)], and poly(dG)‚(dC), we can propose a
model of the interaction of conjugate 1 with DNA.

EXPERIMENTAL PROCEDURES

Spectrometry. UV-visible spectral measurements
were carried out on a diode array HP8452 spectrometer
using a 1 cm quartz cuvette. NMR spectra were recorded
on a Brucker AM250. FAB mass spectroscopy was
performed on a Nermag R1010.
Preparation of Compounds 1, 2, and 5 (Figure 1).

The porphyrin precursor 5 and the hybrid molecules 1
and 2 were synthesized according to previously reported
methods (13 (5); 38, 39 (1 and 2)).
Preparation of the H33258 Analogue 4 (Figure 1).

The hydrochloride salt (94 mg, 0.15 mmol) of H33258
(3HCl, 5H2O, from Aldrich) was dissolved in 30 mL of
water. The free base 3 was precipitated by addition of
30 mL of aqueous 5% NaHCO3, extracted with a large
excess of ethyl acetate, and crystallized in this solvent
(59 mg, 95% yield). NMR data were in agreement with
the literature (40). Methylation of 3 to give 4 was
obtained as follows: 11 mg (0.026 mmol) of 3 and 15 µL
(0.26 mmol) of CH3I were mixed in 2.3 mL of DMF for
1.5 h at room temperature. The evolution of the reaction
was followed by TLC (Rf values on silica gel were 0.32
for 3 and 0.0 for 4 with CH2Cl2/MeOH (50/50) as the
eluent). The crude product was precipitated with a

mixture of MeOH and Et2O (14 mg, 0.025 mmol, 95%
yield). MS (FAB in DMF): m/z 439.5 (M+). 1H NMR
(CD3COOD), δ ppm: 8.34 (1H, s, H7), 8.12 (1H, d, J ) 9
Hz, H8), 7.97 (2H, d, J ) 9 Hz, H10), 7.87 (1H, d, J ) 9
Hz, H9), 7.65 (1H, d, J ) 9 Hz, H6), 7.29 (1H, d, J ) 9
Hz, H5), 7.17 (1H, s, H4), 6.98 (2H, d, J ) 9 Hz, H11), 3.71
(8H, m, H2, H3), 3.40 (6H, s, H1). UV-vis (6 µM in
MeOH), λ nm (εΜ × 10-3, M-1 cm-1): 262 (20), 340 (40).
Oligonucleotides: Syntheses and Labeling. The

eight oligonucleotides used in this study (ODN Ia,b, ODN
IIa,b, ODN IIIa,b, and ODN IVa,b; Figure 2) were
synthesized by a standard solid-phase (â-cyanoethyl)-
phosphoramidite chemistry on a Cyclone Plus DNA
synthesizer from Milligen Biosearch. Concentrations of
single-stranded oligonucleotides were determined by UV
titration at 260 nm: εΜ × 10-3, M-1 cm-1 ) 337 (ODN
Ia), 342 (Ib), 329 (ODN IIa), 355 (IIb), 263 (ODN IIIa),
285 (IIIb), 326 (ODN IVa), 322 (IVb). They were labeled
at the 5′-end by reaction with γ-[32P]ATP and T4 poly-
nucleotide kinase using a standard procedure.
Cleavage and Footprinting Experiments. Double-

stranded ODNs I-IV were formed as follows: to a

Figure 1. Structures of the conjugate molecules 1 (M ) Mn) and 2 (M ) Ni), H33258 3 and its methylated analogue 4, and the
porphyrin precursor 5 (M ) Mn).

Figure 2. Bases sequences of ODNs and schematic representa-
tion of conjugate 1 in its site. Solid boxes show the possible ways
the conjugate 1 (and more precisely the H33258 moiety) can
occupy the binding region. Dashed boxes (ODNs I and II)
indicate the position of the metalloporphyrin in its preferred
(A‚T)3 site. Bars indicate the cleavage positions induced by 1 in
the presence of KHSO5.
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solution (8 µL) containing 100 nM (final concentration)
5′- labeled single strand in 100 mM NaCl and 40 mM
Tris buffer (pH 8) was added a solution of the comple-
mentary strand in the same solvent (4 µL, final concen-
tration 100 nM). After 5 min of heating at 90 °C, the
hybridation of the duplex was achieved by slowly cooling
the solution to 25 °C. Conjugate 1 (4 µL, final concentra-
tion varying from 20 nM to 10 µM) was preincubated with
the duplex for 1.5 h at 37 °C. For cleavage experiments,
4 µL of 5 mM KHSO5 solution (final concentration 1 mM)
was added and the reaction was allowed to proceed for 1
h at 37 °C. The reaction was stopped by addition of 1
µL of 1 M Hepes buffer (pH 8). For alkaline treatment
(in order to reveal lesions on G bases of the target
duplex), the reaction solution was heated at 90 °C for 30
min in the presence of a 1 M piperidine solution. In
DNase I footprinting experiments, the enzyme (from
Gibco BRL, 4 µL, 1 unit) was added to 16 µL of a solution
containing the duplex (5′-32P-labeled on one strand)
preincubated with 1 and was allowed to react for 5 min
at 4 °C. In both cases (footprinting and cleavage experi-
ments), the samples were diluted after reaction with 1
µL of yeast tRNA (10 mg/mL) and 100 µL of 0.3 M sodium
acetate (pH 5.2) and then precipitated with 300 µL of cold
ethanol. The pellet was finally rinsed with 70% aqueous
ethanol and lyophilized. Fragments of DNA were ana-
lyzed by denaturing (7 M urea) 20% polyacrylamide gel
(4 h at 2000 V). Establishment of sequences involved
guanine and guanine-adenine specific cleavage of DNA
(Maxam and Gilbert protocols) and for ODN I, reference
to the cleavage pattern of the 5′- and 3′-labeled polymer
in the presence of DNase I.
DNAModels. Poly(dA)‚(dT), poly[d(A-T)‚d(A-T)], poly-

(dG)‚(dC), and poly[d(G-C)‚d(G-C)] (purchased from Sigma)
were used without purification. Concentrations (always
calculated in base pairs) were determined by UV titration
using the following molar extinction coefficients. εΜ, M-1

cm-1 bp-1: poly(dA)‚(dT), 12 000 (260 nm); poly(dG)‚(dC),
14 800 (253 nm); poly[d(G-C)‚d(G-C)], 16 800 (254 nm)
(41); poly[(d(A-T)‚d(A_T)], 13 200 (262 nm) (42).
Influence of H33258 and Related Compounds on

the Melting Temperature of Poly[d(A-T)‚d(A-T)].
Duplex dissociation was followed by UV spectroscopy at
260 nm. Melting curves were obtained with a diode array
HP 8452 spectrophotometer equipped with a Peltier
temperature controller; heating increments were of 2 °C
from 36 to 58 °C (with 3 min of stabilization after each
increment) and then of 1 °C (with 3 min stabilization) to
go to 90 °C. One centimeter path length cuvettes were
used for data collection. The duplex absorbance was
measured by using a solution containing 75 µM bp target
duplex poly(dA)‚(dT) dissolved in 1.2 mL of 40 mM Tris
(pH 8) and 100 mM NaCl. For Tm experiments the
concentration ratio of DNA bp over ligand was P/D ) 5.
The melting temperatures of the DNA target-minor
groove binder (1, 4, or 5) complexes were determined after
subtraction of solvent absorbance.
UV-Vis Absorption Studies for Mixtures of Con-

jugate 1 and Poly[d(A-T)‚d(A-T)], Poly(dA)‚(dT),
Poly(dG)‚(dC), and Poly[d(G-C)‚d(G-C)]. UV-vis ab-
sorption spectra were recorded for mixtures of 1 and
various DNA polymers in 40 mM Tris (pH 8) and 100
mM NaCl, at room temperature. The molarity of 1 was
2, 5, or 10 µM, and the molarity of the DNA polymers
varies in the range 0-200 µM bp. The complex was
allowed to equilibrate for 1.5 h at 37 °C before measure-
ments. Variations of absorbance maxima for H33258
chromophore and at the Soret band (intense absorption
band of porphyrins in the visible spectrum) were followed

according to increasing concentrations of DNA polymers
in the range P/D ) 0-20 (Figure 5).

RESULTS

Cleavage Experiments on ODNs I-IV with the
Conjugate 1/KHSO5 System. For all of the following
experiments performed on synthetic ODNs, the concen-
tration of ds target duplex was 100 nM. Nuclease activity
of conjugate 1 (see Figure 1 for structures of the man-
ganese derivative 1; conjugate 2 is the nickel analogue
which was used as a control with no nuclease activity)
was studied on two ODNs containing both sites of high
affinity for H33258 and manganese porphyrin (ODN I
and ODN II), on one ODN with two A‚T tracts (ODN III),
and on another one (ODN IV) containing no more than
two consecutive A‚T bp (see Figure 2 for sequences). In
conjugate 1, due to the constraints of the synthesis, the
H33258 moiety was methylated on the nitrogen of the
methylpiperazine to give an additional cationic center.
Incidence of this point will be discussed further.
Footprinting and Cleavage Experiments on ODN Ia.

The affinity of 1 for DNA is, in part, due to the four
positives charges present in its structure (three N-
methylpyridiniumyl groups on Mn porphyrin and one
ammonium on H33258 moiety). To make sure that
neither the supplementary methyl group on H33258 nor
the presence of the metalloporphyrin moiety changed the
intrinsic affinity of H33258 for DNA, we performed a
DNase I footprinting study on ODN I in the presence of
compounds 1, 3, and 4. They all reacted in the same
way: the three ligands protected the (A‚T)6 site at low
concentration and complete protection was reached for
concentrations up to 100-200 nM (Figure 3). This is
clearly shown in lanes 8 (1), 19 (3), and 24 (4) where the
bands corresponding to the hydrolysis of the phosphodi-
ester bonds A19-A20 (very weak band), T20-T21 (weak),
T21-T22, and G23-C24 completely disappeared. Even
if the steric hindrance of the piperazine ring is more
important in 4 compared to 3, it did not seem to have
any influence on the recognition of the affinity site. The
same conclusions are also valid concerning the presence
of the metalloporphyrin substituent attached to the
H33258 part in 1. Footprinting with 1 exhibited selective
protection of the (A‚T)6 site at low concentration (half-
protection with 20 nM, lane 6; complete protection with
100 nM, lane 8; Figure 3). Additionally, for concentra-
tions higher than 2 or 3 µM (lanes 10-14), the bound
drug was found to prevent DNase I from cleaving all
along the ODN strand. Controls with the porphyrin
precursor 5 or with the parent dye H33258 3 or its
methylated derivative 4 did not show any particular
protection of the duplex at such high concentrations (see
lanes 17, 22, and 27 for experiments performed in the
presence of 10 µM of 5, 3, and 4, respectively). This point
will be discussed at the same time as the spectroscopic
behavior of conjugate 1 in the presence of varying
amounts of DNA polymers.
We can also notice that footprinting experiments with

the porphyrin precursor 5 did not exhibit any particular
protection except at high concentration (10 µM, lane 17)
where some decrease in intensity of the enzymatic
digestion bands T15-C16 and C16-A17 was observed
and might correspond to a lower affinity of the metal-
loporphyrin motif (compared to H33258) for its own
preferred binding site, the TAT triplet located at
T13A14T15.
Figure 4 shows the results of cleavage experiments

performed on ODN I with compound 1 activated by
potassium monopersulfate. Degradation of labeled ODN
Ia occurred on both sides of the sequence (A‚T)6: on the
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5′-side, where one (A‚T)3 triplet was present, two main
individual bands appeared at C16 and A17 (lanes 2-4);
on the 3′-side, where no (A‚T)3 triplet was present, the
pattern of cleavage consisted of a smear stretching from
approximatively C24 to A28 (lanes 2-4). After heating
at 90 °C during 1 h in the presence of 1 M piperidine,
the two discrete bands at C16 and A17 observed by direct
cleavage resisted piperidine treatment when the smear
from C24 to A28 was transformed to discrete cleavage
bands corresponding mainly to G23 and G25 (lanes 5-7).
This pattern with cleavage bands of rather similar
intensities on both sides of the H33258 affinity site
suggests that conjugate 1 can adopt two different possible
orientations in this site. In a control experiment we
checked that the redox inactive nickel derivative 2 was
not able to induce any damage on this DNA target (not
shown).
Cleavage pattern with MnTMPyP showed the main

cleavage sites at T15/C16/A17, on the 3′-side of the TAT
triplet, and also at T20/T21/T22, on the 3′-side of the
three overlapping triplets located from positions A17 to
T21, which confirmed A‚T triplets as preferred sites of
DNA interaction of the “free” metalloporphyrin (positions
of cleavage are indicated by arrows on the left of Figure
4) (8, 43, 44). A secondary site of cleavage was also
observed at A28 when relatively drastic cleavage oc-
curred; 43).
Cleavage on ODN II. To confirm the two possible

orientations of conjugate 1 within the minor groove, we
used ODN II which possesses two (A‚T)3 triplets on both
sides of the high-affinity site of H33258. If the Mn
porphyrin moiety can point toward the 3′-end as well as
5′-end of strand a or b of the duplex, then two distinct

oxidation sites must be observed. Effectively, the pattern
of cleavage products supported the existence of two
cleaving sites presenting well-defined breaks at C16, A17
and A25, T26, C27 on strand a and C12′, A13′ and A21′,
A22′, G23′ on strand b (lanes 8-13; Figure 4). The
position of the cleavage bands on strand b corresponded
to a shift of three or four bases toward the 3′-end as
compared with breaks on strand a, meaning that the Mn
porphyrin moiety was located and reacted inside the
minor groove of the target duplex. Cleavage intensity
increased when the concentration of conjugate 1 was
increased (lanes 8-10), but for P/D ) 3.5 (10 equiv of
conjugate per duplex molecule, lane 11), the intensity
slightly decreased. These facts will be correlated in the
Discussion with UV-vis spectroscopy results supporting
nonspecific interactions of the conjugate all along the
double-stranded DNAwhen the duplex is overloaded with
conjugate molecules. We must also note the more intense
cleavage on the 3′-side of the (A‚T)3 triplet at positions
24-26 compared to that one at positions 13-15.
When we compared the nuclease activity of MnTMPyP

and conjugate 1 on this target, we saw that positions
of cleaving sites observed with conjugate 1 were clear-
ly different than with MnTMPyP (see arrows on the
sequence of ODN IIa for MnTMPyP cleavage sites,
Figure 4).
Cleavage on ODN III. The main sites of cleavage were

observed at T15, T19, T20 (the most intense), and A21
and to a minor extent at A25 and G26, while MnTMPyP
induced cleavage on the 3′-side of all (A‚T)3 triplets of
the duplex: T15 and C16, T20, A21, A22, A23, A24, A25,
and G26. Conjugate 1 seemed to be able to select a
particular high-affinity site in the A‚T track of this

Figure 3. Footprinting on ODN I (Ia was 5′-32P-labeled). Target was 100 nM in Tris-HCl (40 mM, pH 8) and NaCl (100 mM).
Digestion by DNase I was performed for 5 min at 4 °C. Duplex alone: lane 1. Duplex in the presence of 1, 3, and 4: lanes 2-4.
DNase I cleavage in the absence of ligand: lane 5. DNase I cleavage in the presence of various concentrations of 1 (0.02, 0.05, 0.1,
1, 2, 3.5, 5, 7.5, and 10 µM: lanes 6-14. DNase I cleavage in the presence of the porphyrin precursor 5 (0.1, 1 and 10 µM): lanes
15-17. DNase I cleavage in the presence of H33258 3 (0.02, 0.2, 2, 5, and 10 µM): lanes 18-22. DNase I cleavage in the presence
of the H33258 analogue 4 (0.02, 0.2, 2, 5, and 10 µM): lanes 23-27. Lanes 28 and 29 are sequencing Maxam and Gilbert, G and GA.
On the left is indicated the sequence established for DNase I cleavage.
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duplex, with for the lower concentrations a selective
cleavage at T20 (see lane 14 in Figure 4).
Cleavage on ODN IV (Data Not Shown). Duplex ODN

IV was designed as a control. In the absence of A‚T
triplets, MnTMPyP was unable to find a strong high-
affinity site but can cause some weak (unspecific) oxida-
tions on C5, G6, C9, G10, G18, G21, and G27 on strand
a, or G14, G23, and G35 on strand b. At similar
concentrations, conjugate 1 did not seem to interact at
all with this duplex: no cleavage bands were observed.
Cleavage with the Ni Derivative 2. The same cleavage

experiments as described above were performed on ODNs
I, II, III, and IV with the Ni conjugate 2 as a control. In
all cases, no nuclease activity was detected.
Interaction of Conjugate 1 with DNA Models.

Stabilization of Duplex Structure Due to the Presence of
MnTMPyP, 1, or Related Precursor 4. Thermal melting
experiments were carried out with poly[d(A-T)‚d(A-T)]
and the ligands MnTMPyP, 1, or 4 in a ratio P/D ) 5. In
these conditions we could observe that the methylated
H33258 derivative 4 and MnTMPyP as well as the
conjugate 1 gave a noticeable increase of the overall
stability of the duplex (Tm values were increased of about

30 °C) similar to that described for H33258 itself (∆Tm
> 25 °C, 45). With poly(dG)‚(dC), no significant change
in Tm values (∆Tm e 4 °C) was observed.
Absorption Behavior of 1 in the Presence of Synthetic

DNA Polymers. The absorption spectrum of 1 (final
concentration 2 µM, Figure 5) in buffer pH 8 showed two
main maxima at 470 nm (0.064 OD unit, Soret band of
manganese porphyrin) and 340 nm (0.048 OD unit,
H33258 chromophore). The progressive addition of poly-
(dA)‚(dT) or poly[d(A-T)‚d(A-T)] produced at low [DNA
bp]/[dye] mole ratios (P/D ) 0.5) a decrease in absorbance
of the Soret band (lower value ) 0.040 OD unit) and a
decrease (lower value ) 0.029 OD unit) and a bathochro-
mic shift of the maximum of H33258 chromophore
(Figure 5). Then, there was a progressive increase in
absorbance when increasing P/D and the maximal hy-
perchromicity was observed at P/D ) 10 (DNA concen-
tration about 20 µM) with maxima values raising 0.113
OD unit (Soret band) and 0.064 OD unit (with a shift to
350 nm of the H33258 chromophore). When the starting
concentration of 1 was increased to 5 or 10 µM, the
minimal DNA concentration sufficient to induce maximal
hyperchromicity increased to 40-50 µM bp or 100 µM

Figure 4. Cleavage on ODN I (Ia 5′-32P-labeled), ODN II (either ODN IIa or ODN IIb was 5′-32P-labeled), and ODN III (IIIa was
5′-32P-labeled). Target was 100 nM in Tris-HCl (40 mM, pH 8) and NaCl (100 mM). ODN I: cleavage was performed in the presence
of 1 mM KHSO5 for varying concentration of conjugate 1 (0.1, 0.5, and 1 µM) without (lanes 2-4) or with alkali treatment (lanes
5-7). Alkali treatment control on the duplex alone: lane 1. ODN II cleavage was performed in the presence of 1 mM KHSO5 for
varying concentration of conjugate 1: 0.05, 0.1, 0.5, and 1 µM (lanes 8-11) for study of ODN IIa and 0.5 and 1 µM (lanes 12 and 13)
for study of ODN IIb. ODN III: cleavage was performed in the presence of KHSO5 (500 µM, lanes 14 and 15; 1 mM, lanes 16 and
17) for two concentrations of conjugate 1 (0.5 µM, lanes 14 and 16; 1 µM, lanes 15 and 17). Arrows indicate the cleavage positions
induced by MnTMPyP in the presence of KHSO5.
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bp, respectively. Implications of this dependence on
conjugate 1 concentration will be discussed latter. Using
poly(dG)‚(dC) or poly[d(G-C)‚d(G-C)], no significant change
in absorption characteristics could be observed.
Half hyperchromic effects estimated between the low-

est absorption value observed after initial addition of A‚T
polymers (P/D ) 0.5-2) and the highest value of absorp-
tion reached for high DNA concentration (P/D g 10) were
observed for DNA concentrations depending on the
concentration of conjugate 1 as indicated with data
collected at both 470 (Soret band) and 340-350 nm
(H33258 chromophore) in Table 1 and Figure 5. The
linear correlations presented in caption of Table 1 allowed
us to exclude the association/dissociation equilibrium for
formation of the conjugate 1:DNA complex as the expla-
nation of this phenomenom (see Discussion).

DISCUSSION

Cationic metalloporphyrins are well-established ef-
ficient chemical nucleases (9, 46). We coupled such a
reactive entity to H33258, a B-DNAminor groove binder,
to take advantage of its capacity to bind to (A‚T)4
sequences of DNA. Interaction of this conjugate with ds
DNA was investigated through studies on nuclease
activity, footprinting experiments, and UV-vis behavior
in the presence of DNA models (hypochromic/hyperchro-
mic effects and increase in stabilization of the duplex).
We used in this study synthetic DNA polymers and

also four synthetic ds oligonucleotides (Figure 2): ODN
I and ODN II possessed high-affinity sites for both
H33258 and porphyrin moieties ([(A‚T)4] and [(A‚T)3],
respectively); ODN III contained two tracts of A‚T bp.’s
The last oligonucleotide (ODN IV), devoid of any A‚T
triplets, was a control for which 1 should have a very
weak affinity.
During the multistep synthesis of conjugate 1, the

H33258 moiety was methylated on the piperazine ring
(38) in the same time as the tripyridylporphyrin was
converted into the tris(methylpyridiniumyl)porphyrin. A
first question was, does this additional methyl group on
piperazine as well as the presence of the bulky Mn

porphyrin attached to the H33258 modify the dye affinity
for A‚T rich sequences of DNA? The pattern of the
enzymatic digestion with DNase I in footprinting experi-
ments (Figure 3) gave a negative answer to this question.
These studies were performed on ODN I interacting with
conjugate 1, H33258 3, or its methylated derivative 4 and
showed that these three compounds protected the same
sequence at similar concentrations and with the same
efficiency. These data allowed us to conclude that neither
the methylation of piperazine ring on H33258 moiety nor
the presence of linked Mn porphyrin in conjugate 1 did
affect the selectivity and the strength of interaction of
the dye moiety with its usual recognition site. However,
at high concentrations of ligand (above 1 µM, P/D e 3.5,
less than 3.5 bp for one ligand molecule), we could
observe that the behavior of conjugate 1 differed from
those of compounds 3 and 4. In these conditions, only
the first one gave a nonspecific protection all along the
duplex (complete protection was observed at concentra-
tions above 3.5 µM, P/D e 1). This fact may be inter-
pretated as self-aggregation of conjugate 1 along the
minor groove as indicated in Scheme 1 (form B; more
than two stacked molecules is a likely situation for the
lowest values of P/D): the first conjugate molecule
interacts with its specific site in the minor groove, then
the second and the following ones aggregate, probably
outside of the groove in a nonspecific way reminiscent of
the nonspecific (charge- or dye-mediated) binding previ-
ously observed for H33258 by Loontiens et al. (28).
Additional support for this schematic representation is
given by the UV-vis study discussed further.
We have also compared Tm values of poly(dA‚dT) and

poly(dG‚dC) in the absence and in the presence of
MnTMPyP, 1, or 4. The observed increase of the Tm
value for interaction of 1 with poly(dA‚dT) conformed
with literature data for H33258 (27, 45). The fact that
∆Tm was almost the same for conjugate 1 and precursor
molecules allowed us to suggest that a strong interaction
in the minor groove correspond to a high stabilization of
the duplex form of DNA. Conjugate 1 did not interact
strongly with poly(dG‚dC).
The nuclease activity of conjugate 1 was then studied

in order to have a best knowledge of the nature of its

Figure 5. UV-visible absorption spectra for poly[d(A-T)‚
d(A-T)]/conjugate 1 mixtures in varying ratios in buffer (pH 8).
Molarity of 1 was 2 µM. Inset: dependence of absorbance
maxima at 338-350 nm (H33258 chromophore) and 470 nm
(Soret band) for increasing concentrations of poly[d(A-T)‚
d(A-T)] (P/D ) 0-20).

Table 1. Determination, at Two Wavelengths, of DNA bp
Concentrations (µM) Which Gave Half-Hyperchromic
Effects When the Conjugate 1 Interacted with
Poly[d(A-T)‚d(A-T)] in Varying Concentrationsa

2 µM 1 5 µM 1 10 µM 1

at 470 nm 8.5 26 42.5
at 340-350 nm 7.5 28.5 52.5
a Linear correlations between y ) [bp] and x ) [1]: at 470 nm,

y ) 2.13 + 4.15x, R ) 0.97; at 340-350 nm, y ) -1.90 + 5.54x, R
) 0.99.

Scheme 1. Ways of Binding of Conjugate 1 in the
Minor Groove of DNA Models Depending on the DNA
bp/Dye Ratio (P/D)a

a Conjugate 1 molecules may exist (A) free in solution as self
stacked entities, (B) aggregated outside (or possibly inside) the
minor groove of DNA, (C) either aggregated or unstacked in the
minor groove (in the situation around half-hyperchromicity
conditions), or (D) interacting with the DNA sites without any
stacking with other conjugate molecules (the porphyrin moiety
is probably located in the DNA minor groove for the highest
values of P/D).
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interaction (sequence specificity, orientation of the ligand)
with synthetic oligonucleotides.
ODN I and ODN II were built to contain a sextuplet

AAATTT, which is a favorite site for H33258 (22), and
also, in its close vicinity, one or two (A‚T)3 triplets which
are high-affinity sites for the cationic MnIII porphyrin,
MnTMPyP (8). Two distinct cleavage sites were pointed
out on each strand, indicating that conjugate 1 can
interact with its affinity site with two different orienta-
tions, as it is shown in Figure 2 and in agreement with
the so-called “piperazine-up” (pip-up) and “piperazine-
down” (pip-down) orientation; for example, “pip-up”
means that the piperazine end of H33258 is oriented
toward the 5′-end of the upper strand in the usual
representation of ODNs (21).
Another noteworthy fact was the dissymmetry on the

intensity of cleavage at the two sites for ODNs IIa,b. The
pip-up orientation was predominant and gave the most
efficient cleavages. Although the H33258 site is a self-
complementary one, the two possible polarities for con-
jugate 1 in its site were not equivalent underlining the
role of the flanking bases (C or G on the 5′-side of the
H33258 site AAAT for ODN IIa or IIb, respectively; T
on the 3′-side in both cases) in directing the nature of
the interaction. For ODN I where the flanking bases
were identical whatever was the orientation of the
conjugate in its site (C on the 5′-side and T on the 3′-
side of the H33258 site AAAT), the cleavage extent was
rather similar on the two strands. In addition, this result
indicates that the presence of a porphyrin affinity site
on one side did not help to discriminate between the two
orientations.
These results obtained in solution confirmed the

crystallographic data on H33258/dodecanucleotide (CG-
CAAATTTGCG)2, which gives the 5′-AAAT sequence as
the main site of interaction. However, neither from these
cleavage results (Figure 4) nor from footprinting studies
(Figure 3) can it be completely excluded that 1 interacts
with the central quadruplet AATT which has been
recently shown to be a high-affinity site for H33258 (32).
When an (A‚T)3 sequence was adjacent to the AAATTT
site, on one side (ODN I) or on both sides (ODN II), well-
defined cleavage was directly observed on the 3′-side of
the A‚T triplet. When such a sequence was absent, as it
is the case on one side of the AAATTT site of ODN I,
then the site of cleavage appeared like a “smear” which
gave, after alkaline treatment, well-defined bands located
at G positions. This particular behavior was recently
attributed to oxidative damage on G bases present at or
near the cleavage site (47), indicating a cutting pattern
strongly dependent on the oxidizability of the bases
present at this site.
When cleavage experiments were carried out with the

ODN II duplex which contains one (A‚T)3 sequence on
each side of the H33258 high-affinity site, two breaks
illustrating the two polarities were detected on each
strand and showed a shift (of four bp) of the cleavage
position in the 3′ direction, on one strand compared to
the complementary one. This was typical for an interac-
tion of the cleaving reagent in the minor groove (48).
Additionally, the four-bp shift and the fact that frag-
ments comigrated like Maxam-Gilbert cleavage products
strongly support at this site an oxidative C5′ chemistry
as initial damage on the deoxyribose (8, 9). An oxidative
C1′ chemistry, the other mode of DNA cleavage previ-
ously described for cationic metalloporphyrins (9), might
be discarded since we never observed on electrophoresis
gels ODN fragments carrying the characteristic R,â-
unsaturated lactone at their 3′ end which are known to

migrate ahead of the corresponding 3′-phosphate-ending
fragments (9, 49, 50).
Experiments performed with ODN III showed three

distinct cleavage sites with different relative intensities.
On the basis of cleavage data obtained with ODN I and
ODN II and the two possible orientations of conjugate 1
within the different (A‚T)4 sequences on ODN III, we can
propose four potential ways of interaction which depend
on the preference of the H33258 moiety for some par-
ticular sequences of bases in the (A‚T)4 site, boxes a (pip-
up), b (pip-up and pip-down), and c (pip-down), to explain
the observed cleavage patterns (Figure 2). The combina-
tion of these four possibilities gave distinct cleavage
intensities on the different sites, e.g. T20 was the most
intense cleavage band and may result from the conjonc-
tion of two positions of conjugate 1, in box a (pip-up) and
in box c (pip-down).
For all ODNs (I, II, or III), the observed pattern of

binding/damage supports the preference of the conjugate
for A‚T tetranucleotide site and underlines the role of
base sequence in this site as also the nature of flanking
bases, probably in relation with variation of DNA con-
formations (31, 51). The cleavage patterns with conju-
gate 1 appeared substantially different from those ob-
served for MnTMPyP, in which classical cuts are lo-
cated on the nucleotide adjacent on the 3′-side of each
(A‚T)3 triplet, i.e. for ODN II, for example, on C16, T20,
T21, T22, C23 (weak), and C27 (ODN IIa) and C12′,
G16′, T17′, T18′, T19′, G23′, and A24′ (ODN IIb). The
presence of the H33258 vector attached to the Mn
porphyrin precursor clearly changed and directed the
metalloporphyrin selectivity toward targets close to the
H33258 binding site. This probably results of the 100-
fold higher DNA affinity of H33258 compared to that of
MnTMPyP (Kaff ) 108 M-1 (28) and Kaff ) 106 M-1 (12),
respectively).
When no quadruplet of A‚T bp was present, like in

ODN IV, and only at high concentrations of the conjugate
(>2 µM), a nonspecific and very weak cleavage activity
was detected and appeared as a “smear”. This nonspe-
cific interaction, also observed in footprinting experi-
ments for ODN I at similar concentrations, might cor-
respond to charge- or dye-mediated nonspecific binding
of conjugate 1. It might explain the low efficiency of
cleavage because the aggregation of conjugate 1 mol-
ecules should favor self-bleaching of the Mn porphyrin
entities rather than oxidative cleavage on DNA. Such a
phenomenon could also explain the low intensity of
cleavage observed for high conjugate 1 concentrations in
ODN II cleavage experiments (Figure 4, lane 11).
Indeed, this proposal was confirmed with results

obtained by UV-vis spectroscopy in concentration condi-
tions far beyond the DNA concentrations giving an
association/dissociation equilibrium. If we looked at
variation of absorption of 1 in the presence of various
concentrations of DNA (Figure 5), the first hypochromic-
ity step (for P/D < 2.5) should result from complete
aggregation of 1, initiated by a tightly bound conjugate
molecule in the minor groove of the DNA polymer, which
led to polymeric stacking interactions outside (or inside)
the minor groove (Scheme 1, form B; for a discussion on
the different possible polymeric associations, see ref 28).
Around the half-hyperchromic concentration conditions
(P/D ) 2.5-6), both aggregated and unstacked molecules
can exist (form C). On the other hand, when DNA
concentration was sufficient (P/D > 6, form D; for the
upper values of P/D, the most likely mode of interaction
involves both porphyrin and H33258 moieties lying in
the minor groove), then conjugate molecules interacted
with the minor groove without self-stacking and, thus,
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the absorption of both Mn porphyrin and H33258 chro-
mophores was exalted (relatively to forms A or B) and
reached a maximum for P/D > 6. The same behavior was
observed whatever was the initial concentration of con-
jugate molecule (2, 5, or 10 µM). A ratio P/D g 6 was
always necessary to dissociate aggregated molecules
present along the DNA strand and to give complete
interaction of isolated molecules with DNA sites. In the
absence of DNA, the self-stacked structure A (Scheme
1) is the most likely for 1, since this conjugate strictly
obeyed the Beer-Lambert’s law in neutral solution in
the range 0-10 µM (data not shown), when the parent
dye H33258 in similar conditions (28) presents a concen-
tration-dependent decrease of ε values at 338 nm indicat-
ing formation of dye aggregates.
The variation of spectroscopic data has been already

described for H33258 in the presence of CT-DNA (52) as
also the formation of DNA-stacked H33258 complexes
(28). Thus, if we suppose that interaction of conjugate 1
with DNA is similar to that of H33258, it is logical that
this aggregation occurred when an excess of conjugate
vs DNA bp was present. Moreover, we must note the
crucial role of the porphyrin moiety which greatly en-
hanced the propensity of H33258 dye to aggregate:
indeed, in footprinting experiments, the conjugate 1
completely protected the DNA duplex against hydrolytic
cleavage by DNase I in conditions (2-10 µM) where
H33258 itself was unefficient (lanes 10-14 to be com-
pared with lanes 20-22, Figure 3). Extension of the
overall number of aromatic rings involved in the stacking
process (form B, Scheme 1) could explain this increase
of stability.
In addition, we observed that the bp concentration

necessary to reach half of the hyperchromic effect (see
Results and Table 1) was linearly correlated with con-
centration of conjugate 1 (see footnote of Table 1). This
fact excludes the possibility of an association/dissociation
equilibrium (in this case, the DNA bp concentration
needed to give half-bound ligand should be independent
of the initial concentration of ligand) and supports the
hypothesis of a redistribution between the nonspecific
interaction of stacked conjugate molecules and a specific
interaction with isolated conjugate molecules bound to
their preferred affinity site inside the minor groove
(Scheme 1, redistribution from B to C and D). In these
conditions, about five bp per conjugate 1 molecule
(deduced from the linear correlations presented in caption
of Table 1 (y/x ≈ 4.2-5.5) was the mean value necessary
to observe the half-hyperchromic effect. If we consider
dimers/monomers in similar proportion as the most likely
distribution at this point, then the average size of the
interaction site for 1 should be 4 × 5/3 ≈ 6.5 bp (number
of conjugate molecules × size of binding site/number of
occupied binding sites). This last value, probably slightly
overestimated due to arrangements which were not
strictly from end to end and which included also up-
stream and downstream orientations of the conjugate,
is in agreement with the previously reported size of the
affinity site of H33258 and indicates that, in this range
of DNA bp/conjugate concentrations, only the H33258
part interacts with the minor groove, the porphyrin
moiety being pushed outside of DNA (Scheme 1, form C).
All of these observations were only available for poly-

(dA)‚(dT) and poly[d(A-T)‚d(A-T)]. With poly(dG)‚(dC) or
poly[d(G-C)‚d(G-C)], variations of characteristic absorp-
tion bands of 1 were not significant supporting a very
low affinity of 1 for G-C rich polymers. These spectro-
scopic results are in agreement with the low level of DNA
cleavage observed on ODN IV with conjugate 1.

CONCLUSION

In conclusion, we synthesized a conjugate molecule Mn
porphyrin-H33258 by associating an efficient chemical
nuclease to a highly selective (A‚T)4 binding agent. We
could check that chemical modifications introduced on
the H33258 entity, especially the covalent linkage of the
bulky metalloporphyrin, did not modify its intrinsic
binding properties: the H33258 entity was still directing
the sequence specificity of the conjugate, not the metal-
loporphyrin moiety.
Analyses of DNA breaks induced after chemical activa-

tion of conjugate 1 at low concentration allowed us to
localize its site of interaction and to estimate its size at
about 10 bp’s. At this site, the conjugate may interact
with the piperazine residue oriented either in the 5′- or
3′-direction, giving two possibilities of breaks on each
strand. These breaks, when an A‚T triplet was adjacent
to the H33258 site, resulted from the usual 5′-deoxyribose
oxidative chemistry; in the absence of such a triplet,
damage probably affected the guanine base(s) present at
or near the site of cleavage. At high concentrations of
conjugate (with respect to the concentration of DNA
target), nonspecific interactions of stacked conjugate
molecules all along the DNA double strand were ob-
served.
One example of the two possible interactions of con-

jugate 1 with its target is presented in Chart 1.
Without question, as it was shown on several ds

oligonucleotides, the attachment of the cleaver motif [tris-
(4-N-methylpyridiniumyl)porphyrinato]manganese(III) to
the minor groove binder H33258 as a vector allowed
specific recognition and cleavage of the DNA target.
These data provided additional support for further
investigations on such DNA damaging drugs in the field
of molecular biology or pharmacology.
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Time-Resolved Fluorescence Detection of Oligonucleotide
Hybridization on a Single Microparticle: Covalent Immobilization
of Oligonucleotides and Quantitation of a Model System
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Several alternative methods have been described for the immobilization of oligodeoxyribonucleotides
to uniformly sized glycidyl methacrylate/ethylene dimethacrylate particles. Hybridization of comple-
mentary oligodeoxyribonucleotides labeled with photoluminescent europium(III) chelates to these
particle-bound oligonucleotide probes was followed by subjecting a single microparticle to a time-
resolved fluorescence measurement. The hybridization was further quantified by releasing the
europium ion to a fluorescence enhancement solution and determining its concentration against
europium(III) chloride standards. Both the efficiency and kinetics of the hybridization were observed
to depend markedly on the linker employed to tether the oligonucleotide probes to the particles. These
effects and those of the experimental conditions, such as oligonucleotide concentration in solution,
oligonucleotide density on particles, and number of particles in a given volume of assay solution, are
discussed.

INTRODUCTION

Detection of gene mutations by assays based on oligo-
nucleotide hybridization has gained increasing popularity
in clinical diagnostics since the introduction of efficient
amplification techniques, such as polymerase chain reac-
tion (PCR) (1). Since a reliable diagnosis of a given
genetic disease often requires detection of multiple DNA
mutations, simultaneous analysis of several potentially
mutated sequences from a single biological sample ap-
pears highly desirable. Covalent immobilization of ar-
rays of allele-specific oligonucleotides to a glass plate has
recently been shown to offer a feasible basis for the
development of such multiparameter analysis (2-4). The
fluorescent labeled PCR products are hybridized to a
support-bound oligonucleotide array, and the identity of
the hybridized sequences is then determined by the
location of fluorescent spots on the support. Alterna-
tively, microscopic particles, each bearing a given allele-
specific oligonucleotide and a reporter group defining the
particle category, may be used for the same purpose (5).
A mixture of particles is used as the solid support in the
hybridization assay, and subsequently each particle is
separately subjected to measurement to identify the
particle category and to quantitate the possible hybrid-
ization with a complementary fluorescent labeled oligo-
nucleotide in the PCR sample. We have previously (6)
demonstrated that a highly sensitive miniaturized assay
format may be developed by using uniformly sized (50
µm) glycidyl methacrylate/ethylene dimethacrylate par-
ticles (7) for covalent immobilization of the oligonucle-
otide probes and a photoluminescent europium(III) che-
late (8) for oligonucleotide labeling instead of conventional
organic fluorophores. Accordingly, time-resolved fluo-
rescence detection may be used, enabling efficient elimi-
nation of background fluorescence. We now report on
covalent immobilization of the oligonucleotide probes to
microparticles and quantitation of the hybridization by

time-resolved fluorescence. The factors affecting the
kinetics and efficiency of hybridization are discussed.

EXPERIMENTAL PROCEDURES

Materials. Uniformly sized (50 µm) porous glycidyl
methacrylate/ethylene dimetharylate particles (1) pre-
pared by SINTEF Applied Chemistry (Norway) (7) were
used for immobilization of the oligonucleotide probes. The
particles were obtained by copolymerization of glycidyl
methacrylate (40%) with ethylene dimethylacrylate (60%)
(37% matrix) and derivatized with bis(3-aminopropyl)-
amine reacted with the particle-bound epoxy functions.
The density of the primary amino functions was of the
order of 1 mmol g-1, the surface area 137 m2 g-1, and
the total pore volume 0.822 mL g-1. The pore size ranged
from <5 to 500 nm, the average size being of the order
of 30 nm.
Preparation of SH-Derivatized Particles 3 and 5.

Particles bearing N-(mercaptoacetyl) functional groups
(3) were prepared as follows. The amino functions of
particles 1 were partly acylated with the pyridinium salt
of dithiodiglycolic acid, as described previously (9) for
long-chain alkylamine controlled pore glass support.
Accordingly, the particles (0.1 g) were treated with a
mixture of dithiodiglycolic acid (0.01 mmol), N,N′-diiso-
propylcarbodiimide (0.02 mmol) and N-hydroxysuccin-
imide (0.01 mmol) in pyridine (4 mL). After 0.5 h, the
particles were washed with pyridine, and the unreacted
amino functions were acetylated by treating the particles
four times for 15 min with a mixture of acetic anhydride,
pyridine, and 1-methylimidazole (1:5:1 v/v; 7 mL). The
capped particles 2 were washed with pyridine and ether
and then dried for 30 min under reduced pressure. The
particle-bound disulfide bonds were finally cleaved with
methanolic 1,4-dithio-D,L-threitol (1 mL of 0.5 M solution)
in the presence of triethylamine (3 µM) to give the SH-
derivatized particles 3. The loading of the mercapto
functions of these particles, determined by the 2-thiopy-
ridone response (10), was 80 µmol g-1.
Particles bearingN-(ω-mercaptoundecanoyl) functional

groups (5) were prepared via acylation of particles 1 with
10-undecenoic acid to 4, followed by radical addition of
thioacetic acid to the terminal double bond of the N-(10-
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undecenoyl) group and ammonolysis of the resulting
thioester. The experimental details have been published
elsewhere (11). According to the 2-thiopyridone response,
the loading of the mercapto groups was 22 µmol g-1.
Preparation of NH2-Derivatized Particles 7. The

amino functions of particles 1 were partly acylated with
N-Fmoc-protected â-alanine. For this purpose, the par-
ticles (0.1 g) were treated with a mixture of N-Fmoc-â-
alanine (0.1 mmol), N,N′-diisopropylcarbodiimide (0.2
mmol) andN-hydroxysuccinimide (0.1 mmol) in pyridine
(4 mL). After 1 h, the particles were washed with
pyridine, and the unreacted amino functions were re-
peatedly acetylated as described above for particles 2. The
Fmoc loading of the capped particles (6) was determined
by detecting fluorometrically the amount of dibenzoful-
vene released upon treatment of part of the particles with
a 1:4 mixture of 40% aqueous methylamine and pyridine.
The loading was observed to be 20 µmol g-1. Finally, the
Fmoc protection was removed with morpholine in pyri-
dine (20%; 0.5 h), and the particles (7) were washed with
pyridine and ether and dried under reduced pressure.
Immobilization of Oligonucleotides to the SH-

Derivatized Particles 3 and 5. A 3′-[N-(6-amino-3,4-
dithiahexyl)carboxamidomethyl] phosphate conjugate 8
of the 16-meric oligodeoxyribonucleotide 5′-d(CCTAT-
GATGAATATAG)-3′ was prepared by phosphoramidite
chemistry as described previously (12) and converted to
the S-(2-pyridyl) disulfide conjugate 9 via reduction with
1,4-dithio-D,L-threitol (25 mM; 4 h) in aqueous solution
and subsequent reoxidation of the chromatographically
isolated oligomer with bis(2-pyridyl) disulfide (3 mM; 17
h) in ethanol. The activated oligonucleotide conjugate 9
was finally purified by RP HPLC (Nucleosil 300 C18, 4 ×
250 mm, 5 µm; buffer A, 0.05 M aqueous NH4OAc; buffer
B, 0.05 M NH4OAc in 65% aqueous MeCN; flow rate 1
mL min-1; linear gradient from 0 to 30% B in A in 30
min) and desalted. When the SH-derivatized particles
3 (1.4 mg) or 5 (1.7 mg) were treated with the desired
amount of 9 (from 0.25 to 3 OD) in aqueous solution (500
µL) for 24 h, the oligonucleotide was quantitatively
attached to the particles giving 10 and 11, respectively,
as indicated by complete disappearance of the nucleobase
absorption at 260 nm and concomitant appearance of the
2-thiopyridone absorption at 343 nm. In this manner
oligonucleotide loadings ranging from 1 to 8 µmol g-1

were obtained. Finally, the unreacted mercapto functions
were capped with maleimide in a 1:1 mixture of pyridine
and ethanol (1 mL of 0.5 M solution). The particles were
washed with pyridine and ether and dried under reduced
pressure.
Alternatively, a 3′-[N-(2-aminoethyl)carboxamido-

methyl] phosphate conjugate 12 of the same 16-meric
oligodeoxyribonucleotide probe (0.25 OD, 1.5 nmol) was
prepared, as described previously (12). The primary
amino function of 12 was allowed to react with 30-fold
excess of 2,4,6-trichlorotriazine in aqueous solution (96
µL) in the presence of N,N-diisopropylethylamine (135
nmol). After 5 min, the SH-derivatized particles 3 (2.0
mg) were added, and the reaction was allowed to proceed
for 20 h. According to time-dependent UV absorption
spectra of the solution, the oligonucleotide was quanti-
tatively attached to the particles, giving an oligonucle-
otide loading of 0.7 µmol g-1. The particles were washed
with water, and the unreacted mercapto functions were
capped with maleimide, as described above for 10 and
11. The capped particles 13 were finally washed with
pyridine and ether and dried under reduced pressure.
Immobilization of Oligonucleotides to the NH2-

Derivatized Particles 7. The 3′-[N-(2-aminoethyl)-
carboxamidomethyl] phosphate conjugate 12 (0.30 OD,

1.8 nmol) was activated with 15-fold excess of 2,4,6-
trichlorotriazine. After 5 min, particles 7 (2.3 mg) were
added, and the reaction was allowed to proceed for 20 h.
Quantitative attachment of 12 to the particles resulted
in an oligonucleotide loading 0.8 µmol g-1. The particles
obtained (14) were washed with pyridine and ether and
dried under reduced pressure.
Fluorescent Oligonucleotide Conjugates. The

fluorescent oligonucleotide conjugates used in hybridiza-
tion assays were obtained by assembling sequences 5′-
d(CTATATTCATCATAGGAAACACCAAAGATGATA-
TTX5C)-3′ [X ) N4-aminohexyl-2′-deoxycytidine; 15], as
described previously (13), and labeling (14) them with a
photoluminescent Eu(III) chelate, {2,2′,2′′,2′′′-{{4′-{4′′′-
[(4,6-dichloro-1,3,5-triazin-2-yl)amino]phenyl}-2,2′:6,2′′-
terpyridine-6,6′′-diyl}bis(methylenenitrilo)}tetrakis-
(acetato)}europium(III) (8). The extent of labeling was
determined by releasing Eu(III) ion in solution with a
fluorescence enhancement solution and measuring the
fluorescence intensity on a time-resolved fluorometer
against a europium(III) chloride standard solution (15).
15 was observed to be fully labeled, bearing thus 5 Eu-
(III) chelates. A similarly labeled 32-mer, 5′-d(X20-
ATCATCTTTGGT)-3′ (16), was prepared to determine
the unspecific binding of oligonucleotides to particles 10,
11, 13, and 14. The extent of labeling was determined
to be 17 chelates per oligomer.
Hybridization Assays. The hybridization assays

were carried out in a Tris buffer (50 mM, pH 7.5, 0.01%
Tween 20, 0.5 M NaCl). Usually 50 particles were
incubated in 10 µL of the buffer containing a known
amount of the fluorescently labeled oligonucleotide (15
or 16). However, for examining the kinetics of hybridiza-
tion, the total volume was 100 µL and aliquots of 10 µL
were withdrawn. Hybridization reactions were typically
allowed to proceed for 24 h. The particles were usually
washed twice with 200 µL of glycine buffer (50 mM, pH
10), containing 20% propanol, and then transferred into
a quartz capillary tube for measurement. However, when
the kinetics of hybridization was followed, only one wash
with 300 µL of buffer was carried out. The fluorescence
emission of each particle was determined separately on
a time-resolved microfluorometer based on a Nikon TDM
inverted microscope, as previously described in detail (6).
Typically 10 individual particles were measured, the
standard deviation ranging from 2 to 8%. To convert the
intensity of the fluorescence signal to number of eu-
ropium(III) ions, and hence to number of oligonucleotides
hybridized, the europium(III) ion was in some cases
released in solution with a fluorescence enhancement
solution, and the fluorescence emission was measured on
a time-resolved fluorometer against a europium(III)
chloride standard solution (15).

RESULTS AND DISCUSSION

Covalent Immobilization of Oligonucleotides to
Microparticles. Uniformly sized (50 µm) porous mi-
croparticles (1) prepared by copolymerization of glycidyl
methacrylate (40%) with ethylene dimethylacrylate (60%)
and functionalized with primary amino groups (7) were
used for the immobilization of a 16-mer oligodeoxyribo-
nucleotide, 5′-d(CCTATGATGAATATAG)-3′. For this
purpose, the particles were further derivatized in one of
the three alternative manners depicted in Scheme 1.
Accordingly, a desired proportion of the amino functions
of particles 1 was first acylated with either dithiodigly-
colic acid to give 2, 10-undecenoic acid to give 4, or
N-Fmoc-â-alanine to give 6, and the rest of the amino
groups were acetylated. Reductive cleavage of the di-
sulfide bond of particles 2with 1,4-dithio-D,L-threitol gave
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N-mercaptoacetylated particles 3, radical addition of
thioacetic acid to the terminal double bond of particles
4 and subsequent ammonolysis gave N-(ω-mercapto-
undecanoyl) functionalized particles 5 (11), and removal
of the N-Fmoc protection from particles 6 gave particles
7. A 3′-[N-(6-amino-3,4-dithiahexyl)carboxamidomethyl]
phosphate conjugate 8 of the 16-meric oligodeoxyribo-
nucleotide was then prepared (12), converted to the
S-(2-pyridyl) disulfide conjugate 9, and reacted with SH-
derivatized particles 3 and 5 to result in covalent im-
mobilization via a disulfide linkage (10 and 11 in Scheme
2). Immobilization to particles 3 was also achieved by
activating the 3′-[N-(2-aminoethyl)carboxamidomethyl]
phosphate oligonucleotide 12 (12) with 2,4,6-trichloro-
triazine (13 in Scheme 3). In the same manner, the
oligonucleotide conjugate 12 was attached to the NH2-
derivatized particles 7 (14 in Scheme 3). The oligo-
nucleotide loading of the particles ranged from 0.7 to 8
µmol g-1.

Kinetics of Hybridization to Particle-Bound Oli-
gonucleotides. The hybridization of the fluorescent
oligonucleotide conjugate 15 to the particle-bound oligo-
nucleotides was followed by shaking 500 microparticles
(10, 11, 13, 14) in 100 µL of Tris buffer (50 mM, pH 7.5,
containing 0.5 M NaCl and 0.01% Tween) containing 15
at nanomolar concentrations. Aliquots of 10 µL (50
particles) were withdrawn at appropriate intervals. The
particles were washed with 300 µL of glycine buffer, and
the fluorescence emission of a single particle was mea-
sured by time-resolved fluorometry. The results obtained
at 25 °C are presented in Figure 1. With each particle,
unspecific binding of the noncomplementary oligonucle-
otide 16 was negligible; <1% of 16 was bound to the
particles. Even with particles exhibiting the poorest
hybridization properties, the sequence specific signal
represented >10% of the total amount of the labeled
oligomer. Accordingly, the background signal referring
to unspecific binding of 16 remained always <10% of the

Scheme 1

a HOOCCH2SSCH2COOH/HO-Su/DIPC/Py. b Ac2O/MI/Py. c DTT/Et2N/MeOH. d H2CdCH(CH2)8COOH/HO-Su/DIPC/Py. e AcSH,
(PhCOO)2. f n-BuNH2/MeOH. g N-Fmoc-â-Ala/HO-Su/DIPC/Py. h Morpholine/Py. HO-Su, N-hydroxysuccinimide; DIPC, N,N′-diiso-
propylcarbodiimide; Py, pyridine; MI, 1-methylimidazole; DTT, 1,4-dithio-D,L-threitol.

Scheme 2

a DTT, aq. b PySSPy/EtOH. c 3/aq. d 5/aq. e Maleimide/pyridine/EtOH. DTT, 1,4-dithio-D,L-threitol; PySSPy, bis(2-pyridyl) disulfide;
OLIGO, 5′-d(CCTATGATGAATATAG-3′.

234 Bioconjugate Chem., Vol. 8, No. 2, 1997 Hakala and Lönnberg



specific one resulting from binding of 15, usually only a
couple of percent. The low level of unspecific binding was
further verified by replacing the base triplet T7C8A9 of
15with a triplet G7T8G9. This three-base mismatch was
sufficient to result in complete disappearance of sequence
specific signal of 15.
As seen, the kinetics of hybridization depend consider-

ably on the structure of the linker employed to tether
the oligonucleotide to the particle. The half-saturation
took place in 1.2, 4, 4, and 3 h with 10, 11, 13, and 14,
respectively. All of these half-lives were practically
independent of the initial concentration of 15, as long as
the amount of 15 was small compared to that of the
covalently immobilized oligonucleotides. Under these
conditions, i.e. when the immobilized sequences are
present in large excess, the hybridization obeys rather
well the kinetics of two reversible first-order reactions,
the rates of the opposite reactions being proportional to
the amount of 15 in solution and hybridized to the
particle, respectively. The curves indicated in Figure 1
represent the best least-squares fit obtained on the basis
of this simple model. As seen, no systematic deviation
from the assumed kinetics occurs.
Somewhat unexpectedly, the density of immobilized

oligonucleotides on the particle had practically no effect
on the hybridization kinetics. For example, particles 11
having oligonucleotide loadings of 1 and 6 µmol g-1 both
underwent half-saturation in 4 h (data not shown).
Increasing the number of particles in a given volume of
the hybridization mixture, in turn, markedly reduced the
time needed to reach the equilibrium. In fact, the half-
life of hybridization was observed to be approximately
inversely proportional to the number of particles. In

summary, when the amount of particle-bond oligonucle-
otide probes is much higher than that of the complemen-
tary oligonucleotide (15) in solution, the hybridization can
be accelerated by increasing the area of the solid support
in contact with the solution, but not by increasing the
oligonucleotide density, keeping the surface area con-
stant.
Calibration of the Fluorescence Measurement

from a Single Microparticle. The efficiency of hybrid-
ization, i.e. the proportion of the fluorescent oligonucle-
otide conjugate 15 hybridized to particles 10, 11, 13, and
14, was quantified as follows. Two sets of hybridization
assays on particles 10 were carried out, changing the
initial concentration of 15 from 1.7 pM to 1.7 µM, i.e. from
109 to 1012 molecules of 15 per reaction (50 particles in
10 µL). After the hybridization equilibrium had settled,
one set of particles was subjected to microfluorometry
measurements by the single-particle techniques used
above. From the other set of washed particles, europium-
(III) ion was released to solution and determined accord-
ing to the DELFIA protocol (15). Similarly, the amount
of 15 in the solution phase before and after the hybrid-
ization assay was determined by releasing the europium-
(III) ion from 15 and determining its amount by DELFIA.
The sum of the amount of europium(III) ion released from
the solution and solid phase after hybridization was
always equal to the amount of europium(III) ion released
from the solution phase before hybridization. Plotting
of the microfluorometry signals determined from single
particles against the amount of europium(III) ion re-
leased from the particles and quantified by DELFIA gave
the calibration line depicted in Figure 2. Approximately
50 particles were used in each europium release assay.
The possible contribution of unspecific binding was
always estimated with the aid of the labeled noncomple-
mentary oligonucleotide, 16. In all cases this contribu-
tion was negligible. As seen from Figure 2, the microf-
luorometry signal is linearly related to the number of
europium(III) ions on particle over a range of 3 orders of
magnitude, in striking contrast to the behavior of con-
ventional fluorophores. This calibration line was ex-
ploited to convert the microfluorometry signals to the
amount of europium(III) ion on the particle and further
to the amount of 15 hybridized to the particle. Compari-
son of the total amount of 15 on all particles to the total
amount of 15 initially added to the system then enabled
estimation of the hybridization efficiency.
Efficiency of Hybridization. All of the particles

studied (10, 11, 13, 14) exhibited selective hybridization
with the complementary oligonucleotide (15) in solution.
Binding of a noncomplementary oligonucleotide conjugate

Scheme 3

a 2,4,6-Trichlorotriazine/EtN(iPr)2/aq + 3. b 2,4,6-Trichlorotriazine/EtN(iPr)2/aq + 7. c Maleimide/pyridine/EtOH. OLIGO, 5′-
d(CCTATGATGAATATAG-3′.

Figure 1. Kinetics of hybridization of fluorescent labeled
oligonucleotide 15 with a complementary sequence covalently
immobilized via various linkers to glycidyl methacrylate/ethyl-
ene dimethacrylate particles: (2) 10, (9) 11, (4) 13, (0) 14.
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(16) was always negligible. As mentioned above, the
structure of the linker used to tether the oligonucleotide
probe to the particle markedly affects the kinetics of
hybridization. Unfortunately, the kinetics and efficiency
of hybridization do not correlate; as seen from Figure 1,
faster hybridization does not necessarily mean more
efficient hybridization. Application of the calibration
curve in Figure 2 to the data in Figure 1 (and several
similar measurements) gave average hybridization ef-
ficiencies of 25, 80, 20, and 10% for particles 10, 11, 13,
and 14, respectively. Accordingly, tethering of oligo-
nucleotide probes to particles via a long hydrocarbon
chain, as with particles 11, appears preferable, in spite
of the fact that the kinetics of hybridization is slower than
with some other alternatives studied.
With all of the particles studied, the efficiency of

hybridization was observed to be, analogously to the
kinetics of hybridization, independent of the concentra-
tion of the complementary oligonucleotide (15) over a
wide range. As an example, the data obtained with
particles 10 are given in Figure 3. Experiments with the
same particles (10) also showed that the density of the
covalently immobilized oligonucleotide probes exerts only

a minor effect on the efficiency of hybridization, as long
as the particle-bound oligonucleotide probes are present
in large excess. Increasing the oligonucleotide loading
from 1 to 8 µmol g-1 increased the hybridization efficiency
from 25 to 40%. Interestingly, tethering 4 µmol g-1 of a
pentameric T5 sequence to these particles, keeping the
loading of the recognizing oligonucleotide probe at 1 µmol
g-1, also increased the hybridization efficiency of 15 from
25 to 40%, while the unspecific oligonucleotide binding
remained at low level. The physicochemical basis of the
enhanced binding is obscure, but the observation sug-
gests that truncated oligonucleotide sequences on the
particles are not necessarily detrimental to the binding
properties. Possibly, the desired oligonucleotide probes
could be assembled directly on the microparticles without
a marked loss of efficiency and selectivity of hybridiza-
tion.
From the point of view of potential applications, the

relatively slow kinetics of hybridization form the major
hurdle to overcome. As discussed in the foregoing,
increasing the number of particles, i.e. increasing the
surface area and keeping the density of immobilized
probes constant, reduces the time needed to reach equi-
librium. At the same time the efficiency of hybridization
appeared to remain almost unaltered. Accordingly, high
particle density would enable short assay times. Unfor-
tunately, the fluorescence intensity when determined
from a single particle is inversely proportional to the
number of particles, and hence what one wins in time is
lost in sensitivity. The attempts to accelerate the hy-
bridization by increasing the temperature led to a similar
result. Increasing the temperature from 25 to 40 °C
reduced the apparent half-life of hybridization to ap-
proximately half of the original value, but simultaneously
the hybridization efficiency was decreased by almost 50%.
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Synthesis of 125I-Labeled Oligonucleotides from
Tributylstannylbenzamide Conjugates

Michael W. Reed,*,† Igor G. Panyutin,‡ Don Hamlin,§ Deborah D. Lucas,† and D. Scott Wilbur§

Epoch Pharmaceuticals Inc., 1725 220th Street S.E. No. 104, Bothell, Washington 98021, Department of Nuclear
Medicine, Clinical Center, National Institutes of Health, Bethesda, Maryland 20892, and Department of
Radiation Oncology, University of Washington, Seattle, Washington 98195. Received October 16, 1996X

A rapid and efficient method for the synthesis of 125I-labeled oligodeoxynucleotides ([125I]ODNs) is
described. The key intermediates are tributylstannylbenzamide-modified ODNs (Sn-ODNs). Reaction
conditions are described for the preparation of 5′-modified Sn-ODNs. Treatment with NaI and
chloramine T gave conversion to the desired I-ODN, which was easily isolated by reversed phase
chromatography. Thermal denaturation (Tm) studies showed that hybridization properties were not
disturbed by the 4-iodobenzamide modification. An [125I]ODN was prepared and characterized by
hybridization to 32P-labeled DNA targets. Sequence specific cleavage of the target DNA strand by
125I was measured.

INTRODUCTION
125I-labeled oligodeoxynucleotides ([125I]ODNs)1 have

been used for years as probes to detect complementary
nucleic acids. Appropriately labeled [125I]ODNs can also
act as efficient, sequence specific, DNA cleavage agents
(1). The nuclear decay process of 125I (electron capture
and internal conversion) generates ∼22 low-energy elec-
trons that dissipate their energy within a few nanometers
of the decay site (2). If this decay process (Auger
emission) occurs in close proximity to duplex DNA,
double-strand breaks can occur with ∼100% efficiency/
decay event. The short DNA cleavage range of the Auger
emitting isotopes makes them promising agents for
sequence specific targeting by oligonucleotides. For
example, when 125I-labeled deoxycytidine ([125I]dC) was
enzymatically incorporated into a single position in an
ODN and hybridized to a complementary ssDNA target,
more than 70% of the cleavage products were found
within 15-20 Å of the site of 125I decay (1). Recently it
has been shown that an 125I-dC labeled triplex forming
ODN can specifically cleave a homopurine sequence in a
plasmid DNA target containing the nef gene of HIV. Each
125I decay gave approximately 0.8 dsDNA breaks (3).
As a result of its efficient DNA cleavage properties, 125I

is extremely cytotoxic when incorporated into the DNA
of dividing cells as [125I]dU (4). Therapeutic (anticancer)
implications of Auger emitting radionuclides have been
reviewed (5). Although 125I is an efficient DNA cleavage
agent, its 60 day half-life is an obvious disadvantage for
in vivo applications. The shorter half-life, Auger emitting
isotope 123I (13.2 h half-life) has also been shown to be
cytotoxic when incorporated into DNA using [123I]dU (6)

or targeted to DNA using 123I-labeled estrogens (7). The
DNA cleavage efficiency of [123I]dU incorporated into
cellular DNA has been determined (8). Each decay of
123I gave 0.45-0.74 dsDNA breaks if DNA repair is
accounted for. Radiolabeling of ODNs with 123I has not
been reported.
This paper describes a rapid and convenient radiola-

beling method for making I-ODNs from tributylstannyl-
benzamide-modified ODN intermediates (Sn-ODNs).
Aryl tin intermediates have been valuable for radiola-
beling small molecular weight compounds via halodestan-
nylation reactions (9). A 15-mer ODN bearing a 5′-
terminal hexylamine linker was used to develop the
conjugation chemistry. The effect of the 4-iodobenzamide
linker system on hybridization properties of nontadio-
active (127I) labeled ODNs was studied spectrophoto-
metrically. The terminally modified [125I]ODN was then
prepared and hybridized to a 32P-labeled ssDNA target.
Analysis of the 32P fragments after 15 days showed
sequence specific DNA cleavage at the site of the attached
125I. Our ultimate goal is to prepare 123I-labeled ODNs
and to determine how the position of attachment of 125I
and 123I affects DNA cleavage efficiency of I-ODNs.

EXPERIMENTAL PROCEDURES

General Chemical Procedures. Reversed phase
HPLC analysis of nonradioactive compounds used a
Rainin pump system. Pump control and data processing
used a Rainin Dynamax chromatographic software pack-
age (Macintosh). Aqueous solutions were dried at <1
Torr on a Speed Vac centrifugal evaporator (Savant
Instruments, Farmingdale, NY). Tm studies were per-
formed on a Perkin-Elmer Lambda 2S UV-vis spectro-
photometer equipped with a PTP6 thermal programmer.
Radio-HPLC was done on a Beckman pump system with
an in-line γ detector (Beckman Model 170). Alterna-
tively, radio-HPLC was done on a Hewlett-Packard pump
system with an IN/US γ-RAM detector. To account for
variations in HPLC systems, retention times of the [125I]-
ODNs were always verified by injection of nonradioactive
standards. Isolated radiochemical yields were deter-
mined using a Capintec dose calibrator.
Synthesis of Oligodeoxynucleotides. ODNs were

prepared on an Applied Biosystems Model 384 synthe-
sizer using the 1 µmol protocols supplied by the manu-
facturer. Protected â-cyanoethyl phosphoramidites, CPG

* Author to whom correspondence should be addressed [tele-
phone (206) 485-8566; fax 206/486-8336; e-mail mreed@
epochpharm.com].

† Epoch Pharmaceuticals.
‡ National Institutes of Health.
§ University of Washington.
X Abstract published in Advance ACS Abstracts, March 1,

1997.
1 Abbreviations: ODN, oligodeoxynucleotide; I-ODN, iodi-

nated ODN; Sn-ODN, tributyltin-modified ODN; ssDNA, single-
stranded DNA; dsDNA, double-stranded DNA; ChT, chloramine
T (sodium salt of N-chloro-p-toluenesulfonamide); TEAA, tri-
ethylammonium acetate; PAGE, polyacrylamide gel electro-
phoresis; PBS, phosphate-buffered saline.

238 Bioconjugate Chem. 1997, 8, 238−243

S1043-1802(97)00016-5 CCC: $14.00 © 1997 American Chemical Society



supports, deblocking solutions, cap reagents, oxidizing
solutions, and tetrazole solutions were purchased from
Glen Research (Sterling, VA). The structure and se-
quence of the amine-modified ODN (1) used in this study
are shown in Figure 1. The sequence of the 42-mer target
(ODN 4) is shown below. The underlined region is
complementary to modified ODN 1.

The 3′-hexanol modification was introduced into ODN 1
through use of a hexanol-modified CPG support (10). The
5′-aminohexyl modification was introduced into 1 using
an N-MMT-hexanolamine phosphoramidite linker (Glen
Research). HPLC purification, detritylation, and butanol
precipitation of the synthetic ODNs were carried out as
previously described (11).
Characterization of Modified ODNs. The concen-

trations of all ODNs were determined from the UV
absorbance at 260 nm in PBS (pH 7.2). An extinction
coefficient for each ODNwas determined using a nearest-
neighbor model (12), correcting for the molecular weight
(but not ε) of appended modifications. The value for ε
was used to calculate a theoretical ratio of A260 to
concentration in micrograms per milliliter as listed in
Table 1. All modified ODNs were analyzed by HPLC
using the method described in Figure 2. Retention times
are listed in Table 1. ODN purity was further confirmed
by polyacrylamide gel electrophoresis. PAGEwas carried
out under denaturing conditions (7 M urea) using cross-
linked 20% gels [bis(acrylamide)/acrylamide, 1:19; 0.4 ×
170 × 390 mm] at 45 W for 40 min. TBE (pH 8.3; 100
mM Tris base, 100 mM boric acid, 1 mM EDTA) was used
as a running buffer. Bromophenol blue was used as a
marker. The nucleotidic bands were visualized by silver
staining. Unless otherwise noted, all modified ODNs
were >95% pure by HPLC and one major band by PAGE.
5′-Modified Sn-ODN (2). To 0.13 mL of a 0.77 mM

solution of ODN 1 (0.10 µmol) were added 0.1 mL of 1 M
sodium borate buffer (pH 8.3) and 0.3 mL of 0.1 M sodium
borate buffer (pH 8.3) in a 1.7 mL Eppendorf tube. A
solution of 5 mg (10 µmol) ofN-hydroxysuccinimidyl 4-tri-
(n-butyl)stannylbenzoate (13) in 0.5 mL of THF was
added, and the milky emulsion was shaken for 16 h. The
mixture was concentrated to a volume of ∼0.1 mL on a
Speed Vac to remove THF. The cloudy solution was
dissolved in 0.4 mL of 0.1 M TEAA (pH 7.5) and filtered
through a 0.45 µm syringe filter. The filter was rinsed
with an additional 0.2 mL of buffer, and the combined
filtrate was purified by HPLC using the conditions
described in Figure 2. The desired product (31 min peak)
was collected, and 0.1 mL of 1 M borate buffer (pH 8.3)
was added before taking to dryness on a Speed Vac. The
white solid product was reconstituted with 0.5 mL of
water, and the concentration was determined by A260
measurement. Recovery of 2 was 0.23 mg (42% yield).
5′-Modified [127I]ODN (3). Method A. To 12 µL of

an 83 µM solution of Sn-ODN 2 (1 nmol) were added
7.5 µL (5 nmol) of a 0.1 mg/mL solution of sodium iodide
and 6.9 µL of 0.1 M borate buffer (pH 8.3). Reaction was
initiated by adding 4.56 µL (20 nmol) of a 1 mg/mL
solution of chloramine T hydrate (ChT) in water. After
5 min, the reaction was quenched with 5 µL of a 10 mg/
mL solution of sodium bisulfite. The reaction was
analyzed by HPLC and showed complete conversion of 2
(31 min) to the desired product 3 (16 min) as shown in
Figure 2.
Method B. To 0.127 mL of a 0.79 mM solution of ODN

1 (0.10 µmol) were added 0.1 mL of 1 M sodium borate
buffer (pH 8.3) and 0.3 mL of 0.1 M sodium borate buffer

(pH 8.3) in a 1.7 mL Eppendorf tube. A solution of
4-iodobenzoyl chloride (2.5 mg, 9.4 µmol) in 0.5 mL of
THF was added, and the solution was kept at room
temperature for 16 h. HPLC showed complete reaction
of 1 (8.7 min). The reaction mixture was diluted to 2 mL
and purified by centrifugal ultrafiltration through a 1000
MW cutoff concentrator (Filtron). This process removed
excess hydrolyzed acid chloride and gave the desired
product 3 in 97% purity as evidenced by HPLC. The
retentate was diluted to 0.5 mL with water, and concen-
tration was determined by A260 measurement. Recovery
of 3 was 0.41 mg (77% yield). This product coeluted with
3 prepared according to method A and was used for
thermal denaturation experiments.
Thermal Denaturation Studies. The hybridization

properties of all modified ODNs were examined by
forming duplexes with complementary ODN 4 and de-
termining the melting temperatures (Tm). Each ODN
was present at 2 µM in pH 7.2 PBS (9.2 mM disodium
phosphate, 0.8 mM monosodium phosphate, 0.131 M
sodium chloride). UV absorbance was measured as the
samples were heated from 10 to 90 °C with a temperature
increase of 0.5 °C/min. Thermal dissociation curves were
obtained from A260 vs temperature. The Tm was deter-
mined from the derivative maximum. Data from one
representative run are given in Table 1.
Radiolabeling Procedures. The volatile nature of

125I dictates certain handling precautions. Radiohaloge-
nation of ODNs was carried out in a Plexiglas “iodination
box”, which had its own exhaust fan and charcoal filter
(Radiation Physics, Beltsville, MD) and which was placed
within a fume hood. 125I was handled using standard
syringe techniques. Labeling reactions were conducted
in a reaction vessel that was vented to the inside of the
iodination box through a 10 mL syringe filled with
charcoal. Double gloves were routinely used to prevent
the volatile halogens from penetrating the first glove
layer. Commercially available “sleeve protectors” were
used to decrease contamination of lab coats. Monitoring
with a Geiger counter was conducted continually through-
out an experiment. Between 24 and 72 h postlabeling,
investigators should have a thyroid bioassay conducted.
Conversion of 2 to [125I]ODN (3). To a solution of

11 µg (2 nmol) of Sn-ODN 2 in 22 µL of 0.1 M borate
buffer (pH 8.3) were added 1.41 mCi (∼0.64 nmol, 2200
Ci/mmol) of Na125I in 3 µL of 0.1 M NaOH (New England
Nuclear) and 20 µg (88 nmol) of ChT in 20 µL of water.
After 15 min, the reaction was quenched with 10 µL of
sodium bisulfite (10 mg/mL). A 5 µL aliquot of the crude
reaction mixture was analyzed by radio-HPLC. The
γ-detector indicated 69% conversion of 125I to the desired
I-ODN 3 (22 min peak) as shown in Figure 3. The
remaining [125I]ODN reaction mixture was loaded on a
Poly-Pak reversed phase syringe cartridge (Glen Re-
search) and eluted first with 2 mL of TEAA and then with
2 mL of 20% acetonitrile in TEAA. Fractions of ∼0.5 mL
were collected, and each was measured in the dose
calibrator. The most concentrated fraction (no. 5) con-
tained 0.384 mCi (27% radiochemical yield) of [125I]ODN
3. Radio-HPLC analysis of this sample showed 96%
purity. Earlier radioactive fractions were not analyzed
for purity.
Alternatively, the [125I]ODN product was isolated from

the reaction mixture by reversed phase HPLC. In a
separate labeling run, 50 pmol of 2 in 20 µL of 50 mM
borate buffer (pH 8.5) was treated with 350 µCi (∼160
pmol) of Na125I and 20 µg of ChT. After 10 min, the
reaction was quenched with 10 µL of sodium bisulfite (10
mg/mL). The mixture was passed through a Sephadex
G-50 microspin column (Pharmacia). The product (3) was

5′-CCAGCAGCCTCCCGCGACGATGCCCCTCAACGTTAGCTTCAC
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recovered in 50 µL of TES buffer buffer (50 mM Tris, pH
8, 50 mM NaCl, 1 mM EDTA) and contained 25 µCi of
125I while 320 µCi was retained by the column. HPLC
purification used a 150 × 4.6 mm C18 column (Supelcosil
LC-18-T) and the gradient specified in Figure 2. The
radioactive peak corresponding to product (11-16 min)
was collected in 0.5 mL fractions. Fractions 3-5 (3.8 µCi,
1.73 pmol) were combined and taken to dryness on the
Speed Vac. The residue was dissolved in 10 µL of TES
buffer. [125I]ODN 3 appeared as a single band by both
denaturing and nondenaturing PAGE.
Duplex Preparation with [125I]ODN (3). The 42-

mer target (ODN 4) complementary to ODN 3 was
purified by gel electrophoresis prior to 5′-32P labeling with
[32P]-γ-ATP using T4 polynucleotide kinase. The product
was purified on a Pharmacia Microspin G50 gel filtration
column according to the manufacturer’s protocol, and its
final concentration was estimated to be 0.25 pmol/µL on
the basis of quantitative recovery of ODN. HPLC-
purified [125I]ODN 3a (0.4 pmol, 2.5 µL) and ODN 4 (0.25
pmol, 1 µL) were annealed at 40 °C for 10 min in 1× TES
buffer. Two different duplex solutions were prepared
with final volumes of either 25 µL (sample D1) or 10 µL
(sample D2). The products of annealing were analyzed
in 20% native PAGE as shown in Figure 4. Extent of
duplex formation was quantitated using a FUJI
BioImager BAS1500 and MacBAS software.
DNA Strand Break Analysis. After 15 days at -70

°C, the duplex samples D1 and D2 described above were
analyzed for fragmentation of the ssDNA target by 10%
denaturing PAGE as shown in Figure 5 (panel A). The
bands corresponding to fragmentation of each duplex
were quantitated on the FUJI BioImager, and the
distribution of breaks in [32P]ODN 4 for sample D2 are
presented in Figure 5 (panel B). A control sample
containing [32P]ODN 4 but no [125I]ODN 3a showed trace
bands that were subtracted as background.

RESULTS

The conjugation and iodination chemistry were devel-
oped using the nonradioactive isotope of iodine (127I). As
shown in Figure 1, two methods were used to prepare
iodinated ODNs, but only method A was used to prepare
125I-labeled ODNs. An amine-modified ODN (1) was
treated with N-hydroxysuccinimidyl p-tributylstannyl-

benzoate to give the key Sn-ODN precursor (2). Con-
version to the desired I-ODN (3) was accomplished by
treatment with excess NaI and ChT. To confirm the
structure of the I-ODN prepared from Sn-ODN inter-
mediate, I-ODN (3) was also prepared directly from 1
by reaction with 4-iodobenzoyl chloride (method B).
The structure and sequence of the starting amine-

modified ODN (1) are shown in Figure 1. The ODN
sequence is a 15-mer that is complementary to the
initiation codon region of the c-myc oncogene. The 3′-
hexanol modification was introduced into the ODN to
improve serum stability (10). The 5′-hexylamine linker
group was readily introduced into 1 on the DNA synthe-
sizer using a commercially available phosphoramidite.
Preparation of the Sn-ODN was complicated by poor

water solubility of the lipophilic tributyltin NHS ester.
Suitable reaction conditions for synthesis of 2 used an
excess of the NHS ester in an emulsion of THF and borate
buffer (pH 8.3). Reversed phase HPLC analysis showed
complete conversion of 1 to 2 after several hours. As
shown in Figure 2, the lipophilic Sn-ODN (31 min
retention time) was isolated by HPLC in high purity.
Only 42% yield was obtained, presumably due to losses
in the prior filtration step. The organometallic product
destannylates under acidic conditions, so the Sn-ODN
solutions were stored at pH 8 or above. These solutions
had good stability (<5% degradation after 6 months at
0-5 °C).
Treatment of 2 with 20 equiv of NaI and ChT gave

complete conversion of the Sn-ODN to the I-ODN (3).
After 5 min, HPLC analysis showed no remaining 2 and
a new peak at 16 min. To prove that this peak was
indeed the desired product, the same I-ODN product (3)
was prepared using method B. Treatment of 1 with
4-iodobenzoyl chloride in borate buffer/THF gave 77%
yield of a product (3) that coeluted with the I-ODN
product from method A. Method B was more convenient
for the larger scale preparations of I-ODN needed for
Tm studies.
HPLC retention times and other physical properties

of the modified 15-mer ODNs are listed in Table 1.
Hybridization properties were determined by measuring
the melting temperature (Tm) of DNA duplexes formed
with a complementary 42-mer ODN target (4). The Tm
data show that the 4-iodobenzamide modification has
little effect on the ability of 3 to form stable duplexes. In

Figure 1. Synthesis of I-ODN conjugates. Reagents: (a) 4-(tri-
n-butylstannyl)-benzoate, NHS ester; (b) Na*I, chloramine T;
(c) 4-iodobenzoyl chloride.

Figure 2. HPLC chromatograms describing synthesis of
I-ODN 3 from Sn-ODN 2, as shown in Figure 1 (method A).
The HPLC system used a 250 × 4.6 mm C18 column (Rainin
Dynamax 300 Å) and a gradient of 5-85% solvent B over 40
min (flow rate ) 1 mL/min), where solvent A ) 0.1 M triethyl-
ammonium acetate (pH 7.5), solvent B ) acetonitrile; detection
was by UV absorbance at 260 nm. Chromatogram for ODN 3
shows the reaction mixture 5 min after treatment of ODN 2
with NaI and chloramine T.

240 Bioconjugate Chem., Vol. 8, No. 2, 1997 Reed et al.



fact, a slight increase in Tm (0.8 °C) was observed. The
bulky tributylstannylbenzamide group in 2 gave a slight
drop in Tm (1.4 °C), but even this ODN formed stable
duplex structures as evidenced by the normally shaped
melting curve.
After the hybridization properties were evaluated with

the nonradioactive [127I]ODN, the 125I-labeled ODN was
prepared from the Sn-ODN intermediate. Radioiodina-
tion of Sn-ODN 2 with 1.41 mCi of 125I gave facile
conversion to [125I]ODN 3. The reaction conditions were
similar to that described for 127I, except that 3.6-fold
excess of the Sn-ODN was used to drive incorporation
of the more valuable radionuclide. After 5 min, the
reaction mix was quenched with sodium bisulfite (to
reduce volatile iodine byproducts) and analyzed by
reversed phase HPLC. As shown in Figure 3, the Na125I
(4-6 min retention time) was efficiently converted to a
product with the same retention time (22 min) as the
[127I]ODN standard (3). Although the product peak was
off scale on the chart recorder, the γ-detector indicated
69% conversion of 125I to the desired I-ODN 3. A late
eluting side product (35 min) was also present in the
labeling mixture. The UV trace (not shown) was noisy
due to the small injection volume but showed unreacted
Sn-ODN (34 min).
[125I]ODN 3 was purified by passing the reaction

mixture through a disposable reversed phase syringe
cartridge. These columns are routinely used for “trityl-
on” purification of synthetic ODNs. We used the protocol
supplied by the manufacturer to isolate the desired
product (0.38 mCi) in∼0.5 mL of 20% acetonitrile/TEAA.
HPLC analysis of this material showed 96% purity by γ
detection, and no detectable Sn-ODN by UV. The
radioactive forerun was not analyzed for purity but
presumably contained the remaining [125I]ODN 3 and
unreacted radioiodine. The excess of unreacted Sn-ODN
was easily separated from the I-ODN product.
In a separate radiolabeling reaction, 3.2 equiv of 125I

was used in relation to Sn-ODN 2. After removal of
unreacted 125I by gel filtration chromatography, analyti-
cal HPLC showed no unreacted Sn-ODN and some
residual 125I. Further purification was accomplished by
HPLC. Although the in-line radiometric detector gave

better control over the purification process, radiochemical
yield was low (3.5%) due to nonspecific adsorption to the
C18 packing. The fraction containing [125I]ODN 3 was
dried in vacuo and reconstituted in the desired buffer for
the DNA cleavage assay. Nondenaturing PAGE analysis
of this fraction showed one radioactive band (Figure 4,
lane 4).
To study hybridization properties of [125I]ODN 3, a 5′-

32P-labeled 42-mer (ODN 4) was prepared. A solution of
0.4 pmol (1.6 equiv) of I-ODN was annealed with an
estimated 0.25 pmol of 4. We assumed complete recovery
of 32P-labeled 4 from a gel filtration spin column on the
basis of the manufacturer’s claims of >90% recovery and
our prior experience with these columns. Two different
duplex solutions were prepared with different ODN 3
concentrations. These preparations were assayed for
duplex formation by nondenaturing PAGE as shown in
Figure 4. The less concentrated sample (D1) showed 65%
of the slower moving duplex band, whereas sample D2
showed 89% duplex formation. As expected, both samples
showed unhybridized I-ODN. The samples were frozen
in liquid nitrogen and kept at -70 °C for strand break
analysis of ODN 4.
After 15 days of storage, the [125I]ODN 3a/[32P]ODN 4

duplexes were analyzed for fragmentation by denaturing
PAGE as shown in Figure 5A. The length of the 5′-32P-
labeled fragments in lanes 1 and 2 provides evidence for
sequence specific cleavage by 125I decay. The position of
the breaks relative to the sequence of ODN 4 was
determined by counting the bands from the top of the
gel. Breaks at a given position are due to complete
removal of the corresponding base and result in a
fragment n - 1 nucleotides long, where n is the position

Figure 3. Radio-HPLC analysis of crude and purified [125I]ODN 3. The HPLC system is described in Figure 2. Upper trace is
reaction mixture 10 min after addition of ChT. Lower trace is [125I]ODN 3 after reversed phase (syringe column) purification.

Table 1. Properties of Modified ODNsa

ODN MW A260 ) 1b (µg/mL) HPLCc (min) Tm
d (°C)

1 5016 33.1 8.7 58.8
2 5409 35.7 31 57.4
3 5246 34.6 16 59.6
a Sequences and structures of modified ODNs are shown in

Figure 1. b Calculated concentration of ODN that gives 1.00
absorbance unit at 260 nm. c Elution time; C18 HPLC conditions
described in Figure 2. d Determined for 2 µM solutions of modified
ODN and complementary 42-mer ODN 4 as described under
Experimental Procedures.

Figure 4. Nondenaturing PAGE showing duplexes formed
from [125I]ODN 3 and 32P-labeled ODN 4. Molecular weight
(MW) markers: mixture of 32P-labeled pBR322 Msp 1 digest
and 8-32 oligo dT. Lanes: (1) [32P]ODN 4; (2) duplex D1; (3)
duplex D2; (4) [125I]ODN 3.
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of the nucleotide from the 5′-end. For example, a break
at T34 (maximum in Figure 5B) corresponds to the 33
nucleotide long fragment in the gel. The bar graph in
Figure 5B shows the relative intensity of these cleavage
bands for the more concentrated duplex sample (D2) and
how their position corresponds to the sequence of ODN
4. The pattern of breaks for sample D1 was identical,
but the intensity of each band was slightly lower. The
value of each bar represents percent intensity of the band
compared to the sum of the intensities of all bands
including the top band (unbroken ODN 4). The total
yields of the strand breaks were calculated to be 4.6%
for sample D1 and 6.6% for sample D2.

DISCUSSION

Before the advent of automated ODN synthesis, 125I-
labeled DNA probes were obtained by direct treatment
with thallium chloride and sodium iodide at elevated
temperature (14). The oxidized form of 125I (I+) reacts
with random cytosine bases in the DNA to give 5,6-
saturated pyrimidine residues. The harsh reaction con-
ditions degraded the DNA and gave mixtures of iodinated
products. Direct iodination of the cytosine residues is
undesirable since the modified bases compromise hybrid-
ization properties of shorter probes.
Automated synthesis of 3′-labeled [125I]ODNs from a

[125I]dU-modified solid support has been reported (15).
The I-ODN products were used as PCR primers for
preparation of internally modified [125I]ODNs. This
method is unsuitable for labeling with shorter half-life
radiohalogens. More direct methods for radioiodination

of ODNs use conjugate groups that can be selectively
iodinated. For example, 5′-hexylamine-modified ODNs
have been chemically conjugated to 4-hydroxyphenyl (16)
or 4-methoxyphenyl groups (17). Recently, a phosphora-
midite reagent has been developed that allows direct
incorporation of 4-hydroxyphenyl groups into 5-methyl
dC nucleotides using a DNA synthesizer (18). To ensure
that no cytosine residues react (and to speed the reac-
tion), the modified ODN is generally present in large
excess with respect to the small quantities of radioiodine
that are used. Unreacted (carrier) ODN must be sepa-
rated from the I-ODN since it competes for complemen-
tary nucleic acid target sites. This separation is difficult
for the conjugates studied to date.
The radioiodination method reported here uses a

tributylstannylbenzamide precursor (Sn-ODN 2). The
major advantage of this new radiolabeling procedure is
that unreacted Sn-ODN and free iodine are easily
separated from the desired I-ODN product. The lipo-
philic organometallic precursor was soluble and stable
in aqueous buffer (pH 8.3). The hexylamine linker arm
in ODN 1 reacted cleanly with tributylstannylbenzoic
acid NHS ester to give 2. This active ester has been used
for labeling monoclonal antibodies with a number of
radiohalogens (19). The strong UV absorbance of ODNs
allowed the iodination chemistry to be developed using
127I and reversed phase HPLC methods. Conversion of
the Sn-ODN to I-ODN 3 proceeded quantitatively when
excess NaI was used. The identity of 3 was confirmed
by preparation via a more direct route (Figure 1, method
B). Tm studies showed that the addition of the 4-iodo-
benzamide conjugate group did not adversely affect
hybridization.
Radioiodination of ODN 2 with 125I gave 69% conver-

sion to [125I]ODN 3. The large shift in retention time
allowed easy isolation and identification of the I-ODN
product. Reversed phase chromatography using a dis-
posable syringe cartridge gave 27% isolated yield of no
carrier added [125I]ODN 3 in 96% purity. A large excess
of Sn-ODN was not required to drive the reaction, but
a slight excess ensured complete reaction of the relatively
expensive radioisotope. Although a C18 stationary phase
was useful for analytical HPLC, recovery was poor in a
preparative mode. We are experimenting with other
reversed phase packings and HPLC methods to improve
radiochemical yields.
The hybridization andDNA cleavage properties of [125I]-

ODN 3 were studied using gel electrophoresis assays. We
were especially interested in the effect of the relatively
long 5′-linker in 3 on DNA cleavage efficiency. The
reported 15-20 Å cleavage range (1) of [125I]dC or [125I]-
dU-modified ODNs hybridized to ssDNA targets may be
an ideal situation. Substitution of 125I at the 5-position
of the pyrimidine ring essentially “locks” it into the major
groove, approximately 5 Å from the axis of the B-form
DNA helix. We suspected that the hexylaminebenzamide
linker arm used to attach 125I to the 5′-terminus might
be too long (∼16 Å) and flexible to allow efficient DNA
cleavage.
Nondenaturing PAGE analysis of the duplex formed

between [125I]ODN 3 and 42-mer ODN 4 showed that
extent of duplex formation was concentration dependent.
Duplex sample D1 (10 nM in 4) showed 65% dsDNA,
whereas sample D2 (25 nM in 4) showed 89% dsDNA.
After 15 days (16% 125I decay), the duplex samples were
assayed for strand breaks using denaturing PAGE (Fig-
ure 5). Samples showed a Gaussian distribution of DNA
fragments typical for strand breaks caused by 125I.
Taking into account that only 65% and 89% of ODN 4
formed duplexes, we recalculated the effective yield of

Figure 5. (A, top) 10% denaturing PAGE showing fragmenta-
tion of ODN 4 after 15 days of decay. Lanes: (1) duplex D1; (2)
duplex D2; (3) [32P]ODN 4; (4) [125I]ODN 3. (B, bottom) Bar
graph showing distribution and relative intensity of breaks at
individual bases of ODN 4 for duplex D2. X indicates position
of attachment of iodobenzamide conjugate group. Total yield of
strand breaks was 4.6% for D1 and 6.6% for D2.
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breaks as 7.1% and 7.4% for D1 and D2, correspondingly.
Therefore, the yields in terms of breaks per decay were
0.44 and 0.46.
It is interesting that the DNA fragment of maximum

intensity corresponds to the position of attachment of the
5′-terminal [125I]benzamide containing linker. If this
linker were stretched out in either the 5′- or 3′-direction,
then the pattern of bands would be expected to shift (up
to five nucleotides). The high cleavage efficiency (0.45
break per decay) indicates that the 125I atom is con-
strained close to the sugar-phosphate backbone of the
target DNA strand, much like the geometry obtained
from labeling at the 5-position of the pyrimidine ring. It
is not clear how the DNA cleavage efficiency of these
different linker systems compares since no values have
been reported for cleavage of ssDNA targets with 125I-
labeled dC or dU. Results showed 0.8 ds break per decay
from 125I-dC-labeled triplex forming ODNs that lie in the
major groove of target dsDNA (3). Further investigations
are planned to explore the effect of different linker
systems on the DNA cleavage properties of 125I. For
example, 5-(aminoalkyl)uridine linkers can be used to
prepare internally modified ODNs that constrain the
iodobenzamide group in the major groove of duplex DNA.
The rapid radioiodination method reported here should
also allow the DNA cleavage properties of 123I to be
explored.
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Effect of Cast Solvent on the Electron Transfer Reaction for
Poly(ethylene oxide)-Modified Myoglobin on the Electrode in
Poly(ethylene oxide) Oligomers
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Myoglobin from horse skeletal muscle was modified with poly(ethylene oxide) (PEO) with an average
molecular weight of 2000 or 5000. Myoglobin was soluble after this modification in several organic
solvents and PEO oligomers. The electron transfer reactions of PEO-modified myoglobin cast on the
indium tin oxide (ITO) glass electrode were investigated by cyclic voltammetry. The PEO-modified
myoglobin, cast on the electrode from water or a methanol solution, showed quasi-reversible redox
reactions in PEO (average MW of 400). On the other hand, no redox response was seen in PEO-
modified myoglobin cast on it using chloroform or benzene as a casting solvent. A clear redox response
of the PEO-modified myoglobin was observed after methanol treatment of these layers cast from
chloroform or a benzene solution. This suggests that the conformational change of the adsorbed PEO-
modified myoglobin layer on the ITO electrode cast from chloroform or a benzene solution was not
irreversible. The cast condition of PEO-modified myoglobin on the ITO glass electrode was revealed
to affect the electron transfer reaction for protein considerably in PEO oligomers.

INTRODUCTION

Poly(ethylene oxide) (PEO)-protein hybrid was the
most popular material in bioconjugate chemistry (1, 2).
There are many papers on the enzymatic activity (3-6)
and structure (7, 8) of PEO-modified proteins. Further,
various methods for PEO modification of proteins were
also reported (9-12). PEO modification of proteins is
known to provide a nonimmunogenic response, and it also
supports the improved solubility of these proteins in
nonaqueous media keeping their functions. PEO is not
only a polymer for protein modification but also a typical
base material for preparing an ion conductive polymer
matrix (13-15). Since PEO has a unit structure (CH2-
OCH2) quite similar to that of water, we are studying
the electrochemistry of a variety of water-soluble mol-
ecules in PEO (16-18).
On the other hand, there are extensive studies on the

electrochemical characteristics of heme proteins such as
cytochrome c (19-24), myoglobin (25-28), and so on in
buffer solution. These redox reactions of heme proteins
have been analyzed in only aqueous solutions. We
mentioned PEO as a nonaqueous medium for electro-
chemical reaction of PEO-modified heme proteins. By
using PEO as a solvent for electrochemistry of PEO-
modified heme proteins, a novel electrochemical redox
response is expected. Myoglobin is one of the water-
soluble proteins, and it showed a direct electron transfer
reaction at the electrode in a buffer solution without any
mediator (25-28). PEO-modified myoglobin was then
expected to be soluble in PEO oligomers, and it shows
redox behavior similar to that in an aqueous medium.

As expected, PEO-modified myoglobin was also soluble
in PEO oligomers and showed quasi-reversible electron
transfer reactions at an indium tin oxide (ITO) glass
electrode without any mediator in PEO oligomers (29-
31). The electron transfer reaction of that was quite slow
in PEO oligomers. PEO-modified myoglobin was cast on
the electrode to eliminate the effect of the diffusion of
proteins (30). However, there was no detailed knowledge
on the redox response of PEO-modified myoglobin cast
on the ITO electrode. The study of the relationship
between the electrode response and the casting state of
proteins on the electrode was an important subject in the
field of electrochemistry for PEO-modified heme proteins
in nonaqueous media.
Here we wish to show the effect of casting solvents on

the direct electron transfer reaction of PEO-modified
myoglobin on the electrode in salt-containing PEO oli-
gomers.

EXPERIMENTAL SECTION

Materials. Myoglobin from horse skeletal muscle
(Mb) (Sigma M-0630) was used without further purifica-
tion. PEO400 (average MW of 400) containing no additive
such as an antioxidant was purchased from NOF Co. Ltd.
PEO400 containing 0.20 mol dm-3 KCl was used as a
solvent after drying in vacuo at 60 °C for 3 days. PEO
monomethyl ethers with molecular weights of 750, 2000,
and 5000 were purchased from Aldrich Co. Ltd. All other
reagents, not noted here, were purchased as analytical
grade from Kanto Chemical Co. Ltd.
An indium tin oxide (ITO) glass electrode (ITO layer

thickness of 1300 Å, surface resistance of 30.9 Ω/square)
was purchased from Oji Tobi Co. Ltd. These were used
as working and counter electrodes for cyclic voltammetry
measurements after washing with acetone and then with
chloroform. Silver wire (φ of 0.5 mm) was purchased as
an electrode from Tokuriki Honten Co. Ltd.
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Synthesis of PEO-ModifiedMb. The activated PEO
(A-PEO) was synthesized according to the conventional
method (29). First, PEO succinate was prepared by
reacting PEO monomethyl ether and succinic anhydride.
Then, A-PEO was prepared by reacting PEO succinate
and N-hydroxysuccinimide. Mb was stirred with A-PEO
for 1 h at 30 °C in a 0.05 mol dm-3 borate buffer solution
at pH 9.0. A-PEO is known to react with amino groups
of Mb in an aqueous medium. Mb was modified with
A-PEO with average molecular weights of 750, 2000, or
5000. The unbound A-PEO was removed by ultrafiltra-
tion (Millipore, PTGC10K) using distilled water. PEO-
modified Mb (PEO-Mb) in the dry state was prepared
by the lyophilization (Tokyo Rika, FDU-540) of this
solution.
Determination of the Degree of PEO Modifica-

tion. The average number of PEO chains on one Mb was
estimated from the titration results of amino groups of
Mb by 2,4,6-trinitrobenzenesulfonic acid (32-34). The
average number of PEO molecules with an average MW
of 750, 2000, and 5000 attached onto one molecule of Mb
was estimated to be 15 ( 1, 18 ( 1, and 18 ( 1,
respectively.
UV-Vis Spectroscopy. Mb, having 18 PEO5000 chains,

was dissolved in several organic solvents to a final
concentration of 1.0 × 10-5 mol dm-3. The PEO-Mb
solution was introduced into a quartz cuvette with a light
path length of 10.0 mm. The UV-vis absorption spec-
trum was recorded with a Shimadzu UV-2200A spectro-
photometer at room temperature.
Cyclic Voltammetry Measurement. Mb, modified

with 18 chains of PEO2000 on average, was individually
dissolved in casting solvents (water, methanol, chloro-
form, or benzene) to a concentration of 7.0 × 10-5 mol
dm-3. Distilled casting solvent was used for all experi-
ments. The PEO-Mb solution was cast onto the ITO
glass electrode with a casting density of 10 µL cm-2. After
drying, the ITO glass electrode as a working electrode
was faced with another ITO glass electrode as a counter
one. They were fixed as a thin layer cell with silicone
resin and dried in vacuo for 1 h. The thickness of the
thin layer cell was 100 µm. Then polished silver wire
(0.5 mm φ) was further introduced as a reference elec-
trode. After complete drying, the cell system was soaked
with PEO400 (average MW of 400) containing 0.20 mol
dm-3 KCl, and the solution was then raised in the cell
by the capillary action. The electron transfer reaction
of PEO-Mb cast on the ITO electrode in PEO400 was
investigated with cyclic voltammetry (Fuso Seisakusho
HECS 972, 321B) at room temperature under a nitrogen
atmosphere.

RESULTS AND DISCUSSION

Property of PEO-Mb in Organic Solvents. The
solubility of synthesized poly(ethylene oxide)-modified
myoglobin (PEO-Mb) in organic solvents is shown in
Table 1. Since Mb, modified with PEO750 (average MW
of 750), was not soluble in those organic solvents, this
hybrid was not used for further experiments. Longer
PEO chains (g2000) onto the proteins were preferable
for making Mb soluble in organic solvents. Newly

prepared PEO-Mb, having 18 chains of PEO2000, was
soluble in water, methanol, chloroform, and benzene.
When Mb was modified with PEO5000, PEO5000-Mb
became more soluble in various organic solvents. This
suggested that PEO2000 and PEO5000 were preferred
material for the modification of myoglobin to dissolve it
in organic solvents. This result is in agreement with that
reported by Inada et al. (3-7).
The conformation of newly prepared PEO-Mb was

analyzed in several organic solvents. UV-vis spectro-
photometry revealed that PEO-Mb showed spectra in
organic solvents and an aqueous solution as shown in
Figure 1. The difference of both the absorbance and
wavelength at the absorption maximum was observed in
the different solvents. The UV-vis spectrum of PEO-
Mb was affected by the solvent species, suggesting a
small conformational change. The PEO-Mb in buffer
solution (Figure 1A) exhibited an absorption maximum
at the Soret band that is the same as that of unmodified
Mb (oxidized form) in an aqueous solution (29). The
absorption maximum at the Soret band, arising from
π-π* transitions of the heme active site, was not
influenced by the PEOmodification. Little shifts of Soret
bands (400.0-414.7 nm) for PEO-Mb (Fe3+) were found
in different solvents which means a little structural
change around heme in PEO-Mb. Even after PEO
modification, the solvent species was revealed to affect
the chemical environment of heme in PEO-Mb. Fur-
thermore, a strong conformational change of PEO-Mb
in organic solvents was not found by absorption at 200-
250 nm with CD spectrometry (data not shown).
Electrochemistry of PEO-Mb Cast on the ITO

Electrode in a PEO Oligomer. Figure 2 shows cyclic
voltammograms of PEO-Mb in PEO400, where the PEO-
Mb was cast onto the ITO electrode with various casting
solvents. The PEO-Mb, cast from aqueous and metha-
nol solutions, showed clear redox peaks in PEO400. On
the other hand, no response was seen for those cast from
chloroform and benzene solutions. The conformation of
PEO-Mb was suggested not to be strongly changed even
in chloroform and benzene by UV-vis and CD spectrom-
etry as mentioned above; however, the nature of the
PEO-Mb film on the ITO glass electrode after casting
seemed to be changed by casting solvent species. The
dimensional characteristics of adsorbed PEO-Mb at the

Table 1. Effect of the Molecular Weight of PEO for the Modification of Myoglobin on the Solubility in Organic Solventa

MWb no.c MeOHd EtOHe chloroform benzene acetone CCI4f EtAcg

750 15 - - - - - - -
2000 18 + ( + + ( - -
5000 18 + + + + + ( +

a +, soluble; (, sparingly soluble; and -, insoluble. b Average molecular weight of modified PEO on protein. c Number of PEO chains
per Mb. d Methyl alcohol. e Ethyl alcohol. f Carbon tetrachloride. g Ethyl acetate.

Figure 1. UV-vis spectra of PEO-Mb in various solvents at
room temperature. PEO5000-Mb was dissolved in phosphate
buffer at pH 7.4 (A), methanol (B), chloroform (C), and benzene
(D).
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molecular level on the electrode should not be suitable
for electron transfer when it was cast from a chloroform
or benzene solution. A distinct difference in solubility
of PEO-Mb in organic solvents, such as methanol,
chloroform, or benzene, was not observed as seen in Table
1. However, spread-out forms of PEO chains onto Mb
may be affected by solvent species. Macroscopically, the
PEO-Mb cast ITO glass electrodes, prepared from water
or a methanol solution, was transparent. Against these,
those films cast from chloroform or benzene were obscure
opaque. The PEO-Mb cast from chloroform or benzene
might be assembled as massive particles on the electrode
during the drying process. This flocculation might inhibit
the electron transfer with the ITO glass electrode. It was
also observed that the different morphology of PEO cast
on the glass plate was formed by the casting solvent. It
was quite similar to that for PEO-Mb cast on ITO glass
electrode. The nature of PEO-Mb cast on the electrode
from organic solvents should depend on the conformation
and/or aggregated state of the modified PEO chains.
When chloroform or benzene was used as a casting
solvent, modified PEO chains of PEO-Mb were adsorbed
on the electrode and inhibited the electron transfer
between the protein and the ITO electrode. A very small
conformational change affected by the redox processes
has been detected by FTIR spectroscopy (35). This result
supported the fact that the conformation of PEO-Mb
adsorbed on the ITO electrode was an important factor
in keeping the electrochemical activity of proteins.
Since PEO-Mb showed no response when it was cast

from chloroform and benzene, a small amount of metha-
nol was added dropwise onto these modified electrodes,
and the redox response was analyzed in PEO400 as shown
in Figure 3. As a result, a clear redox response of the
PEO-Mb was found after methanol treatment. This
clearly supports the fact that both chloroform- and
benzene-cast PEO-Mb films, i.e., redox inactive ones,
were shifted to be redox active. The conformational
change of the adsorbed PEO-Mb layer on the electrode
cast from chloroform or benzene was not irreversible.
Niki and his co-workers reported that three conforma-
tions of adsorbed cytochrome c3 on the surface of mercury.
These conformational changes are reported to be ir-
reversible and depend on the applied potential (36). In
our study, the electrochemical activity of adsorbed pro-
teins on the electrode was changed and it depended on

the casting solvent. The property of the adsorbate was
influenced by the species of electrode, protein, solvent,
and method. This is also consistent with the reported
result, which described the nature of the electrode surface
as a decisive factor for the electron transfer between
protein and electrode. On the other hand, the important
role of hydration for the indium oxide electrode surface
in the electrode transfer reaction of proteins has already
been reported by several researchers (19, 27). The
electroactivity for PEO-Mb cast on the ITO electrode
from the organic solvent may be influenced by the surface
hydrophilicity of the electrode.
The PEO-Mb was post-treated with methanol after

casting on the ITO glass electrode from benzene solution,
and its cyclic voltammograms were recorded at various
sweep rates in PEO400 (Figure 4). The electrochemical
response for PEO-Mb on the ITO glass electrode was
stable with continuous cycling for at least 24 h. The
formal potential of PEO-Mb, estimated from the anodic
and cathodic peak potentials, is -57 mV vs Ag, and the
ratio of the anodic to cathodic peak currents is 0.89 (
0.05 in the sweep rate range from 5 to 100 mV s-1. The
formal redox potential of cast PEO-Mb on the electrode
in PEO400, obtained in our study, shifted to a positive side

Figure 2. Cyclic voltammograms of PEO-Mb on the ITO
electrode cast from water (A), methanol (B), chloroform (C), and
benzene (D). The voltammograms were taken in PEO400
containing 0.5 mol dm-3 KCl, recorded with a sweep rate of 33
mV s-1 at room temperature.

Figure 3. Cyclic voltammograms of PEO-Mb on the ITO
electrode with methanol post-treatment after casting from
chloroform (A) or benzene (B) in PEO400 containing KCl. The
sweep rate was 33 mV s-1 at room temperature.

Figure 4. Cyclic voltammograms of PEO-Mb on the ITO
electrode with methanol post-treatment after casting from
benzene solution in PEO400 containing KCl. The sweep rates
were 10, 33, 50, and 100 mV s-1 at room temperature.
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compared with that of purified myoglobin in buffer
solution (26). However, it is in fairly good agreement
with that of PEO-Mb dissolved in PEO200 (-55 mV vs
Ag). A shift of the formal redox potential of PEO-Mb
in PEO400 is considered to be due to the PEO being a
solvent. The peak separation of PEO-Mb cast onto the
ITO glass electrode slightly increased with increasing
sweep rates. Both the anodic and cathodic peak currents
of the PEO-Mb cast on the ITO glass electrode depended
on the sweep rate in PEO400 as shown in Figure 5. It
increased linearly in the sweep rate range up to 50 mV
s-1, suggesting that an electron transfer process should
be the rate-determining step.
There is a small sweep rate dependence on the quantity

of electricity (Q) in a wide sweep rate range from 1.0 to
100 mV s-1 as shown in Figure 6. Since the Q value was
affected by the casting solvent species, the casting solvent
was strongly suggested to affect the molecular packing
of PEO-Mb on the ITO glass electrode. For example, it
was 4.0 × 10-6 C for those cast from methanol and 2.3 ×
10-6 C from water regardless of the sweep rate between
5.0 and 100 mV s-1. Sweep rate-independent Q values
were consistent with the result of the direct electron
transfer between the ITO glass electrode and PEO-Mb
at the interface of the electrode. This Q value was
reasonable when the molecular cross section of PEO-
Mb was estimated to be about 2000 Å2/molecule and
taking surface roughness of the ITO electrode into

consideration. The calculated Q value was 4.0 × 10-6 C
when the mean surface area of the ITO electrode was
estimated to be 5 times larger than the apparent one.
This is in good agreement with that obtained in this
experiment as mentioned above. It is apparent that a
rapid electron transfer occurred between the ITO glass
electrode and only PEO-Mbs which were in direct
contact with the electrode. A largerQ value was detected
by decreasing the sweep rate to less than 1.0 mV s-1 only
when organic solvent was used as a casting solvent. This
increasedQ value was constant during repeated scanning
with the sweep rate of 1.0 mV s-1. This suggests the
possibility of intermolecular electron transfer perpen-
dicular to the electrode between adjacent PEO-Mbs in
the cast layer.

CONCLUSIONS

PEO-modified myoglobin, having 18 chains of PEO
with an average molecular weight of 2000 or 5000, was
soluble in organic solvents such as methanol, chloroform,
and benzene. Water and methanol provided excellent
casting conditions for such PEO-Mbs, and quasi-revers-
ible electron transfer reaction was observed between
PEO-Mb and the ITO glass electrode. Against this, the
PEO-Mb, cast from a chloroform or benzene solution,
showed no redox response in PEO oligomers. This
electroinactive PEO-Hb layer was not irreversible and
became electroactive after treatment with methanol. For
the cast system, the casting condition of protein on the
electrode was a very important factor for an electron
transfer reaction of PEO-Mb in PEO oligomers.
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Synthesis of an Amino Acid Analogue To Incorporate
p-Aminobenzyl-EDTA in Peptides
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A convenient and straightforward synthesis of an amino acid analog, [p-(N-R-Fmoc-L-aspartic acid-
â-amido)benzyl]-EDTA tetra-tert-butyl ester, compatible with Fmoc solid phase peptide synthesis
strategy is described. This reagent was used to incorporate p-aminobenzyl-EDTA at an internal
sequence position in an HIV-1 Tat protein fragment. After cleavage from the resin and standard
deprotection, the peptide was purified by high-performance liquid chromatography and characterized
by mass spectrometry. Through this methodology, flexible linkers of different lengths and containing
various structures can be placed between the R-carbon backbone of peptides and metal chelates. These
peptides will provide a new class of affinity cleaving reagents that can be directed against protein
and nucleic acid targets.

Interaction of transition metal complexes with nucleic
acids and proteins makes them a useful tool in molecular
biology. Metal complexes can be synthesized for specific
recognition and cleavage of nucleic acids, or they can be
used as nonspecific nucleases (for an excellent review,
see ref 1). Shape-selective metal complexes have been
designed to target specific DNA and RNA structures (2-
4). An iron-EDTA complex cleaves DNA nonspecifically
and can be applied to determine the helical periodicity
of DNA and structural details of bent DNA (5, 6).
Cleavage of DNA and RNA by metal chelates is an
important new approach to characterize specific struc-
tural features of nucleic acids and their complexes in
solutions (7-11). The metal chelate attachment converts
sequence-specific DNA-binding protein or oligonucleotide
to sequence-specific DNA-cleaving molecules that func-
tion under physiological pH, temperature, and salt condi-
tions (9, 10, 12-16).
As with nucleic acids, methods for specific and non-

specific cleavage of proteins have been developed. Site-
specific cleavage of proteins is achieved by introducing a
metal-binding site at one position in a polypeptide chain
or attaching it to protein binding ligands (17-26).
Recently, an Fe-EDTA-catalyzed protein cleavage method
has been applied to complex biological systems such as
membrane proteins (27). Nonspecific protein cleavage by
an untethered Fe-EDTA has been recently applied to map
protein domains involved in macromolecular interactions
such as the surface of a DNA-binding protein (28) and
interactions between subunits of the multisubunit RNA
polymerase (29). Artificial proteolytic reagents would be
extremely useful to characterize important structural
features of proteins and their complexes under physi-
ological conditions.
To accurately probe structure-function relationships

in nucleic acids, proteins, and nucleic acid-protein
complexes by affinity cleaving methods, the development
of both general and specific methods for single-site

modification of the peptide sidechain is required. Re-
agents potentially useful for such experiments are the
“bifunctional chelating agents,” so called because they
incorporate a strong metal-chelating group and a chemi-
cally reactive functional group. Bifunctional chelating
agents have been synthesized and used to provide
biological molecules with the nuclear, physical, and
chemical properties of chelated metal ions (30-32).
To prepare peptides labeled with metal chelates,

protected derivatives of EDTA analogs compatible with
Merrifield solid phase protein synthesis using N-tert-
butyloxycarbonyl (Boc)-protected amino acids were de-
veloped (13, 33-35). There are two major concerns about
this synthetic strategy: (a) repetitive TFA acidolysis in
Boc-group deprotection could lead to acid-catalyzed side
reactions and (b) cleavage and deprotection of peptides
requires HF and specific laboratory setup which is not
available to many researchers. Due to these concerns
9-fluorenylmethyl carbamate (Fmoc) solid phase peptide
synthesis was developed which employsN-R-Fmoc amino
acids (36). In this strategy, the Fmoc group is depro-
tected with piperidine and TFA is required only for the
final cleavage and deprotection step. In this paper, we
have synthesized an amino acid analog, [p-(N-R-Fmoc-
L-aspartic acid-â-amido)benzyl]-EDTA tetra-tert-butyl
ester (9). We report here a new selective protection
scheme for the preparation of amino acid analog 9 which
is designed to be compatible with the Fmoc solid phase
peptide synthesis strategy. The synthetic route for this
synthesis is outlined in Scheme 1. EDTA analog 3 was
synthesized with modifications of the method published
by Studer and Meares (37).
To test the use of reagent 9 to incorporate p-amino-

benzyl-EDTA in internal sequence of a peptide, we
synthesized a fragment of HIV-1 Tat protein (amino acids
56-72) on an automated peptide synthesizer. We used
standard HOBt/DCC peptide syntheis protocols to incor-
porate reagent 9 in the peptide sequence. The amino acid
sequence of the Tat peptide contained Arg-X-Pro-Pro-Gln-
Gly-Ser-Gln-Thr-His-Gln-Val-Ser-Leu-Ser-Lys-Gln, where
X was the modified amino acid 9. After standard TFA
deprotection, the peptide was purified and characterized
by mass spectrometry, which confirmed the incorporation
of EDTA in the peptide sequence. Tat protein is a potent
transactivator of transcription from the viral long ter-
minal repeat and acts by binding to a stem-loop RNA
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structure called TAR RNA (38). Tat peptides modified
with metal chelates at various sequence positions would
provide a class of affinity cleaving reagents that can be
directed against TAR RNA, and these studies are in
progress.

EXPERIMENTAL SECTION

Anhydrous DMF,N,N-diisopropylethylamine, fluorene-
methanol, TFA, piperidine, DMAP, and 10% Pd on
charcoal were purchased from Aldrich. DCC and HOBt
were obtained from Sigma. N-R-Fmoc-â-tert-butyl ester
L-aspartic acid was purchased from Bachem. All chemi-
cals were of reagent grade unless otherwise specified.
NMR spectra were recorded at 200 MHz on a Gemini 200
spectrometer (Varian). The FAB MS spectrum was
recorded using m-nitrobenzoic acid/NaI as matrix. IR
spectra were obtained on a Perkin-Elmer FT 1600 as thin
film. TLC was performed with precoated 0.2 mm silica
gel 60 F-254 TLC plates (EM Reagents, Darmstadt,
Germany).
(p-Nitrobenzyl)-EDTA Tetra-tert-butyl Ester (2).

To a 100 mL round-bottom flask were added 0.92 g (3.4
mmol) of (p-nitrobenzyl)ethylenediamine dihydrochloride
and 50 mL of dry acetonitrile. The flask was flushed with
nitrogen for 10 min, and to the stirring mixture were
added 2.46 g (17.7 mmol) of K2CO3 and 0.64 g (3.8 mmol)
of KI. Finally, tert-butyl bromoacetate (2.9 mL, 17.9
mmol) was added to the mixture slowly. The mixture
was refluxed at 105 °C for 120 h in the dark and then
cooled to room temperature. Evaporation of solvent gave
brown oil containing powdery deposit. The crude mixture
was dissolved in methylene chloride and filtered through
a glass frit, and the solid was washed with more meth-
ylene chloride until the powder on top of the frit turned
white. The filtrate was collected and evaporated to give
a yellow oil, which was silica gel column purified with
10% ethyl acetate in methylene chloride. The 1H NMR
showed several kinds of para-disubstituted phenyl groups,
seemingly a mixture of mono-, di-, tri-, and tetraprotected
EDTA moieties. Another silica gel column with 5% ethyl
acetate in CH2Cl2 gave the final product (1.53 g, 2.4
mmol, 70.6% yield): IR 1731 cm-1 (CdO, br s); 1H NMR
(CDCl3) δ 8.03 (2H, d, 8.76 Hz), 7.42 (2H, d, 8.42 Hz),

3.37 (4H, s), 3.34 (4H, s), 3.30 (2H, m), 2.95 (2H, m), 2.34
(1H, m), 1.36 (36H, s); 13 C NMR δ 171.42, 171.09, 149.41,
146.66, 130.69, 123.64, 63.52, 56.89, 56.08, 53.81, 37.54,
28.54, 28.49.
(p-Aminobenzyl)-EDTA Tetra-tert-butyl Ester (3).

To dried compound 2 (1.5 g, 2.3 mmol) in 100 mL of THF
were added 415 mg (3.0 mmol) of K2CO3 and 400 mg of
10% Pd/C under nitrogen flow at room temperature.
After addition, hydrogen inlet was used instead of
nitrogen, and with vigorous stirring and strong hydrogen
flow, the mixture was allowed to react overnight at room
temperature under H2 atmosphere. The reaction mixture
was filtered through a glass frit, and the solid was
washed with more THF. The collected solution was
evaporated to give a yellow oil. Silica gel column separa-
tion with ethyl acetate and another column with meth-
ylene chloride gave yellow oil, which was identified as
pure product by 1H and 13C NMR spectra (0.78 mg, 1.3
mmol, 56.5% yield): IR 1731 cm-1 (CdO, br s); 1H NMR
in CDCl3 δ 6.98 (2H, d, 8.18 Hz), 6.57 (2H, d, 8.22 Hz),
5.29 (2H, s), 3.48 (4H, s), 3.43 (4H, s), 3.03 (1H, m), 2.81
(2H, m), 2.55 (2H, m), 1.43 (18H, s), 1.40 (18H, s); 13C
NMR δ 172.05, 171.58, 145.11, 130.23, 115.62, 63.54,
56.69, 55.35, 53.92, 35.69, 20.50.
N-r-Fmoc-â-tert-butyl Ester L-Aspartic Acid 9-Flu-

orenemethyl Ester (5). To a 25 mL round-bottom flask
was added compound 4 (0.411 g, 1 mmol) dissolved in 5
mL of methylene chloride. At 0 °C, 206 mg (1 mmol) of
DCC and 2 mg of DMAP were added to the mixture and
stirred for 1 h at the same temperature. Prepared
solution of 9-fluorenemethanol (216 mg, 1.1 mmol) in 2
mL of CH2Cl2 was added, and the mixture was stirred
overnight at room temperature. Filtration to remove
white salt (DCU) and evaporation of the filtrate gave a
light yellowish oil. Silica gel column with 30% ethyl
acetate in petroleum ether gave 0.5 g of colorless oil and
0.1 g of white solid. NMR confirmed the oily compound
as the product (0.5 g, 0.85 mmol, 85% yield): 1H NMR
(CDCl3) δ 7.50 (16H, m), 6.00 (1H, d, 8.5 Hz, NH), 4.76
(1H, dt), 4.48 (4H, 2d), 4.29 (2H, 2t), 2.94 (2H, dd, 4.48
Hz, 15.10 Hz), 1.48 (9H, s); 13C NMR δ 171.49, 170.54,
156.55, 144.41, 144.27, 144.03, 141.81, 128.42, 128.27,
127.74, 127.62, 125.59, 125.56, 120.60, 120.54, 68.33,
67.84, 51.24, 47.66, 47.23, 38.27, 28.57.
N-r-Fmoc-r-9-fluorenemethyl Ester L-Aspartic

Acid (6). At 0 °C, 1.5 mL of trifluoroacetic acid was
added to 0.309 g (0.52 mmol) of 5 in 4 mL of methylene
chloride. The mixture was stirred for 2 h at 0 °C, and
the solvent was evaporated under vacuum. Complete
dryness gave 0.25 g (0.47 mmol, 90.4% yield) of white
powder, which was confirmed to be 6 by mass spectrum:
1H NMR (CD3OD) δ 7.80-7.27 (16H, m), 4.70-4.20 (7H,
m), 2.80 (2H, m).
[p-(N-r-Fmoc L-aspartic acid 9-fluorenemethyl

ester â-amido)benzyl]-EDTA Tetra-tert-butyl Ester
(7). To a 25 mL round-bottom flask containing 126 mg
of 6 (0.24 mmol) was added 50 mg (0.37 mmol) of HOBt
in 5 mL of 1:1 mixture of THF and DMF. DCC (100 mg,
0.48 mmol) in 3 mL of methylene chloride and 0.5 mL of
IPEA were added to keep the pH about 8. The reaction
mixture was stirred for 30 min at 0 °C and for 2 h at
room temperature. Without filtration, compound 3 (0.14
g, 0.225 mmol) in 3 mL of THF was added to the mixture
and left for stirring overnight. TLC in 15% petroleum
ether/ethyl acetate showed two spots, one corresponding
to the mixture of Fmoc derivatives and another to the
coupled product. Spin chromatotron separation with 80%
petroleum ether in ethyl acetate gave 150 mg of pure
product (0.13 mmol) as yellow oil, which was identified
by NMR and high-resolution mass spectra to be com-

Scheme 1
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pound 7 (MS ) 1137.581, theor ) 1137.580; 58% yield):
IR 1731 cm-1 (CdO, br s); 1H NMR (CDCl3) δ 7.50 (20H,
m), 6.25 (1H, d), 4.50 (7H, m), 3.49 (4H, s), 3.44 (4H, s),
2.85 (8H, m), 1.44 (18H, s), 1.41 (18H, s); 13C NMR δ
171.83, 171.41, 168.40, 156.80, 144.30, 144.16, 144.09,
144.00, 141.74, 137.31, 135.78, 130.29, 128.28, 128.20,
127.69, 127.60, 125.65, 125.51, 120.47, 120.28, 68.18,
67.88, 63.81, 60.92, 56.81, 55.94, 54.06, 51.31, 47.55,
47.15, 39.03, 36.83, 28.63, 21.58, 14.70.
[p-(L-Aspartic acid â-amido)benzyl]-EDTA Tetra-

tert-butyl Ester (8). To 150 mg of 7 (0.13 mmol) was
added 5 mL of 20% piperidine in methylene chloride, and
the mixture was stirred for 2.5 h. The solvent was
evaporated completely. The obtained yellow solid was
washed with a minimal amount of ether and filtered
through a micropipet with cotten. White solid, which was
not ether soluble, was washed again with 2 mL of ether.
The filtrate, which contains the product and Fmoc
derivatives, was concentrated. The resulting yellow oil
was fractionally crystallized in petroleum ether (72.4%
yield; M + Na ) 759.3065, theor ) 759.3061): IR 1731
cm-1 (CdO, br s); 1H NMR (CDCl3) δ 7.55 (2H, d), 7.10
(2H, d), 3.42 (8H, 2br s), 3.20-250 (8H, m), 1.42 (18H,
s), 1.40 (18H, s).
[p-(N-r-Fmoc-L-aspartic acid â-amido)benzyl]-

EDTA Tetra-tert-butyl Ester (9). To a round-bottom
flask was transferred compound 8 (405 mg, 0.55 mmol),
and 10 mL of 10% Na2CO3 was added. A solution of 270
mg of Fmoc-OSu (0.8 mmol) in 20 mL of DME was also
added to the mixture. The reaction mixture was stirred
for 5 h at room temperature. After the solvent was
evaporated, 10 mL of H2O was added to the crude
mixture and the pH was adjusted to 7 with 1 N HCl. The
mixture was extracted with ethyl acetate and washed
with H2O and brine. Spin chromatotron purification with
50% ethyl acetate in methanol gave 200 mg (0.21 mmol)
of yellow oil as the product (38% yield; M + Na ) 959.503,
theor ) 959.502): IR 1731 cm-1 (CdO, br s); 1H NMR
(CDCl3) δ 7.7-7.0 (12H, m), 3.32 (8H, m), 3.20-2.20
(14H, m), 1.53 (18H, s), 1.47 (18H, s).

PEPTIDE SYNTHESIS

All Fmoc-amino acids, piperidine, 4-(dimethylamino)-
pyridine, dichloromethane, N,N-dimethylforamide, 1-hy-
droxybenzotriazole (HOBT), 2-(1H-benzotriazo-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU),
diisopropylethylamine, and HMP-linked polystyrene resin
were obtained from Applied Biosystems Division, Perkin-
Elmer. Trifluoroacetic acid, 1,2-ethanedithiol, phenol,
and thioanisole were from Sigma. Tat-derived peptide
(from amino acids 56-72) was synthesized on an Applied
Biosystems 431A peptide synthesizer using standard
FastMoc protocols. Reagent 9 was incorporated in the
peptide sequence by HOBt/DCC peptide coupling proce-
dures. Cleavage and deprotection of the peptide was
carried out in 2 mL of reagent K for 6 h at room
temperature. Reagent K contained 1.75 mL of TFA, 100
µL of thioanisole, 100 µL of water, and 50 µL of
ethanedithiol (39). After cleavage from the resin, peptide
was purified by HPLC on a Zorbax 300 SB-C8 column.
The mass of fully deprotected and purified peptides was
confirmed by FAB mass spectrometry: calculated mass
for Tat (56-72 containing Asp-aminobenzyl-EDTA at
position 57) ) 2494.6, found 2495.6 (M + H).
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Preparation of Succinimidyl and Pentafluorophenyl Active Esters of
5- and 6- Carboxyfluorescein

Maciej Adamczyk,* Jeffrey R. Fishpaugh, and Kevin J. Heuser

Diagnostic Division, Division Organic Chemistry (D-9NM), Building AP-20, Abbott Laboratories,
100 Abbott Park Road, Abbott Park, IL 60064-3500. Received November 8, 1996X

A mixture of 5- and 6-carboxyfluorescein was activated with 1-[3-(dimethylamino)propyl]-3-ethylcar-
bodiimide hydrochloride in the presence of either N-hydroxysuccinimide or pentafluorophenol to give
the corresponding succinimidyl and pentafluorophenyl esters. The regioisomeric mixtures were
separated to give the 5- and 6- succinimidyl and pentafluorophenyl active esters in >98% purity.

INTRODUCTION

Fluorescein derivatives have been widely used as
fluorescent markers in bioanalytical chemistry (1-5) and
have found exceptional utility as the fluorophores of
choice in fluorescent polarization immunoassays (FPIA)
used for monitoring the level of drugs and hormones in
human fluids (6, 7). Active esters of 5- and 6-carboxy-
fluorescein1 are used for production of labels and conju-
gates (1, 4, 8-10). The 5- and 6-carboxyfluorescein
mixture (61:39 isomer ratio) is commercially available
(11). The pure isomers are also available, but at a high
cost, while the pure succinimidyl active esters can be
purchased at a cost of $7600/g (12). From the literature
(13, 14) only limited information is available for the
preparation, purification, and analysis of the fluorescein
succinimidyl active esters, while the corresponding pen-
tafluorophenyl active esters, which usually possess higher
hydrolytic stability (15), have not been previously re-
ported. Thus, there is a need for an efficient and cost
effective method for the preparation of these active esters.
We now report a method for the preparation of 5- and
6-carboxyfluorescein succinimidyl (2a and 2b, respec-
tively) and new pentafluorophenyl (2c and 2d) active
esters from the inexpensive, commercially available
mixture of 5(6)-carboxyfluorescein (1) as shown in Scheme
1.

MATERIALS AND METHODS

All reagents were purchased from Aldrich Chemical
Co. (Milwaukee, WI) except for 5(6)-carboxyfluorescein
(1), which was purchased from Kodak (Rochester, NY),
and these chemicals were used without further purifica-
tion. Solvents were of HPLC grade and used without
further purification. Silica gel 60 (230-400 mesh) was
purchased from EM Science (Gibbstown, NJ). Biotage
FLASH 75 purification system and KP-SIL silica car-
tridges (32-63 µm, 60A, 7.5 × 30 cm) were purchased
from Biotage, Inc. (Charlottesville, VA). 1H NMR spectra
were recorded at 300 MHz, on a Varian Gemini 300
spectrometer. Electrospray ionization mass spectra were
recorded on a Perkin-Elmer Sciex API 100 instrument.
Elemental analyses were performed by Robertson Mi-
crolit Laboratories, Inc. (Madison, NJ). Analytical HPLC

was performed using a Waters (Milford, MA) 8× 100 mm
µBondapak radial compression C18 column with a flow
rate of 2 mL/min and UV detection at 225 nm. Prepara-
tive HPLC was performed using a Waters 40 × 100 mm
µBondapak radial compression C18 column with a flow
rate of 45 mL/min and UV detection at 225 nm.
5- and 6- Carboxyfluorescein Succinimidyl Active

Esters (2a, 2b). To a solution of 5(6)-carboxyfluorescein
(5.0 g, 13.3 mmol) in anhydrousN,N-dimethylformamide
(DMF; 50 mL) was added 1-[3-(dimethylamino)propyl]-
3-ethylcarbodiimide hydrochloride (EDAC; 3.1 g, 16.0
mmol) followed by N-hydroxysuccinimide (HOSu; 1.9 g,
16.0 mmol). The reaction was covered with foil, stirred
under nitrogen, and monitored by analytical HPLC (22%
CH3CN/22% MeOH/56% aqueous 0.1% formic acid).
After 4.5 h, additional EDAC (510 mg, 0.2 equiv) was
added, and the reaction was stirred for an additional 18.5
h. The reaction mixture was rinsed into a separatory
funnel with DMF (10 mL) and diluted with acetone (200
mL). Buffer (0.05 M, pH 6 phosphate buffer, 250 mL)
was added, and the mixture was extracted with diethyl
ether (Et2O)/ethyl acetate (EtOAc) (2:1, 300 mL). The
organic layer was separated, and the aqueous layer was
extracted two times with Et2O/EtOAc (2:1, 250 mL). The
combined organic extracts were washed with water (3 ×
200 mL) and brine (1 × 250 mL), dried over Na2SO4, and
filtered, and the solvents were removed in vacuo to afford
4.7 g of crude 5(6)-carboxyfluorescein succinimidyl active
esters. Separation of the isomers on the Biotage system
was performed as follows: (a) the Biotage column was
equilibrated with 2 L of eluent (15% acetone/85% toluene
containing 0.05% acetic acid); (b) crude active ester
mixture, adsorbed onto silica gel (50 g), was loaded into
the SIM (16); and (c) the isomers were eluted at a main
system pressure of 100 psi and solvent pressure of 55-
60 psi, to afford 1.7 g of 2a (<2% of 2b present) and 1.2
g of 2b (<3% of 2a present). For further purification,
each lot was adsorbed onto silica gel (10-15 g), loaded
into the SIM, and purified using the previous conditions
to afford 795 mg of 2a (21% yield, >99% pure with <0.1%
of 2b present) and 780 mg of 2b (32% yield, >99% pure
with <0.1% of 2a present). Complete spectral and
analytical data are shown in Tables 1 and 2.
Flash Chromatography. The crude reaction mixture

(4.7 g) adsorbed onto silica (50 g) was loaded onto an
equilibrated flash column (14 × 30 cm bed of silica) and
separated (17) to afford 1.2 g of 2a (<0.1% of 2b present)
and 1.5 g of 2b (24% of 2a present).
Preparative HPLC. A crude mixture (50 mg) was

separated by reversed phase preparative HPLC (25%
CH3CN/75% aqueous 0.1% formic acid) to afford 2a (27

* Author to whom correspondence should be addressed [tele-
phone (847) 937-0225; fax (847) 938-8927; e-mail adamczykm@
apmac.abbott.com].
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mg, 5% hydrolysis observed) and 2b (18 mg, 12% hy-
drolysis observed).
5- and 6- Carboxyfluorescein Pentafluorophenyl

Active Esters (2c, 2d). To a solution of 5(6)-carboxy-
fluorescein (5.0 g, 13.3 mmol) in anhydrous DMF (40 mL)
was added EDAC (3.1 g, 16.0 mmol) followed by a
solution of pentafluorophenol (3.0 g, 16.0 mmol) in DMF
(10 mL). The reaction flask was covered with foil, and
the reaction was monitored by analytical HPLC (35%
CH3CN/35% MeOH/30% aqueous 0.1% formic acid).
After stirring under nitrogen for 22 h, the reaction was
worked up as described above to afford 6.3 g of crude 5(6)-
carboxyfluorescein pentafluorophenyl active esters. Par-
tial separation on the Biotage system using the method
and eluents described above for 2a and 2b gave 3.2 g of
the active ester mixture 2c and 2d with no observed
separation between the 5 and 6 regioisomers. Separation
by flash chromatography was achieved by adsorbing the
mixture onto silica (25 g), loading it onto an equilibrated
flash column (70% ethyl acetate/30% toluene, 7.5 × 23
cm bed of silica), and eluting (18) to afford 1.1 g of 2c
(25% yield, >99% with <0.5% of 2d present), 814 mg of
a mixture, and 555 mg of 2d (>91% with 6% of 2c
present). Partially separated 2dwas adsorbed onto silica
(5 g), loaded onto an equilibrated flash column (20%
acetone/80% toluene containing 0.1% acetic acid, 3 × 20
cm bed of silica), and further purified using the above
solvent system to afford 350 mg of 2d (13% yield, >98%
with <1.8% of 2c present). Complete spectral and
analytical data are shown in Tables 1 and 2.
Preparative HPLC. A crude mixture (65 mg) was

separated by reversed phase preparative HPLC (55%
CH3CN/45% aqueous 0.1% formic acid) to afford 2c (21

mg) and 2d (17 mg); however, only small amounts of
material could be loaded onto the 40 × 100 column per
run (30 min, ∼95 runs needed to separate the total 6.3 g
of mixture).

RESULTS AND DISCUSSION

The mixture of 1 was reacted with EDAC and HOSu
in anhydrous DMF to convert each acid to its respective
succinimidyl active ester (2a and 2b). Workup conditions
consisted of pouring the crude reaction mixture into a
separatory funnel, adding pH 6 buffer solution, and
extracting with a mixture of ether/ethyl acetate (2:1). The
selection of solvent combination was necessary to fully
maximize extraction of the desired active esters and
minimize the presence of HOSu, while the choice of pH
6 phosphate buffer prevented undesired hydrolysis. This
workup gave active esters 2a and 2b with <0.5% of the
starting acids. Separation of the active esters was
attempted according to three different methods: flash
chromatography, preparative reversed phase HPLC with
a 40 × 100 mm radial compression column, and the
Biotage FLASH 75 system.
Separation by flash chromatography was inefficient

since it did not afford good resolution between the two
fluorescein succinimidyl ester regioisomers. Preparative
reversed phase HPLC separation was attempted using
a 50 mg mixture of 2a and 2b and resulted in complete
separation of the two isomers, but with partial hydrolysis
(5-12%) of the active esters. A third method was sought
that would combine the ease of use of flash chromatog-
raphy with the separation capabilities of HPLC. The
Biotage FLASH 75 system, introduced in 1994, was
attractive because it is designed for milligram to kilogram

Scheme 1

Table 1. Preparation of Fluorescein Active Esters 2a-d

HPLCa,b

elemental analysis (found)
compd

yield
(%)

retention
time (min)

purity
(%)

molecular
formula

ESI-MS
(M + H)+ C H N F

2a 21 11.69 99 C25H15NO9 474.0 63.43 (63.74) 3.19 (3.43) 2.96 (3.04)
2b 32 9.68 99 C25H15NO9 474.0 63.43 (63.16) 3.19 (3.36) 2.96 (2.86)
2c 25 7.20 99 C27H11F5O7 543.2 59.79 (60.17) 2.04 (1.96) 17.51 (17.61)
2d 13 6.14 98 C27H11F5O7 543.2 59.79 (59.81) 2.04 (1.79) 17.51 (17.36)
a Solvent system for 2a, 2b ) 43% (1:1 CH3CN/MeOH)/57% aqueous 0.1% formic acid. b Solvent system for 2c, 2d ) 70% (1:1 CH3CN/

MeOH)/30% aqueous 0.1% formic acid.

Table 2. NMR Data for Fluorescein Active Esters 2a-d

compd 1H NMR (DMSO-d6) (δ, ppm; J, Hz)

2a 10.18 (s, 2H), 8.54 (s, 1H), 8.43 (d, 1H, J ) 8.07), 7.56 (d, 1H, J ) 8.14), 6.75 -6.66 (m, 4H), 6.60-6.50 (m, 2H), 2.93 (s, 4H)
2b 10.17 (s, 2H), 8.39 (d, 1H, J ) 8.07), 8.25 (d, 1H, J ) 8.04), 7.92 (s, 1H), 6.75-6.61 (m, 4H), 6.60-6.50 (m, 2H), 2.88 (s, 4H)
2c 10.18 (s, 2H), 8.64 (s, 1H), 8.50 (d, 1H, J ) 8.10), 7.55 (d, 1H, J ) 8.10), 6.75-6.65 (m, 4H), 6.60-6.50 (m, 2H)
2d 10.18 (s, 2H), 8.45 (d, 1H, J ) 8.10), 8.24 (d, 1H, J ) 7.96), 7.98 (s, 1H), 6.72-6.63 (m, 4H), 6.61-6.50 (m, 2H)
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scale separations and provides solutions to critical op-
erational problems typically found with glass columns:
speed, safety, and performance (19). For gram scale
separations, Biotage cartridges operate at higher pres-
sures (85-120 psi) with higher flow rates (100-300 mL/
min) than flash chromatography, which results in shorter
run times (19). This self-contained system reduces the
concern of using glass columns under pressure, while its
radial compression technology eliminates voids and
channels that often occur in conventional flash chroma-
tography (19).
Separation of the crude mixture of fluorescein succin-

imidyl esters using the Biotage FLASH 75 system af-
forded good separation of 2a from 2b (both >97% by
analytical HPLC). Further purification afforded 2a and
2b with purity >99%, see Table 1. A disadvantage for
any silica gel based chromatographic separation of active
esters is hydrolysis of the active ester while on the
column, which frequently leads to diminished product
yields. Mass recoveries using the Biotage system were
in general <80%. This method of separation was found
to be the most effective for the production of fluorescein
succinimidyl active esters 2a and 2b.
Pentafluorophenyl active esters were prepared in a

similar manner as the succinimidyl esters using EDAC/
pentafluorophenol (C6F5OH), and separation was also
attempted according to the three methods described for
2a and 2b. Preparative reversed phase HPLC separated
2c and 2d (<0.5% hydrolysis); however, this is a time-
consuming process by which only a relatively small
amount of material (65 mg) could be separated in a 30
min run using a 40 × 100 mm radial compression
cartridge. The Biotage system was ineffective in sepa-
rating 2c and 2d; however, rapid separation of the active
esters from other components present after aqueous
workup was achieved. Further purification of the active
ester mixture by flash chromatography afforded 2c and
2d in low to moderate yields and high purity (>98%, see
Table 1). In this case, the combination of Biotage and
flash chromatography was found to be the most effective
for obtaining the desired pentafluorophenyl active esters
2c and 2d.
In summary, our method transforms the inexpensive,

commercially available 5(6)-carboxyfluorescein (1) to the
highly useful 5- and 6-carboxyfluorescein succinimidyl
active esters (2a and 2b) and pentafluorophenyl active
esters (2c and 2d). Separation on the Biotage system
gave very pure (>99%) succinimidyl active esters, and
the combination of Biotage and flash chromatography
afforded very pure (>98%) pentafluorophenyl active
esters. These procedures allow for the rapid and cost
effective production of these carboxyfluorescein active

esters, and the Biotage FLASH 75 system offers the
advantages of safety, reproducibility, and speed over
other techniques for the separation of larger amounts of
material.
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Volume 7, Number 6, November/December 1996.

Richard B. Greenwald,* Annapurna Pendri,
Anthony Martinez, Carl Gilbert, and Patricia
Bradley

PEG THIAZOLIDINE-2-THIONE, A NOVEL REA-
GENT FOR FACILE PROTEIN MODIFICATION:
CONJUGATION OF BOVINE HEMOGLOBIN

Page 638. The entry in the fourth column and second
row of Table 1 should be 36.

Page 640. In the legend for Figure 1, 9 should appear
in place of 8, in both cases.
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ARTICLES

Syntheses of Haptens Containing Dioxaphosphorinan Methoxyacetic
Acid Linker Arms for the Production of Antibodies to
Organophosphate Pesticides

Wolter ten Hoeve,† Hans Wynberg,† William T. Jones,*,‡ Dawn Harvey,‡ Gordon B. Ryan,‡ and
Paul H. S. Reynolds‡

Syncom, University of Groningen, Groningen, The Netherlands, and Plant Improvement Division,
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Palmerston North, New Zealand. Received October 16, 1996X

Four generic heterobifunctional reagents, namely 2-(2-chloro-5-methyl-1,3,2-dioxaphosphorinan-5-
yl)methoxyacetic acid methyl ester, p-sulfide, 2-(2-chloro-5-methyl-1,3,2-dioxaphosphorinan-5-yl)-
methoxyacetic acid methyl ester, p-oxide, 2-(2-mercapto-5-methyl-1,3,2-dioxaphosphorinan-5-yl)-
methoxyacetic acid bispotassium salt, p-sulfide-, and (2-methoxy-5-methyl-1,3,2-dioxaphosphorinan-
5-yl)methoxyacetic acid, methyl ester, have been synthesized and used to prepare organophosphate,
thiophosphate, and dithiophosphate haptens containing a functional carboxyl group which can be
used to conjugate the haptens to proteins. These hapten-protein conjugates have been used as
antigens for preparing polyclonal sera against all classes of organophosphate pesticides. The eight
examples used protein-hapten conjugates of chlorpyrifos, parathion, diazinon, paraoxon, azinphos,
dimethoate, demeton, and dichlorvos. These were all immunogenic and resulted in sera containing
antibodies that recognized the corresponding parent pesticide with high specificity.

INTRODUCTION

Residues of pesticides used for protection of horticul-
tural crops against insect infestations need to be moni-
tored from a human health as well as an economic
perspective. Legal maximum residue limits are stipu-
lated by both national and international regulatory
agencies for many of these compounds in most food crops

and products. Increasingly, levels of such residues are
being monitored by the international and domestic agen-
cies.
Accordingly, there is a need for internationally accept-

able, rapid, reliable, sensitive, and cost-effective assay
systems for determining the presence of these com-
pounds. Suitably designed immunoassay-based tests can
fulfill all these requirements. Modern immunoassays are
based on two important phenomena: (i) the extraordi-
nary discriminatory power of antibodies and (ii) detection
systems that allow the reaction of the antibody with its
hapten to be quantified at low concentrations of the
reactants (antibody and hapten).
The use of enzyme immunoassays (EIAs) and solid

phase technology has brought about widespread use of
these techniques. An excellent review of enzyme immu-

* Address correspondence to Dr. W. T. Jones, The Horticul-
ture and Food Research Institute of New Zealand, Batchelar
Research Centre, Private Bag 11 030, Palmerston North, New
Zealand. Telephone: +64-6-356-8080. Fax: +64-6-351-7031.
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noassay is provided by Tijssen (1990). A large number
of assays have been developed for aflatoxins (Chu et al.,
1991) and herbicides and insecticides (Aston et al., 1992).
Residues are small molecules (Mr < 1000) and are

usually unable to invoke an immune response when
injected into animals. These molecules therefore have
to be conjugated to larger immunogenic carrier molecules
to produce the desired response. The organophosphate
group of pesticides, being small molecules, are not
immunogenic, nor can the majority of them be readily
conjugated to a suitable carrier protein to render them
antigenic. Until recently, antibodies have been raised
only to those organophosphates that could easily be
modified to allow coupling of the modified pesticide to
the carrier protein (parathion, Ercegovich et al., 1981;
paraoxon, Brimfield et al., 1985; Heldman et al., 1985).
Heldman et al. (1985) produced antibodies to paraoxon

by conjugation via a â-alanine linker attached through
the phosphate atom. McAdam et al. (1992) described the
production of haptens for preparing antibodies to feni-
trothion. This entailed coupling the hapten through the
phosphate group to the carrier protein and produced
haptens resembling those of Heldman et al. (1985). This
method of coupling through the phosphate group pro-
duced the best antibodies (Hill et al., 1992). McAdam
and Skerritt (1993) described the use of tert-butyl-3-
[[chloro(methoxy)phosphorothioyl]amino]propanoate as a
generic intermediate in preparing haptens of the orga-
nothiophosphate pesticides and successfully raised an-
tibodies to fenitrothion, chlorpyrifos-methyl, and pyrimi-
phos-methyl.
This work describes the synthesis of new generic

heterobifunctional intermediates containing a dioxaphos-
phorinan ring which can be used to synthesize organo-
phosphate, thiophosphate, and dithiophosphate haptens
containing a functional carboxyl group to conjugate to
proteins. These hapten-protein conjugates can be used
as antigens for preparing antibodies for use in the
development of specific immunoassays for the detection
of specific pesticides.

RESULTS

Synthesis of Haptens and Conjugates. Access to
haptens of some common organophosphate pesticides was
investigated in the first instance through replacement
of the methoxy or ethoxy group in these pesticides by
another alkoxy group which would contain an amino or
carboxylic acid function. The difficulties encountered in
attaining such unsymmetrical compounds in a pure state

led to the investigation of an approach in which both
methoxy and ethoxy groups were replaced by a group that
would lead to a more symmetrical compound. Such a
compound would presumably be easier to purify. On this
basis, a 1,3-propanediol was chosen which contained a
group at position 2 with a protected carboxylic acid
function. 2-(Hydroxymethyl)-1,3-propanediol is commer-
cially available and can be converted easily to 5-(hy-
droxymethyl)-2-methyl-1,3-dioxane (Gash, 1972). We
reasoned that functionalization of the free hydroxy group
leading to a group containing a carboxylic ester function,
followed by coupling of the deprotected diol part to the
phosphorus atom of pesticides, and finally selective
hydrolysis of the carboxylic ester should lead to the
desired haptens.
In practice, this approach (shown in Figure 1) appeared

to be useful for the preparation of a series of haptens.
Treatment of 5-(hydroxymethyl)-2-methyl-1,3-dioxane 1
with 2 equiv of sodium hydride in DMF followed by the
addition of bromoacetic acid gave the sodium salt of the
coupled product. This was directly reacted with dimethyl
sulfate to furnish the methyl ester 2. In order to gain
access to the desired haptens, it was necessary to
transform the acetal moiety into a diol, while maintaining
the ester moiety intact. Common acidic cleavage meth-
ods led to the loss of the ester group, but under mild
conditions, using pyridinium p-toluenesulfonate, the ac-
etal was preferentially cleaved. The resulting crude diol
3 was used in the following transformations to prepare
a set of generic intermediates useful for syntheses of
organophosphate, organothiophosphate, and organodithio-
phosphate haptens.
(1) Treatment with thiophosphoryl dichloride and

triethylamine in toluene gave a mixture of two isomeric
(chlorine atom cis or trans, respectively) thionodioxa-
phosphorinanes 4, the major isomer of which could be
isolated as a crystalline compound. (2) Treatment with
phosphoryl chloride and triethylamine in toluene gave a
mixture of two isomeric dioxaphosphorinanes 5 which,
in our hands, were inseparable. (3) Heating with phos-
phorus pentasulfide in toluene followed by treatment
with potassium hydroxide resulted in the precipitation
of the bispotassium salt 6. (4) Stirring with trimeth-
ylphosphite and trimethylamine (Edmundson et al., 1985)
gave the distillable cyclic phosphite 7.
The precursors 4-7were then used for the preparation

of the following haptens (Figure 2).

Figure 1. Synthetic scheme for the production of generic intermediates for synthesis of organophosphate, organothiophosphates,
and organodithiophosphate haptens.
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(a) Chlorpyrifos. The sodium salt of trichloropyridinol
(obtained from the pyridinol with sodium hydride in
DMF) was reacted with the crystalline isomer of chloride
4 in DMF at room temperature (RT). The resulting
crystalline ester 8 could be hydrolyzed, under very mild
basic conditions, viz., potassium carbonate in water,
methanol, and THF, to the hapten, crystalline acid 9.
(b) Parathion. 4-Nitrophenol was coupled to chloride

4 as described for chlorpyrifos to yield crystalline ester
10. The ester was hydrolyzed with lithium hydroxide,
resulting in crystalline acid 11.
(c) Diazinon. The sodium salt of isopropylmethylpy-

rimidinol was reacted with chloride 4 to furnish crystal-
line ester 12. Hydrolysis with potassium carbonate gave
crystalline acid 13.
(d) Paraoxon. 4-Nitrophenol was reacted with the

mixture of isomeric chlorides 5, resulting in two isomeric
esters 14, which could be separated by recrystallization.
The paraoxon hapten 15 was prepared by potassium
carbonate hydrolysis of the methyl ester. The use of
lithium hydroxide, as for parathion, led to hydrolysis of
the phosphate ester.
(e) Azinphos. The bispotassium salt 6was treated with

1 equiv of hydrochloric acid to protonate the weaker
carboxylic acid function and reacted with 3-(chlorometh-
yl)-1,2,3-benzotriazin-4(3H)-one in acetone to give hapten
16 which was purified through acid-base separation and
by crystallization.
(f) Dimethoate. This was prepared as for azinphos.

N-Methylchloroacetamide was reacted with bispotassium
salt 6 to give crystalline acid 17.
(g) Demeton. Access to hapten 19 was possible by

making use of the known O-S rearrangement (Sasse,
1964). Ethylthioethanol was reacted with butyllithium
followed by addition of chloride 4. The resulting ester
18 slowly underwent O-S rearrangement. However, the
product could not be hydrolyzed to acid 19 without
completely destroying the molecule. Therefore, ester 18
was hydrolyzed before rearrangement took place. The
resulting crude acid slowly underwent O-S rearrange-
ment, and hapten 19 was obtained in low yield as a
crystalline solid.
(h) Dichlorvos. Phosphite 7 was reacted with anhy-

drous chloral by the Perkow reaction (Gallenkamp, 1982)
to yield crude ester 20 which was hydrolyzed with
potassium carbonate to the crystalline acid 21 together
with an unknown acid. The desired hapten 21 was
purified from the unknown acid by washing with ether
and recrystallization from water/methanol.
None of the haptens inhibited cholinesterase activity

at 200 ppm when tested with a commercial kit (Enzytec
Inc.). This contrasts with the parent pesticides which
gave 100% cholinesterase inhibition at concentrations
ranging from 0.3 to 2.0 ppm. No deterioration has been
observed when haptens were stored dry at 4 °C for 2
years.
Production of Antibodies to Haptens. The car-

boxyl function on haptens 9, 11, 13, 15-17, 19, and 21
was activated to a succinimidyl ester (Langone and
Vanakis, 1975) and coupled to free amines on ovalbumin
(OVA) or mouse serum albumin (MSA) to produce
antigens with which to immunize mice or to use as
plating antigens for enzyme-linked immunoassays (ELI-
SAs), respectively.
Using this procedure, conjugates were prepared with

the degree of coupling between being 8 and 20 mol of
hapten per mole of OVA and 12-30 mol of hapten per
mole of MSA. OVA immunoconjugates of haptens were
injected into mice, and the resulting antisera were
assessed in an ELISA format as described in Materials

and Methods. In all cases, immunization resulted in the
production of antisera recognizing haptens conjugated to
MSA. No reaction was observed when preimmune sera
were reacted with MSA-haptens or when sera from
immunized mice were tested against MSA. Thus, a
specific reaction to the hapten was apparent.
Optimal plating concentrations of MSA-hapten and

sera dilution of individual mice to give an absorbance at
492 nm of 0.8-1.2 were established for each antigen by
checkerboard titration. Competition, defined as the
inhibition of binding of antibody to microwell plates as a
result of incubation with organophosphate pesticide or
hapten, was observed in all experiments for the pesticide
resembling the hapten (i.e., chlorpyrifos for the chlor-
pyrifos hapten) used to immunize mice. Within a par-
ticular assay, variation was observed between mice in
the I50 and in the useful range (I20-I80) for measuring of
organophosphate, with specific results as follows.
(a) Chlorpyrifos Immunoconjugate. The optimal dilu-

tions of MSA-hapten were 25, 90, 50, and 25 ng/mL and
of sera 1/32000, 1/64000, 1/32000, and 1/32000 for mouse
1-4, respectively. I50, I20, and I80 for chlorpyrifos using
mouse 1 and 2 sera were 300 ng/mL, 60 ng/mL, and 1.5
µg/mL and mouse 3 and 4 sera 150, 25, and 860 ng/mL,
respectively. Competition was not measurable at con-
centrations of paraoxon, parathion, and azinphos-methyl
up to 200 µg/mL. The chlorpyrifos hapten had an I50 of
20 ng/mL; I20 ) 1 ng/mL and I80 ) 100 ng/mL for all mice.
(b) Parathion Immunoconjugate. The optimal dilutions

of MSA-hapten were 25, 25, 50, and 50 ng/mL and of
sera 1/32000, 1/64000, 1/32000, and 1/64000 for mouse
1-4, respectively. I50, I20, and I80 for parathion using
mouse 1 serum were 1.2 µg/mL, 80 ng/mL, and 16 µg/
mL, using mouse 2 serum were 800 ng/mL, 60 ng/mL,
and 11 µg/mL, using mouse 3 serum were 4 µg/mL, 300
ng/mL, and 31 µg/mL, and using mouse 4 serum were
2.1 µg/mL, 350 ng/mL, and 33 µg/mL, respectively. For
all mouse sera, no competition was observed with chlor-
pyrifos and azinphos. Paraoxon showed cross reactivities
of 0.6 and 0.4% for mouse 1 and 2, respectively, and no
cross reaction for mouse 3 and 4 sera. Competition with
parathion hapten gave an I50 of 20-25 ng/mL, an I20 of
1-2 ng/mL, and an I80 of 80-100 ng/mL.
(c) Paraoxon Immunoconjugate. The optimal dilutions

of MSA-hapten were 200, 150, 25, and 25 ng/mL and of
sera 1/16000, 1/32000, 1/8000, and 1/16000 for mouse
1-4, respectively. I50, I20, and I80 for paraoxon using
mouse 1 serum were 8.1, 1.2, and 46 µg/mL, using mouse
2 serum were 2.2 µg/mL, 710 ng/mL, and 105 µg/mL,
using mouse 3 serum were 8, 1.2, and 43 µg/mL, and
using mouse 4 serum were 2 µg/mL, 200 ng/mL, and 23
µg/mL, respectively. No cross reaction was observed for
any sera from mice injected with paraoxon-hapten
immunoconjugates, with parathion, chlorpyrifos, or azin-
phos-methyl or -ethyl. The paraoxon hapten gave an I50
of 20 ng/mL, an I20 of 2 ng/mL and an I80 of 100 ng/mL.
(d) Azinphos Immunoconjugate. The optimal dilutions

of MSA-hapten were 25, 12.5, 25, and 25 ng/mL and of
sera 1/64000 for mouse 1-4, respectively. I50, I20, and
I80 for azinphos-methyl using mouse 1 and 3 sera were 4
µg/mL, 400 ng/mL, and 30 µg/mL, using mouse 2 serum
were 20 µg/mL, 800 ng/mL, and 120 µg/mL, and using
mouse 4 serum were 800 ng/mL, 20 ng/mL, and 34 µg/
mL. Chlorpyrifos and paraoxon showed no cross reaction.
Parathion showed cross reaction at 1-2% azinphos-
methyl. Azinphos-ethyl was slightly more competitive
than azinphos-methyl. For the azinphos hapten, I50
ranged from 6 to 10 ng/mL, I20 from 1 to 2 ng/mL, and
I80 from 60 to 100 ng/mL.
(e) Demeton Immunoconjugate. The optimal dilutions
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of MSA-hapten were 25, 200, 50, and 50 ng/mL and of
sera dilution of 1/32000, 1/64000, 1/128000, and 1/32000
for mouse 1-4, respectively. I50, I20, and I80 for demeton
using mouse 1 and mouse 4 sera were 20 µg/mL, 800 ng/
mL, and 120 µg/mL, using mouse 3 serum were 66, 7,
and >200 µg/mL, and using mouse 2 serum were 20.0,
1.8, and 80.0 µg/mL, respectively. For the demeton
hapten, I50 ranged from 10 to 20 ng/mL, I20 from 2 to 6
ng/mL, and I80 from 80 to 150 ng/mL.

(f) Dimethoate Immunoconjugate. The optimal dilu-
tions of MSA-hapten were 500, 250, 500, and 500 ng/
mL and of sera dilution 1/32000, 1/10000, 1/64000, and
1/64000 for mouse 1-4, respectively. I50, I20, and I80 for
dimethoate using mouse 1-3 sera were 45, 6, and 180
µg/mL and using mouse 4 serum were 66, 7, and >200
µg/mL, respectively. For the dimethoate hapten, I50
ranged from 20 to 30 ng/mL, I20 from 4 to 10 ng/mL, and
I80 from 90 to 150 ng/mL.

Figure 2. Overall synthetic scheme for organophosphate haptens.
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(g) Dichlorvos Immunoconjugate. The optimal dilu-
tions of MSA-hapten were 90, 250, 500, and 500 ng/mL
and of sera 1/32000 for mouse 1-4, respectively. I50, I20,
and I80 for dichlorvos using mouse 1, 2, and 4 sera were
80, 12, and >200 µg/mL and using mouse 3 serum were
200, 35, and >200 µg/mL, respectively. For the dichlor-
vos hapten, I50 ranged from 20 to 40 ng/mL, I20 from 5 to
15 ng/mL, and I80 from 90 to 180 ng/mL.
(h) Diazinon Immunoconjugate. The optimal dilutions

of MSA-hapten were 250, 500, 250, and 250 ng/mL and
of sera 1/25000, 1/12800, 1/25000, and 1/25000 for mouse
1-4, respectively. I50, I20, and I80 for diazinon using
mouse 1 serum were 2.1 µg/mL, 250 ng/mL, and 15 µg/
mL, using mouse 2 serum were 1.4 µgmL, <45 ng/mL,
and 10.2 µg/mL, using mouse 3 serum were 750 ng/mL,
70 ng/mL, and 9 µg/mL, and using mouse 4 serum were
750 ng/mL, 130 ng/mL, and 8 µg/mL, respectively.

DISCUSSION

Development of an immunoassay for a small hapten
requires covalent attachment of the hapten to an im-
munogenic carrier protein to generate reagent antibodies.
The small molecule may already have a functional group
that can be conjugated to the carrier, but frequently, a
derivative of the hapten must be synthesized for conjuga-
tion to occur (Van Emon et al., 1985). The nature of the
linker arm and its position on the organophosphate
hapten molecule will affect the specificity of the antibody
and the ability of the free hapten to react with the
antibody, although invariably, the hapten-protein im-
munoconjugate does react with the antibody.
Antibodies generated to hapten-protein immunocon-

jugates must therefore be tested to show that they react
with the free hapten, with the parent organophosphate,
as well as with the immunoconjugate. Antibodies must
also be tested for their specificity;. i.e., do they cross react
with other small molecules having some of the common
structural features found in the hapten used for im-
munization. Generally, the specificity of the antibody is
highest for that part of the molecule most distal to the
site of conjugation (Nugent, 1992).
We have described the syntheses of four novel generic

intermediates that can be used to prepare organophos-
phate haptens of the phosphate, phosphorothioate, and
phosphorodithioate groups. The generic intermediates
are based on the dioxaphosphorinan ring and contain a
protected carboxylic function which, after synthesis of the
protected hapten, can be deprotected under mild condi-
tions to yield stable haptens. Since the carboxyl group,
which is used to couple the hapten to the carrier protein,
is located distal to the unique functions of the hapten,
we have synthesized hapten conjugates that should favor
the production of antibodies that possess a high degree
of specificity for individual organophosphate pesticides.
Mice immunized with the OVA-hapten conjugates

elicited a strong immune response, resulting in antibodies
of high titer to the corresponding MSA-hapten immu-
noconjugates. Furthermore, results indicated that a
proportion of the antibody mixture recognized the parent
organophosphate pesticide as well as the conjugated and
unconjugated haptens. In all cases, under the conditions
used, the unconjugated hapten was more effective in
competing than was the parent pesticide, indicating that
the dioxane ring of the linker arm plays a role in the
structure of the epitope recognized by the major species
of antibody present in polyclonal sera. It was further
noticeable that haptens containing aromatic or hetero-
cyclic structures produced polyclonal sera that were
inhibited by lower concentrations of the corresponding
pesticide than sera prepared from haptens containing

smaller aliphatic chains. Presumably, in these cases, the
dioxane ring may play a more important role in filling
the paratope of the major species of immunoglobulin
present in the polyclonal sera.
The aim of the research reported in this paper was to

show the applicability of our synthetic schemes, based
on “generic” imtermediates, in preparing haptens suitable
for preparing antibodies to all classes of organophosphate
pesticides. We have therefore given eight examples from
the diverse groups of phosphates, thiophosphates, and
dithiophosphates containing aliphatic, aromatic, and
heterocyclic esters and shown that in each case the
hapten conjugates are immunogenic and mice produce
sera containing antibodies that recognize the parent
pesticide. Although the concentrations of pesticide re-
quired to inhibit 50% binding of sera to MSA-hapten
conjugates were in the nanogram to microgram per
milliliter range and possibly of too low a sensitivity to
be of use for developing polyclonal sera-based immunoas-
says for detection of organophosphates, we have recently
been able to prepare hybridoma cell lines from the mice
described in this paper, which secrete monoclonal anti-
bodies (MAbs) to chlorpyrifos, parathion, diazinon (W. T.
Jones and G. B. Ryan, unpublished results), and azinphos
(Jones et al., 1995) that can be used to develop sensitive
assays. In our experience, 10-20% of hybridomas se-
creting antibodies to the hapten conjugate also recognize
the parent pesticide in a competitive ELISA and it has
been possible to select high-affinity antibodies with
minimal cross reactivity to other organophosphates. For
example, we recently described (Jones et al., 1995) the
production of monoclonals to azinphos, which only showed
cross reactivity between azinphos-methyl and -ethyl and
were able to develop an ELISA with a limit of detection
of 80 pg/mL. We have also prepared monoclonal antibod-
ies to the parathion hapten and easily been able to select
high-affinity antibodies, some of which recognize also
paraoxon while others show no cross reactivity to para-
oxon, to chlorpyrifos which showed 0.4% cross reactivity
to fenitrothion but no detectable cross reactivities to other
pesticides and to diazinon, which gave 0.1 and 0.25%
cross reactivity with etrimfos- and pyrimifos-methyl,
respectively, but no detectable reactions to other pesti-
cides (W. T. Jones and G. B. Ryan, unpublished results).
Thus, in all cases, we have been able to select MAbs that
when used in ELISAs resulted in greater sensitivity
(limit of detection in the picogram per milliliter range)
and higher specificity for the organophosphate pesticide
than the corresponding polyclonal sera.
We have therefore described the synthesis of four

generic heterobifunctional intermediates that can be used
to prepare suitable haptens for preparing antibodies for
the development of sensitive and highly specific immu-
noassays for individual organophosphates of phosphate,
monothioate, and dithioate classes. Furthermore, the
stability and undetectable level of cholinesterase inhibi-
tion are important features of the hapten and the protein
conjugates in considering their usage in the development
of immunoassay kits (Nugent, 1992).

MATERIALS AND METHODS

Bovine serum albumin (BSA), ovalbumin (OVA), Tween-
20, horseradish peroxidase (HRP), peroxidase-labeled
sheep anti-mouse IgG (γ chain specific), o-phenylenedi-
amine (OPD), and succinimidylpyridyldithiopropionic
acid (SPDP) were obtained from Sigma Chemical Co. (St.
Louis, MO). N-Hydroxysuccinimide (NHS) and N-ethyl-
N′-[3′-(dimethylamino)propyl]carbodiimide hydrochloride
(EDC) were from Pierce Ltd. (Rockford, IL). MicroELISA
flat bottom F16 modules (Maxisorb) were obtained from
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Nunc (Roskilde, Denmark). Pesticides were purchased
from Chem Services (West Chester, PA). All other
reagents and solvents used in the synthesis of haptens
were reagent grade, and all other solvents used in other
procedures were of analytical grade or better. NMR
spectra were recorded on a 60 or 200 MHz spectropho-
tometer.
Synthesis of Haptens. 5-(Hydroxymethyl)-2,2,5-tri-

methyl-1,3-dioxane. A mixture of 2-(hydroxymethyl)-2-
methyl-1,3-propanediol (240 g, 2 mol), acetone (120 g, 2
mol), a few crystals of p-toluenesulfonic acid, and benzene
(800 mL) was heated under reflux for 24 h with azeotro-
pic removal of water. The reaction mixture was concen-
trated by rotary evaporation, and the residue purified by
bulb-to-bulb distillation, to yield 288.8 g (1.805 mol, 90%)
of the desired alcohol 1, with a bp of 80 °C (0.2 mmHg).
1H-NMR (CDCl3): δ 0.8 (s, 3H), 1.35 (s, 3H), 1.40 (s, 3H),
3.5-3.7 (m, 6H).
2-(2,2,5-Trimethyl-1,3-dioxan-5-yl)methoxyacetic Acid,

Methyl Ester. Alcohol (2, 285 g, 1.78 mol) dissolved in
200 mL of DMF was added to sodium hydride (157 g, 55-
65% in mineral oil, washed twice with 300 mL of hexane)
in 800 mL of DMF. The reaction mix was cooled in ice/
water to maintain the temperature of 10-25 °C and
stirred for 3 h at RT. Bromoacetic acid (249 g, 1.79 mol)
in DMF (500 mL) was added over a 2 h period with ice
cooling and mechanical stirring to maintain the temper-
ature at 16-22 °C. The reaction mixture solidified, and
DMF (1 L) was added and the suspension stirred over-
night at RT.
The mixture was warmed to 30 °C and stirred for a

further 2 h at 37 °C. Dimethyl sulfate (210 mL, 2.22 mol)
was added and the mixture maintained at 30-35 °C for
2 h, cooling where necessary, in ice. The suspension was
stirred for 5 h at RT and rotary evaporated to remove
most of the DMF.
Water (1 L) and toluene (1 L) were added to the

residue; the mixture was shaken, and the layers were
allowed to separate. The aqueous layer was extracted
with 750 mL of toluene, and the combined toluene layers
were washed with 2 × 1 L of water. The toluene layer
was dried and evaporated. The residue was purified by
bulb-to-bulb distillation to yield 240.2 g (1.035 mol, 58%)
of the desired product 2. 1H-NMR (CDCl3): δ 0.85 (s,
3H), 1.35 (s, 3H), 1.40 (s, 3H), 3.5-3.7 (AB, J ) 12 Hz,
4H), 3.5 (s, 2H), 3.7 (s, 3H), 4.1 (s, 2H). 13C-NMR
(CDCl3): δ 17.9, 20.7, 26.6, 34.3, 51.6, 66.2, 68.7, 74.5,
97.8, 170.9.
2-[3-Hydroxy-2-(hydroxymethyl)-2-methylpropoxy]ace-

tic Acid, Methyl Ester. Pyridinium p-toluenesulfonate
(6.9 g, 27.5 mmol) was added to a solution of the acetal
ester 2 obtained above (96.0 g, 0.414 mol) in 450 mL of
methanol, followed by 120 mL of water. The solution was
stirred for 4 h, during which time a total of 400 mL water
was added in 100 mL portions. The resulting solution
was rotary evaporated, and 100 mL of toluene was added
to the residue. This solution was rotary evaporated, and
a further 100 mL of toluene was added. Rotary evapora-
tion of this solution yielded 90 g of the desired product
3. 1H-NMR (CDCl3): δ 0.8 (s, 3H), 3.4 (s, 2H), 3.5 (s,
4H), 3.6 (s, 2H), 3.7 (s, 3H), 4.1 (s, 2H).
2-(2-Chloro-5-methyl-1,3,2-dioxaphosphorinan-5-yl)-

methoxyacetic Acid, Methyl Ester, p-Sulfide. The crude
diol 3 obtained above (27.3 g, containing 3.1 g of pyri-
dinium p-toluenesulfonate) was dissolved in 100 mL of
toluene, and to this was added pyridine (25 mL, 0.316
mol). The mixture was cooled to 10-15 °C, and thio-
phosphoryl chloride (distilled, 26 g, 0.153 mol) was then
added over a 3 min period (the temperature of the
mixture was allowed to rise to 25-30 °C). The suspen-

sion was stirred overnight at RT. Water (250 mL) and
toluene (100 mL) were then added; the resultant mixture
was shaken, and the layers were separated. The organic
layer was then washed with 250 mL of water, and the
aqueous layers were extracted with 100 mL of toluene.
The combined toluene layers were then dried over sodium
sulfate and rotary evaporated. The resultant residue was
dissolved in a small amount of toluene and filtered over
a column of aluminum oxide (5 × 3 cm), and the product
eluted from this column with toluene. The filtrate was
evaporated and the residue stirred overnight with a
mixture of 30 mL of ether and 30 mL of ligroin (bp of
40-60 °C). After cooling to -10 °C for 2 h, the suspen-
sion was filtered with suction and the solid phase then
washed with a 2/3 mixture of ether and ligroin. This
procedure yielded 12.95 g of the product 4 which, by
NMR, appeared to be principally comprised of one isomer.
The crystallization filtrate was then evaporated, leaving
a residue of 12.72 g which, by NMR, appeared to be a
1/2 mixture of the crystalline and liquid isomers 4. The
total yield was 25.67 g (88.0 mmol, 71% yield based on
acetal ester 2). The crystalline isomer had singlets at δ
0.9, 3.7, and 4.1 ppm. Both isomers had multiplets in
the δ 3.8-4.8 ppm region.
2-(2-Chloro-5-methyl-1,3,2-dioxaphosphorinan-5-yl)-

methoxyacetic Acid, Methyl Ester, p-Oxide. The oxygen
analogue 5 was prepared in a manner identical to the
preparation of 4, using phosphoryl chloride in place of
thiophosphoryl chloride. After filtration of the crude
product over aluminum oxide, and evaporation of the
toluene eluate, the product (21.8 g, 80 mmol, 63% yield
based on the acetal ester 2) was obtained as an oily
mixture of two isomers 5. Attempted purification through
vacuum distillation resulted in almost complete decom-
position. 1H-NMR (CDCl3): δ 1.0 (s), 1.3 (s) (ratio of
about 2/1), 3.3-4.7 (m) with singlets at 3.4, 3.7, and 4.1.
2-(2-Mercapto-5-methyl-1,3,2-dioxaphosphorinan-5-yl)-

methoxyacetic Acid, Bispotassium Salt, p-Sulfide. Diol
3 (35.4 g, 0.184 mol) (see above) was dissolved in 300 mL
of toluene. Phosphorus pentasulfide (35.4 g, 0.144 mol)
was then added and the suspension stirred first for 1 h
at 60-70 °C, then overnight at RT, and finally at 80-90
°C for 3 h (most of the phosphorus pentasulfide dissolved
during the heating process). The mixture was then
vacuum filtered, and the solids were washed with tolu-
ene. The filtrate was evaporated, and 200 mL of metha-
nol was added to the residue, followed by the addition of
30 g of potassium hydroxide in 100 mL of methanol over
a 15 min period (with cooling, the temperature was
allowed to rise to approximately 35 °C). The resultant
suspension was filtered under vacuum and the solid
phase washed with methanol. The yield was 31.9 g (91.7
mmol, 56% based on the acetal ester 2) of the colorless
bispotassium salt 6. This product was then recrystallized
from a mixture of ethanol and water. 1H-NMR (D2O): δ
1.0 (s, 3H), 3.5 (s, 2H), 3.9, 4.0 (s, 4H), 4.25 (s, 2H).
(2-Methoxy-5-methyl-1,3,2-dioxaphosphorinan-5-yl)meth-

oxyacetic Acid, Methyl Ester. The acetal ester 2 (42 g,
0.181 mol) was converted to diol 3 in the usual way using
200 mL of methanol, 2.1 g of pyridinium p-toluene-
sulfonate, and 240 mL of water. The resultant diol was
stirred with 400 mL of toluene, 33 g of trimethyl
phosphite (0.266 mol), and 16 drops of triethylamine for
3 days [see Edmundson et al. (1985) for a similar
procedure]. After rotary evaporation at 300 mmHg and
40 °C, the residue was washed with 2 × 100 mL of water,
dried, and evaporated. The residue was then purified
by bulb-to-bulb distillation at 0.1 mmHg to give 28.21 g
of the pure product 7 (0.112 mol, 62%). 1H-NMR (CCl4):
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δ 0.75 s and 1.2 s (ratio of 2/1), 3.1-4.7 (m) with singlets
at 3.3, 3.5, 3.6, and 4.0.
2-[5-Methyl-2-(3,5,6-trichloropyridin-2-oxy)-1,3,2-diox-

aphosphorinan-5-yl]methoxyacetic Acid, p-Sulfide (Chlo-
rpyrifos Hapten). DMF (50 mL) was first added to
sodium hydride in mineral oil (50-55%, 1.94 g, 44.4
mmol, washed twice with 40 mL of ligroin), after which
trichloropyridinol (9.2 g, 46.3 mmol) was added in por-
tions over 10 min. After the mixture was stirred for 30
min, the crystalline isomer 4, obtained above, was added
(10.15 g, 35.18 mmol), followed by an additional 10 mL
of DMF. After being stirred for 3 days at RT, the mixture
was poured into 500 mL of water (containing 10 g of
sodium bicarbonate). The product was then extracted
with 500 mL and then 250 mL of chloroform, and the
combined organic layers were first washed with 500 mL
of water, dried, and evaporated. The residue, which
solidified on standing, could be purified by stirring with
a 1/1 mixture of ether and ligroin to yield a single
isomeric product. 1H-NMR (CDCl3): δ 1.0 (s, 3H), 3.8
(s, 5H), 4.2 (s, 2H), 4.2-4.4 (m, 4H), 7.9 (s, 1H). 13C-
NMR (CDCl3): δ 16.1, 36.2, 51.7, 68.5, 71.8, 74.0, 121.0,
127.4, 141.1, 144.2, 150.2, 170.4. Similarly, from the oily
mixture of chlorides 4, a mixture of esters 8was obtained.
The more soluble isomer had singlets at δ 1.3, 3.3, 3.7,
3.9, and 7.9 ppm and a multiplet at δ 3.7-4.8 ppm.
THF (75 mL), followed by 75 mL of methanol, was

added to the methyl ester 8 (15.0 g) obtained above. A
solution of potassium carbonate (5.28 g, 38.3 mmol in 35
mL of water) was added over a period of 10 min, followed
by the addition of 50 mL of water over a 15 min period.
After the mixture was stirred for 2 h, 500 mL of water
was added and the mixture then extracted first with 400
mL of a 3/1 mixture of toluene and ethanol and then with
300 mL of toluene, to remove the unreacted ester 8. The
combined aqueous layers were acidified by the addition
of 10 mL of concentrated hydrochloric acid and then
extracted with 4 × 250 mL of toluene. The combined
toluene layers were then dried and rotary evaporated to
yield a residue which was dissolved in 100 mL of warm
methanol. Water (about 60 mL) was added, followed by
some seed crystals. After the mixture was stirred at RT
for some time, the precipitate was collected by vacuum
filtration. The precipitate 9 so obtained weighed 6.50 g
and, on the basis of NMR, appeared to consist of a single
isomer. Using the same procedure, a further 1.78 g of 9
was obtained from the filtrate. NMR revealed this
product to consist of a 3/2 mixture of the more soluble
and less soluble isomers. The total yield was 8.28 g
(18.97 mmol, 54% yield based on chloride 4). Similarly,
from the oily mixture of chlorides 4 obtained above, the
acid 9 was obtained (after the methanol/water purifica-
tion) as a 5/2 mixture of the more soluble and less soluble
isomers. 1H-NMR (CDCl3) for the less soluble isomer:
singlets at δ 1.0 (3H), 3.7 (2H), 4.8 (2H), 7.8 (1H), 8.9
(1H, broad), multiplet at δ 3.8-4.9. 1H-NMR (CDCl3) for
the more soluble isomer: singlets at δ 1.3, 3.4 (broad),
7.8, multiplet at δ 3.7-4.9.
2-[5-Methyl-2-(4-nitrophenoxy)-1,3,2-dioxaphosphorinan-

5-yl]methoxyacetic Acid, p-Sulfide (Parathion Hapten).
4-Nitrophenol (3.00 g, 20 mmol) was added in 0.5 g
portions to a mixture of sodium hydride (1.10 g, 50-55%,
22.9 mmol, washed twice with 30 mL of ligroin) and DMF
(30 mL). After the mixture was stirred for 1 h, 5.15 g
(20 mmol) of crystalline chloride 4 was added and the
mixture stirred for 3 days at RT. The reaction mixture
was then poured into 250 mL of a 4% sodium bicarbonate
solution and the product extracted with 250 mL of
toluene. Washing with 2 × 250 mL of water followed by
drying and evaporation gave the crude product as a 3/2

mixture of isomers (by NMR). Addition of 50 mL of ether
yielded a solid which, after filtration and washing with
ether, gave 2.07 g of methyl ester 10 (one isomer by NMR,
major isomer in the crude product). Similarly, from 5.15
g of the oily mixture of chlorides 4 was obtained 1.59 g
of a single isomer. The ether filtrates of both products
were combined, evaporated, treated with 50 mL of ether
and a small amount of ligroin, and then stored at -15
°C to give 3.45 g of product 10 (3/2 mixture of the more
soluble and less soluble isomers). The total yield was
7.31 g (18.7 mmol, 47% yield). 1H-NMR (CDCl3) of the
less soluble isomer: δ 1.0 (s, 3H), 3.7 (s, 5H), 4.1 (s, 4H),
4.1-4.35 (AB, J ) 12 Hz, 2H), 7.1-8.2 (AB, J ) 9 Hz,
4H). The more soluble isomer had a singlet at 1.3 ppm,
and a complicated pattern in the 3.4-4.9 ppm range with
singlets at 3.4, 3.7, and 4.0 ppm.
Sufficient THF (about 20 mL) was added to 3.66 g (9.36

mmol) of the single isomer ester 10 in methanol (70 mL)
to completely solubilize the mixture. Lithium hydroxide
(232 mg, 9.65 mmol) in 20 mL of 1/3 water/methanol was
added with stirring over 30 min. This mixture was
further stirred for 1 h and then poured into 500 mL of
water. This solution was extracted with 250 mL of
toluene, which was washed with 50 mL of water. The
combined aqueous layers were acidified by the addition
of 1.5 mL of concentrated hydrochloric acid and then
extracted with 2 × 250 mL of toluene. The combined
toluene layers were dried and evaporated to give a solid
residue, which was then stirred with ether. Subsequent
filtration and washing with ether yielded 1.26 g of the
free acid of the less soluble isomer 11.
Similarly, 1.01 g of the more soluble isomer (isomer

ratio of 2/1) was obtained from 3.45 g of the mixture of
esters 10 (see above) after this mixture had been treated
with ether. From the combined filtrates of both reactions,
a further 0.79 g of an almost 1/1 mixture of isomers was
obtained following treatment with ether. The total yield
was 3.06 g (8.12 mmol, 43%). 1H-NMR (CDCl3) of the
less soluble isomer: δ 1.0 (s, 3H), 3.6-4.6 (m), 3.8 (s),
4.2 (s, 8H), 7.5-8.6 (AB, J ) 9 Hz, 4H). The more soluble
isomer had singlets at δ 1.3, 3.45, and 4.1 ppm.
2-[5-Methyl-2-(2-isopropyl-6-methylpyrimidin-4-oxy)-

1,3,2-dioxaphosphorinan-5-yl]methoxyacetic Acid, p-Sul-
fide (Diazinon Hapten). DMF (30 mL), followed by
2-isopropyl-6-methyl-4-pyrimidinol (4.7 g, 30.9 mmol)
added in portions over 5 min, was added to sodium
hydride in mineral oil (50-55%, 1.13 g, 25.9 mmol,
washed twice with pentane). After the mixture was
stirred for 4 h, crystalline isomer 4 (6.8 g, 23.6 mmol)
was added and the mixture stirred for a further 2 days
at RT. The resultant mixture was then added to 300 mL
of sodium carbonate and 500 mL of toluene and the
solution mixed. The layers were separated, and the
toluene phase was back washed with 300 mL of water,
dried, and evaporated. The oily residue, ester 12, was
dissolved in 150 mL of 1/1 THF/MeOH.
Aqueous sodium carbonate (5.5 g in 50 mL of water)

was added with stirring for 30 min. Water (50 mL) was
added and the mixture stirred for a further 4 h followed
by the addition of another 300 mL of water. The mixture
was extracted with 2 × 300 mL of toluene, and the
toluene layer was back washed with 250 mL of water.
The combined aqueous layers were acidified by the
addition of concentrated hydrochloric acid (10 mL) and
then extracted with 3 × 250 mL of toluene. The toluene
was dried and evaporated and the residue stirred over-
night with ether (50 mL). The residue was then filtered
and washed with ether to yield the desired product 13
(4.31 mmol, 18% yield based on chloride 4). 1H-NMR
(CDCl3): δ 1.0 (s, 3H), 1.35 (s, 3H), 1.4 (s, 3H), 2.6 (s,

Haptens for Production of Antibodies to Organophosphates Bioconjugate Chem., Vol. 8, No. 3, 1997 263



3H), 3.2 (m, 1H), 3.8 (s, 2H), 4.2-4.5 (m, 6H), 4.25 (s,
6H), 6.9 (s, 1H).
2-[5-Methyl-2-(4-nitrophenoxy)-1,3,2-dioxaphosphorinan-

5-yl]methoxyacetic Acid, p-Oxide (Paraoxon Hapten).
4-Nitrophenol (10.2 g, 73.4 mmol) was added over a 10
min period to a mixture of sodium hydride (3.14 g, 50-
55%, 72 mmol, washed twice with 40 mL of ligroin) and
75 mL of DMF. After the mixture was stirred for an
additional 30 min, chloride 5 (16.9 g, 62.0 mmol) in 20
mL of DMF was added. This mixture was stirred for 3
days at RT and then poured into 500 mL of 2% sodium
bicarbonate solution. The product was extracted with
500 mL of toluene and the toluene layer washed with 2
× 500 mL of water, dried, and evaporated. Ether (100
mL) was then added to the residue (which consisted of
two methyl ester isomers in a 3/2 ratio) and the mixture
stirred for 2 h. The solid was then filtered off and washed
with ether to give 12.6 g of material principally comprised
of the less soluble major isomer 14. Evaporation of the
filtrate left 7.94 g of material, the major constituent of
which was the other isomer. The total yield was 20.54 g
of methyl ester 14 (54.8 mmol, 88%). 1H-NMR (CDCl3)
of the less soluble isomer: δ 1.0 (s, 3H), 3.7 (s, 5H), 3.9-
4.8 (m, 6H), 4.15 (s, 6H), 7.2-8.3 (AB, J ) 9 Hz, 4H).
1H-NMR (CDCl3) of the more soluble isomer: δ 1.3 (s,
3H), 3.4 (s, 2H), 3.7 (s, 3H), 3.9-4.9 (m, 6H), 4.0 (s, 6H),
7.2-8.3 (AB, J ) 9 Hz, 4H).
Methanol (100 mL) was added to a solution of ester

14 (10.1 g, 26.9 mmol, less soluble isomer) in 160 mL of
THF. This was followed by the dropwise addition of a
solution of potassium carbonate (4.20 g, 30.4 mmol) in
50 mL of water over a 15 min period. A further 100 mL
of water was subsequently added over a 5 min period.
After being stirred at RT for 90 min, the reaction mixture
was poured into 750 mL of water. Extraction with 2 ×
300 mL of toluene, followed by washing of the combined
toluene layers with 150 mL of water, removed unreacted
ester 14. The combined aqueous layers were acidified
by the addition of about 6 mL of concentrated hydrochlo-
ric acid and then extracted with 3 × 300 mL of toluene.
Drying and rotary evaporation of these toluene layers
yielded a solid residue which was then stirred with a
small amount of ether. Subsequent filtration and wash-
ing with ether gave 4.70 g of the acid 15 (13.0 mmol, 48%
yield). 1H-NMR (CDCl3/DMSO-d6): δ 0.95 (s, 3H), 3.7
(s, 2H), 3.9-4.6 (m, 6H), 4.05 (s, 6H), 7.2-8.2 (AB, J )
9 Hz, 4H).
2-[5-Methyl-2-[[4-oxo-1,2,3-benzotriazin-3(4H)-yl]meth-

yl]thio-1,3,2-dioxaphosphorinan-5-yl]]methoxyacetic Acid,
p-Sulfide (Azinphos Hapten). Concentrated hydrochloric
acid (3.3 g, 1.172 mmol) was added to a suspension of
the bispotassium salt 6 (11.0 g, 31.6 mmol) in 100 mL of
methanol followed by 30 mL of water. The resulting clear
solution was evaporated completely, and the residue was
dissolved in absolute ethanol (100 mL) by warming the
stirred suspension. Toluene (100 mL) was added and the
mixture evaporated to dryness. Toluene (100 mL) was
added to the residue and the mixture rotary evaporated
again. The solid residue was dissolved in acetone (100
mL), and 3-(chloromethyl)-1,2,3-benzotriazin-4(3H)-one
[6.13 g, 31.36 mmol, prepared according to Lorenz (1957)]
was added. The mixture was stirred for 64 h at RT and
evaporated. The residue was stirred with a mixture of
potassium carbonate (6.0 g, 43.5 mmol), water (150 mL),
and toluene (150 mL). The aqueous layer was extracted
with toluene (250 mL), and the toluene layers were
extracted with water (150 mL). The combined aqueous
layers were acidified with concentrated hydrochloric acid
(10 mL) and extracted with toluene (2× 250 mL), washed
with water (150 mL), dried, and evaporated to a viscous

oil which solidified on standing. The solid was stirred
in ether, filtered, and washed with ether to give 6.08 g
of the desired product 16 (45% yield based on 6) as a 1/1
mixture of isomers. These isomers are probably the
result of attack on either the axial sulfur or the equa-
tional sulfur atom in the dipotassium salt 6. 1H-NMR
(CDCl3) of 16 (a 1/1 mixture of isomers): δ 0.9 (s, 3H),
1.25 (s, 3H), 3.5 (s, 2H), 3.7 (s, 2H), 3.8-4.6 (m, 6H), 5.7
(s, 2H), 6.0 (s, 2H), 7.5-8.5 (m, 4H).
2-[5-Methyl-2-[[2-(methylamino)-2-oxoethyl]thio]-1,3,2-

dioxaphosphorinan-5-yl]methoxyacetic Acid, p-Sulfide
(Dimethoate Hapten). Hydrochloric acid (4.21 g, 40.5
mmol), followed by 30 mL water, was added to a suspen-
sion of the bispotassium salt 6 (14.67 g, 42.16 mmol). The
resultant solution was evaporated to dryness, the residue
resuspended in absolute ethanol (100 mL), and the
suspension warmed and then re-evaporated to dryness.
Toluene (100 mL) was added to the residue, and the
suspension was again evaporated. This procedure was
repeated one more time. Acetone (100 mL), followed by
N-methylchloroacetamide (5.05 g, 46.98 mmol), was then
added to the residue; the mixture was stirred for 3 days
at RT and then evaporated. Potassium carbonate (8.80
g) in water (250 mL), followed by 250 mL of toluene, was
added to the residue. After the mixture was stirred for
15 min, the layers were separated, the aqueous layer was
extracted with 250 mL of toluene, and the combined
organic layers were washed with 100 mL of water. To
the combined aqueous layers was added 17 mL of
concentrated hydrochloric acid, and the resulting mixture
was extracted with 3 × 200 mL of chloroform. The
chloroform layers were dried and evaporated to leave 8.2
g of residue. Concentrated ammonia (5 mL) was added
to the residue and the solution evaporated to dryness.
Acetone was added to the residue; the mixture was
stirred, and the resulting solid (the ammonium salt of
17) was filtered off and washed with acetone. This gave
2.77 g of product (single isomer by NMR, apparently only
one of the two possible isomers is formed or one of the
two possible isomers is much less soluble than the other
isomer), which was then dissolved in 100 mL of water.
Concentrated hydrochloric acid (2 mL) was added and
the mixture extracted with 3 × 100 mL of chloroform.
Drying and evaporation left a residue from which, on
stirring with ether, the pure acid 17 was precipitated.
Subsequent filtration and washing yielded 1.765 g (5.15
mmol, 12% based on 6). 1H-NMR (CDCl3): δ 1.0 (s, 3H),
2.8 (s, 3H), 2.9 (s, 3H), 3.4 (s, 2H), 3.7 (s, 2H), 3.6 (s, 2H),
3.8-4.6 (m, 6H), 4.1 (s, 6H), 6.5 (broad s, 1H), 9.3 (s, 1H).
2-[2-[[2-(Ethylthio)ethyl]thio]-5-methyl-1,3,2-dioxaphos-

phorinan-5-yl]methoxyacetic Acid 17, p-Oxide (Demeton
Hapten). n-Butyllithium (18 mL, ca. 2.25 M in hexanes,
40.5 mmol) was added over 5 min to an ice-cooled solution
of ethylthioethanol (4.26 g, 40 mmol) in 50 mL of THF.
The suspension was stirred for 1 h at RT and cooled with
ice, and the acid chloride 4 (mixture of isomers, 11.60 g,
40.2 mmol), dissolved in 15 mL of THF, was then added
over 10 min. This mixture was stirred overnight at RT
and poured into 250 mL of water, and the product was
extracted with 2 × 200 mL of toluene. The combined
toluene layers were washed with 3 × 100 mL of water,
dried, and evaporated. The residue, 18, was then dis-
solved in a mixture of 100 mL of methanol and 100 mL
of THF. A solution of 5.50 g of potassium carbonate (39.9
mmol) in 50 mL of water was added over 10 min, followed
by the addition of 100 mL of water over 30 min. This
solution was then stirred for 3 h at RT, poured into 500
mL of water, and extracted with 2 × 250 mL of chloro-
form (some sodium chloride being added). The combined
chloroform layers were washed with 2× 100 mL of water
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(some ethanol being added). The combined aqueous
layers were acidified by the addition of 10 mL of
concentrated hydrochloric acid and then extracted with
3 × 250 mL of chloroform. After drying and evaporation,
a residue was obtained which was then stirred in 50 mL
of toluene at RT for 10 days (this allowed slow isomer-
ization from the sulfide to the oxide). The solution was
evaporated and the residue stirred for a further 2 days
at RT with ether to precipitate the desired 19 (one isomer
precipitates). Filtration and washing with ether afforded
a final yield of 350 mg of 19 (1.02 mmol, 2.5% based on
acid chloride 4). 1H-NMR (CDCl3): δ 1.0 (s, 3H), 1.3 (t,
J ) 7 Hz, 3H), 2.3-3.4 (m, 6H), 3.7 (s, 2H), 3.9-4.6 (m,
6H), 4.0 and 4.1 (s, 6H), 9.6 (1H).
2-[2-[(2,2-Dichloroethenyl)oxy]-5-methyl-1,3,2-dioxaphos-

phorinan-5-yl]methoxyacetic Acid, p-Oxide (Dichlorvos
Hapten). The phosphite 7 obtained above was dissolved
in 150 mL of toluene and 20.0 g of chloral (0.136 mol) in
25 mL of toluene added over a 15 min period with ice
cooling. The solution was first stirred for 1 h at 0-10
°C and then for 3 h at RT, after which time it was
evaporated to dryness, leaving as a residue the crude
methyl ester 20. 1H-NMR (CCl4): δ 1.0 and 1.3 (s, 3H,
ratio of 1/2), 3.2-4.7 (m) and singlets at 3.3, 3.7, 4.0, and
4.1 (11H), 7.0 (d, J ) 6 Hz, 1H). The crude ester was
dissolved in a mixture of 100 mL of THF and 150 mL of
methanol, and a solution of 15.0 g of potassium carbonate
(0.109 mol) in 100 mL of water was then added in 10
min. A further 100 mL of water was added over 15 min
and the mixture then stirred at RT for 3 h. Water (500
mL) was added and the mixture extracted with 2 × 250
mL of chloroform. The organic layers were washed with
250 mL of water. The chloroform layers contained
impurities and starting ester. Chloroform (250 mL) was
added to the combined aqueous layers, followed (with
stirring) by 25 mL of concentrated hydrochloric acid. The
layers were separated, and the aqueous layer was
extracted with 2 × 250 mL of chloroform. Drying and
evaporation yielded 11.6 g of crude product which was
then stirred with 100 mL of ether to give a colorless solid.
Filtration and washing with ether afforded 5.17 g of a
mixture of 21 and an unknown acid which did not contain
(NMR) a vinyl proton. Evaporation of the filtrate yielded
crude 21 which was dissolved in 25 mL of methanol.
Water (40 mL) was added dropwise with stirring, upon
which pure 21 crystallized (the unknown acid proved to
be much more soluble in water/methanol than 21).
Filtration and washing with water/methanol (3/1) yielded
2.10 g (6.27 mmol, 6% based on the phosphite 7, mainly
one isomer) of pure 21. Repetition of the latter procedure
gave one isomer of 21. 1H-NMR (CDCl3): δ 1.3 (s, 3H),
3.4 (s, 2H), 3.8-4.8 (m, 8H), 4.0 (s, 8H), 7.0 (d, J ) 5 Hz,
1H), 9.5 (broad s, 1H).
Synthesis of Hapten-Protein Conjugates. The

haptens were conjugated to carrier proteins MSA and
OVA using the active ester procedure (Langone and Van
Vunakis, 1975). Briefly, the hapten (0.2 mM) was
dissolved in 1 mL of dimethylformamide (DMF), and to
this were added 30 mg of NHS and 40 mg of EDC; the
mixture was stirred for 2 h at RT to convert the carboxyl
group into the succinimidyl ester function. MSA (60 mg)
or OVA (40 mg) was dissolved in 1.8 mL of distilled water,
cooled in ice and DMF (1.2 mL) slowly added to the
dissolved protein in stirred reactivials (Pierce Chemicals).
The hapten-NHS esters (50 µL) were added to the
protein solutions and incubated overnight at 4 °C. The
reaction mixture was dialyzed exhaustively against
distilled water and stored at -70 °C in aliquots. The
number of moles of hapten per mole of protein was
determined using protein estimation (Bradford, 1976)

and phosphorus (atomic absorption spectroscopy) to
determine the moles of conjugated hapten.
Anti-Cholinesterase Activity of Haptens and Or-

ganophosphate Pesticides. Organophosphate pesti-
cides and their haptens were tested for their ability to
inhibit cholinesterase activity using a pesticide biosensor
detector kit (Enzytec Inc., Kansas City, MO). The lowest
concentration to inhibit a positive reaction was deter-
mined for each test molecule using the manufacturer’s
protocol.
Immunization of Mice. Female mice (Balb/c PN X

DBA, four mice) 6-8 weeks old were immunized at
intraperitoneal (IP) and subcutaneous (SC) sites with 100
µg of OVA-hapten conjugates in complete Freund’s
adjuvant (CFA).
The mice received a further three immunizations at

28 day intervals of 50 µg of conjugate in incomplete
Freund’s adjuvant (IFA). Blood was taken from each
mouse, prior to the first immunization (preimmune) and
10 days following the fourth immunization, and tested
for antibodies against the hapten-MSA conjugates and
the parent pesticide.
Micro-ELISA Procedures. Microtiter wells were

coated with hapten-MSA conjugates for 3 h at 37 °C in
phosphate-buffered saline (100 µL per well). BSA (2%)
in phosphate-buffered saline (PBS) was used to block the
remaining protein-binding sites on the microwell surface.
Stock solutions of pesticides and synthetic intermedi-

ates were prepared by dissolving the appropriate com-
pound in methanol (10 mg/mL). Standard solutions (20
× working concentration) were prepared by dilution of
the stock solution into methanol. Working standards (2
× final concentration; 3 ng/mL to 200 µg/mL) were
prepared by diluting 1 mL of the standard solutions with
9 mL of dilution buffer [PBST (PBS and 0.1% Tween-20)
containing 2% BSA].
Optimal conditions for ELISA (Jones et al., 1992) were

determined by varying the incubation time and reagent
concentrations. Between additions of reagents, the plates
were washed six times with PBST. Substrate (OPD, 40
mg of 100 mL citrate/phosphate buffer at pH 5.0 contain-
ing 40 µL of 30% H2O2; 200 µL/well) was added, and the
plates were incubated at RT for 30 min. The peroxidase
reaction was stopped by addition of 4 M sulfuric acid (50
µL/well), and the absorbance was measured at 492 nm
(A492) in a Dynatech MR 5000 plate reader with Biolinx
1.0 software (Dynatech Laboratories, Inc., Chantilly, VA).
Serum in dilution buffer (100 µL/well) was added to

wells for 2 h at 37 °C. Antibodies to hapten conjugates
were detected after incubation with peroxidase-labeled
anti-mouse IgG (1/2000 in dilution buffer, 1 h, 37 °C) and
addition of peroxidase substrate. Sera reacting with
conjugate were further tested using a competitive ELISA
for reactivity with pesticides. Plates were coated with
hapten conjugates at minimal dilution to achieve an A492
of <0.050 when incubated with peroxidase-labeled anti-
mouse IgG (1/2000). Sera were diluted to determine the
concentration which gives an absorbance of approxi-
mately 1.0 (C1.0) when detected as described above.
Equal volumes of sera diluted to 2C1.0 and serial

dilutions of pesticide, prepared as described above, were
mixed and incubated at 37 °C for 1 h. These solutions
(100 µL) were added to the microwells, coated with
hapten conjugate, and incubated for 3 h at 37 °C. The
wells were washed and incubated with peroxidase-labeled
anti-mouse IgG (Sigma Chemicals Fc specific antibody
at 1/2000 dilution, 100 µL/well) for 1 h at 37 °C. Wells
were washed and developed with substrate as described
above. Standard curves were generated, and the con-
centrations of pesticide inhibiting binding of sera to
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microwell plate by 20% (I20), 50% (I50), and 80% (I80) were
determined. The percent cross reactivity was determined
as the ratio of I50 for the parent pesticide divided by I50
for test compound × 100.
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DNA Binding and Cleavage by a Cationic Manganese
Porphyrin-Peptide Nucleic Acid Conjugate
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A cationic manganese porphyrin-peptide nucleic acid (PNA) conjugate has been prepared and used
to cleave a double-stranded DNA target. Cleavage experiments were performed with a 247-base pair
restriction DNA fragment containing a 10-base pair homopurine binding target for the PNA. Oxidative
activation by this Mn porphyrin-PNA conjugate leads to sequence specific, 3′-staggered cleavage of
both DNA strands near the strand displacement junction. Furthermore, the Mn porphyrin-PNA
porphyrin conjugates bind over 100-fold better to double-stranded DNA compared to the native PNA.

INTRODUCTION

The sequence specific recognition of double-stranded
DNA is an essential biological process performed by
DNA-binding proteins and involved in the regulation of
transcription, replication, recombination, and DNA re-
pair. The design of synthetic molecules that bind se-
quence specifically to unique sites on human DNA,
thereby to some extent mimicking the action of the
natural proteins, may have major implications for the
treatment of genetic, oncogenic, and viral diseases.
Oligonucleotide (via triple-helix binding), oligopeptide, or
protein fragments have been used during the past decade
(1-3). More recently, homopyrimidine peptide nucleic
acids (PNAs) were shown to form stable triplexes with
single-stranded DNA and to invade double-stranded
DNA, thereby providing a novel approach to sequence
specific DNA recognition (4-6).
Encouraged by the work on oxidative DNA cleavage

by tetrakis(4-N-methylpyridiniumyl)porphyrinatoman-
ganese(III) activated by potassium monopersulfate (KH-
SO5) (7-9) and the attachment of trismethylpyridini-
umylporphyrinatomanganese(III) motif (Mn-TrisMPyP-
COOH) to oligonucleotides (10-12), we found it of
interest to prepare a metalloporphyrin-PNA conjugate
using the same porphyrin precursor to utilize the DNA
targeting properties of the PNA. Here we report the
preparation of such a “cationic manganese porphyrin-
PNA” molecule (see Figure 1 for structure) and its ability
to cleave a double-stranded DNA target.

EXPERIMENTAL PROCEDURES

Preparation of Mn-TrisMPyP-PNA Conjugate 1
(See Chart 1 and Figure 1 for Structure). The
metallated cationic porphyrin precursor MnTrisMPyP-
COOH was prepared according to the procedure given
in ref 13 and activated by 1,1′-carbonyldiimidazole (CDI)
and 1-hydroxybenzotriazole (HOBt) according to the
procedure given in ref 10. MnTrisMPyP-COOH (1 mg,
62.5 nmol) was dissolved in 110 µL of dry dimethylform-
amide (DMF), and CDI (1.5 mg, 9.2 µmol) was added.
The mixture was allowed to react for 1 h at room
temperature before addition of a solution of HOBt (1.7
mg, 12 mmol in 40 µL of dry DMF). After an extra 1 h

at room temperature, the excess of CDI was eliminated
by addition of 30 µL of 20 mM sodium 4-morpholinopro-
panesulfonate (MOPS) buffer, pH 7.5, and 5 µL of
pyridine was added. The activated ester solution was
added to 9 OD units of PNA-1 (57 nmol) dissolved in 30
µL of 20 mM MOPS buffer, pH 7.5. The reaction was
allowed to proceed for 45 min at room temperature. One
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Chart 1. Sequences of DNA Duplex Target (in Bold)
and of PNA-n or Conjugate na

a X ) H-(ado)n for PNA-n (n ) 1, 2, 3) and MnTrisMPyP-
(ado)n for conjugate n [ado ) 8-amino-3,6-dioxaoctanoyl
[sHN(CH2CH2O)2CH2COs]; J ) pseudoisocytosine].

Figure 1. Structure of the metalloporphyrin part of the PNA
conjugates and of the J-base: pseudoisocytosine.
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milliliter of cold ethanol was then added, and the mixture
was allowed to precipitate overnight at -20 °C. After
centrifugation, the supernatant was discarded. The
precipitate was dissolved in water, and conjugate 1 was
purified on a C18 Sep-Pak cartridge from Millipore. The
yield of the conjugate was 80-90% (based on starting
PNA) after purification. Conjugate 1 (and 2 and 3) was
characterized by laser desorption mass spectrometry
(MALDI-TOF) on a Kratos MALDI-II instrument. The
main peak was detected at 6671 (and 6809 and 6962) and
corresponds to the molecular weight of conjugate 1 (and
2 and 3). [CalcdM ) 6670 (6815 and 6960) without axial
ligand on the metal and with all of the counterions of
the 4-N-methylpyridiniumyl residues of the metallopor-
phyrin moiety being removed. This should give a trica-
tion, the metalloporphyrin having three 4-N-methylpyr-
idiniumyl residues. As only a monocation was observed,
this probably implies the loss of two protons.]
The PNA was synthesized according to the procedures

given in refs 14, 15, and 16. Concentrations of PNA were
determined at 260 nm (assuming that base extinction
coefficients are identical in oligonucleotides and PNAs).
DNACleavage Experiments. The 32P-labeled EcoRI-

PvuII restriction fragment of plasmid pA8G2 (se ref 6
for details) was mixed with conjugate 1 (for concentra-
tions, see caption of Figure 3) in a 20 µL volume of TE
buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA). The
mixture was incubated for 2 h at 37 °C, and then 0.6 µL
of a 2 M NaCl solution or 2 µL of salmon DNA was added
as desired. The resulting mixture was allowed to equili-
brate at room temperature for 1 h.
For cleaving experiments, 2 µL of a 5 mM KHSO5

solution was added at room temperature to the hybrid-
ization mixture and the reaction was allowed to proceed
for 15 min. The reaction was stopped by the addition of
1 µL of 100 mMHepes buffer (pH 8). Samples were then
diluted with 1 µL of yeast tRNA (10 mg/mL) and 100 µL
of 0.3 M sodium acetate (pH 5.2), precipitated with 350
µL of absolute ethanol, and finally rinsed with 70%
aqueous ethanol and lyophilized. The DNA were ana-
lyzed on a 10% denaturing polyacrylamide gel, and
radioactive fragments were visualized by autoradiogra-
phy. Autoradiograms were scanned using a Molecular
Dynamics laser densitometry scanner.

RESULTS AND DISCUSSION

The manganese porphyrin moiety was linked to the
amino end of the PNA molecule, and the hybrid molecule
was characterized by mass spectrometry. The DNA
target and PNA shown in Chart 1 were used in the
present study.
We used a bis-PNA that is able to invade double-

stranded DNA by strand displacement (4-6, 16, 17) in a
bimolecular process. To optimize triplex formation (16),
we used cytosines in the antiparallel (Watson-Crick
recognizing) strand, while pseudoisocytosines (termed J;
see Figure 1 for structure)sthat allow Hoogsteen hydro-
gen bond formation independent of pH (16)swere used
in the parallel (Hoogsteen recognizing) strand.
Binding of conjugates 1, 2, and 3 to a 247-base pair

duplex DNA restriction fragment containing a 10-base
binding site for the PNA (Chart 1) was studied using
electrophoretic mobility shift assay (Figure 2), and the
pseudo affinity constant Kd

ps for all three conjugates was
25 nM. This pseudo affinity constant, which more
accurately reflects the binding rate constant (18), was
over 100-fold higher for the manganese porphyrin-PNA
conjugates than for the free PNAs (Kd

ps ≈ 10 mM). We
ascribe this dramatically improved binding efficiency of
the conjugate to the high affinity of the metalloporphyrin

moiety for the minor groove of double-stranded DNA,
which will effectively increase the local concentration of
the PNAmoiety close to the DNA helix and thus increase
the probability of duplex invasion. Additional charges
per se have been shown to increase binding efficiency
[Nielsen and Demidov (in preparation), 19, 20], but the
manganese porphyrin-PNA conjugates that have three
positive charges bind even better than an analogous PNA
with four positive charges but without the manganese
porphyrin moiety (Figure 2).
Oxidation activation of the targeted manganese por-

phyrin with potassium monopersulfate (see ref 9 for the
formation and the reactivity of manganese-oxo porphy-

Figure 2. (a, b) Gel shift analysis of the DNA binding of PNA
1 (a) and metalloporphyrin-PNA conjugate 1 (b). (At present
we do not know if the appearance of multiple bands at higher
concentrations (>4 mM) is due to complexes of different
conformation or structure, but it is unlikely that they represent
different binding sites since no other obvious targets are present
in the DNA fragment.) (c) Binding isotherms of the DNA binding
of PNA 1 (9) and 2 (2) and metalloporphyrin-PNA conjugates
1 (b) and 2 ([). For comparison, the binding isotherms of three
other bis-PNAs with total charges of +2 (in the form of one
lysine and the terminal amino group) (- ‚ -), +4 (3 lysines)
(- - -), or +5 (4 lysines) (- -) are also shown.
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rin complexes in water solutions) led to sequence specific
cleavage of this long DNA fragment proximal to the PNA
target. The main cleavage occurred at the duplex-to-
triplex junction as a discrete band (Figure 3, lanes 4, 9,
and 12; Figure 4a), whereas control experiments with the
free metalloporphyrin in the presence of free PNA-1 led
to very little cleavage at the PNA target (Figure 3, lane
3; Figure 4). Cleavage with conjugate 1 on the purine-
rich strand under the same conditions occurred primarily
at the triplex-to-duplex junction (Figure 4c,d), whereas
hardly any cleavage was observed inside the binding site.
Some cleavage also took place at the 5′-end of the purine
target (Figure 4a,d). This cleavage could be due to the
formation of a kinetically trapped complex in which the
PNA binds eight bases in the opposite direction (Figure
4f). (Conjugates 1-3 gave virtually identical cleavage
results.) It is noteworthy that the cleavage occurs at a
3′-staggered fashion across the two DNA target strands,
thereby indicating that the cleavage takes place from the
minor groove in full accordance with the expected binding
mode of the porphyrin, although it should be considered
that the DNA helix is most probably significantly dis-
torted proximal to the strand displacement loop. It is
also interesting that conjugates 2 and 3, in which the
linker between the PNA and the porphyrin is increased,
cleave the DNA at virtually the same positions as
conjugate 1. These results indicate that the precise site
of cleavage to a significant extent is determined by the
altered/distorted DNA structure proximal to the PNA
binding loop. Finally, we notice that increased concen-

trations of the porphyrin-PNA conjugate decrease the
site specific cleavage (Figure 3, lanes 5 and 6) and that
addition of carrier DNA both restores this cleavage and
suppresses unspecific cleavage at other sites of the DNA
fragment (Figure 3, lanes 12 and 13), as would be
expected since lower affinity sites are titrated out by the
carrier DNA without affecting the high-affinity target.
No efforts to optimize the cleavage reaction with the

metalloporphyrin-PNA conjugates have been under-
taken. Thus, it is likely that the relatively low yields
(estimated as 5-10%) observed in the experiments
presented here can be improved once the mechanism of
the cleavage reaction and the DNA binding of these
metalloporphyrin-PNA conjugates are better under-
stood. Furthermore, the properties and efficiencies of the
present DNA cleavers should be directly compared with

Figure 3. Sequence selective oxidative cleavage of a double-
stranded DNA target by the metalloporphyrin-PNA conjugate
1. (Lane 1) A/G sequence reaction; (lane 2) control with KHSO5
and free PNA 1; (lane 3) control with metalloporphyrin precursor
(1 µM) and KHSO5 and free PNA 1; (lanes 4-6) cleavage with
porphyrin-PNA conjugate 1 (0.1, 0.3, and 1 µM, respectively)
and KHSO5; (lane 7) as lane 3 except for the presence of 50 mM
NaCl; (lane 8) as lane 7 except for the presence of 1 µM control
PNA (without conjugated porphyrin); (lanes 9-11) as lanes 4-6
except for the presence of 50 mM NaCl; (lanes 12 and 13) as
lanes 5 and 6 except for the presence of salmon sperm DNA (1
µg/mL).

Figure 4. Densitometric scanning and schematic representa-
tions of the cleavage results: (a) cleavage of the pyrimidine
strand by the metalloporphyrin-PNA conjugate 1 (correspond-
ing to lane 4 of the autoradiogram presented in Figure 3); (b)
control (corresponding to lane 3); (c) cleavage positions on the
double-stranded DNA target; (d) cleavage of the purine strand
by the metalloporphyrin-PNA conjugate 1 (analogous to the
experiment of lane 4 in Figure 3, but performed on a DNA
fragment with the 32P-label at the 5′-end of the EcoRI site; X
denotes a background band also present in the control samples);
(e) schematic structure of the PNA DNA strand displacement
complex showing the position of the metalloporphyrin group
(por); (f) alternative complex (minor) that may account for the
slight cleavage at the 5′-end of the pyrimidine strand of the
target.
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other analogous PNA conjugates based on Fe (20) or Ni
(21) redox chemistry.
In conclusion, conjugation to the cationic porphyrin

dramatically enhances the duplex invasion potency of the
PNA. Furthermore, the oxidative activation of a man-
ganese porphyrin-PNA hybrid molecule allows the cat-
ionic metalloporphyrin to efficiently create irreversible
damages on the double-stranded DNA target at the
expected sites. Thus, further studies of such metallopor-
phyrin-PNA hybrid molecules are of interest in the
development of sequence specific gene targeting and
cleaving reagents.
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Heptadecadeoxynucleotides containing 5-(N-aminoethyl- orN-aminohexyl)carbamoyl-2′-deoxyuridines
(E orH) were synthesized using a newly developed postsynthetic modification method. As a convertible
nucleoside unit, 5-methoxycarbonyl-2′-deoxyuridine (1) was initially incorporated into oligodeoxy-
nucleotides (ODNs) according to the phosphoramidite method at various positions using a DNA
synthesizer. Fully protected ODNs attached to a solid support were treated with alkyldiamines such
as ethylenediamine and 1,6-hexanediamine to give the above modified ODNs. The thermal stability,
resistance toward nuclease digestion, and stability in fetal calf serum of the modified ODNs were
studied. An increase in the number of 5-(N-aminohexyl)carbamoyl-2′-deoxyuridines (H) in the ODNs
was found to effectively stabilize duplex formation with both the corresponding complementary DNA
and RNA and protect against nucleolytic hydrolysis by snake venom phosphodiesterase. In particular,
the half-life of ODN 19, which contained four H residues, was about 162 h in the presence of the
nuclease. Furthermore, 19 was also stable in medium containing 10% fetal calf serum with a t1/2 of
about 48 h, while t1/2 for the corresponding unmodified ODN was 13 min.

INTRODUCTION

Various oligodeoxyribonucleotide (ODN1) analogues
containing modified backbones or linker groups have
been synthesized and used for biological and biophysical
studies, such as antisense studies (1-7). For antisense
studies, phosphorothioate and methylphosphonate ana-
logues have been extensively used due to their nuclease-
resistance properties, since a natural phosphodiester
linkage in DNA is a good substrate for ubiquitous
nucleases (7). However, these backbone-modified ana-
logues have several drawbacks for use in antisense
studies: (1) Phosphorothioate ODNs have lower binding
affinity for their complementary strands than phosphodi-
ester ODNs, possibly due to their diastereomer formation
(8-11). (2) Although the role of RNase H cleavage in
the antisense strategy is not clearly understood, it has
been reported that the RNA is not a substrate for the
enzyme when the methylphosphonate ODN is the comple-
mentary strand (12, 13). (3) Nonspecific binding of
phosphorothioate ODNs to certain proteins was more
frequent than that of the corresponding phosphodiester

ODNs, perhaps due to an inherited characteristic of the
PdS bond (14, 15). Several attempts have been made to
overcome these problems. One of the most promising
methods is to use natural phosphodiester ODNs if they
are resistant to nucleolytic digestion.
Recently, we reported the synthesis of ODNs with

normal phosphodiester linkages containing a 2′-deox-
yuridine analogue that carries an aminoalkyl tether at
the 1′-position. We found that these were more resistant
to nuclease P1 and venom phosphodiesterase than un-
modified ODNs (16, 17). We also synthesized ODNs
containing a novel 2′-deoxyuridine analogue with syn-
norspermidine at the 5-position, which not only stabilized
both duplex and triplex formation but also protected
against hydrolysis by nuclease P1 and snake venom
phosphodiesterase (18). Increased stability of N2-imida-
zolylpropylguanine- and N2-imidazoyl-2-aminoadenine-
modified ODNs toward nucleases and thermal denatur-
ation has also been reported (19). It is also well-known
that bacteriophage φW-14 DNA contains up to 50%
R-putrescinylthymine in place of thymine and is more
resistant to nucleolytic enzymes such as DNase I and
venom phosphodiesterase than unmodified DNAs (20-
24). In addition, this modification results in a higher
melting temperature (Tm) than that expected for unmodi-
fied DNA on the basis of the GC content (23, 24).
However, short synthetic ODNs containing R-putresci-
nylthymine were found to reduce thermal stability com-
pared with their parent ODNs in our laboratory (25). On
the basis of the result of this study, we thought that the
length of the amino linkers and the distal position of the
amino group would be important factors in protecting
against nuclease degradation and stabilizing duplex and
triplex formation.
A classical method for the synthesis of ODNs with such

amino linkers is to first prepare such nucleoside phos-
phoramidite units separately and then to incorporate

* Author to whom correspondence should be addressed [tele-
phone (011) 706-3228; fax (011) 706-4980; e-mail matuda@
pharm.hokudai.ac.jp].

† For Part 159 in this series, see: Nishizono, N., Koike, N.,
Yamagata, Y., Fujii, S., Matsuda, A. (1996) Synthesis of thietane
nucleosides via the Pummerer reaction as a key step. Tetrahe-
dron Lett. 37, 7569-7572.

‡ Present address: Department of Chemistry, Faculty of
Science, Tokyo Metropolitan University, Minamiosawa, Ha-
chioji, Tokyo 192-03, Japan.

X Abstract published in Advance ACS Abstracts, April 1, 1997.
1 Abbreviations: ODN, oligodeoxyribonucleotide; DMAP,

4-(dimethylamino)pyridine; DMTr, dimethoxytrityl; EDTA, eth-
ylenediaminetetraacetic acid; TEAA, triethylammonium acetate;
TEAB, triethylammonium bicarbonate; FCS, fetal calf serum;
HPLC, high-performance liquid chromatography; Tm, melting
temperature; PAGE, polyacrylamide gel electrophoresis.
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them into ODNs by an automated DNA synthesizer (26).
However, this method sometimes involves tedious protec-
tion-deprotection processes and solubility problems in
the synthesis of the mononucleotide units. In particular,
when the optimum length of the linker group for a
desired function is not known, several nucleoside phos-
phoramidite units with linkers of various lengths have
to be constructed separately, and these mononucleotide
units have to be incorporated independently. To avoid
such time-consuming processes, postsynthetic modifica-
tions have been developed (27-32). In these methods, a
nucleoside unit with a leaving group within a molecule
(a convertible nucleoside unit), which should be stable
under the conditions of DNA synthetic cycles, is initially
introduced into an ODN (a convertible ODN unit) and
then appropriately modified linkers and/or further func-
tionalized linkers are introduced into the ODNs. Thus,
postsynthetic modification would be suitable for identify-
ing the proper length of the linkers.
We previously developed a new convertible nucleoside,

5-methoxycarbonyl-2′-deoxyuridine (1), which reacts
smoothly with alkyldiamines in MeOH under mild condi-
tions, and developed a new postsynthetic modification
method using 1 as a convertible nucleoside unit as shown
in Figure 1 (33). In this paper, we describe the synthesis
of ODNs containing 5-(N-aminoethyl- or N-aminohexyl)-
carbamoyl-2′-deoxyuridines (E or H) using this new
postsynthetic modification, their thermal stabilization
properties, their protective effects against nucleolytic
enzymes, and their stability in FCS.

RESULTS AND DISCUSSION

Synthesis. As a convertible nucleoside unit, 5-(meth-
oxycarbonyl)-2′-deoxyuridine (1) was synthesized via pal-

ladium-catalyzed carbonylation of a commercially avail-
able 5-iodo-2′-deoxyuridine with carbon monoxide in
MeOH (33). Compound 1 was converted to 5′-O-dimethox-
ytrityl (DMTr) derivative 3 and then phosphoramidite
unit 4 according to a standard protocol without modifica-
tions. To incorporate 1 into the 3′-end of the ODNs, 3
was further derivatized to its 3′-O-succinate 5, which was
then coupled with pentachlorophenol to give 6. Reaction
of 6 with a controlled pore glass (CPG) gave a solid
support containing 1 (21.9 µmol/g) (Scheme 1).
For the synthesis of reference nucleosides, 3 was

treated with ethylenediamine or 1,6-hexanediamine in
MeOH at room temperature to give the corresponding
5-(N-aminoalkyl)carbamoyl-2′-deoxyuridines (2;E andH)
after detritylation. N-Acetamidoethyl- (AcE), N-aceta-
midohexyl- (AcH), N-(2-anthraquinonylcarbonyl)amino-
ethyl- (AntE), and N-(2-anthraquinonylcarbonyl)amino-

Figure 1. Postsynthetic modification method.

Scheme 1a

a (a) DMTrCl, pyridine, room temperature; (b) (1) NH2-
(CH2)nNH2 (n ) 2 or 6), MeOH, room temperature, (2) aqueous
80% AcOH, room temperature; (c) (1) Ac2O, DMAP, pyridine,
room temperature, (2) NH3/MeOH, room temperature; (d) (1)
b, (2) anthraquinone-2-carboxylic acid, 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide hydrochloride, pyridine and DMF,
room temperature; (e) aqueous 80% AcOH, room temperature;
(f) 2-cyanoethyl N,N-diisopropylphosphoramidochloride, N,N-
diisopropylethylamine, CH2Cl2, room temperature; (g) succinic
anhydride, pyridine, 70 °C; (h) pentachlorophenol, 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride, DMF.
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hexyl- (AntH) carbamoyl derivatives were also synthesized
from 3 or the corresponding amino derivatives.
Heptadecamers containing various numbers of 1 at

various positions were synthesized on a DNA synthesizer
using 4 and/or the solid support bearing 1. The average
coupling yield of 4 was 97% using a 0.1-0.12 M solution
of 4 in CH3CN and a coupling time of 360 s. Each fully
protected ODN linked to the solid support was treated
with a large excess of ethylenediamine or 1,6-hexanedi-
amine in MeOH at room temperature or at 45 °C for 12-
14 h. This treatment produced simultaneous conversion
of the methoxycarbonyl group into the (N-aminoalkyl)-
carbamoyl group, deprotection, and detachment from the
solid support. Subsequent purification by C18 column
chromatography and following detritylation gave the
corresponding heptadecamers 8-11 and 16-19 (Table

1), which were further purified by ion-exchange column
chromatography followed by C18 HPLC. It was necessary
to remove excess 1,6-hexanediamine using Sephadex
G-25 column chromatography prior to further purifica-
tion. Starting from 1 µmol of nucleoside residues at-
tached to the CPG, 8.5-23 OD units (at 254 nm) of ODNs
were obtained. Reactions of these ODNs with Ac2O or
N-[(anthraquinone-2-carbonyl)oxy]succinimide (17) at room
temperature gave the desired functionalized ODNs 12-
15 and 20-27 (Table 1) in good yields, which showed
single peaks by HPLC analyses with C18 HPLC (some
examples are shown in Figure 2).
To confirm the presence of modified nucleosides in the

heptadecamers, each ODN was completely hydrolyzed to
the corresponding nucleosides by a mixture of snake
venom phosphodiesterase and alkaline phosphatase, and

Table 1. Thermal Denaturation and PAGE Relative Mobility of Duplexes and Triplexesa

DNA-DNAc

ODNsb
0.01 M NaCl

Tm (°C)
0.1 M NaCl
Tm (°C)

∆Tm
(°C)

DNA-RNAd

0.1 M NaCl
Tm (°C)

triplexe
0.5 M NaCl
Tm (°C)

relative
mobility
(%)

7 5′-d[T(MT)8]-3′ (control) 49 63 14 69 36 100
8 5′-d[(TM)4E(MT)4]-3′ 53 64 11 68 34 ND
9 5′-d[E(TM)8]-3′ 54 ND ND 68 36 ND
10 5′-d[E(MT)3ME(MT)3ME]-3′ 55 66 11 71 31 ND
11 5′-d[E(MT)2MEMTME(MT)2ME]-3′ 57 67 10 71 26 ND
12 5′-d[(TM)4AntE(MT)4]-3′ 55 66 11 68 33 ND
13 5′-d[AntE(TM)8]-3′ 56 ND ND 67 39 ND
14 5′-d[AntE(MT)3MAntE(MT)3MAntE]-3′ 51 66 15 67 ND ND
15 5′-d[AntE(MT)2MAntEMTMAntE(MT)2MAntE]-3′ 56 69 13 68 ND ND
16 5′-d[(TM)4H(MT)4]-3′ 53 ND ND 70 37 96
17 5′-d[H(TM)8]-3′ 55 ND ND 69 34 ND
18 5′-d[H(MT)3MH(MT)3MH]-3′ 57 66 9 72 32 86
19 5′-d[H(MT)2MHMTMH(MT)2MH]-3′ 61 70 9 75 25 82
20 5′-d[(TM)4AntH(MT)4]-3′ 57 67 10 69 34 ND
21 5′-d[AntH(TM)8]-3′ 58 ND ND 69 41 ND
22 5′-d[AntH(MT)3MAntH(MT)3MAntH]-3′ 61 72 11 71 ND ND
23 5′-d[AntH(MT)2MAntHMTMAntH(MT)2MAntH]-3′ 63 72 9 70 ND ND
24 5′-d[(TM)4AcH(MT)4]-3′ 51 ND ND ND 32 98
25 5′-d[AcH(TM)8]-3′ 51 ND ND ND ND ND
26 5′-d[AcH(MT)3MAcH(MT)3MAcH]-3′ 49 63 14 ND 26 91
27 5′-d[AcH(MT)2MAcHMTMAcH(MT)2MAcH]-3′ 50 62 12 ND 17 89
a Experimental conditions are described under Experimental Procedures. b M ) 2′-deoxy-5-methylcytidine. E, AcE, AntE, H, AcH, and

AntH, see Scheme 1. c The complementary ODN: 5′-d[TG(GA)9GGT]-3′ (28). d The complementary RNA: 5′-r[(AG)8A]-3′ (30). e The target
sequence: 5′-d[AG(TC)9C(T)5AG(GA)9CT]-3′ (29). f ND, not determined.

Figure 2. Examples of HPLC profiles of the ODNs with a C18 column: (a) co-injection of 8 and 12; (b) co-injection of 9 and 13; (c)
co-injection of 16 and 24; (d) co-injection of 17 and 25. We used a linear gradient of CH3CN from 10 to 15% (20 min) and then from
15 to 30% (20 min) in 0.1 M TEAA buffer (pH 6.8).
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the nucleoside composition was analyzed by HPLC
(several examples are shown in Figure 3). Peaks corre-
sponding to the modified nucleosides, confirmed by
coelution with authentic samples, were observed, and the
composition of the nucleosides calculated from the areas
of the peaks was close to the theoretical value. Thus,
this postsynthetic modification, in which we reacted
ethylenediamine and 1,6-hexanediamine with a solid
support containing the convertible nucleoside 1, worked
well without problems.
Duplex and Triplex Formation by Heptadecam-

ers. Duplex formation of the heptadecamers 8-27 with
the complementary ODN, 5′-d[TG(GA)9GGT]-3′ (28), was
studied by thermal denaturation in 0.01 M NaCl. One
transition was observed in the melting profile of each
duplex. Tm values are shown in Table 1. All of the ODNs
bearing the terminal amino groups and the intercalator
stabilized the duplex formation. The thermal stabilities
of the duplexes formed by 28 and ODNs 9 or 17, which
bore one molecule of E or H at the 5′-end, were almost
the same, and therefore, at the 5′-end, the effect did not
depend on the length of the linker, although the Tm
values are higher than that of the control (5 and 6 °C,
respectively). The ODNs 13 and 21, which bore the
anthraquinone group at the terminal amino group (AntE
and AntH), showed even higher Tm values (7 and 9 °C,
respectively), while the acetamidohexyl derivative 25 had
a decreased Tm, which was still higher than that of the
control duplex. Incorporation of one modified nucleoside
at the center of ODNs such as 8, 12, 16, 20, and 24 had
less of a stabilizing effect on duplex formation. However,
with an increase in the number of E orH in heptadecam-
ers such as 10, 11, 18, and 19, duplex stability increased
somewhat proportionally and the increase in the Tm
values was greater for ODNs containing H (18 and 19)
than for those containing E (10 and 11). Since a
stabilizing effect was not observed for ODNs containing
AcH (26 and 27), the enhanced thermal stability of the
duplexes is likely due to the effect of the terminal
ammonium ion, which may be close to the phosphate

anion of the complementary strand or the self-strand.
Introduction of the anthraquinone group to the terminal
amino group, although it counteracts the stabilizing effect
of the ammonium ion, gave higher Tm values than the
control duplex, while an increase in the number of AntE
or AntH did not produce a cumulative effect on the Tm
values.
The importance of the ammonium ion in stabilizing

duplexes was further examined in two ways. First, Tm
values were compared under conditions of a higher (0.1
M NaCl) ionic strength (Table 1). ∆Tm [Tm (0.1 M NaCl)
- Tm (0.01 M NaCl)] for the control duplex (14 °C) was
greater than those of duplexes 28 and 8 (11 °C), 10 (11
°C), 11 (10 °C), 18 (9 °C), and 19 (9 °C), whereas ∆Tm
values (14 and 12 °C, respectively) for duplexes with
ODNs containing AcH (26 and 27) were similar to or
slightly lower than that of the control duplex. Thus, the
effect of salt concentration on duplex stability indicates
that the terminal ammonium ion stabilized duplex
formation by neutralizing phosphate anions, which is
consistent with a recent paper by Hashimoto et al. (34).
For duplexes containing the intercalator group, the
effects of intercalation on the stabilization of duplex
formation should also be taken into account. Second, the
polyacrylamide gel electrophoretic mobility (PAGE mo-
bility) of 7 was compared with those of ODNs containing
H and AcH using 5′- 32P-labeled ODNs. Relative PAGE
mobility is calculated in Table 1. An increase in the
number ofH clearly decreased the relative mobility from
96 to 82%, although with an increase in size, changes
with AcH were less than those with H. Therefore, it is
clear that the ammonium ion at the terminal position of
the linker can contribute to the stabilization of duplex
formation.
Stable duplex formation with mRNA is one of the most

important factors in antisense research. Therefore,
duplex formation by heptadecamers with the comple-
mentary RNA strand, 5′-r[(AG)8A]-3′ (30), was next
studied by thermal denaturation in a buffer of 0.01 M
sodium cacodylate (pH 7) containing 0.1 M NaCl. As

Figure 3. Examples of a profiles of HPLC analysis of a nucleoside mixture obtained by complete hydrolysis of ODNs by an enzyme
mixture with a C18 column: (a) 13; (b) 17; (c) 25; (d) 10; (e) 18. For the nucleoside mixture containing E or H, HPLC was performed
with a linear gradient of CH3CN from 0 to 25% (20 min) and then from 25 to 60% (5 min) in 0.1 M TEAA buffer (pH 6.8). For the
nucleoside mixture containing AntE or AcH, HPLC was performed with a linear gradient of CH3CN from 0 to 25% (20 min) and then
from 25 to 80% (25 min) in 0.1 M TEAA buffer (pH 6.8).
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shown in Table 1, Tm values gradually increased when
the number of modified nucleosides E or H increased in
the ODNs. The increase in Tm values in ODNs contain-
ing H was greater than in ODNs containing E and a 6
°C increase was observed in 19, which contains four Hs
in the ODN. On the other hand, attachment of the
intercalator to the amino terminus did not produce a
cumulative increase in Tm values. This tendency was
different from that in duplexes with 28. The data
indicated structural differences between the DNA-DNA
duplexes and the DNA-RNA duplexes, and the bulky
intercalator may not be well-accommodated in the narrow
major groove formed by the DNA-RNA duplexes.
Triplex formation by heptadecamers with the target

duplex, d[AG(TC)9C(T)5AG(GA)9CT]-3′ (29), was also
studied by thermal denaturation in a buffer containing
0.5 M NaCl (pH 7.0). Two transitions were observed in
a melting profile of each triplex. Transitions at higher
Tm values due to the melting of the target duplex 29 (88
°C) and transitions at lower Tm values due to dissociation
of the third strands from the triplexes were observed
(Table 1). While heptadecamers containing one molecule
of E at both the 5′-end and at the center, as well as those
with H at the 5′-end, did not stabilize triplex formation,
the ODN containing one molecule of H at the center
showed slight stabilization. When the terminal amino
group was modified by the anthraquinone group, Tm
values increased to 3 °C for 13 and to 5 °C for 21,
compared with that of the control triplex (36 °C), while
ODNs 12 and 20 destabilized triplex formation. How-
ever, when the number of E or H together with AcH per
molecule increased, the Tm values tended to decrease.
Therefore, further experiments are needed to identify the
proper length for stabilizing triplex formation.
A postsynthetic modification method is a convenient

approach to constructing ODNs with functional groups.
Our newly developed method would be superior to the
previously reported nucleobase-modified methods (27-

32) with regard to the thermal stability of both DNA-
DNA and DNA-RNA duplexes. Substitutions of O4-
(2,4,6-trimethylphenyl)uracil (27) and O6-phenylpurine
(28) in ODNs by various amino nucleophiles to give ODNs
withN4-aminoalkylcytosines andN6-aminoalkyladenines,
respectively, have been reported. However, the introduc-
tion of linkers at the exocyclic amino groups reduced the
Tm values of duplexes with unmodified complementary
ODNs, due to a decrease in the acidity of exocyclic NH
groups, which would be unfavorable for hydrogen bonding
to the complementary nucleobases. The replacements of
thymine by R-putrescinylthymine (25) and 5-ω-amino-
hexyluracil (34) also reduced the thermal stability of the
duplexes. The pKa value of the N3-H in E was measured
by titration to be 8.1 (33), which is 1.7 units lower than
that of thymidine and 1.2 units lower than that of 2′-
deoxyuridine (35). Since incorporation of 5-propynyl-
uracil (36, 37) and 5-heteroaryluracils (38) into ODNs
gives increased Tm values compared with unmodified
duplexes, the introduction of such electron-withdrawing
groups at the 5-position of uracil is important to obtain
the thermal stability of duplexes.
In addition, a variety of amino nucleophiles can be

conveniently incorporated into ODNs using our method,
and the most suitable length of linkers for desired
functions can be easily identified. Thus, the 1,6-diami-
nohexane linker was found to stabilize duplex formation
with either DNA or RNA as a complementary strand, but
not triplex formation. The importance of the ammonium
ion was estimated by the effect of the salt concentration
on Tm and by changes in mobility on PAGE. This is also
supported by the fact that an increase in the number of
ammonium ions in an ODN results in greater duplex
stability. The terminal ammonium ion in H may ef-
fectively neutralize the phosphate negative charge, al-
though whether its distal position is close to the phos-
phate anion in the complementary strand or that in the
self-strand remains to be clarified. Moreover, an in-

Figure 4. PAGE of 5′-32P-labeled ODNs hydrolyzed by snake venom phosphodiesterase: (a) 7; (b) 8; (c) 16; (d) 12; (e) 20. ODNs
were incubated with venom phosphodiesterase for 0 min (lane 1), 10 min (lane 2), 20 min (lane 3), 30 min (lane 4), 1 h (lane 5), and
2 h (lane 6). Experimental conditions are described under Experimental Procedures.
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tramolecular hydrogen bond between the O4 atom and
one of the carbamoyl protons was observed in the crystal
structure of 5-carbamoyl-2′-deoxyuridine (33). Although
it is not clear whether this conformational fixation
contributes to stabilization of the duplexes, the enhanced
hydrogen-donor ability at N3-H and the neutralizing
effect of the terminal ammonium ion should work in
cooperation to give duplex stabilization. Therefore,
ODNs containing H can be useful for antisense studies
if they have nuclease-resistance properties.
Nuclease Resistance of Modified ODNs. Resis-

tance of the heptadecamers to nucleolytic digestion was
examined next. The heptadecamers 8, 12, 16, and 20,
which carried modified nucleosides in their centers, were
labeled at the 5′-end with 32P and incubated with snake
venom phosphodiesterase, a 3′-exonuclease. The reac-
tions were then analyzed by 20% PAGE under denatur-
ing conditions (Figure 4). Due to a difference in the rate
of hydrolysis between 5′-TpM-3′ linkages and 5′-MpT-3′
linkages, spots for the newly generated ODNs containing
an M residue at the 3′-end were faint, while spots for
ODNs containing a T residue at the 3′-end were bold.
Although the control 7 was hydrolyzed randomly within
2 h, all of the modified ODNs were hydrolyzed only at
the 3′-side of the modified nucleosides. The phosphodi-
ester linkages at the 5′-side of the modified nucleosides
were completely resistant to the nuclease for 2 h.
On the other hand, the 32P-labeled ODNs 11, 15, 19,

and 23, which contained four modified nucleoside resi-
dues, were completely resistant to the nuclease for 2 h
under the same conditions (data not shown). After 3 h,
they began to be gradually hydrolyzed, and the half-lives
of these ODNs were about 105, 126, 162, and 48 h,
respectively (Figure 5). The control ODN 7 was com-
pletely hydrolyzed randomly within 3 h under the same
conditions. Thus, ODNs containing 5-(N-aminoalkyl)-
carbamoyluracils and with an anthraquinone group at
the terminal amino group were fairly stable against the
nuclease, although other nucleases with different sub-
strate specificity remain to be elucidated.

Next, we compared the stabilities of 7 and 19 in a
medium containing 10% FCS. A mixture of 32P-labeled
7 or 19 (at the 5′-ends) with their unlabeled ODN (25
µM) was incubated separately in FCS, which was par-
tially heat-denatured for 30 min at 56 °C prior to use,
and analyzed by 20% PAGE under denaturing conditions
(Figure 6). The half-lives of these ODNs were 13 min

Figure 5. PAGE of 5′-32P-labeled ODNs hydrolyzed by snake venom phosphodiesterase: (a) 7; (b) 11; (c) 19; (d) 15; (e) 23. ODNs
were incubated with venom phosphodiesterase for 0 h (lane 1), 3 h (lane 2), 6 h (lane 3), 12 h (lane 4), 24 h (lane 5), and 48 h (lane
6). Experimental conditions are described under Experimental Procedures.

Figure 6. PAGE of 5′-32P-labeled ODNs incubated in the
medium containing 10% FCS: (a) 7; (b) 19. ODNs were
incubated for 0 min (lane 1), 15 min (lane 2), 30 min (lane 3), 1
h (lane 4), 3 h (lane 5), 5 h (lane 6), 10 h (lane 7), 24 h (lane 8),
and 48 h (lane 9). Experimental conditions are described under
Experimental Procedures.
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and 48 h, respectively. This experiment clearly shows
that 19 is fairly stable in the presence of 10% fetal calf
serum (FCS). Thus, due to both the thermal stabilization
and nuclease resistance conferred by the 5-(N-amino-
hexyl)carbamoyl substituent, ODNs containingH should
be suitable for use as antisense ODNs.

CONCLUSION

A new postsynthetic modification method was devel-
oped using 5-(methoxycarbonyl)-2′-deoxyuridine (1) as a
convertible nucleoside unit. After incorporation of 1 into
ODNs attached to a solid support, treatment of the resin
with alkyldiamines proceeded concomitantly with several
processes, such as incorporation of the alkyldiamines into
the ODN, deprotection, and detachment from the solid
support to give the desired modified ODNs in which
modified uracils were incorporated in appropriate num-
bers and positions. Furthermore, the modified hepta-
decamers were fairly stable to nuclease degradation using
a 3′-exonuclease and to FCS. These properties make the
ODNs potentially useful as antisense ODNs. Related
studies are currently underway in our laboratory.

EXPERIMENTAL PROCEDURES

General Experimental Data. TLC was done on
Merck Kieselgel F254 precoated plates (Merck). The
silica gel, the neutralized silica gel, or the silanized silica
gel used for column chromatography was YMC gel 60A
(70-230 mesh) (YMC Co., Ltd.), ICN silica 60A (ICN
Biochemicals), or preparative C18 (Waters, 125Å). Melt-
ing points were measured on a Yanagimoto MP-3 mi-
cromelting point apparatus (Yanagimoto) and are uncor-
rected. Fast atom bombardment mass spectrometry
(FAB-MS) was measured on a JEOL JMS-HX110 (JEOL)
at an ionizing voltage of 70 eV. The 1H NMR spectra
were recorded on a JEOL JNM-GX 270 (270 MHz) or
JEOL EX 400 (400 MHz) spectrometer (JEOL) with
tetramethylsilane as an internal standard. Chemical
shifts are reported in parts per million (δ), and signals
are expressed as s (singlet), d (doublet), t (triplet), m
(multiplet), or br (broad). All exchangeable protons were
detected by disappearance on the addition of D2O. UV
absorption spectra were recorded with a Shimadzu UV-
240 spectrophotometer (Shimadzu Co.).
5-(Methoxycarbonyl)-5′-O-(dimethoxytrityl)-2′-de-

oxyuridine (3). Dimethoxytrityl chloride (12.4 g, 36.7
mmol) was added to a solution of 1 (33) (10.0 g, 34.9
mmol) in anhydrous pyridine (100 mL), and the mixture
was stirred overnight at room temperature. EtOH (10
mL) was added to the mixture, and the whole was stirred
for 10 min. The mixture was concentrated in vacuo and
was taken in CHCl3, which was washed with saturated
aqueous NaHCO3 (two times) and brine. The separated
organic phase was dried (Na2SO4) and concentrated to
dryness. The residue was purified on a silica gel column
(6 × 35 cm) with 0-8% MeOH in CHCl3 containing 0.2%
pyridine to give 3 (18.3 g, 87%, as a white foam): FAB-
MS,m/z 590 (M+ + 1); NMR (CDCl3) δ 8.69 (1 H, s, H-6),
8.23 (1 H, br s, 3-NH), 6.81-7.45 (13 H, m, Ph), 6.26 (1
H, t, H-1′, J1′,2′ ) 6.7 Hz), 4.40-4.47 (1 H, m, H-3′), 4.03-
4.09 (1 H, m, H-4′), 3.80 (6 H, s, OMe), 3.54 (1 H, dd,
H-5′a, J5′a,4′ ) 4.0, Jgem ) 10.5 Hz), 3.33 (1 H, dd, H-5′b,
J5′b,4′ ) 3.4, Jgem ) 10.5 Hz), 3.30 (3 H, s, CO2Me), 2.52
(1 H, ddd, H-2′a, J2′a,1′ ) 6.7, J2′a,3′ ) 4.0, Jgem ) 12.3 Hz),
2.29 (1 H, dd, H-2′b, J2′b,1′ ) 6.7, Jgem ) 12.3 Hz), 2.01-
1.92 (1 H, m, 3′-OH).
5-[(N-Aminoethyl)carbamoyl]-2′-deoxyuridine (E).

Ethylenediamine (2.0 mL, 23 mmol) was added to a
solution of 3 (400 mg, 0.68 mmol) in MeOH (4 mL), and

the mixture was stirred for 2 days at room temperature.
The volatiles were removed in vacuo, and the residue was
taken in CHCl3, which was washed with saturated
aqueous KH2PO4 (two times) and brine. The separated
organic phase was dried (Na2SO4) and concentrated. The
residue was dissolved in aqueous 80% AcOH (10 mL),
and the mixture was stirred for 5.5 h at room tempera-
ture. The solvent was removed in vacuo, and the residue
was coevaporated several times with H2O. The residue
was partitioned between H2O and Et2O (two times). The
H2O phase was concentrated, and the residue was
crystallized from Et2O with saturated H2O to give E (157
mg, 73%): mp 218 °C (dec); FAB-MS,m/z 315 (M+ + 1);
UV λmax (H2O) 277 nm (ε 15 100), λmax (0.1 N HCl) 276
nm (ε 17 000), λmax (0.1 N NaOH) 276 nm (ε 14 000); NMR
(D2O) δ 8.63 (1 H, s, H-6), 6.29 (1 H, t, H-1′, J1′,2′ )
6.5 Hz), 4.41-4.51 (1 H, m, H-3′), 4.05-4.12 (1 H, m,
H-4′), 3.85 (1 H, dd, H-5′a, J5′a,4′ ) 4.2, Jgem ) 11.0 Hz),
3.77 (1 H, dd, H-5′b, J5′b,4′ ) 3.5, Jgem ) 11.0 Hz), 3.65
(2 H, t, CONDCHa2CHb2, Ja,b ) 5.5 Hz), 3.16 (2 H, t,
CONDCHa2CHb2, Jb,a ) 5.5 Hz), 2.18-2.43 (2 H, m,
H-2′a,b). Anal. (C12H18N4O6‚1/2H2O): C, 44.58; H, 5.92;
N, 17.33. Found: C, 44.52; H, 5.76; N, 17.36.
5-[(N-Acetamidoethyl)carbamoyl]-2′-deoxyuri-

dine (AcE). Acetic anhydride (0.13 mL, 1.44 mmol) was
added to a solution of E (100 mg, 0.32 mmol) in pyridine
(4 mL) containing DMAP (10 mg), and the reaction
mixture was stirred for 2 days at room temperature. H2O
(1 mL) was added to the mixture, and the whole was
further stirred for 10 min. The solvent was removed in
vacuo, and the residue was coevaporated several times
with H2O. The residue was treated with NH3/MeOH
(saturated at 0 °C, 4 mL) overnight at room temperature,
and the solvent was removed in vacuo. The residue was
purified on a silica gel column (1.9 × 5 cm) with 0-20%
MeOH in CHCl3 to give AcE (37 mg, 31% as a white
crystal): mp 203-205 °C; FAB-MS, m/z 357 (M+ + 1);
UV λmax (H2O) 277 nm (ε 12 900), λmax (0.1 N HCl) 276
nm (ε 14 300), λmax (0.1 N NaOH) 277 nm (ε 13 800); NMR
(DMSO-d6) δ 11.86 (1 H, br s, 3-NH), 8.75 (1 H, t,
5-CONH, J ) 5.5 Hz), 8.69 (1 H, s, H-6), 7.92-7.94 (1 H,
m, AcNH), 6.12 (1 H, dd, H-1′, J1′,2′a ) 7.1, J1′,2′b ) 6.1
Hz), 5.26 (1 H, d, 3′-OH, J ) 3.9 Hz), 4.98-5.01 (1 H, m,
5′-OH), 4.21-4.24 (1 H, m, H-3′), 3.83-3.87 (1 H, m,
H-4′), 3.55-3.57 (2 H, m, H-5′a,b), 3.25-3.38 (2 H, m,
5-CONHCHa2CHb2), 3.15 (2 H, dt, 5-CONHCHa2CHb2,
Jb,a ) 6.0, Jb,NH ) 5.5 Hz), 2.12-2.18 (2 H, m, H-2′a,b),
1.78 (3 H, s, Ac). Anal. Calcd for C14H20N4O7: C, 47.19;
H, 5.66; N, 15.72. Found: C, 47.06; H, 5.78; N, 15.51.
5-[[[N-(2-Anthraquinonylcarbonyl)amino]ethyl]-

carbamoyl]-2′-deoxyuridine (AntE). Ethylenediamine
(0.50 mL, 5.75 mmol) was added to a solution of 3 (59
mg, 0.10 mmol) in MeOH (2 mL), and the mixture was
stirred for 2 days at room temperature. The solvent was
removed in vacuo and the residue was taken in CHCl3,
which was washed with saturated aqueous KH2PO4 (two
times) and brine. The separated organic phase was dried
(Na2SO4) and concentrated. Anthraquinone-2-carboxylic
acid (76 mg, 0.30 mmol) and 1-ethyl-3-[3-(dimethylami-
no)propyl]carbodiimide hydrochloride (57 mg, 0.30 mmol)
were added to a solution of the residue in a mixture of
pyridine and DMF (1:1, 2 mL). The reaction mixture was
stirred overnight at room temperature and was diluted
with CHCl3. The solution was washed successively with
H2O (two times), saturated aqueous NaHCO3 (two times),
and brine. The separated organic phase was dried (Na2-
SO4) and was concentrated to dryness. The residue was
treated with NH3/MeOH (saturated at 0 °C, 5 mL)
overnight at room temperature, and the solvent was
removed. The residue was further treated with aqueous
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80% AcOH (5 mL) for 2 h at room temperature. The
solvent was removed, and the residue was coevaporated
with H2O. The residue was purified on a silica gel
column (1.1 × 14 cm) with 0-8%MeOH in CHCl3 to give
AntE (18 mg, 31% as an oil). A part of the sample was
crystallized from EtOH: mp 187-189 °C; FAB-MS, m/z
549 (M+ + 1); NMR (DMSO-d6) δ 11.86 (1 H, br s, 3-NH),
9.06-9.08 (1 H, m, anthraquinone-CONH), 8.87-8.89 (1
H, m, 5-CONH), 8.71 (1 H, s, H-6), 7.95-8.65 (7 H, m,
anthraquinone), 6.12 (1 H, t, H-1′, J1′,2′ ) 6.6 Hz), 5.28
(1 H, d, 3′-OH), 5.01 (1 H, t, 5′-OH), 4.21-4.24 (1 H, m,
H-3′), 3.84-3.85 (1 H, m, H-4′), 3.53-3.57 (2 H, m,
H-5′a,b), 3.43-3.50 (4 H, m, NCH2CH2N), 2.13-2.20 (2
H, m, H-2′a,b). Anal. Calcd for C27H24N4O9: C, 59.12;
H, 4.41; N, 10.21. Found: C, 58.93; H, 4.60; N, 10.08.
5-[(N-Aminohexyl)carbamoyl]-2′-deoxyuridine (H).

To a solution of 3 (2.0 g, 3.39 mmol) in MeOH (30 mL)
was added 1,6-diaminohexane (11.8 g, 101 mmol), and
the mixture was stirred overnight at room temperature.
Workup and the detrityration were done as described for
the synthesis of E to give H (704 mg, 56%, crystallized
from MeOH): mp 213 °C; FAB-MS, m/z 371 (M+ + 1);
UV λmax (H2O) 276 nm (ε 12 300), λmax (0.1 N HCl) 277
nm (ε 14 200), λmax (0.1 N NaOH) 276 nm (ε 12 100); NMR
(DMSO-d6 + D2O) δ 8.67 (1 H, s, H-6), 6.12 (1 H, t, H-1′,
J1′,2′ ) 6.5 Hz), 4.24-4.22 (1 H, m, H-3′), 3.88-3.84 (1 H,
m, H-4′), 3.57-3.55 (2 H, m, H-5′a,b), 3.32-3.24 (4 H,
m, 5-CONHCH2CH2), 2.21-2.12 (2 H, m, H-2′a,b), 1.54-
1.24 [8 H, m, -(CH2)4-]. Anal. Calcd for C16H26N4O6‚1/
2H2O: C, 50.65; H, 7.17; N, 14.77. Found: C, 50.73; H,
7.08; N, 14.52.
5-[(N-Acetamidohexyl)carbamoyl]-2′-deoxyuri-

dine (AcH). To a solution of 3 (200 mg, 0.34 mmol) in
MeOH (4 mL) was added 1,6-diaminohexane (788 mg,
6.80 mmol). The mixture was stirred for 3 days at room
temperature. The volatile was removed in vacuo, and
pyridine (6 mL) was added to the residue. The resulting
precipitates were removed by filtration, and Ac2O (0.60
mL, 15.3 mmol) and DMAP (41 mg, 0.34 mmol) were
added to the filtrate. The mixture was stirred overnight
at room temperature. H2O (1 mL) was added to the
mixture, the solvent was concentrated, and the residue
was coevaporated several times with H2O. The residue
was taken in CHCl3, which was washed with saturated
aqueous NaHCO3 (two times) and brine. The separated
organic phase was dried (Na2SO4) and concentrated. The
residue was treated with aqueous 80% AcOH (10 mL)
overnight at room temperature. The solvent was re-
moved in vacuo and coevaporated several times with
H2O. The residue was kept in NH3/MeOH (saturated at
0 °C, 4 mL) overnight at room temperature, and the
solvent was concentrated in vacuo. The residue was
purified on a silica gel column (2.5 × 13 cm) with 0-15%
MeOH in CHCl3 to give AcH (98 mg, 70%, as a white
solid): mp 162-163 °C; FAB-MS,m/z 413 (M+ + 1); UV
λmax (H2O) 277 nm (ε 13 700), λmax (0.1 N HCl) 276 nm (ε
14 700), λmax (0.1 N NaOH) 276 nm (ε 14 300); NMR
(DMSO-d6) δ 11.86 (1 H, br s, 3-NH), 8.70 (1 H, t,
5-CONH, J ) 6.3 Hz), 8.67 (1 H, s, H-6), 7.76 (1 H, br s,
AcNH), 6.12 (1 H, t, H-1′, J1′,2′ ) 6.5 Hz), 5.28 (1 H, d,
3′-OH, J ) 3.9 Hz), 4.98-5.00 (1 H, m, 5′-OH), 4.23-
4.24 (1 H, m, H-3′), 3.85-3.86 (1 H, m, H-4′), 3.54-3.56
(2 H, m, H-5′a,b), 3.24 (2 H, q, 5-CONHCHa2CHb2, Ja,b
) Ja,NH ) 6.6 Hz), 2.99 (2 H, q, CONHCHa2CHb2, Jb,a )
Jb,NH ) 6.3 Hz), 2.12-2.20 (2 H, m, H-2′a,b), 1.77 (3 H,
s, Ac), 1.24-1.48 [8 H, m, -(CH2)4-]. Anal. Calcd for
C18H28N4O7‚1/2H2O: C, 51.30; H, 6.94; N, 13.29. Found:
C, 51.46; H, 6.87; N, 13.26.
5-[[(N-Anthraquinonylcarbonyl)amino]hexyl]-

carbamoyl]-2′-deoxyuridine (AntH). A mixture of 3

(400 mg, 0.609 mmol) and 1,6-diaminohexane (2.12 g,
18.3 mmol) in MeOH (10 mL) was heated for 2 days at
50 °C. Workup and condensation with anthraquinone-
2-carboxylic acid (231 mg, 0.914 mmol) and 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (174
mg, 0.914 mmol) were done as described for the synthesis
of AntE to give AntH (42 mg, 11% as a yellow solid): mp
200-201 °C; FAB-MS, m/z 605 (M+); UV λmax (MeOH)
257 nm (ε 30 900), 309 nm (ε 3 000), 319 nm (ε 3 200),
323 nm (ε 3 300), λmax (0.1 N HCl) 258 nm (ε 35 000), 271
nm (ε 18 800), 278 nm (ε 19 100), 327 nm (ε 3 900), λmax
(0.1 N NaOH) 258 nm (ε 35 700), 278 nm (ε 20 000), 328
nm (ε 4 900); NMR (DMSO-d6) δ 11.86 (1 H, br s, 3-NH),
8.94 (1 H, t, 5-CONH, J ) 5.5 Hz), 8.73 (1 H, t, CH2-
NHCO), 8.69 (1 H, s, H-6), 8.66 (1 H, s, ant-H), 8.33 (2
H, d, ant-H, J ) 6.3 Hz), 8.27 (1 H, d, ant-H, J ) 4.8
Hz), 8.24 (2 H, d, ant-H, J ) 4.8 Hz), 7.99-7.96 (2 H, m,
ant-H), 6.13 (1 H, t, H-1′, J1′,2′ ) 6.5 Hz), 5.28 (1 H, d,
3′-OH, J ) 4.2 Hz), 5.00 (1 H, m, 5′-OH, J ) 4.8 Hz),
4.26-4.23 (1 H, m, H-3′), 3.86 (1 H, dt, H-4′, J4′,5′a )
J4′,3′ ) 3.5 Hz), 3.58-3.55 (2 H, m, H-5′a,b), 3.27 (2 H, q,
5-CONHCHa2CHb2, Ja,b ) Ja,NH ) 6.5 Hz), 2.21-2.14 (2
H, q, CONHCHa2CHb2), 2.21-2.14 (2 H, m, H-2′a,b),
1.59-1.36 [8 H, m, -(CH2)4-]. Anal. Calcd for
C31H32N4O9‚MeOH: C, 60.37; H, 5.70; N, 8.80. Found:
C, 60.09; H, 5.66; N, 8.59.

â-Cyanoethyl [5-(Methoxycarbonyl)-5′-O-(dimeth-
oxytrityl)-2′-deoxyuridin-3′-O-yl]-N,N-diisopropyl-
phosphoramidite (4). After successive coevaporation
with pyridine, 3 (0.50 g, 0.85 mmol) was dissolved in
anhydrous CH2Cl2 (10 mL) containing N,N-diisopropyl-
ethylamine (0.29 mL, 1.7 mmol). 2-Cyanoethyl N,N-
diisopropylphosphoramidochloride (0.22 mL, 1.28 mmol)
was added to the solution, and the reaction mixture was
stirred for 50 min at room temperature. The mixture
was diluted with CHCl3 and washed with saturated
aqueous NaHCO3 (two times) and brine. The separated
organic phase was dried (Na2SO4) and concentrated. The
residue was purified on a neutral silica gel column (2.2
× 10 cm) with EtOAc to give 4 (0.57 g, 85% as white
foam): FAB-MS,m/z 789 (M+); 31P NMR (CDCl3) 144.59
and 144.08.
5-(Methoxycarbonyl)-5′-O-(dimethoxytrityl)-3′-O-

[(pentachlorophenyl)succinyl]-2′-deoxyuridine (6).
Succinic anhydride (51 mg, 0.51 mmol) was added to a
solution of 3 (200 mg, 0.34 mmol) in anhydrous pyridine
(3 mL). The mixture was stirred at 70 °C overnight. H2O
(10 mL) was added to the mixture, and the whole was
further stirred for 10 min. The solvent was removed in
vacuo, and the residue was purified over a silica gel
column (1.9 × 15 cm) with 0-10% MeOH in CHCl3 to
give 5 (198 mg, 85% as a pale brown foam): FAB-MS,
m/z 688 (M+ + 1). Pentachlorophenol (88 mg, 0.34
mmol) and 1-ethyl-3-[3-(dimethylamino)propyl]carbodi-
imide hydrochloride (81 mg, 0.42 mmol) were added to a
solution of 5 (198 mg, 0.29 mmol) in DMF (2 mL). The
mixture was stirred for 4 h at room temperature and then
diluted with EtOAc. The solution was washed succes-
sively with H2O (two times), saturated aqueous NaHCO3
(two times), and brine. The separated organic phase was
dried (Na2SO4) and concentrated. The residue was
purified over a neutral silica gel column (2.2 × 21 cm)
with EtOAc/hexane (1:1) to give 6 (121 mg, 46% as a
white foam): FAB-MS, m/z 936 (M+); NMR (CDCl3) δ
8.71 (1 H, s, H-6), 8.03 (1 H, br s, 3-NH), 6.81-7.42 (13
H, m, Ph), 6.26 (1 H, dd, H-1′, J1′,2′a ) 5.2, J1′,2′b ) 8.8
Hz), 5.31-5.34 (1 H, m, H-3′), 4.15-4.18 (1 H, m, H-4′),
3.79 (6 H, s, OMe), 3.56 (1 H, dd, H-5′a, J5′a,4′ ) 3.3, Jgem
) 10.7 Hz), 3.33 (1 H, dd, H-5′b, J5′b,4′ ) 2.8, Jgem ) 10.7
Hz), 3.24 (3 H, s, CO2Me), 3.02 (2 H, t, 3′-OCOCHa2CHb2,
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Ja,b ) 6.5 Hz), 2.77 (2 H, t, 3′-OCOCHa2CHb2, Jb,a ) 6.5
Hz), 2.05-2.58 (2 H, m, H-2′a,b).
Synthesis of the CPG Support Containing 5-(Meth-

oxycarbonyl)-5′-O-(dimethoxytrityl)-2′-deoxyuri-
dine. Aminopropyl CPG (376 mg, 32.3 µmol, 85.7 µmol/
g, CPG Inc., NJ) was added to a solution of 6 (121 mg,
129 mmol) in anhydrous DMF (1 mL), and the mixture
was kept for 22 h at room temperature. After the resin
was washed with anhydrous pyridine, 1 mL of a capping
solution (0.1 M DMAP in pyridine/Ac2O ) 9:1) was added,
and the whole was kept for 2 h at room temperature. The
resin was washed with EtOH and acetone and was dried
under vacuum. The amount of loaded nucleoside to the
solid support is 21.9 µmol/g from the calculation of
released dimethoxytrityl cation by 0.1 M p-toluene-
sulfonic acid in CH3CN.
Synthesis of ODNs. ODNs were synthesized on a

DNA synthesizer (Applied Biosystem Model 381A, CA)
according to the phosphoramidite method using 1 µmol
of nucleoside residue attached to the resin (39). For the
incorporation of 5-methylcytidine, â-cyanoethyl [N4-
[(dimethylamino)methylene]-5′-O-(dimethoxytrityl)-2′-
deoxy-5-methylcytidin-3′-O-yl]-N,N-diisopropylphosphor-
amidite was used (0.1 M in CH3CN solution). Then, fully
protected ODNs bearing the solid support were treated
with ethylenediamine (1 mL) or 1,6-hexanediamine (400
mg) in MeOH (1 mL) at room temperature or at 45 °C
for 12-14 h. After filtration of the resin, which was
washed well with MeOH, the filtrate was concentrated
in vacuo. The residue obtained from the reaction with
ethylenediamine was purified by C18 silica gel column
chromatography (1.0 × 7 cm) with a linear gradient of
CH3CN from 0 to 30% in 0.1 M TEAA buffer (pH 7.2).
The residue obtained from the reaction with 1,6-hex-
anediamine was chromatographed on Sephadex G-25 (1.7
× 27 cm) with 0.1 M TEAA buffer (pH 7.2) before
purification on the C18 column. Fractions were concen-
trated, and the residue was treated with 80% AcOH at
room temperature for 20 min; then the solution was
concentrated, and the residue was coevaporated with
water. The residue was dissolved in water, and the
solution was washed with Et2O; then the H2O layer was
concentrated to give a deprotected ODN. The sample was
purified on a DEAE cellulose column (1 × 9 cm) with a
linear gradient from 0.1 to 1.0 M TEAB buffer (pH 8)
and then further purified by HPLC with a C18 silica gel
column (Inertsil ODS-2, GL Science Inc.) using a gradient
of solution A (5% CH3CN in 0.1 N TEAA buffer, pH 7.0)
and solution B (50% CH3CN in 0.1 N TEAA buffer) to
give 8 (23.0), 9 (12.6), 10 (8.5), 11 (11.7), 16 (20.4), 17
(12.4), 18 (16.6), and 19 (14.5). The yields are indicated
in parentheses as OD units at 260 nm starting from 1
µmol scale.
Acetylation of ODNs. A solution containing each

ODN (1.0 OD unit at 254 nm) and acetic anhydride (2
µL) in 0.2 M HEPES buffer (200 µL, pH 7.2) was kept
for 1 h at room temperature. Concentrated NH4OH (400
µL) was added to the mixture, and the whole was kept
overnight at 4 °C. The solvent was removed in vacuo,
and the residue was purified by HPLC with the C18
column. Average yields for 24-27 were >70%.
Reaction of ODNs with N-[(Anthraquinone-2-

carbonyl)oxy]succinimide. A solution containing each
ODN (0.5-3.0 OD units at 254 nm) and N-[(anthraquin-
one-2-carbonyl)oxy]succinimide (17) (50 µL, 20 mg/mL in
DMF) in 0.05 M NaHCO3/Na2CO3 (50 µL, pH 10.3) was
kept overnight at room temperature. The solvent was
removed in vacuo, and the residue was taken in H2O (300
µL). The solution was acidified by adding 1 N HCl (10-
20 µL) to pH 3-4 and was washed with EtOAc (eight

times). The aqueous phase was neutralized by adding
saturated aqueous NaHCO3, and each ODN was purified
by HPLC with the C18 column. Average yields for 12-
15 and 20-23 were more than 70%.
Complete Hydrolysis of ODNs. A solution contain-

ing alkaline phosphatase (0.4 unit, Takara Shuzo Co.,
Ltd.) in 0.1 M Tris-HCl (pH 7.7) and 2 mM MgCl2 (total
130 µL) was heated on boiling water for 10 min to
inactivate adenosine deaminase activity contaminated in
the enzyme solution. The solution and snake venom
phosphodiesterase (10 µg, Boehringer Mannheim) were
added to each ODN (0.2 OD unit), and the whole was
incubated at 37 °C for 24 h. After heating on boiling
water for 5 min, cold EtOH (320 µL) was added to the
reaction mixture, and the whole was kept at -20 °C for
1 h. The cold solution was centrifuged for 20 min (12 000
rpm), and then a supernatant was separated and con-
centrated. The residue was analyzed by HPLC with the
C18 column.
Thermal Denaturation. Each solution contains each

ODN (3 µM) and the complementary strand 28 (3 µM)
and 30 (3 µM) or the target duplex 29 (3 µM) in an appro-
priate buffer. The solution containing each ODN was
heated 70 °C for 20 min, then cooled gradually to an
appropriate temperature, and used for the thermal de-
naturation studies. Thermally induced transition of each
mixture was monitored at 260 nm on a Gilford Response
II. Sample temperature was increased 1 °C/min. Each
Tm is given as an average of three measurements.
Partial Hydrolysis of ODN with Venom Phos-

phodiesterase. Each ODN labeled with 32P at the 5′
end (0.01 OD unit) (40) was incubated with venom
phosphodiesterase (0.4 mg) in the presence of Torula
RNA (0.3 OD unit at 260 nm) in a buffer containing 37.5
mM Tris-HCl (pH 8.0) and 7.5 mM MgCl2 (total 20 µL)
at 37 °C. Aliquots of the reaction mixture were separated
and added to a solution of EDTA (5 mM, 10 µL) at appro-
priate periods, and then the mixtures were heated at 100
°C for 3 min. The solutions were analyzed by electro-
phoresis on 20% polyacrylamide gel containing 8 M urea
(40). Densities of radioactivity of the gel were visualized
by a Bio-imaging Analyzer (Bas 2000, Fuji, Co. Ltd.).
Stability of 19 in the Medium Containing FCS.

The ODN 7 or 19 labeled with 32P at the 5′ end (10 pmol)
was mixed with the corresponding unlabeled ODN (each
1 nmol). The mixture was incubated in RPMI 1640
medium (40 µL) containing 10% FCS (heat-denatured at
56 °C for 30 min prior to use) at 37 °C. Aliquots (4 µL)
of the reaction mixture were separated and added to a
solution of EDTA (5 mM, 10 µL) at appropriate periods,
and then the mixtures were heated at 100 °C for 5 min.
The solutions were analyzed by electrophoresis on 20%
polyacrylamide gel containing 8 M urea. The gels were
analyzed as described above.
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Synthesis of Conjugates for a Barbiturate Screening Assay
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Novel derivatives of barbiturates functionalized with free carboxylic acids were designed and
synthesized. Coupling of 5-cyclopentyl-5-carboxycrotylbarbituric acid via its active ester to an
aminofluorescein derivative produced a fluorescent tracer. Conjugation of the 5-cyclopentenyl-5-
carboxyethylbarbituric acid via its mixed anhydride to thyroglobulin allowed for subsequent develop-
ment of a polyclonal antibody which was evaluated for binding in a fluorescence polarization
immunoassay format with various barbiturates. The binding studies showed good cross-reactivity of
a variety of barbiturates containing both aromatic and aliphatic 5-substituents with the tested antisera.
The relationship between the immunogen architecture, the chemical structure of the binding analytes,
and the characteristics of the antisera is also presented.

INTRODUCTION

Barbiturates are central nervous system depressants
that are frequently administered on a therapeutic basis
as sedatives, hypnotics, and anticonvulsants. These
drugs have been known for several decades, having been
introduced into therapeutic use by Fisher and vonMering
in the early 1900s (1). A large number of different
barbiturates have since been synthesized, several of
which are still in use (2).
Disubstitution at the 5-position is required for phar-

macological activity, as unsubstituted or 5-monosubsti-
tuted barbituric acids demonstrate no CNS activity.
Small structural variations in these 5-substituents cause
substantial changes in the drug’s physiological effects and
duration (2). Because of the rapid onset of their CNS
activity, the most frequently abused barbiturates (includ-
ing secobarbital, pentobarbital, and amobarbital) have
alone or in combination with other drugs been frequently
used to commit suicide (3, 4). Therefore, rapid determi-
nation of the presence or absence of barbiturates in a
comatose patient prior to emergency medical treatment
can be the difference between life and death (4).
Structurally, barbiturates can be divided into two

classes: those containing aliphatic 5-substituents (such
as secobarbital, Figure 1) and those containing an
aromatic 5-substituent (such as phenobarbital, Figure 1).
The ideal screening assay for barbiturates would allow

for rapid determination of the presence or absence of a
variety of structures with subtle structural differences.
Competitive binding immunoassay techniques are ad-
vantageous over chromatographic techniques such as
high-performance liquid chromatography (HPLC) and gas
chromatography (GC) for this purpose, since chromato-
graphic techniques need initial sample extraction and
have lengthy assay time requirements (5). However,
immunoassay techniques such as enzyme immunoassay
(EIA) and substrate-linked fluorescence immunoassay
(SLFIA) both contain enzymes that are sensitive to
enzyme inhibitors or other reactive enzymes contained
in the sample (6), while radioimmunoassay (RIA) has
other severe shortcomings, including short shelf life

reagents and the hazards of working with, storage of, and
disposal of radioactive materials (7). Alternatively,
fluorescence polarization immunoassay (FPIA) is ideally
suited for automation and employs fluorescent tracers
and antibodies, thus avoiding the disadvantages associ-
ated with enzyme sensitivity and the hazards of radio-
labeled tracers (8).
The quality of a screening immunoassay greatly de-

pends on the availability of antibodies that are specific
for the target class of analytes. In this work, we present
the design and synthesis of a hapten that shows the
structural properties of both the aliphatic and aromatic
classes of barbiturates (Scheme 1). This hapten was
conjugated to prepare an immunogen useful for eliciting
antibodies in sheep. A complementary fluorescent tracer
was also synthesized (Scheme 2). The binding charac-
teristics of the obtained antibodies were assessed with
various barbiturates in competition with the fluorescent
tracer.

* Author to whom correspondence should be addressed [tele-
phone (847) 937-0225; fax (847) 938-8927; e-mail adamczykm@
apmac.abbott.com].

X Abstract published in Advance ACS Abstracts, April 15,
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Figure 1. Structures of secobarbital and phenobarbital.

Scheme 1. Synthesis of the Barbiturate Immunogen
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MATERIALS AND METHODS

All reagents were purchased from Aldrich Chemical
Co., Inc., Milwaukee, WI, and were used without further
purification, except where noted. Solvents (HPLC grade)
and silica gel were obtained from E. Merck Science,
Darmstadt, Germany, and were used without further
purification. 1H NMR and 13C NMR were recorded at
300 and 75 MHz, respectively, on a Varian Gemini 300
spectrometer with tetramethylsilane (TMS) as internal
standard. Electrospray mass spectrometry (ESMS) was
performed on a Perkin-Elmer Siex API III. HPLC was
performed on a Waters RCM C18 (8 × 100 mm) reversed
phase µBondapak column at 2 mL/min (detection at 220
nm) with the solvent indicated.
Preparation of the Barbiturate Immunogen (5).

Dicyclopentadiene (50 mL) was depolymerized (9), pro-
viding 31.22 g of cyclopentadiene. To the cyclopentadiene
cooled to -78 °C was added gaseous HCl (9) in portions
until the weight had increased to 46.4 g. The resulting
crude 3-chlorocyclopentene was added in portions to a
preformed solution of sodium diethylmalonate, prepared
by adding diethyl malonate (73 mL, 0.48 mol) to a
solution of sodium (11.0 g, 0.48 mol) in ethanol (200 mL).
Each addition of the 3-chlorocyclopentene produced a
noticeably exothermic reaction. After the addition was
complete, the resulting yellow suspension was refluxed
for 14 h. Most of the ethanol was removed by rotary
evaporation from the cooled solution, and the residue was
diluted with 300 mL of water. The solution was extracted
with ether (3× 100 mL), and the combined ether extracts
were washed with water (2 × 50 mL), dried over MgSO4,
and concentrated to a red oil. Distillation provided
45.194 g (42%) of diethyl cyclopentenylmalonate (1) as a
colorless oil: bp 99-103 °C (0.8 mm); 1H NMR (CDCl3)
δ 5.81 (ddd, olef H, 1H, J ) 5.7, 4.5, and 2.3 Hz), 5.66
(ddd, olef H, 1H, J ) 5.7, 4.3, and 2.1 Hz), 4.18 (q, ethyl
CH2, 4H, J ) 7.1 Hz), 3.34 (m, allyl CH, 1H), 3.22 (d,
1H, malonate CH, J ) 9.6 Hz), 2.34 (m, allyl CH2, 2H),
2.13 (m, aliph CH, 1H), 1.60 (m, aliph CH, 1H), 1.25 (t,
ethyl CH3, 6H, J ) 7.2 Hz); 13C NMR (CDCl3) δ 168.9,
168.8, 132.9, 131.6, 61.1, 57.0, 45.2, 31.6, 27.7, 14.0;
ESMS, m/z 227 (M + H)+, 244 (M + NH4)+.

To a solution of sodium (3.51 g, 153 mmol) in ethanol
(50 mL) was added urea (3.05 g, 51 mmol) and diethyl
cyclopentenylmalonate (1, 10.00 g, 44.2 mmol). After 14
h of refluxing, the white suspension was dissolved in
water and acidified to pH ∼2. The off-white solid
collected by filtration was crystallized from ∼200 mL of
30% ethanol/water, to provide 5.656 g (66%) of cyclopen-
tenylbarbituric acid (2) as tan plates, mp 192-193 °C.
An additional 1.314 g of light brown powdery crystals
(17%) with mp 186-188 °C was obtained by concentra-
tion to 80 mL and crystallization over 14 h. Both
materials showed the following: 1H NMR (DMSO-d6) δ
11.17 (s, barb. NH, 1Η), 11.13 (s, barb. NH, 1H), 5.80
(m, olef CH, 1H), 5.59 (m, olef CH, 1H), 3.30 (br s, allyl
CH + barb. CH, 2H), 2.22-2.08 (m, allyl CH2, 2H), 2.01-
1.78 (m, aliph. CH2, 2H); 13C NMR (DMSO-d6) δ 170.4,
170.2, 151.3, 133.2, 130.4, 52.2, 48.5, 31.7, 26.2; ESMS,
m/z 195 (M - H)-.
Sodium hydride (95%, 135 mg, 5.36 mmol) was sus-

pended in 2 mL of tetrahydrofuran (THF), and a solution
of 5-cyclopentenylbarbituric acid (2, 1.00 g, 5.10 mmol)
in 18 mL of dimethylformamide (DMF) was added. After
4 h of stirring, ethyl 3-bromopropionate (0.72 mL, 5.61
mmol) and potassium iodide (169 mg, 1.02 mmol) were
added, and the reaction was refluxed for 24 h. The
reaction mixture was poured into 100 mL of water and
extracted with ethyl acetate (3 × 50 mL). The combined
extracts were washed with water (2 × 50 mL), dried over
MgSO4, and concentrated. Chromatography on a 2 × 18
cm column of silica gel, eluting with 100 mL each of 30,
40, and 50% EtOAc/hexanes, provided 1.159 g (77%) of
the disubstituted barbituric acid ester (3) as a white
solid: mp 93-94 °C; 1H NMR (CDCl3) δ 8.77 (s, barb.
NH, 1Η), 8.67 (s, barb. NH, 1Η), 5.93 (m, olef CH, 1H),
5.64 (m, olef CH, 1H), 4.08 (q, ethyl CH2, 2H, J ) 7.5
Hz), 3.29 (m, allyl CH, 1H), 2.42-2.25 (m, allyl CH2 +
propionate CH2CH2, 6H), 2.05-1.97 (m, aliph cyclopen-
tenyl CH2, 2H), 1.21 (t, ethyl CH3, 3H, J ) 7.2 Hz); 13C
NMR (CDCl3) δ 172.6, 171.3, 170.9, 149.2, 136.0, 60.8,
57.9, 56.6, 31.9, 29.7, 27.5, 24.5, 14.0; ESMS, m/z 293
(M - H)-.
The barbiturate ester (3, 200 mg, 0.68 mmol) was

suspended in a solution of 1.0 mL of 10% HCl in 1.0 mL
of dioxane and stirred for 24 days at ambient tempera-
ture. HPLC showed that >90% of a single product had
been formed. The resulting solution was purified by
preparative reversed phase HPLC on a C18 µBondapak
40 mm × 100 mm PrepPak column, eluting at 40 mL/
min with 35% acetonitrile/65% 0.05% CF3COOH in
water, to produce 167 mg (92%) of the acid 4 as a white
solid: 1H NMR (DMSO-d6) δ 12.10 (br s, COOH, 1H),
11.43 (s, barb. NH, 1H), 11.37 (s, barb. NH, 1H), 5.88
(m, olef CH, 1H), 5.54 (m, olef CH, 1H), 3.11 (s, allyl CH,
1H), 2.19-2.12 (allyl CH2, 2H), 2.05-1.80 (m, aliph CH2s,
6H); 13C NMR (CDCl3) δ 173.7, 172.0, 171.8, 150.3, 134.6,
56.7, 55.5, 31.6, 29.5, 27.2, 24.1; ESMS, m/z 265 (M -
H)-.
To a solution of the acid (4, 20.7 mg, 77 µmol) in

p-dioxane (1.6 mL) were added isobutyl chloroformate (17
µL, 134 µmol) and triethylamine (17 µL, 125 µmol). After
2 h of stirring at ambient temperature, the dioxane
mixture solution was added to a rapidly stirred solution
of 318 mg of bovine thyroglobulin in 17 mL of 0.05 M,
pH 9.5, borate buffer. After 2 h of stirring at ambient
temperature, the solution was dialyzed against 0.05 M,
pH 7.5, phosphate (five changes, at least 8 h between
changes), to produce the immunogen 5. TNBS titration
(10) indicated that 70% of the available amino groups
had been modified.

Scheme 2. Synthesis of the Barbiturate Tracer
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Preparation of the Barbiturate Tracer (10). So-
dium (9.2 g, 0.40 mol) was carefully dissolved in ethanol
(150 mL), and diethyl malonate (60 mL, 0.40 mol) was
added. After a brief period of stirring, cyclopentyl
bromide (44 mL, 0.40 mol) was added, and the reaction
mixture was refluxed for 14 h. The suspension was
poured into 100 mL of water and extracted with ethyl
acetate (3 × 100 mL). The combined extracts were dried
over MgSO4 and concentrated. Distillation afforded
66.535 g (73%) of diethyl cyclopentylmalonate (6) as a
clear colorless oil: bp 104-106 °C (3 mm Hg); 1H NMR
(CDCl3) δ 4.16 (q, ethyl CH2, 4H, J ) 7.1 Hz), 3.15 (d,
malonate CH, 1H, J ) 10.3 Hz), 2.45 (m, cyclopent CH,
1H), 1.85-1.51 (m, cyclopent CH2, 8H), 1.24 (t, ethyl CH3,
6H, J ) 7.2 Hz); 13C NMR (CDCl3) δ 169.2, 61.0, 57.3,
39.4, 30.6, 24.8, 13.9; ESMS, m/z 229 (M + H)+, 246 (M
+ NH4)+.
Sodium (11.3 g, 490 mmol) was carefully dissolved in

150 mL of ethanol, and urea (9.80 g, 163 mmol) was
added, followed by diethyl cyclopentylmalonate (32.409
g, 142 mmol). After 14 h of refluxing, the suspension was
poured into water, and the mixture was acidified to pH
∼2. The white crystals collected by filtration were
recrystallized from ∼200 mL of 30% ethanol/water, to
provided 21.243 g (80%) of cyclopentylbarbituric acid (7)
as white plates: mp 222-223 °C; 1H NMR (DMSO-d6) δ
9.56 (br s, barb. NH, 2H) 3.37 (d, 1H, barb. CH, J ) 10.8
Hz), 2.42 (m, cyclopent CH, 1H), 1.71-1.44 (m, cyclopent
CH2, 8H); 13C NMR (DMSO-d6) δ 170.8, 151.4, 51.7, 42.4,
29.0, 24.3; ESMS, m/z 195 (M - H)-.
Sodium hydride (95%, 271 mg, 10.7 mmol) was sus-

pended in DMF, and a solution of 5-cyclopentylbarbituric
acid (2.00 g, 10.2 mmol) in 40 mL of 85% DMF/THF was
added. After 3 h of stirring, ethyl 4-bromocrotonate (1.54
mL, 11.2 mmol) and potassium iodide (423 mg, 2.55
mmol) were added, and the reaction was refluxed for 14
h. The reaction was poured into 100 mL of water and
extracted with ethyl acetate (2× 100 mL). The combined
extracts were washed with water (3 × 50 mL), dried over
MgSO4, and concentrated. Chromatography on a 3 × 30
cm column of silica gel, eluting with 100 mL each of 20,
30, 40, 50, and 70% EtOAc/hexanes, provided 1.917 g of
a clear pale yellow oil. Crystallization of this material
from EtOAc/hexanes provided 1.602 g (51%) of disubsti-
tuted barbiturate ester (8) as a white solid: mp 141-
142 °C; 1H NMR (CDCl3) δ 7.98 (br s, barb. NH, 2H), 6.65
(dt, 1H, â-olef CH, J ) 14.3 and 7.5 Hz), 5.90 (d, R-olef
CH, 1H, J ) 14.3 Hz), 4.15 (q, ethyl CH2, 2H, J ) 7.2
Hz), 2.92 (dd, allyl CH2, 2H, J ) 7.7 and 1.1 Hz), 2.43
(m, cyclopent CH, 1H), 1.78-1.49 (m, cyclopent CH2, 8H),
1.26 (t, ethyl CH3, 3H, J ) 7.1 Hz); 13C NMR (CDCl3) δ
171.0, 166.2, 149.3, 126.3, 60.6, 57.7, 50.0, 36.2, 27.1,
24.1, 21.1, 14.0; ESMS, m/z 307 (M - H)-.
The barbiturate ester (8, 200 mg, 0.65 mmol) was

suspended in 12 mL of concentrated HCl and refluxed
for 45 min. Concentration furnished a white solid, which
was crystallized from water to yield 173 mg (95%) of the
disubstituted barbiturate acid (9) as white needles: mp
217-218 °C; 1H NMR (DMSO-d6) δ 11.55 (br s, NH and
COOH, 3H), 6.48 (dt, â-olef CH, 1H, J ) 15.5 and 7.7
Hz), 5.72 (d, R-olef CH, 1H, J ) 15.5 Hz), 2.76 (d, allyl
CH2, 1H, J ) 7.0), 2.26 (m, cyclopent CH, 1H), 1.72-
1.34 (m, cyclopent CH2, 8H); 13C NMR (CDCl3) δ 181.8,
176.7, 160.0, 152.1, 135.7, 66.3, 58.8, 45.5, 36.8, 34.0;
ESMS, m/z 279 (M - H)-.
To a solution of the acid 9 (20 mg, 71 µmol) in DMF

(100 µL) were added N-hydroxysuccinimide (11 mg, 93
µmol) and dicyclohexylcarbodiimide (16 mg, 78 µmol).
After 8 h of stirring, 4′-aminomethylfluorescein hydro-
chloride (28 mg, 71 µmol) and triethylamine (10 µl, 71

µmol) were added, and the suspension was stirred for 96
h. Concentration furnished an orange solid, which was
dissolved in methanol and purified by preparative re-
versed phase HPLC on a C18 µBondapak 40 mm × 100
mm PrepPak column, eluting at 40 mL/min with 38%
CH3CN/62% 0.05% CF3COOH in water (220 nm), to
produce 26 mg (59%) of the fluorescent tracer 10 as a
bright yellow solid: RT ) 5.68 min (45% CH3CN/55%
0.05% CF3COOH in water); ESMS, m/z 622 (M - H)-.
Immunization of Animals and Preparation of

Antisera. Eight sheep were initially immunized with 1
mg of immunogen in 1.0 mL of complete Freund’s
adjuvant. The sheep were subsequently bled 7-10 days
after immunization and then boosted monthly with 0.5
mg of the immunogen in 0.5 mL of incomplete Freund’s
adjuvant until the response was mature, after which time
the animals were boosted with 0.5 mg of the immunogen
monthly. From the blood obtained from each animal
every 2 weeks, the serum was separated and stored at
-20 °C. Antisera titers rose slowly and demonstrated
consistent titer after about 6 months. Production bleeds
(∼200 mL) collected for 16 weeks were combined to give
the antisera pool, which is characterized below.
Evaluation of the Pooled Antisera. The antisera

pool was evaluated by fluorescence polarization immu-
noassay on an Abbott TDx analyzer equipped with
Revision 15 software and operated as described in the
TDx system operation manual (8) and Popelka et al. (11)
using TDx dilution buffer (0.1 M phosphate buffer, pH
7.4, with 0.1% bovine γ-globulin and 0.1% sodium azide).
Except where noted, antisera and tracer were added to
the internal 3-POT serum vial (S) and tracer vial (T)
containers, respectively. Analyte was added to the
sample well of the disposable sample cartridge. Polariza-
tion measurements were recorded in millipolarization
units (mP).
To measure antisera activity, serial dilutions of anti-

body were added directly to the cuvette, and polarization
measurements were made with and without analyte. In
these experiments, the serum vial was filled with TDx
dilution buffer. Displacement (∆mP) was calculated by
taking the difference between the polarizations of tracer
binding without analyte minus tracer binding with
analyte. The working titer was selected from the dilution
having the maximum displacement. The antisera were
further evaluated by comparing the zero calibrator and
the A-F span. Once consistent pool-to-pool titer and
performance were obtained, the antisera pools were
evaluated on the AxSYM analyzer.
Standards were prepared by the addition of analyti-

cally pure secobarbital to normal human urine diluent
(confirmed to be negative for barbiturates) at concentra-
tions of 0, 200, 400, 700, 1200, and 2000 ng/mL. Using
a four-parameter weighted curve fit (duplicate determi-
nations), a calibration curve was constructed (Figure 2).
Mean responses to these standards were established
using multiple instruments and stored in barcode form
for each antisera pool. The two-point Master Calibration
Curve thus derived is specific for each pool and refits the
standard six-point calibration curve based on the re-
sponse of an individual instrument to the two-point
curve.
Sensitivity of the assay was determined by identifying

the lowest measurable concentration of drug in human
urine that could be distinguished from a sample known
to contain 0 ng/mL of the drug with a 95% confidence
limit (n ) 20). Replicates of a human urine sample
known to be negative for barbiturates and the 0 ng/mL
standard were both analyzed. The standard deviation
of the replicates was then calculated, and twice this
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number was subtracted from the average of the replicates
in each case.
The antisera was tested for binding with several

different barbiturates. Percent cross-reactivity was cal-
culated as 100× the measured concentration of drug
divided by the concentration of analyte added.

RESULTS

Immunogen and Tracer Synthesis. The first step
toward development of an immunoassay is to prepare a
carefully designed immunogen. This was accomplished
by selective conjugation of the unsaturated acid (4,
Scheme 1) linked at its 5-position to bovine thyroglobulin.
This acid was derived from ester (3) via hydrolysis at
ambient temperature. Attempted hydrolysis at higher
temperatures resulted in lower yields of difficultly puri-
fied products. Formation of cyclopentenylbarbituric acid
(2) was derived ultimately from dicyclopentadiene, via
cracking to cyclopentadiene (9), low-temperature addition
of HCl gas (9), and addition of the resulting allylic
chloride to a preformed solution of sodium diethyl-
malonate. Formation of the monosubstituted barbituric
acid was performed prior to propionate alkylation instead
of attempting to form the barbituric acid ring with a
bisalkylated malonate, since the presence of the third
propionate ester could result in side reactions and lower
yields in the formation of the barbiturate ring.
The isobutyl mixed anhydride was formed by reaction

with isobutyl chloroformate and triethylamine in p-
dioxane, and reaction with bovine thyroglobulin produced
the desired immunogen (5). Analysis by TNBS (10)
showed that 70% of the available amino groups of the
thyroglobulin had been modified.
The multistep synthesis of the tracer proceeded along

a similar path (Scheme 2). Cyclopentylmalonate (6) was
synthesized by alkylation with commercially available
cyclopentyl bromide. The second alkylation was again
performed after barbiturate formation for the same
reasons noted above. Thus, the crotonate side chain was
introduced by alkylation of barbituric acid 7 with sodium
hydride in the presence of potassium iodide. Carboxylic
acid 9 produced via acid hydrolysis of ester 8 was
activated as described above and reacted with 4′-ami-
nomethylfluorescein to produce the fluorescent tracer 10.
Antisera Characterization. All animals responded

by producing consistently titered antiserum after about
6 months. The maximum displacement identified for the
mature pool of antisera was obtained at 1/76000 dilution,
which gave a dynamic range of 107 mP (Figure 2) when
tested against secobarbital. Using a two-point calibration
curve, negative urine yielded a sensitivity of 34 ng/mL,
and the 0 ng/mL standard a sensitivity of 37 ng/mL. With
a standard six-point calibration curve, values of 24 and

27 ng/mL were obtained. These values are statistically
indistinguishable. The assay was thus able to detect
concentrations of secobarbital at <40 ng/mL.
Good cross-reactivity was obtained in the screening

assay with a number of different barbiturates, including
those containing both aliphatic and aromatic 5-substit-
uents, at clinically observed concentrations. Of the 18
barbiturates tested, 13 demonstrated cross-reactivities
of >22% (Table 1, upper two groups). Other barbiturates
showed lower cross-reactivity: veronal, thiopental, and
5-ethyl-5-(4-hydroxyphenyl)barbituric acid (4-hydroxy-
phenobarbital, a phenobarbital metabolite) showed lim-
ited (3-7%) cross-reactivity at 2000 ng/mL, while hexo-
barbital, metharbital, and methohexital showed (<1%)
cross-reactivity that was observable only at extremely
high concentrations.
Additionally, cross-reactivity was evaluated with struc-

turally similar compounds (Table 2). These compounds
generally showed low (<1%) cross-reactivities observable
only at extremely high concentrations. Glutethimide
showed limited cross-reactivity (4.5%) at 10000 ng/mL.

DISCUSSION

An ideal screening assay for barbiturates would allow
for rapid, automated determination of the presence of
frequently abused barbiturates with equivalent recogni-
tion at similar concentrations. In the design of an
immunogen, taking structural information into account
can be critical in generating a response that will lead to
the desired reactivity profiles. Our previous work has
stressed the important relationship between the archi-
tecture of the immunoconjugate used for the innoculation
of the animals and the characteristics of the antibodies
obtained (12-15).

Figure 2. Standard curve with secobarbital as calibrator.

Table 1. Cross-Reactivities of Barbiturates in
Barbiturate Screening Assay

compd

concn
added
(ng/mL)

concn
obsd

(ng/mL)
% cross-
reactivity

cyclopentobarbital 200 898.9 449.45
butabarbital 200 420.2 210.10
talbutal 200 361.7 180.85
alphenal 200 312.9 156.45
butalbital 200 226.9 113.45
secobarbital 200 200.0 100.00
brallobarbital 200 133.3 66.65
aprobarbital 200 128.0 64.00
pentobarbital 200 107.5 53.75
phenobarbital 200 105.6 52.83

butobarbital 400 199.2 49.80
allobarbital 400 90.9 22.73
amobarbital 700 183.6 26.23

thiopental 2000 140.3 7.02
veronal 2000 94.9 4.75
5-ethyl-5-(4-hydroxyphenyl)-
barbituric acid

2000 70.6 3.53

hexobarbital 100000 291.6 0.292
metharbital 1000000 438.3 0.044
methohexital 1000000 344.3 0.034

Table 2. Cross-Reactivities of Structurally Similar
Compounds

compd

concn
added
(ng/mL)

concn
obsd

(ng/mL)
% cross-
reactivity

glutethimide 10000 451 4.510
primidone 100000 248.7 0.250
aminoglutethimide 100000 203.9 0.204
5-(p-hydroxyphenyl)-5-phenyl-
hydantoin (HPPH)

500000 243.6 0.049
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For a screening assay, one needs antibodies with a
broad recognition of the class of molecules of interest. For
barbiturates, three structural elements are important to
closely mimic: the pyrimidinetrione ring, the larger
5-substituent, and the smaller 5-substituent. The imide
hydrogens on the pyrimidinetrione ring are particularly
important, as they take an active role in hydrogen
bonding within the active site, a key interactive force in
antibody binding (16).
While the smaller 5-substituent shows little variability

(generally ethyl or allyl), considerable variation is ob-
served in the larger 5-substituent (Figures 3 and 5).
Thus, linking the barbiturate hapten via the smaller
unbranched 5-substituent would appear to be the best
strategy, in order to leave the remaining more important
determinants fully exposed for optimal antibody recogni-
tion. An aliphatic carboxyethyl linker was thus chosen.
Further consideration of the structures of most of the

aliphatic barbiturates leads one to observe that the larger
of the two 5-substituents, while not always cyclic, can
be considered as a fragment of a cyclopentyl ring struc-
ture (Figure 3). While conformational studies have
shown that unsubstituted noncyclic aliphatic structures
are not planar (unsubstituted cyclohexyl rings, for ex-
ample, exist in the well-known chairlike conformation),
phenyl rings are flat, due to the densities of shared π
electron structure above and below the plane of the six-
membered carbon ring. Electron densities are important

antigenic determinants, since the mechanism of antibody
binding relies on the three-dimensional orientation of
electron densities rather than on the recognition of
chemical structure as such (16). Alternatively, the static
conformation of a cyclopentyl ring is much like an
envelope, with four atoms in a single plane and the
remaining atom above the plane (like the flap of the
envelope). In the time-averaged picture, rapid transfor-
mation occurs, resulting in each atom temporarily as-
suming the flap position. The choice of a cyclopentenyl
ring as our larger 5-substituent thus offered both the
three-dimensional and the π electron character we re-
quired for developing an antibody that would detect both
aliphatic and aromatic types of 5-substituents of barbi-
turates. Therefore, hapten 4 became our target.
Tracer design also requires careful consideration of

structural information. While a good starting point is
frequently the same hapten used in the assay, some
discreet modifications in structure are frequently needed
to make the tracer bind less strongly, so that in a
competitive format it can be effectively displaced by
analytes whose structures may not be as well recognized
by the antibody. Since several barbiturates contain an
allyl group as a 5-substituent, a natural, but slightly
different, choice for the linking arm of the tracer was a
crotyl substituent. Cyclopentyl was chosen as the an-
other 5-substituent slightly different from the cyclo-
pentenyl group of the hapten, and the crotyl-functional-
ized cyclopentyl barbiturate 9 became the desired precur-
sor for the tracer.
To better illustrate the previously described structural

requirements of barbiturates, molecular modeling was
performed (17). Shown in Figure 4 is an overlay of the
energy-minimized structures of secobarbital (green) and
amobarbital (blue), two frequently abused barbiturates,
phenobarbital (cyan), the most frequently prescribed
barbiturate containing an aromatic 5-substituent, and
the cyclopentenyl barbiturate hapten 4 (yellow). Clearly
observable is the structural homology between the bar-
bituric acid ring and the smaller of the two 5-substitu-
ents. Even though the larger of the 5-substituents does
not display the same spacial homology, rotational changes
are possible about the 5-position bonds, as are confor-
mational changes with all of the 5-substituents except
the phenyl ring. Such changes would be expected during
a normal multistep binding event with an antibody
binding site capable of considerable flexibility (16).
As indicated by the cross-reactivity listed in Table 1,

desirable recognition was obtained with a variety of
different barbiturates at clinically observed concentra-
tions. In all, 13 barbiturates were effectively recognized
in the assay at clinically observed concentrations. Seco-
barbital was selected as the calibrator for the assay and
thus shows 100% cross-reactivity. Cyclopentobarbital
showed the highest recognition, since it has the greatest
structural homology with the hapten. The relatively
higher recognition demonstrated by secobarbital and
alphenal, which contain a 5-allyl group, as compared to
pentobarbital and phenobarbital, which are structurally
identical except for their 5-ethyl group (Figure 5), indi-
cates that barbiturates containing a 5-allyl group dem-
onstrate better competitive binding against the fluores-
cent tracer, which contains an olefinic linker. Talbutal
contains a branched 5-isobutyl group, which is structur-
ally more similar to hapten 4 than the smaller 5-isopropyl
group of aprobarbital, the 5-bromoallyl group of brallo-
barbital, or the unbranched 5-allyl group of allobarbital,
and thus displays better recognition. Size and branching
of the larger 5-substituent are thus observed to be
important factors in recognition. Even butalbital, which

Figure 3. Larger 5-substituent structure of several barbitu-
rates.

Figure 4. Overlay of the energy-minimized structures of
hapten 4 (yellow), secobarbital (green), amobarbital (blue), and
phenobarbital (red).
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contains an isobutyl group that would appear to be a poor
fit with antisera raised to a hapten containing a cyclic
5-substituent, shows excellent recognition. Barbiturates
containing a 5-ethyl substituent generally showed lower
recognition. Butabarbital, which contains a branched
5-substituent, would be expected to show higher cross-
reactivity than its structural isomer butobarbital, which
contains an unbranched 5-butyl group, due to a greater
homology with the cyclic group of the hapten. Amobar-
bital shows lower recognition as compared to other
5-ethyl barbiturates, since its isopentyl group contains
a methyl group, which is a poor fit with this antisera (see
also Figures 3 and 4, blue structure).
Metharbital, methohexital, and hexobarbital all showed

very low recognition (observable only at extremely high
concentrations). This is not surprising, in view of the
fact that these barbiturates each have anN-methyl group
present on the barbiturate ring in place of one of the
pyrimidinetrione hydrogens, as shown in Figure 6. For
example, veronal is structurally identical to metharbital,
except it lacks theN-methyl substituent and, as indicated
in Table 1, shows significantly better recognition than
metharbital. The considerably larger size of the N-

methyl group (in place of hydrogen), as well as substitu-
tion with a group which can no longer serve as a
hydrogen bond donor, demonstrates that influencing both

Figure 5. Structural comparisons of barbiturates.

Figure 6. Structures of barbiturates with extremely low
recognition.

Figure 7. Overlay of the energy-minimized structures of
hapten 4 (yellow), metharbital (blue), and methohexital (red).
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the van der Waals (hydrophobic) and electrostatic com-
ponents of binding forces can have a profound effect on
antibody recognition. Methohexital also has a pentynyl
group which orients four carbons in a sterically inflexible
linear arrangement. An overlay of the energy-minimized
structures of hapten 4 with metharbital and methohexi-
tal (Figure 7) further illustrates the difference the
pyrimidinetrione methyl substituent introduces. These
molecular features render these barbiturates significantly
less susceptible to recognition by the antibody developed
here, and thus, these compounds demonstrated measur-
able cross-reactivity only when tested at very high
concentrations.
The specificity of the antibody was further illustrated

by the limited recognition observed for 4-hydroxy-
phenobarbital, thiopental, and veronal at 2000 ng/mL.
As seen in Figure 8, thiopental is structurally identical
to secobarbital, except that thiopental has a sulfur atom
in place of the 3-position pyrimidinetrione oxygen. This
contrast between secobarbital and thiopental is analogous
to Kollman’s study of the recognition of biotin and
thiobiotin by streptavidin (18, 19). Kollman expresses
binding free energy as a function of the interactions of
the analyte with both the solvent and binding protein.
Thiobiotin binds much more weakly to streptavidin than
biotin, because binding free energy is reduced much more
by the O f S substitution than the solvent interactions,
since three hydrogen bonds of the uriedo oxygen to

protein are affected. Presumably, similar effects, result-
ing in lower recognition, are operating in this case.
On the other hand, 4-hydroxyphenobarbital has a

phenolic hydroxy group on the larger of the 5-substitu-
ents. The hydroxyl group is sterically larger than the
corresponding hydrogen atom in phenobarbital and, due
to the polarity of the group, would not be well accom-
modated by an antibody designed to accommodate hy-
drophobic 5-substituents. An overlay of hapten 4 with
4-hydroxyphenobarbital (blue structure, Figure 9) further
illustrates this point. The attenuated recognition thus
observed in comparison to phenobarbital (Table 1) would
be expected. Veronal contains two 5-ethyl groups, which
would offer poorer van der Waals interactions with the
antibody than the saturated butyl groups of analogous
5-ethyl barbiturates butabarbital or butobarbital. Veronal
thus displays a lower cross-reactivity in this assay.
Additionally, cross-reactivity was tested with structur-

ally similar compounds that are not barbiturates and was
found to be extremely low. Glutethimide (Figure 10), an
addictive, rarely prescribed sedative-hypnotic, had to be
tested at 10 000 ng/mL to detect any cross-reactivity.
While glutethimide is structurally similar to phenobar-
bital, it possesses two methylene groups in place of the
3- and 4-position imide functionality and thus lacks the
hydrogen bonding potential of phenobarbital at these
positions. The two methylenes also render its hetero-

Figure 8. Structures of barbiturates with limited recognition.

Figure 9. Overlay of the energy-minimized structures of
hapten 4 (yellow) and 4-hydroxyphenobarbital (blue).

Figure 10. Structurally similar compounds.

Figure 11. Overlay of the energy-minimized structures of
hapten 4 (yellow) and glutethimide (blue).
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cyclic ring less planar than a barbiturate ring and thus
affect the antibody van der Waals interactions as well.
Figure 11 further illustrates these differences. Primi-
done also resembles phenobarbital, but has a methylene
in place of the 2-position carbonyl. In addition to the
differences in heterocyclic structure, both aminoglute-
thimide and 5-(4-hydroxyphenyl)-5-phenylhydantoin also
have polar or charged groups on the phenyl ring which
are larger than the analogous hydrogen and would not
be well recognized by an antibody designed to accom-
modate hydrophobic 5-substituents. All of these struc-
tures are thus poorly recognized in this assay.
In conclusion, we have provided methods for the

development of antisera suitable for a barbiturate screen
assay by rational design of immunocomponents. We have
demonstrated that a carefully designed immunogen is
responsible for the characteristics of the antisera gener-
ated. In fact, the antisera generated here demonstrate
the desired recognition of a series of clinically important
barbiturates. The reactivities observed are attributable
to the relationship between the architecture of the
immunogen, the characteristics of the resulting antisera,
the structure of the fluorescent tracer, and the structures
of the barbiturates being tested.
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Radiolabeling of Epidermal Growth Factor with 99mTc and in Vivo
Localization following Intracerebral Injection into Normal and
Glioma-Bearing Rats
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High grade gliomas may have amplified expression of the epidermal growth factor receptor (EGFR)
gene c-erb-B, which often is associated with increased expression of transmembrane EGFR. The
purpose of the present study was to develop a method for labeling EGF with 99mTc and to determine
whether the resulting radioligand would localize, following intracerebral injection, in rats bearing
EGFR-positive gliomas. EGF has a relatively low molecular mass (∼6 kDa) compared to monoclonal
antibodies, and this has allowed smaller bioconjugates, which should diffuse more rapidly within the
brain and more effectively target disseminated glioma cells, to be constructed. In the present study,
EGF has been labeled with either 131I or 99mTc, and in vitro uptake of the resulting radioligand has
been investigated using C6EGFR rat glioma cells, which had been transfected with the EGFR gene.
Cellular uptake of 131I radioactivity peaked after∼30 min of incubation with [131I]EGF, following which
time it declined, while 99mTc radioactivity continued to increase over a 6 h incubation with [99mTc]-
EGF. To determine if radiolabeled EGF had in vivo tumor-localizing properties, C6EGFR glioma cells
were implanted stereotactically into the brains of Fischer rats. Four weeks later, either 99mTc- or
131I-labeled EGF was injected intracerebrally into normal or glioma-bearing animals using the same
stereotactic coordinates. External gamma scintigraphy revealed that 131I radioactivity disappeared
rapidly from the brain regions of tumor-bearing animals compared to 99mTc , ∼50% of which remained
in the tumor for up to 12 h. In contrast, only ∼20% remained in the brains of non-tumor-bearing
animals after 6 h. These studies are the first to describe a method for radiolabeling EGF with 99mTc
and to detect it by external scintigraphy in the brains of tumor-bearing animals.

INTRODUCTION

Epidermal growth factor (EGF)1 is a ∼6 kDa, single-
chain, 53 amino acid containing polypeptide (Carpenter
and Cohen, 1979), which usually is promptly internalized
and transferred to lysosomes, where both EGF and its
receptor (EGFR) are degraded (Carpenter, 1987; Tod-
derund and Carpenter, 1989). The relatively low molec-
ular mass of EGF has permitted construction of relatively
small bioconjugates, which have high affinity for EGFR
on tumor cells (Capala et al., 1993, 1996) and possibly
could be used to target receptor-positive tumors, espe-
cially those in the brain, for either diagnosis or therapy
(Harris, 1990; Carlsson et al., 1994).

The majority of high grade gliomas have amplified
expression of the EGFR gene, c-erb-B, which often is
associated with an increase in cell surface receptor
expression (Torp et al., 1991; Mondjtahedi and Dean,
1994). As reported by Bigner et al. (1990), 45% of 33
human glioma biopsies showed amplification of the EGFR
gene. Subsequently, this was confirmed by Ekstrand et
al. (1991) and Tuzi et al. (1991). Gene amplification often
results in significantly increased expression of EGFR on
the surface membrane of tumor cells (Bigner et al., 1990;
Torp et al., 1991). Due to the cellular heterogeneity of
high grade gliomas, the distribution of EGFR in each
individual tumor is not uniform, but, in 25 of 42 human
gliomas studied by Torp et al., more than 50% of the
tumor cells bound biotinylated EGF. Because the num-
ber of EGFR on tumor cells may be 100 times greater
than that on normal, untransformed cells, EGFR has
been considered as a potential target for the specific
delivery of tumoricidal agents using mAbs against the
EGFR or their fragments (Mendelsohn, 1988; Sato and
Sato 1989; Modjtahedi and Dean, 1991; Lofts and Gullick,
1994). Preliminary clinical trials have been carried out
using anti-EGFR mAbs as a delivery agents of 131I for
radioimmunotherapy of brain tumors (Epenetos et al.,
1985; Kalofonos et al., 1989; Brady et al., 1991; Snelling
et al., 1995), and although no definitive conclusion can
yet be made about therapeutic efficacy, no significant
toxicity was observed and there was some evidence of a
clinical response. One major problem, however, is that
only a very small amount of systemically administered
anti-EGFR monoclonal antibody (mAb) localizes within
the brain tumor. In a recently reported phase I clinical
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study (Faillot et al., 1996) on the possible use of anti-
EGFR mAb for the treatment of malignant gliomas, the
fraction of antibody recovered per gram of tumor 48 h
following continuous intravenous (iv) infusion was in the
range of 0.00001-0.0001% of the injected dose per gram.
Targeting the EGFR by means of EGF is another ap-
proach for delivering potentially tumoricidal agents to
malignant gliomas expressing increased amounts of
EGFR. The preparation of 131I-labeled EGF for targeted
radiotherapy (Capala et al., 1990, 1991; Andersson et al.,
1992; Carlsson et al., 1994) and of 10B-labeled EGF as a
potential delivery agent for boron neutron capture therapy
(BNCT; Capala et al., 1996) previously has been reported.
The purpose of the present study was to extend our

previous work to develop a method for radiolabeling EGF
with 99mTc, a gamma-emitting radionuclide whose short
half-life (6.8 h) and favorable energy spectrum allow
optimal imaging with minimal biological damage. Such
a radioligand may be used to identify those tumors with
increased amounts of EGFR for better, receptor specific,
therapeutic targeting. In this paper we describe a simple
method for radiolabeling EGF with 99mTc and compare
the in vitro and in vivo properties of [99mTc]EGF with
those of [131I]EGF.

EXPERIMENTAL PROCEDURES

EGF. Human recombinant EGF, which previously has
been shown to bind with high affinity to the EGFR on
human glioma U-343MG (Capala et al., 1993) and rat
C6EGFR glioma cells (Fenstermaker et al., 1995), was
purchased from Upstate Biotechnology, Inc., Lake Placid,
NY.
Cells. All cell lines were grown in Dulbecco’s Modified

Eagle’s Medium (DMEM; Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum (Sigma, St.
Louis, MO), L-glutamine (2 mM), solution I (1 mM
oxaloacetic acid, 0.2 IU/mL crystalline insulin, 0.5 mM
sodium pyruvate), streptomycin (100 mg/mL), and peni-
cillin (100 IU/mL) in a humidified atmosphere at 37 °C.
The parental C6 rat glioma cells (American Type Culture
Collection, Rockville, MD) were transfected with the gene
encoding EGFR (Fenstermaker et al., 1995) to yield
stable transfectants, designated C6EGFR. As determined
by a radioligand binding assay and Scatchard analysis,
parental C6 cells did not express EGFR, while transfected
cells expressed 3 × 106 receptor sites/cell (Fenstermaker
et al., 1995).
Intracerebral Rat Tumor Model. Male CD Fischer

rats, weighing 236 ( 16 g (mean ( SD), were purchased
from Harlan Sprague Dawley, Indianapolis, IN, and were
maintained on standard rat chow and water ad libitum.
Intracerebral implantation of C6EGFR tumor cells was
carried out according to the method of Clendenon et al.
(1990). Animals were anesthetized by intraperitoneal (ip)
injection of a 1.6/1.0 mixture of ketamine (100 mg/mL)/
xylazine (20 mg/mL) at a dose of 1.3 mL/kg and placed
in a stereotactic frame (David Kopf Instruments, Tu-
junga, CA). The surface of the skull was exposed by a
midline incision, and a small burr hole was drilled at a
location 7 mm anterior to the interaural line and 3.5 mm
to the right of the midline. Then, a precision-milled
plastic screw equipped with an injection port was screwed
into the hole. Tumor cells (105), mixed with serum-free
DMEM (10 mL) containing 1.25% low melting point
agarose (gelling temperature < 30 °C), were injected into
the right caudate nucleus over 10 s. At the end of the
procedure the viability of the remaining cells was deter-
mined by means of the trypan blue exclusion method. To
allow for the implanted glioma cells to produce a tumor
of adequate size, in vivo studies were carried out 4 weeks

following tumor cells implantation. On the basis of
previous studies with this tumor model (San-Galli et al.,
1989), as well as our own with the C6 (Fenstermaker et
al., 1995) and F98 gliomas (Clendenon et al., 1990; Barth
et al., 1997), animals injected intracerebrally die as a
result of the expanding brain tumor, which at the time
of death is ∼5-6 mm in diameter.
Radiolabeling of EGF with 131I. As previously

described (Capala et al., 1990), EGF was radioiodinated
by means of the chloramine-T method. Briefly, 10 µg of
lyophilized EGF was dissolved in 100 µL of 0.25 M
potassium phosphate buffer, pH 7.5, and incubated for 1
min with 1 mCi of sodium [131I]iodide and 20 µL of freshly
prepared chloramine-T solution (2 mg/mL in 0.5 M
phosphate buffer, pH 7.5). The reaction was quenched
by adding 50 µL of freshly prepared sodiummetabisulfite
solution (2 mg/mL in 0.5 M phosphate buffer, pH 7.5).
Unbound 131I was separated from [131I]EGF using a
desalting, Sephadex G-25 column (PD-10, Pharmacia
Biotech, Piscataway, NJ) and eluted with phosphate-
buffered saline (PBS), pH 7.2.
Radiolabeling of EGF with 99mTc. The chemical

procedure employed to radiolabel EGF with 99mTc pertech-
netate is shown in Figure 1. To introduce a thiol group
into the terminal amino group of EGF, 400 mg of EGF
first was reacted at ambient temperature with 2-imi-
nothiolane (Pierce, Rockford, IL; 50×molar excess) in 600
mL of 7 mM potassium phosphate, 0.1 M NaCl, 1 mM
EDTA, and 60 mM triethanolamine under a nitrogen
atmosphere for 1 h. Excess, unreacted 2-iminothiolane
was separated from EGF using a PD-10 column (Phar-
macia Biotech) eluted with protein elution buffer (0.15
M NaCl, 40 mM potassium monohydrate phthalate, 10
mM potassium sodium tartrate, 4 mg/mL inositol, 4 mg/
mL glycine, pH 5.6). One milliliter fractions were col-
lected, and protein concentrations were determined
spectrophotometrically by measuring absorbance at 280
nm using a Beckman DU-6 spectrophotometer (Beckman
Instruments Inc., Irvine, CA). Aliquots of each fraction
were mixed with Ellman’s reagent [5,5-dithiobis(2-ni-
trobenzoic acid)] in 0.1 M sodium phosphate buffer, and
absorbance at 412 nm was measured spectrophotometri-
cally to determine the presence of sulfhydryl groups.
Fractions containing EGF-SH were concentrated by
means of Centricon 3 microconcentrators (Amicon, Dan-
vers, MA), and then, the direct labeling method of Rhodes
(1991) was used to attach 99mTc to thiolated EGF.
Modified EGF-SH in protein elution buffer was mixed
1:1 with a nitrogen-purged reducing solution (20 mM
potassium monohydrophthalate, 10 mM potassium-
sodium tartrate, 1.5 mM stannous tartrate, pH 5.6) and
reacted with 99mTc sodium pertechnetate (10 mCi) at

Figure 1. Chemical scheme for radiolabeling EGF with 99mTc
pertechnetate as modified from the original postulated by
Rhodes (1991).
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ambient temperature for 1-10 min. The reaction mix-
ture was applied to a PD-10 column, eluted with PBS,
pH 7.2, and the overall recovery of 99mTc was determined
by collecting the total column effluent and comparing the
radioactivity present in it with the radioactivity added
to the column. To determine the labeling efficiency, the
yield was multiplied by the percentage of 99mTc associated
with the peptide peak. The amount of free pertechnetate
and unbound 99mTc was estimated by thin layer chroma-
tography (TLC) on TLC-SG strips (Gelman Sciences, Ann
Arbor, MI) using 85% ethanol as a mobile phase, which
separated the soluble, unbound, migrating with the
solvent, free 99mTc pertechnetate from the nonmigrating
[99mTc]EGF. The ratio of bound 99mTc was expressed as
radioactivity detected in the first (origin) half of the strip
divided by the total radioactivity, with all measurements
corrected for background. Radiocolloid was determined
using serum albumin-coated silica gel strips. In this case
the ethanol-ammonia-water (2:1:5) mixture was the
mobile phase and colloid-bound 99mTc remained at the
origin, while free 99mTc pertechnetate and radiolabeled
EGF migrated with the solvent. The stability of [99mTc]-
EGF was determinated at various times up to 24 h
following labeling.
In Vitro Cellular Uptake and Retention of EGF-

Delivered 99mTc and 131I Radioactivity. Cellular
uptake of 99mTc was determined as follows. C6EGFR
glioma cells (∼2 × 105 per well), grown in 24-well plates
(Corning, Corning, NY), were incubated at 4 °C for 90
min in cell culture medium containing various concentra-
tions of [99mTc]EGF in the range 0.00165-165 nM. At
the end of each experiment, the cells were washed with
cold PBS and the cell-associated radioactivity was de-
termined by gamma scintillation counting (Tm Analytic,
Model 1185, Elk Grove Village, IL). Wild type C6 cells,
which did not express EGF receptors, were used as
controls to assess background, nonspecific binding, and
this was subtracted form the total counts obtained for
each sample. Repeated attempts to determine the affin-
ity constant (KA) of [99mTc]EGF by a direct binding assay
were unsuccessful due to high levels of nonspecific
binding (data not shown). Cellular retention of the EGF-
delivered radioactivity was determined in the next series
of experiments. C6EGFR cells, grown in 24-well plates
(∼105 cells/well), were incubated at 37 °C with medium
containing 165 nM [99mTc]- or [131I]EGF for periods of time
ranging from 5 min to 6 or 3 h, respectively. In another
experiment, the cells were exposed to 165 nM radiola-
beled EGF at 37 °C for 30 min, and then the cells were
washed and incubated in supplemented DMEM for
periods of time ranging from 5 min to 2.5 or 5.5 h. Cell-
associated radioactivity and that in the medium were
measured by gamma scintillation counting. Again, wild
type C6 cells were used as controls and background
counts due to nonspecific binding were subtracted form
the total counts obtained for each test sample.
Scintigraphic Studies. Four weeks after intracere-

bral implantation of tumor cells, non-tumor- and tumor-
bearing rats were injected either intracerebrally or
intratumorally with 1.7-2.3 µg (34-43 µCi) of [99mTc]-
EGF or with 1-5 µg (60-200 µCi) of [131I]EGF. The
distribution of radioactivity was monitored by means of
external scintigraphy using a Sigma 410 gamma camera
with a low-energy collimator optimized for 99mTc detec-
tion. The gamma camera was interfaced with a Tech-
nicare 560 computer (Ohio-Nuclear, Inc., Solon, OH) for
the imaging data collection and processing. Three to five
animals were used in each study. The quantity of 131I or
99mTc radioactivity retained in the brains of non-tumor-
and tumor-bearing animals was determined as a function

of time, using intrinsic features of the computers’ soft-
ware, which permitted calculation of the average number
of counts per pixel in each outlined region of interest.

RESULTS

Radiolabeling of EGF with 99mTc. The labeling
efficiency of EGF-SH with 99mTc sodium pertechnetate
increased from 77% after a reaction time of 1min to 87%
after 10 min, and the estimated specific activities of
radiolabeled EGF ranged from 18 to 21 mCi/mg. Since
the differences in the efficiency were insignificant, a 1
min reaction time was used to minimize possible damage
to the EGFmolecule as a result of the reducing conditions
of the reaction. As determined by TLC on silica gel strips
using 85% ethanol as the solvent phase, and on serum
albumin-coated silica gel strips using ethanol-ammonia-
water mixture as the solvent phase, ∼97% of the 99mTc
radioactivity in the protein peak remained bound to EGF
at ambient temperature for up to 24 h.
In Vitro Cellular Uptake and Retention of EGF-

Delivered 99mTc and 131I Radioactivity. [99mTc]EGF
binding as a function of its concentration and 99mTc
uptake as a function of time of incubation with [99mTc]-
EGF were studied in vitro using C6EGFR cells. Direct
binding of [99mTc]EGF to C6EGFR cells was assessed by
measuring cell-associated radioactivity following incuba-
tion with increasing concentrations (0.00165-165 nM)
of [99mTc]EGF. As shown in Figure 2, there was a
stepwise rather than linear increase of the cell-bound
radioactivity with increasing concentrations of the bio-
conjugate. Similar experiments carried out with wild
type C6 cells, which do not express EGFR, showed an
order of magnitude lower binding at each concentration,
and background due to this nonspecific binding has been
subtracted. Cell-bound radioactivity as a function of time
following incubation with [131I]EGF or [99mTc]EGF is
shown in Figure 3. Continuous incubation with [99mTc]-
EGF resulted in an increase of cell-associated radioactiv-
ity proportional to the time of incubation, while incuba-
tion with [131I]EGF produced a peak value of cell associated
radioactivity at ∼30 min followed by a 30% decrease over
the next 2 h due to release of 131I from the cells after EGF

Figure 2. Cell-associated 99mTc radioactivity following incuba-
tion of C6EGFR cells with [99mTc]EGF. The cells (∼2 × 105 cells/
well) were incubated with increasing concentrations (0.00165-
165 nM) of [99mTc]EGF at 4 °C for 90 min and then washed,
and cell-associated radioactivity was determined by gamma
scintillation counting. Background values resulting from non-
specific binding, obtained from control parental C6 cells, which
do not express EGFR, were subtracted at each [99mTc]EGF
concentration. The mean value and the maximum variation of
results from two or three samples are shown for each point.
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had been catabolized. When a 30 min incubation of cells
with [131I]- or [99mTc]EGF was followed by incubation in
medium devoid of radiolabeled EGF, 131I radioactivity
was released from the cells after EGF had been catabo-
lized, while approximately 60% of the 99mTc radioactivity
was retained within the cells for at least 6 h. At this
time, the reason for the continued cellular retention of
either 99mTc-labeled EGF or free 99mTc is unknown, but
it is possible either that radiolabeling may have altered
the catabolism of EGF or that 99mTc was retained within
cells after EGF had been degraded.
Scintigraphic Studies. Scans were carried out after

injection of radiolabeled EGF into 4-week-old tumors or
into the corresponding sites of non-tumor-bearing ani-
mals. Figures 4 and 5 show images obtained 6 h
following injection of [131I]- or [99mTc]EGF, respectively.
131I radioactivity disappeared more rapidly from the brain
regions of tumor-bearing animals compared to non-
tumor-bearing animals. This probably was due to the
release of iodine following rapid internalization and
degradation of [131I]EGF by brain tumor cells. The scans
of animals injected with 99mTc-labeled EGF, on the other
hand, showed that radioactivity persisted in the brain
regions of the tumor-bearing animals, but was dispersed

in non-tumor-bearing animals (Figure 5). Relative quan-
titative changes of radioactivity retained in the brain
regions of tumor-bearing versus normal rats following
injection of 131I- or 99mTc-labeled EGF were determined
by comparing counts per pixel recorded by the gamma
camera. The changes of 131I radioactivity detected in the
brain regions were faster in tumor-bearing and slower
in non-tumor-bearing control rats (Figure 6a). A differ-
ent localization pattern was observed for 99mTc, where
∼50% of the radioactivity persisted in the brain regions
of tumor-bearing animals for up to 12 h, while only∼20%
remained in the brain region of non-tumor-bearing rats
after 6 h (Figure 6b). Because it was impossible to
precisely define the regions of interest corresponding to
other organs on each image, changes of radioactivity in
organs such as liver, kidneys, and thyroid could be
assessed only qualitatively rather than quantitatively.
Comparison of the images obtained with [131I]EGF indi-
cated that less activity was present in the liver and it
accumulated more quickly in the thyroid of tumor-
bearing animals compared to non-tumor-bearing controls.

DISCUSSION

In the present study, we have described a method for
radiolabeling EGF with 99mTc pertechnetate using a

Figure 3. Cell-bound radioactivity as a function of time
following incubation with 165 nM [131I]EGF (a) or [99mTc]EGF
(b): (9) continuous incubation with radiolabeled EGF; (b)
incubation in medium devoid of radiolabeled EGF. The cells
were seeded into 24 well plates (∼105 cells/well) and then,
following 30 min of incubation with radiolabeled EGF, incubated
further with or without 165 nM radiolabeled EGF. Background
values resulting from nonspecific binding, obtained from control
parental C6 cells, which do not express EGFR, were subtracted
at each EGF concentration. The mean values and standard
deviations obtained from triplicate samples are shown.

Figure 4. Scans of 131I distribution following ic injection of ∼5
µg of [131I]EGF (200 µCi) in normal rats (left panel) or
intratumoral injection of ∼1 µg of [131I]EGF (60 µCi) in tumor-
bearing rats (right panel). The tumors were grown for 4 weeks
to reach an estimated size of 5 mm in diameter.

Figure 5. Scans of 99mTc distribution following ic injection of
∼2.3 µg of [99mTc]EGF (43 µCi) in non-tumor-bearing control
rats (left panel) or intratumoral injection of ∼1.7 µg of [99mTc]-
EGF (34 µCi) in glioma-bearing rats (right panel). The tumors
were grown for 4 weeks to reach an estimated size of 5 mm in
diameter.
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procedure originally described by Rhodes et al. (1991) for
the direct labeling of proteins. However, before radio-
labeling of EGF could be carried out, it was necessary to
introduce a thiol group into the amino-terminal end of
the EGF molecule. Although the heterobifunctional
reagentN-succinimidyl 3-(2-pyridyldithio)propionate could
have been used to derivatize EGF, this probably would
have broken internal cysteine bonds, thereby changing
the tertiary structure of the molecule. To minimize these
changes and to preserve EGF’s ability to bind to its
receptors, thiolation was carried out under mild condi-
tions with 2-iminothiolane.
Using rats bearing intracerebral implants of C6EGFR

glioma that express EGFR, we studied the in vivo
localization of radiolabeled EGF following intratumoral
or intracerebral injection. As determined by external
scintigraphy, 131I radioactivity disappeared more rapidly
from the brain regions of tumor-bearing compared to
control animals. This may have been due to the release
of iodine following rapid internalization and degradation
of [131I]EGF in tumor cells, which would correlate with
our in vitro observation that cell-associated 131I activity
rapidly disappeared after [131I]EGF-containing medium
had been replaced with EGF-free medium. This phe-
nomenon also has been observed in human fibroblasts
(Carpenter and Cohen, 1976) and in human glioblastoma
cells (Capala et al., 1993). As determined by gel filtration
of the incubation medium, in both cases the radioactivity
released from the cells was in a low molecular mass form.
Following intratumoral injection, EGF most likely was
catabolized by tumor cells, as suggested by the rapid loss

of 131I radioactivity from the brain, lower levels of
radioactivity in the liver, and faster accumulation of
iodine in the thyroid. On the other hand, following
injection of 99mTc-labeled EGF into tumor-bearing rats,
∼50% of 99mTc remained in the brain regions for up to
12 h, compared to only ∼20% remaining after 6 h in non-
tumor-bearing animals. These findings also correlated
with our in vitro data, which showed that 60% of 99mTc
remained cell-associated for at least 6 h following 30 min
of incubation with [99mTc]EGF. It is possible that the
covalent sulfur-technetium bond, which is produced
during the labeling procedure described above, was
stronger than the carbon-iodine bond produced by the
chloramine-T iodination method. Furthermore, there are
specific dehalogenating enzymes that could cause the
release of iodine from proteins (Wilbur, 1992; Car-
rasquillo, 1993) and, thereby, decrease stability of the
iodinated EGF. On the other hand, since technetium is
not a naturally occurring element, there are no specific
enzymes that degrade Tc-labeled proteins, which could
explain the differences in in vitro and in vivo pharma-
cokinetics of 131I- and 99mTc- labeled EGF. Increased
stability of 99mTc-, 186Re-, and 188Re-labeled mAbs and
peptide-based ligands has been reported previously (Zamo-
ra et al., 1993, 1996; Rhodes et al., 1995). However,
tumor retention and biodistribution profiles of the 131I-
labeled somastatin analogue, RC-160, were similar to
those of [188Re]RC-160 (Zamora et al., 1996). At this time
we do not know whether the 99mTc pertechnetate inhib-
ited the degradation of EGF or whether the radionuclide
was retained following intracellular degradation of EGF.
Zamora et al. (1996) have successfully used [188Re]RC-

160, a directly radiolabeled somastatin analogue, to treat
xenografts of a somastatin-receptor-positive human pros-
tate adenocarcinoma grown in nude mice. Since the
chemistry of 186Re or 188Re perrhenate is similar to that
of 99mTc pertechnetate, EGF might be useful as a tumor-
targeting agent for these radionuclides (Griffiths et al.,
1994). Rémy et al. (1995) have produced a human EGF-
(1-51) construct that included a branched peptide with
four metal-chelating sites, which could be radiolabeled
with 111In. The resulting bioconjugate retained the
receptor-binding properties of the native EGF in vitro.
Scott Robson et al. (1991) have described a method for
radiolabeling EGF with positron-emitting 76Br and have
compared [76Br]EGF to [125I]EGF in vitro and in vivo.
[125I]EGF and [76Br]EGF bound equally well to EGFR
positive glioma cells in vitro. The in vivo studies showed
that the biodistributions of both radioconjugates were
similar following intravenous injection into normal rats,
although the biological half-life of 76Br was greater than
that of 125I in some organs.
As recently reviewed by Carlsson et al. (1994), EGF

also might be used as a targeting agent for boron neutron
capture therapy, the success of which depends upon the
delivery of a large number of boron atoms to tumor cells
(Barth et al., 1996). Carlsson et al. have produced an
EGF-dextran containing ∼1000 boron atoms per conju-
gate unit and have shown that the 131I radioactivity
delivered to the tumor cells by EGF-dextran-tyrosine-
131I remained cell-associated for at least 20-24 h. Re-
cently, we have described a method for boronating EGF
by linking EGF to a boron-containing starburst den-
drimer (Capala et al., 1996). The resulting bioconjugates
contained ∼960 boron atoms per molecule of EGF,
specifically bound to the EGFR on tumor cells, and were
internalized and localized in lysosomes, where they
persisted for up to 3 h.
The blood-brain barrier (BBB), which effectively limits

the diffusion of both low and high molecular mass

Figure 6. Quantitative evaluation of 131I (a) or 99mTc (b)
radioactivity retained in the brain of control (b) or tumor-
bearing animals (9) following ic injection of radiolabeled EGF.
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substances from the vascular compartment to both
normal brain and tumor within it (Brightman, 1989), is
an obstacle to the delivery of EGF radioconjugates to
brain tumor following systemic injection. Nevertheless,
there are a number of strategies that could be used to
circumvent this problem. Radiolabeled EGF could be
injected either into the tumor, as we did in the present
study, or into the site from which the tumor had been
surgically resected (Liebert et al., 1990; Riva et al., 1994).
Alternatively, radiolabeled EGF might be delivered di-
rectly into the brain, using polymers (Brem et al., 1991)
or implantable pumps (Kroin and Penn, 1989; Madrit et
al., 1991) that would release it over a longer period of
time. The intracarotid infusion of a hyperosmotic solu-
tion (1.373 mOsmol/mL) of mannitol can disrupt the BBB
(Neuwelt et al., 1986), and this approach significantly
increased the tumor uptake of both intact mAbs (Neuwelt
et al., 1994) and their F(ab) and F(ab′)2 fragments in
brain-tumor-bearing rodents (Neuwelt et al., 1988), as
well as low molecular mass boron compounds in glioma-
bearing rats (Barth et al., 1997; Yang et al., 1996,
1997a,b). Studies currently are in progress in our
laboratory to further evaluate intratumoral versus int-
racarotid injection, with or without BBB disruption, of
99mTc-labeled and boronated EGF. These studies should
provide relevant information concerning the optimal
route for the administration of EGF to brain-tumor-
bearing rodents, and if these are sufficiently promising,
then studies in larger animals such as canines would be
warranted to assess the feasibility of using EGF as a
targeting agent for either diagnosis or therapy of human
brain tumors. EGF-based bioconjugates also might be
used to target other kinds of tumors, such as sarcomas
and squamous carcinomas, whose cells have been shown
to express increased amounts of EGF (Carpenter, 1987;
Helseth et al., 1990). [99mTc]EGF radioconjugates might
be useful for evaluating in vivo EGFR expression, as well
as optimizing the route of delivery of other EGF biocon-
jugates such as [76Br]EGF for positron emission tomog-
raphy, boronated EGF for BNCT, [186Re]- or [188Re]EGF
for targeted radiotherapy of EGFR positive tumors.
Further sudies will determine whether any of these
approaches are successful.
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Synthesis of a New Photoreactive Derivative of Dipyridamole and
Its Use in the Manufacture of Artificial Surfaces with Low
Thrombogenicity
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Photoimmobilization of dipyridamole (Persantin) was accomplished through the use of a new synthetic
conjugate molecule, 1. Persantin is a powerful inhibitor of platelet activation and aggregation and is
widely used as a vasodilator. Conjugate 1 consists of triply protected dipyridamole [three of the four
hydroxyl groups carry a tert-butyldimethylsilyl (TBDMS) protective group) and the photoreactive
4-azidobenzoyl group. A short hydrophilic spacer chain, derived from triethylene glycol, separates
the protected dipyridamole system and the photoreactive group. Compound 1 was immobilized on
polyurethane sheets (Pellethane D-55) through irradiation with ultraviolet (UV) light, and the
protective groups were removed afterward. The resulting modified polyurethane surfaces were
characterized by different physicochemical techniques: UV extinction, contact angle measurements
(captive bubble technique), and X-ray photoelectron spectroscopy (XPS). The UV extinction measure-
ments showed the presence of 13 ( 1 nmol of immobilized dipyridamole/cm2. The contact angle
measurements revealed that the modified surface was markedly more hydrophilic than the control
(i.e. unmodified polyurethane). XPS measurements clearly established the presence of immobilized
dipyridamole in the outermost layers of the modified surface. This was especially clear from the XPS
spectra recorded at a low take-off angle (∼6°). Furthermore, the XPS spectra showed that the TBDMS
protective groups had been quantitatively removed during the deprotection/washing treatment. The
in vitro blood compatibility of the modified surface was studied with the thrombin generation assay
as developed in our group, as well as with scanning electron microscopy. The thrombin generation
test produced a lag time of 1275 s for the modified surface, as opposed to 569 s for the control. Scanning
electron microscopy showed that far fewer platelets adhere to the modified surface (approximately 7
× 103/mm2) as compared to the control (approximately 6× 102/mm2). Taken together, the experimental
data reveal that the modified surface has excellent blood compatibility in vitro. It is discussed that
the use of conjugate 1 leads to simultaneous exposure of dipyridamole at the modified surface and to
a marked increase of the surface hydrophilicity, which is likely to hamper adsorption of plasma proteins.
The combination of these effects is uniquely related to the molecular buildup of 1. Conjugate 1 will
be used in future work that is aimed at preparing small-caliber polyurethane vascular grafts with a
blood compatible lumenal surface.

INTRODUCTION

Dipyridamole is a nontoxic drug that acts as an
inhibitor of the activation and aggregation of blood
platelets (1, 2). The drug is also a powerful vasodilator,
i.e. a substance which induces widening of the blood
vessels after its systemic injection (1, 2). Dipyridamole,

which is marketed as Persantin, is commonly adminis-
tered to patients before and after percutaneous translu-
minal coronary angioplasty (“Dottering”), mostly in com-

bination with aspirin. We became interested in
dipyridamole in the course of our work, which is aimed
at the manufacture of newmaterials with improved blood
compatibility. We concentrate both on the preparation
and on the testing (in vitro and in vivo) of such materials
(3-7). Blood clotting as a result of the contact between
blood and an artificial surface remains perhaps the most
important problem in the development of improved
cardiovascular devices. We know, particularly from the
pioneering work of Vroman et al. (8-10), that contact
between blood and an artificial surface immediately leads
to adsorption of plasma proteins. Adsorbed proteins may
be displaced by others, and these processes probably
occur within several minutes. Proteins in the adsorbed
state adopt a different molecular conformation as com-
pared to the circulating state, and platelets and leuko-
cytes may adhere via receptor sites that match structural
patterns of an adsorbate. It has become clear that
immunoglobulins, fibronectin, and fibrinogen have spe-
cific significance as adsorbates (11). When a platelet is
activated through this mechanism, it may in turn trigger
other platelets and induce generation of thrombin, lead-
ing to deposition of fibrin. These events will result in
the formation of a thrombus. Recent work by Bamford
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et al. implied that dipyridamole could play a role in the
development of new blood-compatible materials (12, 13).
Bamford et al. chemically coupled dipyridamole to a
series of water-soluble macromolecules and subsequently
showed that the drug retained its platelet-inhibitory
activity. In some cases, the drug was even slightly
potentiated. As the macromolecular vehicles containing
dipyridamole cannot cross the platelet’s membrane, these
experiments revealedsalthough in an indirect
mannersthat dipyridamole can exert its function via a
putative receptor site on the exterior of the platelet.
Later, we could also show that coupling of dipyridamole

onto water-insoluble polymers (e.g, the polyurethane
Pellethane D-55) markedly contributes to the blood
compatibility of the surface, at least in vitro (3). Evidence
in support of an inhibitory action of immobilized dipy-
ridamole on contacting platelets has accumulated. Our
data, taken together, suggest that the platelet inhibition
by immobilized dipyridamole counteracts or overrules
platelet activation by adsorbed plasma proteins (e.g.,
fibronectin or fibrinogen).
Immobilization of dipyridamole onto the surface of

water-insoluble polymers was accomplished through a
novel photoimmobilization technique (3-5, 14). To this
end, we synthesized a series of novel molecules, which
consist of a triply tert-butyldimethylsilyl (TBDMS)-
protected (15) dipyridamole connected to a 4-azidobenzoyl
group. It could be demonstrated that such conjugate
molecules can be covalently coupled to a polyurethane
surface via irradiation with ultraviolet (UV) light (14).
The 4-azidobenzoyl group loses molecular nitrogen (N2)
upon UV irradiation, and this photoreaction generates a
highly reactive (electrophilic) didehydroazepine structure
(16-18). Then, reaction with a nucleophilic site at the
polymer surface (e.g., a urethane NH group) generates a
new covalent bond between the conjugate and the poly-
mer surface.
We report here a comprehensive study on a new

conjugate molecule, 1, which has the characteristic

feature that the (protected) dipyridamole unit is linked
to 4-azidobenzoyl via a short hydrophilic spacer chain.

We decided to prepare and test such a system since we
anticipated that a hydrophilic spacer chain could facili-
tate exposure of the deprotected dipyridamole in the
aqueous boundary layer at the polymer’s surface. We
report consecutively (i) synthesis of 1, (ii) photoimmobi-
lization of 1 on polyurethane sheets, (iii) deprotection and
purification, (iv) physicochemical characterization of the
modified surfaces (contact angles, XPS), and (v) in vitro
tests of the blood compatibility of modified and unmodi-
fied surfaces. Moreover, it is described how compound
1 can be immobilized on the lumenal surface of a short
polyurethane vascular graft, which will be used in
followup in vivo investigations.

MATERIALS AND METHODS

Preparation of Conjugate 1. The synthesis route
to 1 is outlined in Scheme 1. The preparation started
out with tris[tert-butyldimethylsilyl]dipyridamole (2),
which was prepared from dipyridamole as described
earlier (14). Compound 2 was reacted with 1-(2′-O-
tritylethoxy)-2-(2′-bromoethoxy)ethane (3) in the presence
of sodium hydride (19). This reaction afforded compound
4, which was subsequently treated with zinc bromide to
cleave the trityl group (20). The resulting alcohol, 5, was
esterified through reaction with 4-azidobenzoyl chloride.
This reaction afforded the desired conjugate structure 1,
in 18% overall yield based on 2. Purity and identity of
conjugate 1 and all synthetic intermediates were estab-

Scheme 1. Preparation of Conjugate Molecule 1
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lished unequivocally. Different analytical techniques,
including chromatography (thin layer), high-field nuclear
magnetic resonance (NMR, 400 MHz for 1H), and fast
atom bombardment mass spectrometry, were used.
All solvents and starting materials were of the highest

available purity or were purified as specified. Pyridine
and dichloromethane were distilled from calcium hydride
and stored over Linde 3Å molecular sieves. Triethyl-
amine was distilled from calcium hydride and stored over
potassium hydroxide pellets. Tetrahydrofuran was passed
through an alumina column, distilled from calcium
hydride, and stored over Linde 3Å molecular sieves.
Methanol was predried with iodine and magnesium
turnings, distilled, and stored over Linde 3Å molecular
sieves. Thin layer chromatography was performed on
glass plates (3 × 10 cm) with a fluorescent indicator.
Silica gel 60 (particle size 0.063-0.200 mm) was used
for column chromatography. Mass spectra were run on
a Kratos MS 80 RF instrument. 1H NMR and 13C NMR
were recorded at 399.9 and 100.6 MHz, respectively, on
a Varian Unity-Plus spectrometer, using deuterated
chloroform or deuterated methyl sulfoxide as the solvent.
Tetramethylsilane was used as the internal reference (δ
) 0.00 ppm).
Preparation of 1-(2′-O-Triphenylmethylethoxy)-

2-(2′-bromoethoxy)ethane (3). To a stirred solution
of triethylene glycol (75.09 g, 500.00 mmol) and 4-(di-
methylamino)pyridine (0.38 g, 3.13 mmol) in 125 mL of
anhydrous pyridine was added triphenylmethyl chloride
(17.42 g, 63.50 mmol) in 10 portions during 3 h. The
solution was stirred for 16 h under exclusion of moisture.
Then, pyridine was removed (last traces were removed
by coevaporation with toluene). The residue was taken
up in dichloromethane and washed with saturated aque-
ous bicarbonate (three times) and water (three times).
The organic layer was dried on magnesium sulfate,
filtered, and concentrated to dryness under reduced
pressure. The crude product was applied to a silica gel
column. Elution with 1:1 petroleum ether/ethyl acetate
afforded pure 1-(2′-O-triphenylmethylethoxy)-2-(2′-hy-
droxyethoxy)ethane (i.e. monotritylated triethylene gly-
col) as a viscous oil: Rf (petroleum ether/ethyl acetate
1:1) ) 0.38; yield, 20.56 g (84%); 1H NMR (CDCl3) δ 7.50-
7.15 (15H, m, CPh3), 3.66 (8H, m, OCH2CH2O), 3.59 (2H,
t, CH2OH), 3.24 (2H, t, CH2OCPh3), 2.95 (1H, br s, OH);
13C NMR (CDCl3) δ 144.09, 128.70, 127.80, 126.98, 86.59,
72.60, 70.68, 63.29, 61.69.
A solution of bromine (12.27 g, 76.81 mmol) in anhy-

drous dichloromethane (60 mL) was added dropwise to
a solution of triphenylphosphine (18.60 g, 70.90 mmol)
in anhydrous dichloromethane (125 mL). The addition
was stopped as the yellow-brown color of free bromine
persisted. Subsequently, anhydrous triethylamine (10.76
g, 106.35 mmol) and a solution of 1-(2′-O-triphenylmeth-
ylethoxy)-2-(2′-hydroxyethoxy)ethane (20.19 g, 59.08 mmol)
in 75 mL of anhydrous dichloromethane were added
dropwise. The resulting mixture was stirred for 1 h
under exclusion of moisture. Then, all volatiles were
removed under reduced pressure. The residue was taken
up in diethyl ether and washed with water. The organic
layer was dried on magnesium sulfate, filtered, and
concentrated to dryness under reduced pressure. The
crude product was applied to a silica gel column. Elution
with dichloromethane afforded 3 as a white solid: Rf
(dichloromethane) ) 0.43; yield, 23.85 g (89%); 1H NMR
(CDCl3) δ 7.50-7.18 (15H, m, CPh3), 3.85 (2H, t, CH2-
Br), 3.70 (6H, m, OCH2CH2O), 3.44 (2H, t, CH2O), 3.21
(2H, t, CH2CPh3); 13C NMR (CDCl3) δ 144.08, 128.69,
127.74, 126.91, 86.6, 71.28, 70.79, 70.75, 70.66, 63.31,
30.34; mp, 57.8 °C.

Preparation of Compound 5. Sodium hydride (60%,
0.906 g, 22.65 mmol) was added to a solution of 2 (3.84
g, 4.53 mmol) (19) in 50 mL of anhydrous tetrahydrofu-
ran. The mixture was sonicated under argon for 15 min.
Then, compound 3 (2.27 g, 4.98 mmol) was added and
the reaction mixture was magnetically stirred for 16 h.
The reaction mixture was poured into saturated aqueous
ammonium chloride (150 mL), which was extracted with
ethyl acetate. The combined organic layers were dried
on magnesium sulfate, filtered, and concentrated to
dryness under reduced pressure. The residue (crude 4)
was taken up in 10 mL of anhydrous dichloromethane
and treated with 2 mL of anhydrous methanol and
anhydrous zinc bromide (10.00 g, 45.00 mmol). This
reaction mixture was magnetically stirred for 2 h. The
solvents were evaporated under reduced pressure, and
the residue was taken up in ethyl acetate and washed
consecutively with a 0.1 M citric acid, saturated bicar-
bonate, and brine. The organic layer was dried on
magnesium sulfate, filtered, and concentrated to dryness
under reduced pressure. Crude 5 was applied to a silica
gel column. Elution with 1:1 petroleum ether/ethyl
acetate afforded pure 5 as a yellow viscous oil: yield, 1.10
g (25%); 1H NMR (CDCl3) δ 4.70-3.80 (34H, m, CH2-N
and CH2-O), 1.68-1.62 (12H, br s, CH2 of piperidine
rings), 0.84 (27H, s, t-Bu), 0.02 (18H, s, CH3-Si).
Preparation of 4-Azidobenzoyl Chloride. A solu-

tion of 4-azidobenzoic acid (7.50 g, 45.98 mmol) (21) and
thionyl chloride (16.29 g, 138.04 mmol) in 250 mL of
anhydrous tetrahydrofuran was refluxed for 30 min. All
volatiles were removed under reduced pressure (in the
hood, stench). The solid residue was recrystallized from
hexane to give pure 4-azidobenzoyl chloride as a yellow-
ish solid: yield, 6.76 g (81%); 1H NMR (CDCl3) δ 8.05
(2H, d, aromatic H), 7.05 (2H, d, aromatic H); 13C NMR
(DMSO-d6) δ 166.39, 143.87, 131.15, 127.20, 119.34,
119.05.
Preparation of Compound 1. Compound 5 (1.35 g,

1.39 mmol) and 4-azidobenzoyl chloride (0.28 g, 1.52
mmol) were dissolved in 50 mL of anhydrous pyridine,
and the solution was magnetically stirred for 3 h. Then,
pyridine was evaporated (last traces were removed by
coevaporation with toluene). The residue was taken up
in ethyl acetate and washed with 0.1 M citric acid,
saturated bicarbonate, and brine. The organic layer was
dried on magnesium sulfate, filtered, and concentrated
to dryness under reduced pressure. The crude product
was applied to a silica gel column. Elution with 4:1
petroleum ether/ethyl acetate afforded pure 1 as a yellow-
brown oil: Rf (petroleum ether/ethyl acetate 1:1) ) 0.68;
yield, 1.12 g (72%); 1H NMR (CDCl3) δ 8.02 (2H, d,
aromatic H), 7.02 (2H, d, aromatic H), 4.43 [2H, t, CH2C-
(O)], 4.05-3.48 (32H, m, CH2-N and CH2-O), 1.65 (12H,
br s, CH2 of piperidine rings), 0.95 (27H, s, t-Bu), 0.02
(18H, s, CH3-Si); 13C NMR (CDCl3) δ 160.34, 160.28,
153.69, 132.54, 131.51, 118,76, 70.36, 70.49, 69.76, 69.21,
64.18, 61.48, 51.50, 51.28, 48.82, 48.63, 26.24, 25.94,
25.12, 18.29, -5.32; FABMS, calcd for C55H97N11O8Si3
m/z ) 1224, obsd m/z ) 1225 (M + H)+.
Preparation of Modified Polyurethane Surfaces.

Throughout our experiments, we used a medical grade
polyurethane foil (Pellethane D-55). The foil had a
smooth surface (as could be verified with scanning
electron microscopy) and was transparent; its thickness
was 0.4 mm. Compound 1 was dissolved in 2-propanol
(concentration 1 mM), and this solution was sprayed onto
several specimens of the polyurethane foil (dimensions
50 × 50 mm). A compressed-air spayer was used (tube-
type, Aldrich Z12,629-2). During spraying, the polymer
surface was placed horizontally and consecutively wetted,
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dried (air föhn), and turned by 90°. The procedure of
wetting, drying, and turning was repeated 20 times.
Then, each foil was irradiated for 15 min with a Philips
HPA 1000 high-power UV lamp (Philips Lighting, Eind-
hoven, The Netherlands). The distance between the lamp
and the foil surface was 30 cm. Technical details on the
lamp are as follows: nominal power, 930 W; radiation
output (mW/cm2, measured at 1.00 m distance), UV-A
2500, UV-B 900, UV-C 230. After irradiation, each foil
was thoroughly washed with 2-propanol and immersed
for 24 h in a stirred solution of tetrabutylammonium
fluoride in nitromethane (22). This reagent is known to
effectively cleave the TBDMS groups. Each foil was then
thoroughly washed with 2-propanol and water and stored
in dry form.
Physicochemical Characterization of the Modi-

fied Surfaces. The UV extinction of dipyridamole
provided a convenient means to obtain an estimate of the
surface concentration. The UV absorption spectrum of
dipyridamole shows a maximum at λ ) 408 nm. The
molar extinction coefficient at this wavelength is 4397 L
mol-1 cm-1. A piece of the unmodified polyurethane
(138.79 mm2) was dissolved in tetrahydrofuran (4.50 mL).
The UV extinction spectrum was measured and stored
in the digital memory of the spectrometer. Then, a
similar piece of the modified polyurethane (139.67 mm2)
was dissolved in 4.53 mL of tetrahydrofuran (same
concentration as the blank). The UV extinction was
measured at 408 nm, and the density of immobilized
dipyridamole coupled to the polyurethane was calculated
(3).
Contact angle measurements were performed accord-

ing to the captive bubble method (23). The contact angle
apparatus consists of a traveling microscope with a 40×
eyepiece with fine right-angle crosshairs and a long-
distance objective, a variable intensity light source, and
a micrometer-adjustable X-Y stage vertically mounted
on an optical bench. The stage contains a plexiglass box.
The polyurethane sheets were held on the underside of
a polycarbonate plate with the modified surface exposed.
The box was then filled with doubly distilled water, and
the plate containing the polyurethane sheet was lowered
in the box until the polyurethane sheet was completely
immersed. A bubble of air with a volume of ∼0.1 mL
was positioned under the surface and the contact angle
was measured.
For the X-ray photoelectron spectroscopy (XPS) experi-

ments, polyurethane sheets were mounted on a standard
sample holder and inserted via a separately pumped load
lock into a Leybold MAX200 XPS instrument. Sample
areas of 4 × 7 mm2 were analyzed. Mg KR (1253.6 eV)
radiation of a Mg/Al double-anode X-ray tube (13 kV, 20
mA) was used. The spectrometer was calibrated using
Ag, Cu, and Au (24). At the used pass energy of 48 eV,
the full width at half-maximum for Ag 3d5/2 was 0.95
eV. The base pressure in the analysis chamber was well
below 1 × 10-9 mbar. The instrument was controlled by
a HP A400 computer, and a Leybold DS100 data system
was used for data acquisition and analysis. For the
quantitative analysis the spectra were corrected for the
analyzer transmission function, and a linear background
was substracted (25). Sensitivity factors were calculated,
using the approach of Nöller et al. (26) and the Scofield
cross sections (27). For energy referencing a C 1s binding
energy of 285.0 eV for aliphatic carbon was used (28).
The samples were measured with different take-off
angles. Besides the usual angle (90°), the sample holder
was rotated in such a way that a take-off angle of ∼6°
was obtained. Derivatization of the hydroxyls of the
dipyridamole by trifluoroacetic anhydride was achieved

by exposing the polyurethane surface to trifluoroacetic
anhydride vapor for 5 min in a sealed vessel (29). The
polyurethane surface was then removed and dried.
Biochemical Characterization. The unmodified

and modified surfaces were subjected to the in vitro
thrombin generation assay developed by Lindhout et al.
(30) and described extensively in our previous work (3,
7, 31). Two reference materials were included in the
assay: polyethylene (PE), which has a high surface
thrombogenicity, and poly(vinyl chloride) (PVC), which
is a relatively passive material. Note that the blood was
taken from a healthy donor; the blood plasma was
anticoagulated with citrate prior to the assay, and the
addition of calcium chloride marks the actual start of the
experiment.
Following incubation with platelet-rich plasma, the

unmodified and modified surfaces were subjected to
scanning electron microscopy (SEM) to study the mor-
phology of adhered platelets. The platelets attached to
the polyurethane surfaces were fixed with glutaralde-
hyde. The specimens were then dehydrated with ethanol,
subjected to critical point drying, and sputter-coated with
gold.

RESULTS

Physicochemical Characterization. The chemical
synthesis of conjugate compound 1 proceeded smoothly.
Figure 1 shows the 400 MHz proton NMR spectrum of
1, dissolved in deuterated chloroform. The spectrum
clearly reveals the identity and purity of the product. Fast
atom bombardment mass spectrometry provided further
evidence for the identity of 1 (vide supra).
Measurements of the surface density of immobilized

dipyridamole were performed through UV spectropho-
tometry. The modified surfaces (dimensions approxi-
mately 50 × 50 mm) showed uniform density of immo-
bilized dipyridamole. This was concluded after comparison
of different pieces (dimensions 10 × 15 mm), cut out of
the foil. All physicochemical and biochemical experi-

Figure 1. 400 MHz 1H NMR spectrum of 1, dissolved in CDCl3.
Spectral parameters: spectral width, 6000 Hz; number of
transients, 8; time domain, 32K; size, 64K; Fourier transforma-
tion without application of a spectral window. Assignments: (a)
aromatic protons from the azidobenzoyl group; (b) CH2C(O); (c)
CH2-N and CH2-O; (d) CH2 of piperidine rings; (e) tert-butyl;
(f) CH3-Si; (*) solvent signal (CHCl3).
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ments reported here correspond with a surface density
of 13 ( 1 nmol/cm2 of immobilized dipyridamole.
Table 1 compiles the results of the water contact angle

measurements on both the unmodified and modified
surfaces. The contact angles were measured with the
captive-bubble method. Under each surface, five air
bubbles (∼0.1 mL) were placed, and height (h) and
diameter (d) of the bubbles were measured. The contact
angle R was then calculated from the formula (23)

The data in Table 1 clearly show that the modified
surface is more hydrophilic than the unmodified surface.
Furthermore, both surfaces were studied with XPS. As

expected, oxygen, nitrogen, and carbon were detected. No
contaminations were found on either surface. The ob-
served binding energies for the oxygen, nitrogen, and
carbon species are in good agreement with those of
Beamson and Briggs (28). The spectra were analyzed by
applying curve deconvolution, using a Gaussian line
shape. The N 1s narrow-scan subspectrum was used to
get more detailed information on the nature of the
surface. The increase of the N 1s signal was not
significant, and this inspired us to measure the modified
surface also under another take-off angle. This enables
one to look more at the outermost layer of the modified
surface. The sample holder was rotated in such a way
that a take-off angle of ∼6° was obtained. This experi-
ment clearly showed a change in surface chemistry,
which could be derived from changes in the peak shape
of the narrow-scan spectra. Figure 2 shows the expan-
sion of the N 1s narrow-scan spectrum measured at a
take-off angle of 90°. Figure 3 shows the expansion of
the N 1s narrow-scan spectrum measured at a take-off
angle of ∼6°. The N 1s line is less intense, but broad-
ened, consistent with the presence of another nitrogen
functionality in the outermost surface layer (aromatic
nitrogen from the dipyridamole). Table 2 gives the
atomic percent C, N, and O and the elemental ratios C/O
and C/N for the unmodified and modified surfaces.
Another important conclusion that can be drawn from
the XPS spectra of the modified surface is that the Si
protective groups were completely removed in the depro-
tection/washing steps following the irradiation with
ultraviolet light. The XPS spectra do not show the very
characteristic Si signals at approximately 102 (Si 2p) and
153 (Si 2s) eV. For this reason, we expected the presence
of free hydroxyl groups (three OH groups for each
immobilized dipyridamole) for the modified surface. This
expectation could be verified by exposure of the modified
surface to a vapor of tetrafluoroacetic anhydride in a
sealed vessel. The anhydride then reacts with free
hydroxyl groups to form the trifluoroacetic ester. This
vapor-phase labeling of hydroxyl groups has been shown
to be very successful (29). The CF3 tag is easily detected
since two extra peaks appear in the XPS spectrum: (i)
the F 1s line at approximately 690 eV and (ii) the F Auger
line at approximately 600 eV (Mg KR radiation; see ref
28, p 236, and ref 29). Figure 4 shows the overall XPS
scan of the modified surface (take-off angle of ∼6°).
Figure 5 shows the XPS scan of the modified surface after

its exposure to tetrafluoroacetic anhydride vapor (take-
off angle of ∼6°). This labeling clearly revealed the
presence of free hydroxyl groups on the modifed surface,
which is consistent with the presence of immobilized and
fully deprotected dipyridamole.

Table 1. Contact Angles Measured with the Captive
Bubble Method for the Unmodified and Modified
Surfaces

unmodified surface modified surface

49.5 51.2 19.1 22.3
50.6 49.8 25.3 21.5
47.3 20.8

R ) cos-1[-1 + 2h/d]

Figure 2. N 1s narrow-scan XPS spectrum of the modified
surface measured at a take-off angle of 90°. The experimental
spectrum can be simulated by adding the simulated spectra i
and ii. Note that (iii), which equals (i) + (ii), fits the experi-
mental spectrum; (i) corresponds with the aromatic N of the
dipyridamole ring system, and (ii) corresponds with the N atoms
of the polymer urethane groups, and the nonaromatic Ns of
dipyridamole.

Figure 3. N 1s narrow-scan XPS spectrum of the modified
surface measured at a take-off angle of ∼6°. Spectral simulation
was accomplished as described in the legend to Figure 2.

Table 2. Elemental Atomic Percentages and Elemental
Ratios Measured by XPS for the Unmodified and
Modified Surfaces

modified surface

atom
unmodified surface
take-off angle 90° take-off angle 90° take-off angle ∼6°

% C 80 79 82
% N 3.1 4.3 2.8
% O 17 17 15
C/O 4.7 4.6 5.5
C/N 25.8 18.4 29.3

Figure 4. Overall XPS spectrum of the modified surface
measured at a take-off angle of ∼6°.
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Biochemical Characterization. The unmodified
and modified surfaces were subjected to the in vitro
thrombogenicity test developed by Lindhout et al. (30).
PE, a highly thrombogenic material, PVC, a relatively
passive material, and unmodified polyurethane were
used as reference materials. The assay produces a
thrombin generation curve for each surface tested. The
experiments on the modified surface were performed in
duplicate. Figure 6 shows the thrombin generation
curves for both the unmodified and modified surfaces,
exposed to human platelet-rich blood plasma. Each
thrombin generation curve yields two parameters, which
are directly related to the thrombogenicity of the mate-
rial. The first parameter is the lag time, i.e. the time
elapsing between the moment of recalcification and the
moment at which the free thrombin concentration starts
to increase. The second parameter is the maximal
concentration of free thrombin reached during the ex-
periment. The results of these experiments with all
surfaces are compiled in Table 3. It should be noted that
the maximum thrombin concentrations were obtained
after correction of the experimental thrombin generation
curves for the residual amidolytic activity of the throm-
bin-R2-macroglobulin complex according to the method
of Hemker et al. (32). The thrombogenicity of the
different surfaces decreases in the following order: PE
> polyurethane > PVC > modified polyurethane. The

surface immobilization of compound 1 leads to a decrease
of the thrombogenicity of the polyurethane; the lag time
increases from 569 s for the unmodified polyurethane to
1267 and 1282 s (duplicate) for the modified surface. The
maximum free thrombin concentration decreases from 85
nM for the unmodified polyurethane to 68 and 75 nM
(duplicate) for the modified surface.
The unmodified and modified surfaces were further

studied with SEM to look at the adherence and activation
of platelets on the surfaces. The unmodified surface was
covered to a large extent by activated/spreaded platelets,
as is shown in Figure 7. From the scanning electron
micrographs, a surface density of approximately 7 × 103
platelets/mm2 could be estimated. The modified surface
showed far less adhered platelets (Figure 8); the scanning
electron micrograph indicated a surface density of ap-
proximately 6× 102 platelets/mm2. This implies that the
surface modification results in a decrease of platelet
adhesion by, roughly, 1 order of magnitude. This finding
is in good agreement with our previous work (3, 5).
Figure 9 shows a detail scanning electron micrograph of
an individual platelet, adhered to the modified surface.
While this particular platelet merely shows the formation
of small pseudopodia, and no spreading, it should be
noted that spread platelets could also be found on the
modified surface.

DISCUSSION AND CONCLUDING REMARKS

The present results clearly demonstrate that dipy-
ridamole can be immobilized onto polyurethane surfaces
through use of conjugate 1. A combination of different
physical analytical techniques reveals the presence of
fully deprotected dipyridamole in the outermost layer of

Figure 5. Overall XPS spectrum of the modified surface
exposed to trifluoroacetic anhydride vapor measured at a take-
off angle of ∼6°.

Figure 6. Thrombin generation curves measured for four
different surfaces. The thrombin generation curves were cor-
rected for the amidolytical activity of the R2m-thrombin complex
(32). Assignments: (O) PE; (9) polyurethane; ([) PVC; (×)
modified polyurethane.

Table 3. Results of the Thrombin Generation Test

material lag time (s) [thrombin]max (nM)

PE 395 169
PVC 859 79
polyurethane 569 85
modified polyurethane 1267; 1282 68; 75

Figure 7. Overview scanning electron micrograph of the
unmodified surface after incubation with platelet-rich plasma.

Figure 8. Overview scanning electron micrograph of the
modified surface after incubation with platelet-rich plasma.
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the modified surface. Furthermore, the modified surface
features a markedly increased hydrophilicity, as com-
pared to the control (i.e. unmodified polyurethane). This
can be attributed to the short polyethylene glycol spacer
chain that bridges dipyridamole to the polymer surface.
To the best of our knowledge, the present results show

for the first time that it is possible to couple a pharma-
cologically active drug to a polymer surface via a chain
of covalent bonds and to simultaneously achieve a
substantial increase of the surface hydrophilicity. We
believe that this combination of effects holds promise
with respect to passivation of artificial surfaces. From
the classic work of Vroman and others (vide supra), it is
known that contact between blood and an artificial
surface first leads to adsorption of plasma proteins and
then to activation of platelets or leukocytes, which
recognize one or more specific structural patterns of the
proteinaceous adsorbates. A modified surface as studied
in our present work interferes with this mechanism at
two different stages: (i) the hydrophilic nature of the
surface leads to substantial hydration and hence to a
diminished affinity for proteins; (ii) the exposure of a
platelet inhibitory agent (dipyridamole in our case)
suppresses activation of contacting blood platelets.
We did not perform a quantitative comparison of the

modified surfaces based on 1 and those to which dipy-
ridamole was coupled either directly or via a short
hydrophobic spacer chain. Nevertheless, our thrombin
generation assay suggests that photoimmobilization of
1 leads to the best results (15). This idea is reinforced
by a comparison of the scanning electron micrographs.
Figure 8 (this work) shows that the modified polyure-
thane surface, prepared with conjugate 1, adsorbs far
fewer platelets after exposure to human platelet-rich
plasma (approximately 7 × 103/mm2) as compared to the
control (approximately 6× 102/mm2). Upon use of a short
hydrophobic spacer chain [-C(O)CH2CH2CH2O-], we
previously found that platelet adhesion was also mark-
edly suppressed (in comparison with the control) (3).
However, the platelets present on the latter surface
showed substantial spreading and formation of pseudopo-
dia.
On the basis of our experience with photoimmobiliza-

tion of dipyridamole to polyurethane surfaces, we are
currently working on photoimmobilization of conjugate
1 on the lumenal surface of a polyurethane vascular graft.
This graft has an inner diameter of 5 mm and a flexible,
compliant, and porous wall structure. Our results with
this new vascular graft (in vitro and in vivo) will be
published later.
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99mTc-Labeled σ-Receptor-Binding Complex: Synthesis,
Characterization, and Specific Binding to Human Ductal Breast
Carcinoma (T47D) Cells

Christy S. John,*,† Benjamin B. Lim,† Brian C. Geyer,† Bertold J. Vilner,‡ and Wayne D. Bowen‡

Radiopharmaceutical Chemistry Section, Department of Radiology, George Washington University Medical
Center, Washington, D.C. 20037, and Unit on Receptor Biochemistry and Pharmacology, Laboratory of Medicinal
Chemistry, NIDDK, National Institutes of Health, Bethesda, Maryland 20892. Received September 20, 1996X

σ-Receptors have recently been shown to be expressed in a variety of human tumor cells. In an attempt
to prepare 99mTc chelates that would bind to σ-receptors and be useful for imaging σ-receptor-positive
tumors, we have synthesized and characterized a bisaminothiol (BAT) chelate appended with a
σ-receptor pharmacophore. The synthesis of target ligandVIIwas accomplished in three steps starting
from bicyclic imidazolidino[1,2-d]dithiazapine. The labeling of the BAT ligand with 99mTc was carried
out in high yields (>80%) using stannous tartarate as a reducing agent, resulting in the target
σ-receptor-binding chelate [99mTc]BAT-EN6, III. Similarly, 99gTc chelate with ligandVIIwas prepared
from ammonium pertechnetate by reduction with stannous tartarate. 99mTc-radiolabeled chelate was
purified by reversed phase HPLC, and cell binding with human breast ductal carcinoma (T47D) was
performed. A high degree of specific binding (90-97%) was obtained when σ-receptor ligands such
as halogenated phenylethylenediamines were used to determine nonspecific binding. A modest affinity
dose-dependent inhibition of binding was found with BD1008, I, and 4-IPEMP, II (IC50 ) 47 ( 2 and
59 ( 5 nM, respectively), known σ-ligands. No specific binding was found with [99mTc]BAT, VIII
[without appended σ-pharmacophore (N-alkyl-substituted ethylenediamine)], showing that biological
activity resulted from the pendent pharmacophore. 99gTc complex was found to be a potent inhibitor
(Ki ) 42.7 ( 8.5 nM) of [3H]DTG binding in guinea pig brain membranes. Scatchard analysis of [99m-
Tc]BAT-EN6 (spiked with [99gTc]BAT-EN6) binding in T47D breast cancer cells showed a saturable
binding, with a Kd of 43.5 ( 14.7 nM and a Bmax of 3121 ( 130 fmol/(mg of protein). A biodistribution
study of [99mTc]BAT-EN6 chelates in Sprague Dawley rats showed hepatic clearance, as expected. A
blocking study at 4 h postinjection using 2 µmol of BD1008 with [99mTc]BAT-EN6 showed a significant
decrease of radiopharmaceutical in liver (15.32 vs 22.31% ID/organ) and kidney (1.01 vs 2.21% ID/
organ), organs known to possess high concentrations of σ-receptors. These results imply that [99mTc]-
BAT-EN6 binds with high affinity to σ-receptors expressed in human breast tumor cells, and it may
be useful for imaging breast cancer.

INTRODUCTION

Recently, we have been interested in the development
of molecular probes for imaging σ-receptor sites on
tumors. σ-Receptors exist in at least in two distinct
subtypes termed σ-1 and σ-2 (1). Tritiated σ-ligand
probes such as (+)-pentazocine (a σ-1 selective ligand)
(2) and tritiated 1,3-o-ditolylguanidine (DTG, a σ non-
subtype selective ligand) (3) were recently used to
characterize the expression of σ-receptors on various
human tumor cell lines and to establish the pharmaco-
logical profiles for various drugs. A very high density of
both σ-1 and σ-2 receptor subtypes was expressed on
many human and rodent tumor cell lines [Bmax ) 1000-
4000 fmol/(mg of protein)] (4). High levels of σ-receptors
have also been reported in the membrane preparations
from surgically removed solid human tumor tissue using
[3H]DTG (5). Furthermore, σ-receptors expressed in
human melanoma cells (6), breast cancer cells (7, 8), non-

small cell lung carcinoma (9), and human prostate tumor
(10) cells have been characterized using different radio-
iodinated σ-ligands. Scatchard analysis of [125I]-4-(N-
benzylpiperidin-4-yl)-4-iodobenzamide binding in human
breast adenocarcinoma (MCF-7) cells revealed that breast
cancer cells possess approximately 1 million receptors per
cell (4). σ-Receptors are therefore very attractive targets
for the development of diagnostic probes. Hence, we
embarked on a study of 99mTc-radiolabeled chelates that
would bind to the σ sites because of the excellent physical
characteristics of this radionuclide.

99mTc is one of the most widely used radionuclides in
clinical nuclear medicine due to its instant availability
from the 99Mo/99mTc generator, ideal physical properties
(t1/2 ) 6.02 h; γ-energy ) 140 keV), an absence of
â-emissions, a low radiation burden to patients, and its
low cost. One of the major challenges in the development
of receptor-based 99mTc radiopharmaceuticals for diag-
nostic imaging is the design and synthesis of high-affinity
99mTc chelates for specific receptor sites. In order to
provide in vivo stability to the radiolabel, 99mTc has to
be complexed to a chelate. Thus, a molecule suitable for
imaging a particular receptor site would possess a
chelating moiety and a pharmacological entity appended
to the chelate. This generally results in an increase in
steric bulk of the molecule, and the affinity for the
receptors is often compromised. In recent years, some
progress has been made for imaging steroid receptors
(11), muscarinic

* Address correspondence to Christy S. John, Ph.D., Radio-
pharmaceutical Chemistry Section, Department of Radiology,
The George Washington University Medical Center, 661 Ross
Hall, 2300 I St. NW, Washington, D.C. 20037. Telephone: (202)
994-5031. Fax: (202) 994-0417. E-mail: Johncs@gwis2.circ.gwu.
edu.

† George Washington University Medical Center.
‡ National Institutes of Health.
X Abstract published in Advance ACS Abstracts, March 1,

1997.

304 Bioconjugate Chem. 1997, 8, 304−309

S1043-1802(97)00008-6 CCC: $14.00 © 1997 American Chemical Society



receptors (12), and vesamicol receptors (13) using bisami-
nothiol-based 99mTc chelates.
Halogen-substituted arylethylenediamines have been

studied extensively for their σ-affinities (14, 15). BD1008
[N-2-[(3,4-dichlorophenyl)ethyl]-N-methyl-2-pyrrolidinyl-
ethylamine], I, is one of the most potent halogenated
arylethylenediamine derivatives. One congener of this
series, N-[2-(4-iodophenyl)ethyl]-N-methyl-2-(1-piperidi-
nyl)ethylamine (4-IPEMP, II), has recently been well-
studied (Figure 1) (16). Compound II showed very high
specific binding to human breast and melanoma tumor
cells. The inhibition binding isotherms for 4-[125I]PEMP
in guinea pig brain also were consistent with σ-receptor
pharmacology. On the basis of the structure-activity
relationship of de Costa et al. (14), we reasoned that the
substituted ethylenediamine portion of II is the molecular
recognition fragment that imparts high affinity for
σ-receptor, with the halogen-substituted aromatic ring
occupying the lipophilic pocket of the receptor. Therefore,
we decided to append the N-methyl-2-piperidinylethyl-
amine pharmacophore into a basic bisaminoethanethiol
ligand VIII (Figure 2) (that is known to form highly
stable, neutral, and lipophilic complexes with 99mTc) to
test the hypothesis that this molecular recognition frag-
ment would impart specificity for the σ-receptors to the
resulting 99mTc-labeled complex. In this article, we report
preliminary results of the synthesis of our target ligand
VII, its complexation with 99mTc and 99gTc, and the
preliminary pharmacological characterization and in vivo
distribution of the resulting complexes.

EXPERIMENTAL PROCEDURES

General. All chemicals and reagents not otherwise
noted were purchased from Aldrich Chemical Co. Melt-
ing points were determined with a Fisher-Johns ap-
paratus and are reported uncorrected. 1H NMR spectra
were recorded on a Bruker 300 AM spectrometer. The
thin-layer chromatography (TLC) system consisted of
Analtech uniplate silica gel GF plates (250 µm, 10 × 20

cm). Mass spectra (chemical ionization or electron
impact) were recorded on a Finnigan 1015 mass spec-
trometer. For 99gTc complex, electrospray ionization
(ESI) mass spectra was obtained using the Finnigan
TSQ700 triple-quadrupole mass spectrometer. Na99m-
TcO4 was eluted with the 99Mo/99mTc generator obtained
from DuPont Merck (Billerica, MA). Elemental analysis
was performed by Quantitative Technologies, Inc. (White-
house, NJ). Imidazolidino[1,2-d]dithiazepine (IV) was
prepared according to a published method (17).
Chemical Synthesis. Reaction of Imidazolidino[1,2-

d]dithiazepine (IV) with Chloroacetyl Chloride. To a
solution of imidazolidino[1,2-d]dithiazepine (8.6 g, 37
mmol) in CHCl3 (50 mL) was added 10% NaOH (50 mL),
and the mixture was cooled with an ice/water bath. To
this was added chloroacetyl chloride (4.2 mL, 53.3 mmol),
and the mixture was stirred for 1 h. The bath was
removed, and the mixture was stirred for an additional
0.5 h. The organic layer was separated, dried over
anhydrous sodium sulfate, and evaporated to a thick oil.
This oil was dissolved in ethyl acetate/hexanes (1:5) to
give white solid V (5.2 g, 45%): 1H NMR (CDCl3) δ 1.23
(s, 3H), 1.24 (s, 3H), 1.27 (s, 3H), 1.34 (s, 3H), 2.58 (d, J
) 15 Hz, 1H), 2.83-2.87 (m, 1H), 3.24 (m, 1H), 3.32 (d,
J ) 15 Hz, 1H), 3.45-3.55 (m, 1H), 3.70-3.76 (m, 1H),
4.04 (s, 2H), 4.71 (s, 1H). Anal. Calcd for C12H21N2OS2-
Cl: C, 46.66; H, 6.85; N, 9.07. Found: C, 46.75; H, 6.68;
N, 9.03.
Reaction of V with N-Methyl-2-(1-piperidinyl)ethyl-

amine. To a solution of V (6.0 g, 20 mmol) in dry DMF
(50 mL) was added powdered potassium carbonate (3.3
g, 23.9 mmol). To this was added N-methyl-2-(1-pip-
eridinyl)ethylamine (4.26 g, 29.9 mmol), and the mixture
was stirred overnight at room temperature. This was
evaporated to dryness under vacuum and washed with
water (2 × 50 mL). This was redissolved in chloroform,
washed with water, and dried over anhydrous sodium
sulfate. The organic layer was evaporated to dryness.
This oil was converted to hydrochloride salt and recrys-
tallized from 20% ethanol in acetonitrile to give quantita-
tive yields of VI: 1H NMR (CDCl3) δ 1.17-1.26 (m, 12H),
1.33-1.49 (m, 6H), 2.21 (s, 3H), 2.3-2.5 (m, 9H), 2.5-
2.7 (m, 1H), 2.9-3.1 (m, 2H), 3.2-3.3 (m, 3H), 3.9-4.0
(m, 1H), 4.65 (s, 1H). Anal. Calcd for C20H38N4OS2: C,
57.93; H, 9.24; N, 13.51. Found C, 58.05; H, 9.12; N,
13.39.
Reduction of VI with LAH. To the suspension of LAH

(2.2 g) in THF (100 mL) was added a solution of amide
(4.0 g), and the mixture was heated at reflux for 19 h.
The reaction was quenched with saturated aqueous NH4-
Cl, and ether (50 mL) was added and filtered through a
pad of Celite. The solid was washed with ether (3 × 50
mL), and to the combined ether layer was added ethanol
saturated with HCl to give a sticky white solid VII. To
this more was added ethanol to give a powdery white
solid (2.0 g, 38%): MS (m/e) 403 [M + 1]+.
Radiochemical Synthesis. Preparation of [99mTc]-

BAT-EN6 Complex. An aqueous solution of ligand VII
(1.0 mg/mL) was prepared. To a 0.2 mL solution of the
ligand was added 2.0 mCi of Na99mTcO4. A freshly
prepared solution from a saturated aqueous stannous
tartarate (0.2 mL) was added to the mixture and the
mixture incubated at room temperature for 10 min. A
saturated solution of sodium bicarbonate (0.2 mL) was
added to the mixture, and [99mTc]EN6 was vortexed and
extracted in 1.0 mL of chloroform. The organic layer was
separated from the aqueous layer, evaporated under a
stream of air, dissolved in methanol, and purified by
HPLC. The desired fractions were collected and solvents

Figure 1. Structures of σ-receptor-binding substituted ethyl-
enediamine ligands.

Figure 2. Structures of [99mTc]BAT chelates.
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removed in vacuo and dissolved in normal saline for cell
binding studies.
Preparation of [99gTc]BAT-EN6 Complex. To a 20 mL

scintillation vial were added ammonium pertechnetate
(104 mg, 0.57 mmol), hydrochloride salt of ligandVII (273
mg, 0.59 mmol), and 50% aqueous ethanol (10 mL). The
mixture was stirred at room temperature, and solid
stannous tartarate (154 mg) was added. The contents
were stirred at room temperature overnight, whereby the
color of the solvent turned light brown. The complex was
extracted from the solvent by addition of (2 × 1 mL)
chloroform. The organic layers were combined and
evaporated overnight in a hood, and [99gTc]BAT-EN6
complex was purified by passing through a silica gel
column eluting with 90:10 CHCl3/MeOH: MS (m/z) 517
(MH+).

BIOLOGICAL PROCEDURES

Cell Culture. Human ductal breast carcinoma cells
(T47D) were purchased from ATCC, (Rockville, MD) and
cultured in serum-supplemented 1640 RPMI containing
10% heat-inactivated fetal bovine serum (GIBCO) at 37
°C. The cells were adherent and split weekly in a 1:20
ratio using trypsin/EDTA (GIBCO).
In Vitro σ-Receptor Binding Assays. The binding

assays were carried out essentially as previously de-
scribed using guinea pig brain membranes with some
modifications (8a,b). Guinea pig brain membranes (500
µg of proteins) were incubated with 5 nM [3H]DTG (39.4
Ci/mmol) and various concentrations of competing ligand
in 0.5 mL of Tris-HCl (pH 8.0) for 120 min at 25 °C.
Nonspecific binding was determined in the presence of
10 µM haloperidol. [99gTc]BAT-EN6 was used in 12
concentrations ranging from 0.05 to 10 000 nM. Assays
were determined by dilution with 5 mL of ice-cold 10 mM
Tris-HCl (pH 8.0) and filtration through glass fiber filters
using a Brandel cell harvester (Brandel, Gaithersburg,
MD). Filters were then washed twice with ice-cold buffer.
Filters were soaked in 0.5% poly(ethyleneimine) for at
least 30 min at 25 °C prior to use. The filters were then
counted in CytoScint (ICN, Cosa Mesa, CA) after an
overnight extraction of counts. In order to control for
possible interference with tritium â counting from 99gTc
â emission, parallel curves were run under exactly the
same conditions using membranes and 0.05-10000 nM
[99gTc]BAT-EN6, except with the omission of [3H]DTG.
No radioactivity above background could be detected in
the tritium channel at [99gTc]BAT-EN6 concentrations
up to 1000 nM; thus, no correction was necessary. IC50
values were determined using the computerized iterative
curve-fitting program GraphPAD Inplot4 (GraphPAD
Software, San Diego, CA).
Competition Binding Studies in T47D Cells. The

cells were scraped using a cell scraper from T75 culture
flasks and centrifuged in a Sorvall 6000B centrifuge at
a speed of 4000 rpm. The growth medium was removed,
and the cell pellet was resuspended in RPMI 1600 serum
free media. The affinity of compounds for sites labeled
by [99mTc]BAT-EN6 in human breast cancer cells was
determined by heterologous in vitro competitive binding
assays in whole cells. The following method was used.
A small aliquot of the cell suspension (100 µL) was
incubated with [99mTc]BAT-EN6 and varying concentra-
tions (10-4-10-12 M) of arylethylenediamines, keeping a
total volume of 1.0 mL constant. The cells were incu-
bated at 37 °C for 1 h and subsequently filtered through
a Brandel cell harvester (Brandel) and washed with
deionized cold water. The radioactivity associated with
the cells on filters was counted on a Beckman (DP 5500)
γ counter. The optimum pH for the binding was found

to be between 7 and 8. Each data point represents an
average of three values. The Ki values are average of
two experiments. The data were analyzed with the
iterative nonlinear least-squares curve-fitting program
GraphPAD Inplot (GraphPAD Software). The Cheng-
Prussoff equation was then used to convert IC50 values
to apparent Ki values.
Saturation Binding and Scatchard Analysis. Satu-

ration binding and Scatchard analysis of [99mTc]BAT-
EN6 were carried out in membranes from T47D human
ductal breast cells, which were prepared as described
previously (4). A methanol/sodium phosphate buffer (pH
8.0) solution of carrier free [99mTc]BAT-EN6 in trace
concentration was mixed in equal proportion with a 10
µM solution of [99gTc]BAT-EN6 to approximately 0.35
Ci/mmol. This solution was diluted into glass or polypro-
pylene assay tubes to final concentrations ranging from
1 to 1000 nM. Incubations were carried out in a final
volume of 0.25 mL of 50 mM Tris-HCl containing 250 µg
of membrane protein for 120 min at 37 °C. Nonspecific
binding was determined at each radioligand concentra-
tion in the presence of 10 µMBD1008, a ligand with high
affinity for both σ-1 and σ-2 receptors. Assays were
terminated by addition of 0.5 mL of ice-cold 10 mM Tris-
HCl (pH 8.0) and filtration through glass fiber filters.
Filters were then washed twice with 0.5 mL of ice-cold
buffer and counted in a γ counter. Filters were soaked
in 0.5% poly(ethyleneimine) for at least 30 min prior to
use in order to reduce nonspecific binding of radioligand
to filters. Each experiment was carried out in duplicate.
Data were analyzed using the iterative curve-fitting
program BDATA (Baltimore, MD).
Animal Biodistribution and Blocking Studies in

Rats. Sprague-Dawley rats (200-250 g) were anesthe-
tized with ketamine/xylazine and injected intravenously
with [99mTc]BAT-EN6 (10-20 µCi) in 0.2 mL of saline
containing up to 20% ethanol solution. At 0.5, 1, and 4
h postinjection, blood samples were drawn by cardiac
puncture, and the rats were sacrificed thereafter by
cardiectomy while under ketamine/xylazine anesthesia.
The organs of interest were then excised, blotted with
tissue paper, and weighed, and the radioactivity was
counted. The percent injected dose/organ was deter-
mined by comparison of the tissue radioactivity with
suitably diluted, known quantity aliquots of the injected
dose. For in vivo blocking studies, 2.16 µmol of BD1008
was premixed with [99mTc]BAT-EN6 and then injected
through the tail vein. The animals were sacrificed at 4
h postinjection, and the organs of interest were removed
and handled as above.

RESULTS AND DISCUSSION

The synthesis of the tetradentate N2S2 ligand was
achieved (Scheme 1) through the sodium borohydride-
initiated transannular cyclization of 1,2-dithia-5,8-diaza-
cyclodeca-4,8-dienes (17). The resulting bicyclic imida-
zolidino[1,2-d]dithiazapine IV was acylated with chloro-
acetyl chloride in a mixture of chloroform and 10%
aqueous sodium hydroxide. The acylated imidazolidino-
[1,2-d]dithiazapine V was then alkylated with N-(meth-
ylethyl)piperidine to produce amide VI. Reduction of this
amide using lithium aluminum hydride in THF gave the
desired ligand VII possessing free bisaminothiol groups
for chelating 99mTc along with the pendent recognition
elements for σ-receptor affinity. The labeling ofVII with
99mTc was carried out in high yields (80-95%) by incu-
bating an aqueous solution of ligand with generator-
eluted sodium [99mTc]pertechnetate (carrier free) in the
presence of freshly prepared stannous tartarate which
was the reducing agent. The lipid soluble 99mTc complex
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III [99mTc]BAT-EN6 was extracted from the aqueous
solution using chloroform and purified by using C-18
reversed phase HPLC column [retention time ) 15 min,
90:10 methanol/trishydrochloride (10 mM, pH 4.5) buffer].
It is well-known for BAT ligands that they form a square
pyramidal technetium(V)-oxo core with the oxo group
occupying the apical position. The complexation of
N-monoalkylated BAT ligands with technetium results
in the formation of syn and anti diastereomeric isomers
each as a pair of enantiomers. The stereochemistry
reflects the orientation of the N-alkyl group, syn or anti,
with respect to apical oxygen (18). An HPLC trace of
99mTc complex indicated two peaks related to syn and anti
isomers in an approximate ratio of 55:45. A ground state
(99gTc) complex of the ligand was prepared by reaction
with ammonium pertechnetate using stannous tartarate
as a reducing agent. As expected, a neutral, lipophilic,
TcVO complex was obtained that was characterized by
electrospray ionization mass spectroscopy (MH+ ) 517).
The mass spectral fragmentation [a loss of [SC(CH3)2-

CH2] (m/z ) 429)] was also consistent with the chemical
structure. The HPLC retention times for both 99mTc and
99gTc were identical under identical conditions, indicating
the formation of the same species with carrier free and
the ground state radionuclide.
The receptor binding specificity of 99mTc complex III

was determined by its binding to human ductal breast
cancer (T47D) cells. We have shown previously that
T47D cells possess a high density of both σ-1 and σ-2 sites
(4). A high degree of specific binding (90-97%) of 99mTc
complex III was obtained when σ-receptor ligands such
as halogenated phenylethylenediamines (BD1008 and
IPEMP) were used to determine nonspecific binding. In
order to determine that this binding was related to
σ-receptors in T47D cells, two high-affinity σ-ligands
BD1008 and IPEMP [Ki ) 2.1 ( 0.8 and 0.82 ( 0.13 nM,
respectively, for σ-1 sites in guinea pig brain against [3H]-
(+)-pentazocine and Ki ) 8.1 ( 2.2 and 15.2 ( 2.35 nM,
respectively, for σ-2 sites in rat liver membrane prepara-
tion against [3H]DTG in the presence of dextrallorphan]

Figure 3. Inhibition binding isotherms of [99mTc]BAT-EN6
with substituted haloarylethylenediamines in human ductal
carcinoma (T47D) cells. Diamonds represent BD1008, and
circles represent IPEMP.

Scheme 1. Synthesis of [99mTc]N2S2-Conjugated Sub-
stituted Ethylenediaminea

Figure 4. Saturation analysis of [99mTc]BAT-EN6 binding in
T47D breast cancer cell membranes. Panel A shows the
saturation plot, and panel B shows the Scatchard plot.
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were used in competition experiments. A dose-dependent
inhibition of binding of 99mTc complex III was observed
using BD1008 and IPEMP ligands (IC50 ) 47 ( 2 and 59
( 5 nM, respectively), indicating that it is labeling
σ-receptors (Figure 3). In order to determine the binding
affinity of the 99mTc chelate, the binding studies of 99gTc
complex were studied in guinea pig brain membranes
against [3H]DTG (a known σ-ligand). A high-affinity
dose-dependent inhibition of binding of [3H]DTG was
found in the presence of 99gTc complex, indicating the
binding at σ sites. The Ki value for 99Tc complex was
found to be 42.7 ( 8.57 nM. This represents a combined
binding affinity for σ-1 and σ-2 subtypes as [3H]DTG is
a σ nonsubtype selective ligand. An exact affinity of 99Tc
chelate at the individual σ subtypes is currently being
investigated. The affinity of the two isomers (syn and
anti) for the receptor sites also remains to be studied. It
should be noted, however, that there was no specific
binding of the parent 99mTc complex VIII (Figure 2)
without the pendent pharmacophore, confirming that
binding activity resulted from the pendent ethylenedi-
amine moiety and indicating that the binding was to σ
sites.
The saturation binding of [99mTc]BAT-EN6 in mem-

brane preparations of T47D cells was studied using
Scatchard analysis. The incubation of an increasing
concentration of HPLC-purified [99mTc]BAT-EN6 chelate
[spiked with a known concentration of [99gTc]BAT-EN6]
showed a saturable binding, with a Kd of 43.5 ( 14.7 nM
and a Bmax of 3121 ( 130 fmol/(mg of protein). The data
from a representative experiment are shown in Figure 4
(panel A shows the saturation plot and panel B shows
the Scatchard plot). The binding saturates with increas-
ing concentration of the tracer, and a high Bmax was
found. This result is consistent with our earlier findings,
where we had shown that a high density of σ-receptors
[3000-3500 fmol/(mg of protein)] was expressed in T47D
cells on the basis of [3H]DTG binding in T47D cell
membranes. The biodistribution of [99mTc]BAT-EN6 in
Sprague-Dawley rats (Table 1) showed a hepatobiliary
excretion, as expected. The tracer cleared quickly from
the blood pool and was extracted in high amounts by liver
(14.42% ID/organ at 30 min and 22.31% ID/organ at 4 h
postinjection). A good uptake of the tracer was also found
in lungs and kidneys. The evidence for in vivo receptor
binding was established by in vivo blocking of specific
binding with BD1008. The uptake of the radiopharma-
ceutical at 4 h post-iv injection was 2.21% ID/organ in
the kidney, whereas uptake in the presence of 2 µmol of
BD1008 was 1.01% ID/organ (Table 1). Thus, a co-
injection of 99mTc complex along with 2 µmol of BD1008
in male Sprague-Dawley rats resulted in an inhibition
of binding of about 55% at 4 h post-iv injection in the
kidneys, an organ that is known to possess high densities
of both σ-1 and σ-2 receptors (19). Similarly, a significant

reduction of radioactivity was also found in liver (32%)
and lungs (50%) at 4 h postinjection.

CONCLUSION

In summary, the results presented here indicated that
the bisaminothiol ligand system possessing the pendent
σ-receptor pharmacophore complexed with 99mTc in very
high yields. This complex displayed a very high specific
binding in T47D breast cancer cells and a dose-dependent
inhibition of binding with known σ-ligands. No specific
binding was found with 99mTc chelate without substituted
ethylenediamine pharmacophore. Furthermore, the in
vivo blocking study revealed a significant reduction of
the uptake of the 99mTc complex in kidneys. This is the
first 99mTc chelate shown to bind σ-receptor sites in
human breast cancer cells. Derivatives of this chelating
ligand system or another chelating ligand (to alter in vivo
distribution) possessing the σ-pharmacophore may be
useful for diagnostic receptor scintigraphy of σ-receptor-
positive tumors.
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Various parameters relevant for the formation of dG adducts produced in the reaction of individual
benzo[a]pyrene diol epoxide (BPDE) stereoisomers with oligonucleotides have been studied. Reaction
time, temperature, pH, molar ratio of diol epoxide and oligonucleotide, base sequence, and buffer
system were shown to affect the amount of (+)-anti-BPDE dG adducts formed. Optimum experimental
conditions for dG adduct formation were different depending on the base sequence context of the
oligonucleotide employed [5′-d(CCTATAGATATCC) or 5′-d(CCTATTGCTATCC)]. In general, low
temperature to allow a longer reaction time, slightly alkaline Tris-HCl (pH 7.5-8.0) or alkaline
phosphate buffer (pH 11), low concentration of organic solvent, and a molar excess of (+)-anti-BPDE
promote dG adduct formation with an oligonucleotide. Low incubation temperature and Tris-HCl
buffer also favor dG adduct formation of (-)-anti-BPDE and both enantiomers of syn-BPDE to both
5′-d(CCTATAGATATCC) and 5′-d(CCTATTGCTATCC).

INTRODUCTION
Since its detection as one of the principal carcinogens

in coal tar (Cook et al., 1933), benzo[a]pyrene has served
as an important model substrate for investigating the
mutagenic and carcinogenic properties of polycyclic aro-
matic hydrocarbons (PAH1). Benzo[a]pyrene is not bio-
logically active per se, but requires metabolic activation
to elicit its hazardous properties. The most widely
accepted metabolic activation pathway involves (i) arene
oxide formation at the 7,8-position by action of CYP 1A1,
(ii) epoxide hydrolase catalyzed ring opening of the
intermediate arene oxide to produce the trans-7,8-dihy-
drodiol, and (iii) a second attack by CYP 1A1 in the bay
region at the 9,10-position of the dihydrodiol. The latter
reaction preferentially results in the formation of the
7(R),8(S)-dihydroxy-9(S),10(R)-epoxy-7,8,9,10-tetrahy-
drobenzo[a]pyrene [(+)-anti-BPDE; Figure 1] and, to a
lesser extent, of the 7(R),8(S)-dihydroxy-9(R),10(S)-epoxy-
7,8,9,10-tetrahydrobenzo[a]pyrene [(-)-syn-BPDE] (Thak-
ker et al., 1977; Yang et al., 1977a; Jerina et al., 1985).
Among the four possible stereoisomeric bay-region diol

epoxides the (+)-anti-BPDE reveals the highest mu-
tagenic and carcinogenic activity in most mammalian test
systems (Thakker et al., 1977; Stevens et al., 1985;
Wislocki and Lu, 1988). This biological activity appears
to be causally linked to covalent binding of (+)-anti-BPDE
to DNA, which occurs almost exclusively at the exocyclic

amino group of deoxyguanosine (dG) (Jeffrey et al., 1976).
Stereochemically favored is the trans opening of the
oxirane ring by nucleophilic attack of the amino group
at the benzylic C-10 position (Cheng et al., 1989); the
structure of the adduct emerged from this reaction is
shown in Figure 1. In contrast, the reaction of (-)-anti-
BPDE and the two enantiomers of syn-BPDE with DNA
is much less selective regarding dG vs dA binding and
the stereochemical course of the oxirane ring opening.
Thus, binding to dG vs dA residues depends on the
absolute stereochemistry of the diol epoxide and results
in different ratios of adducts with cis and trans stereo-
chemistry (Cheng et al., 1989; Sayer et al., 1991).
To get insights into the underlying mechanisms of

mutagenesis and carcinogenesis, it is of pivotal interest
to investigate the structural and physicochemical proper-
ties of defined DNA adducts in specific oligonucleotide
sequences by spectroscopic methods as well as to perform
studies with adducted sequences in biological systems
(Cosman et al., 1990; Geacintov et al., 1991; Margulis et
al., 1993; Jernström and Gräslund, 1994). However,
experimental access to the required amounts of material
for structure investigations by spectroscopic methods, in
particular by 2D NMR, provides a strong limitation in
this field of research.
The chemical synthesis of defined adducted oligonucle-

otides with the control about the cis and trans stereo-
chemistry has been demonstrated (Lee et al., 1990, 1995;
Zajc et al., 1992; Kim et al., 1992; Lakshman et al., 1992;
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pyrene diol epoxide; (+)-anti-BPDE, 7(R),8(S)-dihydroxy-9(S),
10(R)-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene; (-)-anti-BPDE,
7(S),8(R)-dihydroxy-9(R),10(S)-epoxy-7,8,9,10-tetrahydrobenzo-
[a]pyrene; (+)-syn-BPDE, 7(S),8(R)-dihydroxy-9(S),10(R)-epoxy-
7,8,9,10-tetrahydrobenzo[a]pyrene; (-)-syn-BPDE; 7(R),8(S)-
dihydroxy-9(R),10(S)-epoxy-7,8,9,10-tetrahydrobenzo[a]-
pyrene; DMSO, dimethyl sulfoxide; THF, tetrahydrofuran; DMF,
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Figure 1. Absolute structures of (+)-anti-BPDE (left) and its
trans-(+)-anti-BPDE-N2-dG adduct (right) predominantly formed
on reaction with DNA.
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Steinbrecher et al., 1993), but it includes quite material-
intensive and laborious working steps to obtain larger
quantities, and the methodology seems to be more
successful for the preparation of oligonucleotides with dA
adducts of diol epoxides. A much faster approach is
provided by the direct synthesis, which includes incuba-
tion of the diol epoxide with the oligonucleotide and
subsequent separation of the sequences bearing indi-
vidual adducts. However, it is necessary to perform this
reaction repeatedly to produce required amounts since
the yields in specific modified oligonucleotides obtained
by this method are usually relatively low. Therefore,
upscaling of the direct synthesis of dG-specific modified
oligonucleotides by incubation of diol epoxides with
oligonucleotides has been considered to be an attractive
goal. The direct method for the synthesis of modified
oligonucleotides containing defined diol epoxide adducts
of BPDE by reaction of racemates or individual configu-
rational isomers of BPDE with a single-stranded oligo-
nucleotide of short length followed by HPLC separation
of the resulting modified sequences and adduct charac-
terization was initially developed by Geacintov and
co-workers (Cosman et al., 1990). The availability of
oligonucleotides containing a single or more structurally
defined adducts derived from BPDE binding at the
exocyclic amino group of dG has proven to be of great
importance in elucidating structural features of this type
of adduct and their relationship to effects in biological
and biochemical systems. For instance, the conformation
of structurally defined BPDE-dG adducts site-specifi-
cally positioned in double-stranded oligonucleotide has
been successfully elucidated by high-resolution NMR
[Cosman et al., 1992, 1993; de los Santos et al., 1992;
Fountain and Krugh, 1995 (reviewed in Geacintov et al.
(1997))], the effect of individual BPDE-dG adducts on
DNA replication, transcription, or transcription-associ-
ated activities and repair have been studied in in vitro
systems (Hruszkewycz et al., 1991; Shibutani et al., 1993;
Zou et al., 1995; Persson et al., 1996), and attempts to
elucidate the mechanisms underlying BPDE-dG adduct-
induced mutations have been carried out in bacterial
systems (Jelinsky et al., 1995).
To elucidate and to rationalize the experimental condi-

tions being most important in promoting the formation
of dG adducts by reacting the individual (+)-anti-BPDE
stereoisomer directly with an oligonucleotide, the influ-
ence of temperature, pH, solvent polarity, the molar ratio
of diol epoxide/oligonucleotide, reaction time, buffer
system, and the oligonucleotide sequence context was
investigated. Adduct yields using different sequence
context in the oligonucleotide have been compared for all
four BPDE stereoisomers under standard reaction condi-
tions.

EXPERIMENTAL SECTION

Caution: Benzo[a]pyrene diol epoxides are carcinogens,
and thus experimental handling must be carried out
under special safety conditons, e.g. those outlined in the
NCI guidelines.
Materials. The optically active stereoisomers of BPDE

were synthesized as described previously (Pontén et al.,
1996 and references cited therein). Oligonucleotides were
obtained from Kebo, Stockholm, Sweden. Their purity
was checked by HPLC (see below). Other chemicals and
solvents used were purchased from different commercial
sources and were of analytical or HPLC grade.
Reaction of BPDE with Oligonucleotides. As a

standard system the reaction of the oligonucleotide 5′-
(CCTATAGATATCC) with (+)-anti-BPDE was selected.
In the system used here the oligonucleotide was dissolved

in 50 mM Tris-HCl/0.5 mM EDTA at pH 7.5 (measured
at 20 °C) to a final concentration of 50-70 µM together
with a 5-fold molar excess of BPDE, added as a single
portion dissolved in dimethyl sulfoxide (DMSO; final
concentration of DMSO was 8.5%). The addition of
sodium chloride has been avoided since high concentra-
tions of chloride ions have been shown to favor cis adduct
formation (Wolfe et al., 1994). The mixture was kept at
0 °C in the dark for 5 h followed by storage at 4 °C for at
least overnight to allow the reaction to be completed
before HPLC analysis. The rates of (+)-anti-BPDE
hydrolysis leading to tetraols and of the adduct formation
were determined after the excess of BPDE was trapped
with alkaline 2-mercaptoethanol [cf. Michaud et al. (1983)
and Dock et al. (1987)] at different time points and
subsequent HPLC analysis of the products.
The effect of temperature on the adduct formation was

studied using the standard conditions (see above) and
with the reaction temperature varied between 0 and 40
°C. It should be noted that increased temperature is
associated with a reduction in pH; the pH of the standard
buffer at 20 °C (7.5) changes to 7.9 at 0 °C and to 7.2 at
40 °C. To see if the increased adduct formation observed
for (+)-anti-BPDE at lower temperature can be consid-
ered as a more general phenomenon, the corresponding
(-)-anti-BPDE as well as both enantiomers of syn-BPDE
were reacted with 5′-d(CCTATAGATATCC) or 5′-d(C-
CTATTGCTATCC) at 0 and 20 °C. In another set of
experiments with (+)-anti-BPDE, the standard Tris-HCl
buffer, pH 7.5, was adjusted at 20 °C to a pH varying
between 6.0 and 9.5.
The influence of selected organic solvents on the

reaction yield was studied by addition of various amounts
of DMSO, tetrahydrofuran (THF), and dimethylforma-
mide (DMF). The final volume concentrations of these
solvents were 2%, 10%, and 25%, respectively. All other
reaction parameters were used according to the standard
procedure.
To study the effect of base sequence context on adduct

formation, the extent of binding of (+)-anti-BPDE to dG
in the oligonucleotides 5′-d(CCTATAGATATCC) and 5′-
d(CCTATTGCTATCC) was compared under standard
conditions as described above and at 20 °C.
The influence of different buffer systems, near-neutral

Tris-HCl buffer or phosphate buffer supplemented with
1.5% triethylamine (TEA) (Margulis et al., 1993), and
incubation time on the adduct yield was also investigated.
HPLC Analysis. The analysis of diol epoxide oligo-

nucleotide adducts was in principal performed as de-
scribed earlier (Pontén et al., 1994, 1996). In brief, a
Dynamax (Rainin Instrument Co., Woburn, MA) reversed
phase column (C18, 5 µm, 300 Å, 4.6 × 250 mm) equipped
with a precolumn and thermostated at 37 °C was used
as stationary phase. The mobile phase consisted of 0.1
M triethylammonium acetate, pH 7.0 (solvent A), and a
1:1 mixture of this solution with acetonitrile (solvent B)
at a flow rate of 1.5 mL/min. The samples were eluted
with a gradient from 10% to 25% solvent B in solvent A
over 10 min, isocratically for 10 min with 25% solvent B
in solvent A followed by a 10 min gradient from 25% to
30% solvent B in solvent A, and finally 30% to 60%
solvent B in solvent A over 10 min.
Analysis of diol epoxide-mercaptoethanol conjugates

was performed essentially as previously described (Dock
et al., 1987). Briefly, a Nova-Pak reversed phase column
(C18, 4 µm, 3.9 × 150 mm, Waters, Milford, MA) and a
solvent system composed of 25 mM ammonium acetate,
pH 4.0 (solvent A) and acetonitrile (solvent B) delivered
at 1 mL/min were employed. The samples were eluted
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with a gradient ranging from 20% to 40% solvent B in
solvent A during 20 min.
Adduct Identification. Studying single-stranded

oligonucleotides containing a single dG in a number of
different sequence contexts, Margulis et al. (1993) dem-
onstrated that dG in 5′-AGA exhibited the lowest reactiv-
ity and dG in 5′-TGC the highest reactivity with (+)-anti-
BPDE. In this study we have used the two oligonucleo-
tides 5′-d(CCTATAGATATCC) and 5′-d(CCTATTGC-
TATCC), each containing one of the target sequences and,
therefore, representing an experimental system with a
broad range of reactivity. The overall yield of dG adducts
and the individual adduct distribution (adducts with cis
or trans stereochemistry) resulting from the reaction of
the oligonucleotides with all four possible stereoisomers
of BPDE have been estimated from HPLC analysis
(Figure 2). The amount ofN2-dG adducts was calculated
from the sum of unmodified and dG-modified oligonucle-
otide peak areas. Identification and characterization of
the dG adducts formed by the reaction of (+)-anti-BPDE
within the triplet 5′-TGC or 5′-AGA have been described
by Margulis et al. (1993), of anti- or syn-BPDE within
5′-AGA by Pontén et al. (1994 and 1996, respectively),
and of (-)-syn-BPDE within 5′-TGC by Pontén et al.
(1997). The stereochemistry of the major dG adduct
formed from (-)-anti-BPDE (trans adduct) and (+)-syn-
BPDE (cis adduct) within the sequence context 5′-TGC
was determined by circular dichroism measurements
(Pradhan et al., 1997).

RESULTS AND DISCUSSION

Effect of Time, Temperature, and Buffer System
on the Binding of BPDE to 5′-d(CCTATAGATATCC)
and 5′-d(CCTATTGCTATCC). Figure 3 shows the
extent of adduct formation of (+)-anti-BPDE (defined as
the proportion of oligonucleotides reacted with BPDE) as
a function of time and under different experimental
conditions. In general, the 50 µM oligonucleotide was
incubated with 250 µM diol epoxide. This concentration
by far exceeds the solubility of BPDE in aqueous solu-
tions, and thus the compound is expected to be partly
present in aggregates or microcrystals. Parts A and B
of Figure 3 demonstrate that both temperature and buffer

system greatly influence the rate of adduct formation.
In Tris buffer the maximum binding of (+)-anti-BPDE
to 5′- d(CCTATAGATATCC) was attained after ap-
proximately 1 h at 20 °C or after 5 h at 0 °C. The large
influence of low temperature on adduct formation is
remarkable (Figure 3A). Replacing the Tris buffer with
phosphate supplemented with 1.5% TEA results in a
markedly reduced rate of adduct formation. In this
system the reaction at 20 °C with 5′-d(CCTATA-
GATATCC) seemed to approach completion after about
20 h of incubation. At 0 °C the reaction is far from
complete even after 45 h of incubation. Parts C and D
of Figure 3 show the extent of adduct formation to 5′-
d(CCTATTGCTATCC) in Tris or alkaline phosphate
buffer. It is obvious that the change in sequence context
from 5′-AGA to 5′-TGC in conjunction with the buffer
system used greatly influences adduct formation. In Tris
buffer the initial rate of adduct formation and adduct
yield are substantially lower with 5′-d(CCTATTGC-
TATCC) and the effect of temperature is less pronounced
(Figure 3C). In contrast, in alkaline phosphate buffer a
higher yield of adducts was obtained with 5′-d(CCTAT-
TGCTATCC) at both 0 and 20 °C. The results in Figure
3D indicate that prolonged incubation (.45 h) most
probably results in a similar adduct yield. This is also
clear from the data compiled in Table 1 obtained from a
number of experiments in which the reaction of (+)-anti-
BPDE with 5′-d(CCTATAGATATCC) or 5′-d(CCTAT-
TGCTATCC) has been allowed to continue to completion
or near completion. In fact, in the presence of phosphate
buffer no statistically significant difference in adduct
yields at 0 or 20 °C was observed. The preference of (+)-
anti-BPDE to react with dG in 5′-TGC rather than with
dG in 5′-AGA in alkaline phosphate buffer observed here
is in full agreement with the results of Margulis et al.
(1993). The influence of the base sequence context on
adduct formation will be further discussed below.

Figure 2. HPLC elution profiles of the reaction products of
the (+)-anti-BPDE-modified oligonocleotide 5′-d(CCTATA-
GATATCC) monitored by light absorbance at 260nm (A) and
by fluorescence emission at 400 nm (λexcitation ) 350 nm) (B).

Figure 3. Time-dependent formation of the trans adducts of
(+)-anti-BPDE with the oligonucleotide 5′-d(CCTATAGATATCC)
at 0 and 20 °C in Tris-HCl (pH 7.5) (A) and at 0 and 20 °C in
phosphate/TEA buffer (B) and of (+)-anti-BPDE with 5′-d(C-
CTATTGCTATCC) at 0 and 20 °C in Tris-HCl (pH 7.5) (C) and
at 0 and 20 °C in phosphate/TEA buffer (D): incubation at 0
(b) and 20 °C (9). For further experimental details, see
Experimental Section.
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The buffer- and temperature-dependent shift of pre-
ferred sequence context shown here has certain implica-
tions for the universal applicability of previous studies.
The difference in adduct yields in the presence of Tris

or phosphate buffer cannot be due to a different pH
values of the reaction medium, since higher pH results
in lower binding efficiencies in Tris buffer (vide infra).
Furthermore, addition of 1.5% TEA to the Tris-buffered
system did not improve adduct yields (data not shown).
The experiments described above demonstrate that the

temperature is an important factor when (+)-anti-BPDE
is reacted with oligonucleotides in Tris buffer. To study
this in more detail, the diol epoxide was incubated with
5′-d(CCTATAGATATCC) at temperatures ranging from
0 to 40 °C. As shown in Figure 4 an exponential decline
of the reaction yield from about 20% at 0 °C to about 5%
at 40 °C was observed (cf. Table 1). It should be noted
that the increased temperature is associated with a
reduced pH in Tris buffer (7.9 at 0 °C and 7.2 at 20 °C).
However, it is unlikely that differences in pH had any
significant effect on adduct formation (vide infra).
The most obvious explanation for the increased adduct

formation at low temperature is the increased average
lifetime of the diol epoxide molecules allowing an in-
creased formation of hydrophobic BPDE-oligonucleotide
complexes, a process that possibly precedes adduct
formation. This interpretation is in agreement with
previous observations (Geacintov et al., 1988) as well as
recent findings of Geacintov et al. (personal communica-
tion). The major chemical reaction pathways of BPDE
in the experimental systems described here are hydroly-
sis to tetraols and adduct formation. The results dem-
onstrate that the contribution of tetraol formation to the
overall reaction, as exemplified by the experiments with
(+)-anti-BPDE, is considerably smaller at low tempera-
ture (Figure 3).
To see if the increased adduct formation observed for

(+)-anti-BPDE at lower temperature can be considered

as a more general phenomenon, the corresponding (-)-
anti-enantiomer as well as the (+)- and (-)-syn-BPDE
enantiomers were reacted with 5′-d(CCTATAGATATCC)
or 5′-d(CCTATTGCTATCC) at 0 and 20 °C. The results
are compiled in Table 2, including those obtained with
(+)-anti-BPDE (cf. Table 1) for comparison. As can be
seen, increasing the temperature from 0 to 20 °C reduced
the relative yields of oligonucleotide adducts with all four
BPDE stereoisomers. Interestingly, the temperature
effect seems to be dependent on the flanking bases since
the reduction in adduct formation with the 5′-AGA
sequence is significantly more pronounced than with the
5′-TGC sequence. The absolute oligonucleotide modifica-
tions obtained within the 5′-AGA sequence at 0 °C were
approximately 17%, 6%, 2.5%, and 3.5% for (+)-anti-
BPDE, (-)-anti-BPDE, (+)-syn-BPDE, and (-)-syn-
BPDE, respectively. With the exception of (+)-anti-
BPDE (cf. Table 1), changing the sequence context from
5′-AGA to 5′-TGC had little or no effect on the amount
of adducts formed from BPDE isomers at 0 °C with the
oligonucleotides (Table 2, cf. Table 1). Despite the fact
that the total yield was reduced, an increase in the
reaction temperature significantly influenced the cis vs
trans stereochemistry of the adducts formed, and the
formation of adducts with cis stereochemistry was fa-
vored for each BPDE stereoisomer investigated (Table
2).
Effect of pH on the Adduct Formation. As evident

from the results shown in Figure 5, the optimum pH for
adduct formation in Tris buffer at 0 °C is between 7.5
and 8.0. Under these conditions about 20% modified
oligonucleotide was obtained.
Effect of Solvent Polarity on the Adduct Forma-

tion. Addition of DMSO or THF up to 10% had no
significant effect on adduct formation in Tris buffer at 0
°C. However, a further increase to 25% of DMSO or THF
substantially reduced the extent of adduct formation
(data not shown). The inhibitory effect of relatively high
THF concentrations on adduct formation has also been
observed by Geacintov et al. (personal communication).
The presence of DMF strongly inhibited the reaction at
all concentrations tested and almost abolished diol ep-
oxide binding at 25% (data not shown). Differences in
the ease of formation of intercalation complexes depend-
ing on the defined sequence context have recently been
discussed to explain the nearest-neighbor effects on the
ratio of cis vs trans adduct formation of diol epoxides with
double-stranded oligonucleotides (Cheh et al., 1994). The
effects of organic solvents on adduct formation observed
here suggest that the diol epoxide also in the single-
stranded oligonucleotide has to be oriented in a well-
defined manner relative to the exocyclic amino group of
dG for efficient reaction. The marked decrease in reac-
tion yields observed with the strong polar organic solvent
DMF is probably due to a conformational change of the
single-stranded oligonucleotide accompanied by a de-
struction of the catalytic environment. Lack of a specific
oligonucleotide conformation results in very poor reaction
yields, as has also been observed for direct reactions of
BPDE and single nucleotides and/or nucleosides (M.
Funk and B. Jernström, unpublished observations).
Effect of Molar Excess of BPDE and of Tetraols

on Adduct Formation. As shown in Figure 6, increas-
ing the molar ratios of (+)-anti-BPDE and the oligonucle-
otide (varied from 1:1 to 20:1) resulted in ratios of up to
5:1 in a nearly linear improvement of the reaction yield
[cf. Margulis et al. (1993)]. At higher ratios the improve-
ment in adduct yield was reduced, which might be due
to an overproportional hydrolysis to tetraols favored at
higher diol epoxide/oligonucleotide ratios. However, at

Table 1. Yields of Trans Adducts Formed between
(+)-anti-BPDE and 5′-d(CCTATAGATATCC) or
5′-d(CCTATTGCTATCC): Effect of Different Buffer
Systems and Temperature Dependence

system temp (°C) 5′-AGA 5′-TGC

Tris-HCl buffer, 0 16.7 ( 2.7 (16)b 7.5 ( 1.2 (7)
pH 7.9a 20c 3.4 ( 1.6 (5) 2.9 ( 0.8 (5)

PO4/TEA buffer, 0 6.1 ( 2.3 (6) 11.4 ( 4.7 (8)
pH 11d 20 7.7 ( 3.3 (8) 18.1 ( 8.4 (9)
a Incubation time in Tris buffer, g20 h. b Number of experi-

ments (n) is given in parenthses. c The pH at 20 °C in Tris buffer
is 7.5. d Incubation time in phosphate buffer, g45 h.

Figure 4. Yield of trans adducts formed between (+)-anti-
BPDE and 5′-d(CCTATAGATATCC) as a function of tempera-
ture.
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ratios exceeding 20:1 an adduct yield of >30% can be
accomplished. In terms of efficient use of BPDE in Tris
buffer, a 5-10-fold molar excess of (+)-anti-BPDE seems
to be optimal.
Incubations under standard conditions using (+)-anti-

BPDE in the presence of the tetraol, which is formed by
trans hydrolysis of anti-BPDE, at a concentration equimo-
lar to that of (+)-anti-BPDE lead to a diminished reaction
yield (about 12%; data not shown). This effect is most
probably caused by the competition between the tetraol
and the diol epoxide for potential noncovalent binding
sites preceding adduct formation. The noncovalent in-
teraction of tetraols to duplexed DNA (Ibanez et al., 1980)
and single-stranded oligonucleotides (Geacintov et al.,
personal communication) has been demonstrated. The
inhibitory effect of tetraols has to be taken into account
when one is performing the reaction by stepwise addition
of BPDE aliquots to the oligonucleotide-containing solu-
tion (Cosman et al., 1990; Fountain and Krugh, 1995).
Stepwise addition of (+)-anti-BPDE aliquots rather than

a single addition of the total amount had no effect on
reaction yields in the Tris-buffered system (data not
shown). This may be due to the presence of tetraols and,
consequently, to a reduced ease of adduct formation [cf.
Liu et al. (1996)].
Oligonucleotide-CatalyzedHydrolysis of (+)-anti-

BPDE. DNA catalyzes the hydrolysis of BPDE (Gea-
cintov et al., 1980, 1982; MacLeod and Selkirk, 1982;
MacLeod and Zachary, 1985a). The increased rate of
hydrolysis can probably be attributed to a general-acid
catalysis due to protonation of the phosphate diester
groups (Michaud et al., 1983) and/or the nucleophilic
properties of these groups resulting in the formation of
unstable phospotriesters (Gamper et al., 1977; Di Raddo
and Chan, 1983). Also, the exocyclic amino group of dG
has been suggested to play a role in the catalysis
(MacLeod and Zachary, 1985b). Considering that hy-
drolysis of BPDE constitutes the major competing reac-
tion of adduct formation, it was of interest to study the
catalytic properties of the parts of the oligonucleotide
sequence flanking the dG position, which are not directly
involved in adduct formation. The oligonucleotide 5′-
d(CCTATAIATATCC), in which dG was replaced by
deoxyinosine (dI), was incubated with (+)-anti-BPDE,
and differences of the oligonucleotide in single- or double-
stranded form to catalyze hydrolysis to tetraols were
studied. A partial duplex was obtained by hybridization
with 5′-d(ATATCTATA). For comparison, the diol ep-
oxide was also allowed to undergo hydrolysis in standard
buffer. The plot of the remaining diol epoxide (deter-
mined as the 2-mercaptoethanol conjugate) vs reaction
time revealed an exponential decline of the diol epoxide
concentration both in the absence and in the presence of
DNA [Figure 7; cf. Michaud et al. (1983)]. The diol
epoxide half-life (t1/2) values were obtained from plots of
the logarithm of residual (+)-anti-BPDE vs time (Michaud
et al., 1983; Dock et al., 1987). The t1/2 of (+)-anti-BPDE
in Tris buffer at 0 °C was estimated to be 2.8 h. The
presence of single-stranded oligonucleotide increased the
rate of hydrolysis (t1/2 ) 1.6 h). A further increase in the
rate of hydrolysis was observed in the presence of the
partial oligonucleotide duplex (t1/2 ) 1.1 h; see Figure 7).
We conclude from these experiments that the hydrolytic
properties of double-stranded DNA compared to the
single-stranded form do not seem to be of qualitative
difference; the double-stranded oligonucleotide behaves
in our system approximately as a double molar equiva-
lent of the single-stranded form. Thus, a DNA duplex is
per se not more efficient in catalyzing hydrolysis than a
corresponding amount of single-stranded DNA. Further-
more, the base sequence seems to be of little importance
in catalyzing hydrolysis since no difference in rates was
observed in the presence of 5′-d(CCTATAGATATCC) or
5′-d(CCTATTGCTATCC).
Effect of Base Sequence Context on Adduct

Formation. The oligonucleotides 5′-d(CCTATAGAT-
ATCC) and 5′-d(CCTATTGCTATCC) were employed,

Table 2. Yields of Adducts Formed between Individual BPDE Stereoisomers and 5′-d(CCTATAGATATCC) or
5′-d(CCTATTGCTATCC) in Tris-HCl Buffer (pH 7.9) at 0 °C and at 20 °C (pH 7.5)

sequence temp (°C) (+)-anti-BPDE (-)-anti-BPDE (+)-syn-BPDE (-)-syn-BPDE

5′-AGAa 0 1.00b,c (97)d 1.00b,c (89) 1.00b,c (21) 1.00b,e (1)
20 0.24 ( 0.08 (76) 0.39 ( 0.05 (66) 0.39 ( 0.07 (7) 0.34 ( 0.05 (0)

5′-TGCf 0 1.00b,c (83) 1.00b,g (60) 1.00b,g (10) 1.00b,g (0)
20 0.52 ( 0.09 (57) 0.69 ( 0.04 (35) 0.54 ( 0.16 (19) 0.64 ( 0.01 (0)

a Data shown from four experiments. b Amount of adducts set to 1.00. c Percentage of adducts formed (see Table 1). d Percentage of
trans adducts. e Total amount of adducts formed, 5.9 ( 0.8, 2.5 ( 0.5, and 3.5 ( 0.6 for (-)-anti-BPDE/, (+)-syn-BPDE/, and (-)-syn-
BPDE/5′-AGA, respectively. f Data shown from two experiments. g Total amount of adducts formed, 5.5 ( 0.6, 3.1 ( 0, and 3.0 ( 0.4 for
(-)-anti-BPDE/, (+)-syn-BPDE/, and (-)-syn-BPDE/5′-TGC, respectively.

Figure 5. Yield of trans adducts formed between (+)-anti-
BPDE and 5′-d(CCTATAGATATCC) as a function of pH. The
pH values given represent those at the incubation temperature
of 0 °C.

Figure 6. Yield of trans adducts formed between (+)-anti-
BPDE and 5′-d(CCTATAGATATCC) as a function of increasing
diol epoxide/oligonucleotide molar ratio.
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both with a central dG as the binding site but having
different bases at the adjacent 5′ and 3′ sides, as well as
buffer systems based on Tris-HCl or sodium phosphate.
The extents of binding of (+)-anti-BPDE to dG in the two
oligonucleotides were compared. As shown previously
(Figure 3 and Table 1), the overall amount of dG adducts
formed with the oligonucleotide containing 5′-AGA was
about 2-fold higher relative to the one containing 5′-TGC
under standard conditions (Tris buffer, pH 7.5 at 0 °C).
This was unexpected since previous results with (+)-anti-
BPDE and the oligonucleotides 5′-d(CTATAGATATC)
and 5′-d(CTATTGCTATC) demonstrated the opposite
reactivity (Margulis et al., 1993). In their study the diol
epoxide was incubated with the oligomers overnight at
room temperature in sodium phosphate supplemented
with TEA and sodium chloride. The results showed that
dG surrounded by pyrimidines in general yields higher
amounts of adducts than dG surrounded by purines. It
was suggested that purines flanking dG lower the
reactivity by steric effects due to their bulkiness and/or
noncovalent interactions with the diol epoxide. Either
mechanism is expected to decrease the optimum condi-
tions for the formation of bimolecular transition state
complexes. Taken together, the results indicate that
flanking purines seem to promote the formation of a
bimolecular dG/BPDE transition state in Tris buffer but
have the opposite effect in phosphate buffer. The reason
for this discrepancy is presently not completely under-
stood.
Earlier studies have been performed with both native

DNA and oligomers in single- or double-stranded form
to establish the influence of flanking bases on adduct
formation of BPDE stereoisomers with dG (Reardon et
al., 1989; Kootstra et al., 1989; Osborne, 1990; Schwartz
et al., 1994). Osborne (1990) studied the effect of
sequence context on the binding of (+)-anti-BPDE to dG
in a series of self-complementary oligonucleotides. The
diol epoxide and oligonucleotide duplex were incubated
at 0 °C in slightly acidic sodium cacodylate buffer
overnight, and the results showed lowest yields of adduct
formation with dG flanked by dA and dT and highest
yields with dG in mixed d(GC) sequences [cf. Kootstra et
al. (1989)]. In a more recent study (Schwartz et al.,
1994), the base sequence selectivity in binding of (+)-
anti-BPDE to self-complementary oligonucleotides was
investigated. In this case the diol epoxide was incubated
with the oligonucleotide duplex at 0 °C in neutral Hepes/
sodium chloride buffer overnight. Consistent with previ-

ous results (Osborne, 1990) the study showed that dG
surrounded by dC reacted to the greatest extent, whereas
dG surrounded by dA and dT gave the lowest yield of
adducts. A preference of (+)-anti-BPDE for dG flanked
by another dG on either the 5′- or 3′-side was also noted.
These latter results are in contrast to those obtained by
Margulis et al. (1993) and Mao et al. (1995) on single-
stranded oligomers.
The strong influence of the buffer system on the

preferred sequence context for (+)-anti-BPDE binding
was most unexpected in the present study. The factors
underlying the shift in the binding preference from pur-
dG-pur in Tris buffer to pyr-dG-pyr in phosphate buffer
(Table 1) seem to warrant further investigation. As
mentioned before, the buffer- and temperature-dependent
shift of preferred sequence context shown here has
certain implications for the universal applicability of
previous studies.

CONCLUSIONS

From the experiments reacting (+)-anti-BPDE with
two different oligonucleotide sequences in Tris buffer we
conclude that (i) low incubation temperature, slightly
alkaline pH, and high diol epoxide/oligonucleotide ratios
promote adduct formation; (ii) elevated temperature
promotes the formation of adducts with cis stereochem-
istry; (iii) the reaction time required to complete the
reaction is <10 h; (iv) the addition of tetraols, being
hydrolysis products of BPDE, or high amounts of an
organic solvent inhibits the reaction; and (v) a substan-
tially higher yield of adducts with trans stereochemistry
(17%) is obtained with flanking purines (5′-AGA) than
with flanking pyrimidines (5′-TGC). The same set of
experiments performed with (+)-anti-BPDE in the phos-
phate/TEA-buffered system revealed that (i) temperature
is in general of less importance for adduct formation (see
below), provided that the reaction is allowed to go to
completion (incubation time >20 h depending on the
temperature); and (ii) a similar high yield of trans
adducts (18%) is obtained upon reaction with 5′-d(C-
CTATTGCTATCC), whereas the yield with the 13-mer
containing 5′-AGA was substantially lower.
Taking the results of the present study together,

incubation time and temperature along with the varying
lifetime of a given PAH diol epoxide in different buffer
systems and, as a consequence, greatly varying rates of
adduct formation may also be factors that have to be
taken into account when one is interpreting the results
from studies on the sequence selectivity of diol epoxide
binding.
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A 15-Base Acridine-Conjugated Oligodeoxynucleotide Forms Triplex
DNA with Its IL-2Rr Promoter Target with Greatly Improved
Avidity
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Attachment of 6,9-diamino-2-methoxyacridine to the 5′ end of a purine-rich oligodeoxynucleotide
targeting a 15 bp oligopurine‚oligopyrimidine stretch in the promoter region of the interleukin-2
receptor alpha chain (IL-2RR) gene results in an approximately 500-fold increase in its triplex forming
avidity as determined by both band shift assay and DMS footprinting (Kd lowered from 2.5 µM to 5
nM). This oligonucleotide participates in Mg2+-dependent three-stranded DNA formation in which it
is oriented antiparallel relative to the purine strand of the target duplex as determined by acridine
moiety sensitized photoreactivity with the target duplex DNA. The oligonucleotides used in these
studies were synthesized with a 3-amino-2-hydroxypropyl group at the 3′ end to protect against
exonucleolytic degradation for future in vivo applications. The 3′-amino group underwent partial
removal, probably during the NaOH deprotection step. Both the 3′-amino and the 3′-free forms of
the oligo have the same binding avidity and specificity. The interaction of the third strand with its
target is sequence specific and can be essentially abolished by a point G f T transversion 4 bases
away from the 3′ end of the target oligopurine block or severely reduced by other mutations within
the target duplex. Thus, the attachment of the acridine moiety to the 5′ end of the oligonucleotide
does not seem to substantially compromise the sequence specificity of binding. Additionally, the
oligonucleotide composed of G and A nucleotides was found to be superior to the oligonucleotide
containing G and T residues since the difference in avidity of binding to the same target site was
17-fold.

INTRODUCTION

Stretches of oligopurine‚oligopyrimidine duplex DNA
have the unique property of being able to associate with
an internally (Hanvey et al., 1988; Htun and Dahlberg,
1988; Klysik, 1995; Klysik et al., 1991; Lyamichev et al.,
1986) or externally (Cheng and Pettitt, 1992; Hélène,
1991; Hélène and Toulme, 1990) provided third strand
to form triple-stranded helical DNA structures via Hoog-
steen or reverse Hoogsteen hydrogen bond interactions.
Triplexes are of considerable interest as they could be
useful in the regulation of gene expression (Dervan, 1989;
Hélène and Toulmé, 1989), the delivery of a desired
mutagen to its specific nuclear target (Giovannangeli et
al., 1992; Praseuth et al., 1988; Wang et al., 1996), the
specific fragmentation of the genome at designated sites
(Moser and Dervan, 1987; Orson et al., 1996b), or DNA
purification by triplex affinity capture (Ito et al., 1992).
Many potential oligopurine/oligopyrimidine genomic tar-
get sites do not exceed 15 base pairs in length. One way
to enhance the binding of such short oligonucleotides is
to attach an intercalating agent to one end of the chain
(Grigoriev et al., 1992; Orson et al., 1994; Sun et al., 1989;
Zhou et al., 1995). In the present studies we have chosen
as an intercalating agent 6,9-diamino-2-methyoxyacri-

dine (DAMA), which is similar to the well-known vital
nuclear stain rivanol. It has a bright greenish-yellow
fluorescence that can be detected by UV illumination.
In prior studies of DAMA-conjugated oligonucleotides,

we established that the structure of the link between the
acridine and the oligo has a great influence on triplex
stability (Orson et al., 1994). For example, the best
linker-DAMA combination was capable of reducing the
effective Kd of T10 to its ideal target sequence from >250
µM to 1 µM. In this paper we extend these studies to
oligonucleotides targeting a 15 bp oligopurine sequence
in the promoter region of the interleukin-2 receptor alpha
(IL-2RR) gene (Leonard et al., 1985). IL-2 receptors are
of substantial importance in the normal functioning of
the immune system (Diamantstein and Osawa, 1986;
Strom et al., 1992; Williams et al., 1988). An abnormal
expression of IL-2RR is associated with many lymphoid
malignancies including adult T-cell leukemia, hairy cell
leukemia, acute and chronic granulocytic leukemia,
cutaneous T-cell lymphoma, and Hodgkin’s disease. An
increased expression of the IL-2 receptor has been
documented to take place in a long list of autoimmune
diseases including rheumatoid arthritis, systemic lupus
erythematosus, insulin-dependent diabetes mellitus, and
many others. Also, elevated expression of the IL-2RR
chain on the surface of T cells occurs in allograft rejection.
Since the IL-2RR subunit is required for high-affinity IL-2
binding, selective regulation of IL-2 interaction with its
cognate receptor may be achieved by regulation of IL-
2RR gene expression. The promoter of the IL-2RR
receptor gene offers a 15 bp long oligopurine stretch that
can be targeted by an appropriate oligonucleotide (Grig-
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oriev et al., 1992; Orson et al., 1991). In this paper we
have characterized oligonucleotides conjugated to an
acridine (DAMA) derivative by DMS footprinting. We
found that acridine conjugation enhances binding of an
oligonucleotide composed of G and A residues about 500-
fold while maintaining a high degree of binding specific-
ity. An acridine-conjugated oligonucleotide composed of
G and T nucleotides, on the other hand, bound to the
target sequence less efficiently.

EXPERIMENTAL PROCEDURES

Synthesis and Purification of Oligonucleotides.
Oligonucleotides listed in Figure 1 were synthesized and
HPLC purified as described previously (Orson et al.,
1996a). We further separated AG15C-3′-NH2 (upper
band migrating more slowly) from the more rapidly
migrating AG15C (no 3-amino-2-hydroxypropyl phos-
phate) (Figure 1C) in a preparative denaturing acryl-
amide gel. Denaturing acrylamide gel separation was
also used to purify TGap15C-3′-NH2, TGpl15C-3′-NH2,
and TGTap15C-3′-NH2. Target duplexes were made by

annealing equimolar amounts of complementary strands
under conditions described before (Orson et al., 1996a).
The duplexes were further purified by hydroxyapatite
chromatography to separate any residual single-stranded
oligonucleotide.
Mass Spectrometry. The matrix-assisted laser de-

sorption/ionization time of flight mass spectrometry of
the upper (AG15C-3′-NH2) and lower (AG15C) bands were
performed at The Midland Certified Reagent Co.
Plasmids. pIL-25 was obtained by cloning the IL

duplex (Figure 1A) into aHincII site of the pUC19 vector.
pIL-23 was the same as pIL-25 except for point transver-
sion within the oligopurine tract (Figure 1A). Plasmids
were purified by CsCl/ethidium bromide banding. The
inserts were verified by Maxam and Gilbert sequencing
(Maxam and Gilbert, 1980) and used for footprinting
experiments.
Conditions for Triple-Helix Formation. Unless

indicated otherwise, the specified amounts of third-strand
and duplex DNA were mixed together in a volume of 10
mL containing 10 mM MgCl2 and either 10 mM Tris

Figure 1. DNAs used in these studies. (A) List of synthetic oligonucleotides and plasmid inserts. AG15C-3′-NH2 is the derivative
as shown in panel B and migrates as the slower (upper) band when separated on an acrylamide gel (cf. panel C). AG15C refers to
the 3′-unmodified derivative, which migrates more rapidly (lower band) in an acrylamide gel (cf. panel C). The identities of both
AG15C-3′-NH2 and AG15C were confirmed byMALDI-TOFmass spectrometry. AG15 (5′-DAMA-unconjugated) appears to be a mixture
of 3′-modified and 3′-unmodified molecules. TGap15C-3′-NH2 is a 3′-modified and 5′-acridine-conjugated oligonucleotide composed of
G and T nucleotides and designed to bind the target duplex in an antiparallel orientation. TGpl15C-3′-NH2 is an oligonucleotide
similar to TGap15C-3′-NH2 except that it is designed to bind in the parallel orientation. TGTap15C-3′-NH2 is an oligonucleotide
identical to TGap15C-3′-NH2 except for a single G f T transversion within the sequence. (B) Structural formula for the conjugated
oligos containing a 3-amino-2-hydroxypropyl group at the 3′ end. (C) Relative migration of individual species on an acrylamide gel:
(lane 1) AG15; (lane 2) purified AG15C-3′-NH2; (lane 3) purified AG15C (no 3-amino-2-hydroxypropyl phosphate); (lane 4) mixture
obtained after synthesis and HPLC purification (referred to as AG15C mix elsewhere in the text). Note that the acridine derivatives
produce bright fluorescent bands, whereas AG15-3′-NH2 gives a dark band upon UV shadowing. One hundred picomoles of DNA is
present in each lane.
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buffer, pH 7.4. or 80 mM Tris-borate buffer, pH 8.2. The
third-strand bindings were equivalent in either buffer.
Band Shift Assay. Separation of triplex from duplex

DNA and unbound oligonucleotide was performed on 12-
16% acrylamide gels run in 100 mM TES/50 mM Tris
buffer, pH 7.4, containing 10 mM MgCl2 as described
previously (Orson et al., 1994). Kd values were deter-
mined under conditions in which 50% of the oligonucle-
otide was bound to its target according to the equation
Kd ) (OD)/T, where O is the concentration of the oligo,
D is the concentration of the duplex, and T is the
concentration of the triplex.
DMS Footprinting. The HindIII-SstI restriction

fragment from pIL-25 or pIL-23 containing the target
sequence was labeled using [32P]dATPRP and Klenow
polymerase and then mixed with the third strand (con-
centration as indicated) in triplex binding buffer (80 mM
Tris-borate, pH 8.2, 10 mM MgCl2). Unless stated
otherwise, samples were equilibrated overnight at room
temperature and DMS was added to a final concentration
of 0.5%. The reaction was stopped after 3.5 min at room
temperature by adding 1 µL of 5 M 2-mercaptoethanol.
The DNA was precipitated with 4 volumes of ethanol,
treated with 1 M piperidine at 90 °C for 30 min, vacuum
dried, dissolved in formamide, and loaded on the se-
quencing gel.
Photocleavage Reaction. The 32P-labeledHindIII-

SstI restriction fragment from pIL-25 (0.1 nM) containing
the IL target sequence (Figure 1A) was mixed with AG15-
3′-NH2 (100 nM) or AG15C (100 nM) in triplex binding
buffer and preincubated overnight at room temperature.
Samples (10 µL) contained in 0.5 mL Eppendorf tubes
were exposed to sunlight for the indicated period of time.
The illuminated samples were either precipitated with
ethanol, cleaved with hot piperidine, vacuum dried,
dissolved in formamide, and loaded on a sequencing gel
or denatured for 5 min at 90 °C, treated with 0.5% DMS
for 3.5 min at room temperature, cleaved with piperidine,
and subjected to sequencing gel electrophoresis.
Quantitation of the Gels. Autoradiograms were

traced and quantitated using video densitometry [IMAGE
for Macintosh (Wayne Rasband, NCI Bethesda, MD)]. In
calculations of the Kd values derived from footprinting
experiments, the individual lanes were standardized by
dividing the intensities of the protected bands within the
oligopurine tract over the intensities of three unprotected
bands and plotted as a function of the concentration of
the third strand.

RESULTS

Figure 1A lists the oligonucleotides and cloned frag-
ments employed in these studies. AG15C-3′-NH2 and
AG15C are synthetic oligonucleotides designed to bind
antiparallel relative to the purine strand of the IL-2RR
target duplex by forming G:G‚A and A:A‚T triads (Klysik
et al., 1991; Kohwi and Kohwi-Shigematsu, 1988).
AG15C-3′-NH2 has a 3-amino-2-hydroxypropyl group
attached at the 3′-phosphate terminus as a protection
against cellular nucleases for future in vivo applications.
The full formula is shown in Figure 1B. In the course of
the NaOH deprotection of AG15C-3′-NH2, some of the 3′-
amino groups are eliminated (Vu et al., 1995), leading
to the appearance of two electrophoretically distinct
products (Figure 1C, lane 4). As determined by mass
spectrometry, the upper band (referred to as AG15C-3′-
NH2, Figure 1A) is the expected 3′-amino derivative,
whereas the lower band lacks the 3-amino-2-hydroxypro-
pyl phosphate group. Since this 3′-amino-modifier prod-
uct (Glen Research, Sterling, VA) is frequently used as
a protecting group against cellular degradation of oligos

(McShan et al., 1992; Orson et al., 1991; Zendegui et al.,
1992), it was of interest to assess the binding properties
of both forms of the oligonucleotide to the target IL-2RR
sequence relative to that of the unconjugated AG15-3′-
NH2 counterpart.
The Binding of AG15C-3′-NH2 Oligonucleotide Is

Enhanced 500-fold When the Acridine (DAMA) Is
Attached to Its 5′ End. Our prior band shift determi-
nations performed using a nonseparated mixture of of
AG15C and AG15C-3′-NH2 (AG15C-mix) resulted in a Kd
of 5 nM (Orson et al., 1996a). Band shift analysis is an
inexpensive, fast, and simple way to characterize the
triplex binding properties of synthetic oligonucleotides,
and for this reason it has been used routinely in such
determinations. However, since the individual compo-
nents of the mixture separate during gel electrophoresis,
the results of this assay may not reflect the equilibrium
state of the system. We therefore performed footprinting
analyses using dimethyl sulfate (DMS) (Hanvey et al.,
1988; Klysik, 1992, 1995). DMS, which alkylates the N-7
of G residues in B DNA, is a chemical widely used for
assessing DNA structure. It is especially suitable for
assaying triplex DNA because when the N-7 atom is
involved in Hoogsteen hydrogen bond formation, the G
of the duplex is relatively protected against this chemical.
Figure 2A shows the results of the footprinting analysis

performed at 37 °C with AG15C-3′-NH2 and with AG15-
3′-NH2, which does not carry the DAMA function at the
5′ end. Almost 70% diminution in the intensities of the
bands corresponding to the G residues of the target
oligopurine segment can be detected at 10 nM concentra-
tion of AG15C-3′-NH2. The protection of the oligopurine
segment of the duplex increases further as the oligo-
nucleotide concentration increases. Quantitation of the
data presented in Figure 2A revealed that 50% protection
of the oligopurine tract (Kd) occurs at a 5 nM concentra-
tion of AG15C-3′-NH2 under the conditions applied in this
experiment. However, for acridine-free AG15-3′-NH2
oligonucleotide (Figure 2A) the Kd was found to be 500-
fold higher (2.5 µM). Figure 2B compares the binding
properties of AG15C-3′-NH2 and AG15C as determined
by footprinting analysis performed at 37 °C. No differ-
ence was found between the two forms of these DAMA-
conjugated oligos.
In summary, the footprinting analysis presented above

indicates that the attachment of the DAMA acridine to
the 5′ end of the AG15-3′-NH2 (to produce AG15C-3′-NH2)
significantly enhances its binding to the target sequence
by reducing its Kd value from 2.5 µM to 5 nM.
Acridine (DAMA) Attached to the 5′ End of the

Oligonucleotide Does Not Substantially Compro-
mise Specificity of Binding. Intercalation of an acri-
dine between the planar bases of the double helix is not
sequence specific. Thus, it was of interest to determine
whether attachment of DAMA to the 5′ end of a triplex
forming oligonucleotide would compromise the specificity
of triplex formation. For the purpose of these investiga-
tions we synthesized and cloned an oligopurine target
identical to that found in IL-2RR promoter except that it
contained a single point G f T transversion (see pIL-23
in Figure 1A). The HindIII-SstI restriction fragment
containing this mutated sequence was used in footprint-
ing experiments with AG15C-3′-NH2 serving as a third
strand. Figure 3B shows the effect of increasing concen-
trations of AG15C-3′-NH2 on the DMS reactivity of G
residues in the mutated target duplex. No protection
could be detected even at the highest concentration of
AG15C-3′-NH2 employed (10 µM). Thus, a single trans-
version in the target duplex is capable of affecting
substantially the specific binding of the third strand.
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Some mutations in the target duplex seem to be more
effective in preventing triplex formation than others.
Using the band shift assay technique, we have deter-
mined Kd values for the mixture of AG15C-3′-NH2 and
AG15C and numerous duplexes carying mutations in the
targeted sequence (Table 1). The mutated duplexes fall
into two categories: (i) those with mutations in the block
of three G’s located closer to the 3′ end of the oligopurine
strand of the duplex and 4-6 bp away from the interca-
lation site of the acridine attached to the third strand
and (ii) those with mutations in the block of two G’s
located closer to the 5′ end of the oligopurine strand and
distal to the intercalation site of the acridine. In general,
mutations within the block of three G residues were more
effective in preventing triplex DNA formation. As ex-
pected, double mutations destabilized triplex DNA more
profoundly than single-point mutations. Greater than
500-fold decreases in binding avidity have been observed
in all cases except for the G f T transversion (50-fold
decrease) and G f A transition (100-fold decrease) within
the block of two G’s (see Table 1, duplexes 2 and 4).
Taken all together, these results strongly indicate that

the sequence-dependent recognition of the target se-
quence is not significantly compromised by the attach-
ment of DAMA to the 5′ end of the third-strand oligonu-
cleotide.
Potassium Ions Have an Effect on the Binding of

AG15C-3′-NH2. Figure 3A shows the DMS footprinting
experiment performed with AG15C-3′-NH2 as a function
of increasing concentration of KCl present in the stan-

dard triplex binding reaction. At a concentration of 10
mM and lower, KCl does not seem to have any significant
effect on the binding properties of the DAMA-conjugated
oligonucleotide. However, 55% inhibition of protection
of the target duplex against DMS was observed at 100
mM KCl (Figure 3A, cf. lanes 1, 2, and 7). As the
concentration of KCl increased to 200 mM, only 16% of
the target duplex protection remained, compared to the
sample containing no KCl (cf. lanes 1, 2, and 8). Thus,
similar to unconjugated oligos composed of G and A
residues, DAMA-conjugated oligonucleotide AG15C-3′-
NH2 is sensitive to physiological concentrations of potas-
sium cations. However, the potassium-mediated inhibi-
tion seems to be less pronounced compared with similar
studies in which nonconjugated oligonucleotides were
used (Cheng and Van Dyke, 1993; Olivas and Maher,
1995).
DAMA-Sensitized Photooxidation Reaction Dem-

onstrates Antiparallel Orientation of AG15C-3′-NH2
Relative to the Oligopurine Strand of the Target
Duplex. Upon light illumination, DNA can undergo a
process of photooxidation in the presence of a sensitizing
dye (Pooler and Valenzeno, 1981). In general, double-
substituted purines (i.e. G residues) are more sensitive
than other bases, but any base can be dye-sensitized and
photooxidized (Rahn and Patrick, 1976). DAMA attached
to the 5′ end of AG15-3′-NH2 can be regarded as a
sensitizing dye which may promote photoreactivity of the
bases at the site of intercalation. Thus, when triplex
DNA is preformed using AG15C-3′-NH2 and exposed to

Figure 2. DMS footprinting. (A) DMS footprinting of the IL-2RR target duplex sequence cloned within the pIL-25 plasmid as a
function of third strand concentration. The HindIII-SstI restriction fragment from pIL-25 was labeled at the 3′ end of the purine
strand and used as a duplex target (<0.1 nM) to preform the triplex in a buffer containing 10 mMMgCl2. Samples were equilibrated
at 37 °C for 4 days. Treatment with DMS (see Experimental Procedures) was also done at 37 °C. The bar indicates the oligopurine
target sequence. Concentration of the oligonucleotide is shown above each lane. Quantitation of the autoradiograms was as described
under Experimental Procedures. (B) Footprinting of AG15C-3′-NH2 and AG15C with DMS. Other details are as in panel A.
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light, specific degradation of the target duplex could be
expected 3′ to the oligopurine block of the oligopurine
duplex strand, if the orientation of the third strand is
antiparallel relative to the oligopurine strand of the
target duplex.

Figure 4 presents the results of such an analysis.
When the mixture of AG15-3′-NH2 (no acridine) and the
labeled restriction fragment containing the target oli-
gopurine block was illuminated with sunlight for 0, 1,
and 3 h (Figure 4A, lanes 1-3, respectively), followed by
treatment with hot piperidine and resolution of the

Figure 3. Effect of KCl concentration and of point mutation
of the target duplex on binding of AG15C-3′-NH2. (A) Labeled
HindIII-SstI restriction fragment (<0.1 nM) was mixed with
AG15C-3′-NH2 (100 nM) and equilibrated overnight in the
triplex binding buffer (containing 10 mM Mg2+) supplemented
with increasing concentration of KCl as indicated above each
lane. DMS footprinting was performed as described under
Experimental Procedures. (B) The HindIII-SstI restriction
fragment from pIL-23 was labeled at the 3′ end of the purine
strand and used for preforming the triplex DNA with AG15C-
3′-NH2 (concentrations as indicated). Conditions of the experi-
ment and DMS treatment were as described in the legend to
Figure 2.

Table 1. Band Shift Dissociation Constants of AG15C-3′-NH2 and AG15C Mixture at 25 °C for Targets Containing
Mutations

binding strand of the target duplex Kd (nM)

1 3′ - - - A G A G G G A G A G G A A A A - - - 5′ 5
2 3′ - - - A G A G G G A G A G T A A A A - - - 5′ 240
3 3′ - - - A G A G G G A G A G C A A A A - - - 5′ 2500
4 3′ - - - A G A G G G A G A G A A A A A - - - 5′ 500
5 3′ - - - A G A G G G A G A G T T A A A - - - 5′ 10000
6 3′ - - - A G A G G G A G A G C C A A A - - - 5′ 5000
7 3′ - - - A G A G G T A G A G G A A A A - - - 5′ 3000
8 3′ - - - A G A G G C A G A G G A A A A - - - 5′ 11000
9 3′ - - - A G A G G A A G A G G A A A A - - - 5′ 18000
10 3′ - - - A G A G G T T G A G G A A A A - - - 5′ >50000
11 3′ - - - A G A G G C C G A G G A A A A - - - 5′ >50000
12 3′ - - - A G A T G G A G A G G A A A A - - - 5′ >20000

Figure 4. Acridine-sensitized triplex-mediated cleavage of the
target duplex. The labeled HindIII-SstI insert of pIL-25 (con-
centration < 0.1 nM) was mixed with 100 nM AG15-3′-NH2
(lanes 1-3) or 100 nM AG15C-3′-NH2 (lanes 4-6) in triplex
binding buffer. After overnight equilibration at room temper-
ature, samples were exposed for the indicated period of time to
sunlight in 0.5 mL Eppendorf tubes. The DNA was precipitated,
treated with 1 M hot piperidine for 30 min, vacuum dried,
dissolved in formamide, and resolved on a sequencing gel. G
refers to the Maxam and Gilbert sequencing reaction (Maxam
and Gilbert, 1980). An arrow indicates the DAMA-sensitized
photocleavage band.
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products on the sequencing gel, a background degrada-
tion pattern developed. For the triplex preformed with
AG15C-3′-NH2 (lanes 4-6) a similar illumination-induced
background degradation could be observed. However, a
strongly enhanced band can be seen after 1 or 3 h of
illumination (lanes 5 and 6) that is not present in the
background pattern of the nonilluminated sample (lane
4) or in the samples containing AG15-3′-NH2 (lanes 1-3).
An even more pronounced site specific DAMA-sensi-

tized photocleavage effect was obtained when the il-
luminated DNA was denatured and treated with DMS
prior to the piperidine cleavage step (Figure 5). The
sample with AG15C-3′-NH2 omitted (lane 1) resulted in
the expected pattern of bands indicating degradation of
the sequence at G residues. When the third strand was
present (lane 2), a strong band corresponding to a T
residue at the 3′ flank of the oligopurine block becomes
visible in addition to the regular pattern resulting from
cleavages at methylated G residues. This band is triplex

specific since no selectively enhanced degradation can be
obtained with intercalator alone (lane 3).
The appearance of this band (see arrows in Figures 4

and 5) indicates an acridine-induced and triplex-mediated
site specific photoreactivity. The most reactive base is a
T residue adjacent to the 3′ end of the oligopurine
sequence. Since the DAMA group is attached to the 5′
end of the oligo, the AG15C-3′-NH2 must be oriented
antiparallel relative to the purine strand of the target
duplex.
An Acridine-Conjugated Oligonucloetide Con-

taining Exclusively T and G Nucleotides Binds 17
Times Less Efficiently than a Conjugated Oligo-
nucleotide Composed of G and A Residues. When
designing an oligonucleotide for binding to the specific
oligopurine duplex target at neutral pH, it is widely
accepted that a G residue in the third strand binds well
to the GC Watson-Crick base pair of the target duplex,
forming a G:GC triad (Dervan, 1989; Hélène, 1991; Kohwi
and Kohwi-Shigematsu, 1988). However, for the AT base
pair of the duplex, a stable triad can form by an
interaction with either a T residue (T:AT) or an A residue
(A:AT) (Beal and Dervan, 1991; Klysik et al., 1991; Orson
et al., 1996a; Zendegui et al., 1992). Since third-strand
oligonucleotides can be composed exclusively of G’s and
A’s or G’s and T’s (Beal and Dervan, 1991; Jayasena and
Johnston, 1992; Orson et al., 1996a; Young et al., 1991),
it was of interest to compare the binding avidity of
acridine-conjugated oligonucleotides based on these two
motifs. We have synthesized and purified an oligonucle-
otide TGap15C-3′-NH2 that is identical to AG15C-3′-NH2
except that all A residues were replaced with T residues
(see Figure 1). It should bind antiparallel to the purine
strand of the Watson-Crick IL-2RR target duplex.
Figure 6, lanes 1-7, shows an example of DMS footprint-
ing performed as a function of increasing concentration
of TGap15C-3′-NH2 using the HindIII-SstI restriction
fragment of pIL-25. As the concentration of TGap15C-
3′-NH2 increased, the oliogopurine block became increas-
ingly protected against DMS modification. Quantitation
of the data revealed that 50% inhibition of the DMS
reactivity of G residues in the oligopurine block of the
duplex (Kd) took place at 88 nM TGap15C-3′-NH-Ac (an
average of three independent experiments). Thus, the
dissociation constant of TGap15C-3′-NH2 was 17 times
higher than that of the AG15C-3′-NH2 (Kd ) 5 nM).
Figure 6, lanes 8-14, shows the footprinting analysis

of the TGpl15C-3′-NH2 composed of G and T nucleotides
and designed to bind parallel to the IL-2RR target duplex.
No binding could be detected within the concentration
range tested. We also assessed the binding properties
of TGTap15C-3′-NH2, the sequence of which is identical
to that of TGap15C-3′-NH2 except for having one G f T
transversion (see Figure 1). The T:GCmismatch severely
affected binding, and the DMS methylation reaction was
not inhibited even at a concentration of 10 µM (data not
shown).

DISCUSSION

In this paper we have assessed the effect of acridine
conjugation on the binding avidity and specificity of the
15 base oligonucleotide targeting the IL-2RR binding site.
We found that attachment of DAMA to the 5′ end of
AG15-3′-NH2 profoundly lowers the Kd. This has been
determined by band shift assay (Orson et al., 1996a) and
footprinting analysis, with the two methods providing
comparable results. A 500-fold decrease in the Kd value
is of particular significance since the targeted site is
short, and concentrations in the low nanomolar range
may be required for effective future applications in vivo.

Figure 5. Acridine-sensitized triplex-mediated cleavage of the
target duplex. The experiment was performed as described in
the legend to Figure 4 except that the samples after illumination
with the sunlight (45 min) were heated for 5 min at 90 °C,
modified with 0.5% DMS for 3.5 min, and then subjected to
piperidine cleavage. The sample shown in lane 1 contained no
AG15C-3′-NH2. The sample in lane 2 contained 100 nM AG15C-
3′-NH2, whereas the sample in lane 3 contained 100 nM
unconjugated DAMA acridine.
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An enhancement of binding achieved by the attachment
of a different acridine to the 5′ end of an oligo has been
reported before (Grigoriev et al., 1992, 1993; Sun et al.,
1989). However, our data provide a quantitative descrip-
tion of the equilibrium binding enhancement induced by
acridine attachment to a third strand composed exclu-
sively of purine bases. It is important to remember that
the 500-fold lower Kd seen in the course of this work could
be achieved only after prior optimization of the linker
structure used to attach the DAMA portion to the
synthetic oligonucleotide (Orson et al., 1994).
The 3′-amino group was included in the DAMA-

conjugated oligonucleotides to protect them from exo-
nucleolytic degradation in future in vivo experiments
(McShan et al., 1992; Orson et al., 1991). However,
preparation of the oligo resulted in a mixture of the 3′-
amino protected and unprotected forms (Vu et al., 1995).
The two species were separated on a gel (Figure 1C) and
their identities confirmed by mass spectral analysis. They
were then characterized with respect to their triplex
forming capacity. We found that both AG15C-3′-NH2 and
AG15C had the same affinity toward the target duplex
sequence (Figure 2B). Furthermore, the acridine-conju-
gated oligonucleotides composed of G’s and A’s (AG15C-
3′-NH2 and AG15C) appeared to have superior binding
avidity compared to an oligonucleotide composed of G’s
and T’s (TGap15C-3′-NH2).

As expected, binding of the third strand was affected
by mutations in the target duplex. The degree to which
the triplex became destabilized depended on the nature
of the mutation (Greenberg and Dervan, 1995) as well
as on the location of the mutation (Cheng and van Dyke,
1994) within the targeted sequence (Table 1). The
smallest effects were observed for the G f T transversion
and G f A transition located in the block of two G’s. This
is consistent with prior work demonstrating a relatively
lower triplex destabilization effect for G‚TA and G‚AT
triads (Fossella et al., 1993; Yoon et al., 1992). Mutations
in the block of three G residues affected binding capacity
of the duplex more than the mutations in the block of
two G’s. Although the reason for this is not entirely clear,
it is most likely related to (i) the local nucleotide
composition surrounding the mutated site, (ii) the dis-
tance of the mutation from the acridine intercalation site,
or (iii) a combination of these two factors.
It was unexpected to find that the DAMA-sensitized

photoreactivity is primarily limited to the single base
immediately adjacent to the oligopurine tract. This may
reflect a precise and unique intercalation point stere-
ochemically compatible with the triplex state and the
linker structure. Alternatively, the structure of the
triplex/B-DNA junction located immediately adjacent to
the oligopurine block may offer a greatly preferred site
for intercalation of this acridine as suggested by others
(Collier et al., 1991).
The interaction of AG15C-3′-NH2 or AG15C with the

duplex target remained similar with respect to all of the
basic properties characteristic of unfunctionalized oligos
composed of purine bases: (i) Mg2+ ions were required
in the binding buffer (McShan et al., 1992) at a concen-
tration of g5 mM; (ii) binding was affected, but not
abolished, by KCl at concentrations of 100-200 mM;
however, the KCl-mediated triplex inhibition was less
pronounced than the inhibition reported for similar but
nonconjugated oligonucleotides (Cheng and Van Dyke,
1993; Olivas and Maher, 1995); (iii) the specificity of
binding of the acridine-derivatized oligo to the target
sequence remained very high, such that specific muta-
tions in the 15 bp long target sequence either essentially
abolished binding (Figure 3B) or significantly reduced it
(Table 1) depending on the position and nature of the
mutation; (iv) the orientation of the acridine-conjugated
oligo remained antiparallel relative to the oligopurine
strand of the target duplex as determined by an acridine-
sensitized photodynamic oxidation reaction (Birg et al.,
1990) (Figure 4), even though in theory the sequence
could allow parallel binding via the first 9 bases adjacent
to the acridine (the methodology used herein may be of
general applicability in cases of other dye-conjugated
oligonucleotides); (v) the kinetics of triplex formation was
slow (Maher et al., 1990), so that no binding of AG15C-
3′-NH2 to the oligopurine target could be detected after
1 h of preforming the triplex at 22 °C, but the reaction
was virtually complete by 24 h (data not shown).
Potential applications of synthetic oligonucleotides in

the regulation of gene expression are widely recognized
(Dervan, 1990; Hélène and Toulme, 1990), and such
oligos may be utilized both for basic science and for
medicine. There are several examples where the regula-
tion of gene expression achieved by oligonucleotide treat-
ment of cells in culture is well established (McShan et
al., 1992; Roy, 1993). The work presented herein encour-
ages and justifies further studies of AG15C-3′-NH2 type
molecules as potential regulators of IL-2RR expression.
In more general terms, conjugation of DAMA to synthetic
oligonucleotides may be particularly advantageous in the
case of many other genes where the target oligopurine

Figure 6. Example of DMS footprinting of the IL-2RR target
duplex sequence cloned within the pIL-25 plasmid as a function
of TGap15C-3′-NH2 or TGpl15C-3′-NH2 concentration. The
concentration of the oligonucleotide is shown above each lane.
Quantitation of the autoradiograms was as described under
Experimental Procedures. For other details see legend to Figure
2A.
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sequence is relatively short and binding enhancement
needs to be introduced via oligonucleotide modification.
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New Coupling Reagents for the Preparation of Disulfide
Cross-Linked Conjugates with Increased Stability
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To improve the in vivo stability of disulfide-linked immunotoxins (ITs), a series of sterically hindered
cross-linking reagents were designed and synthesized. These ligands are characterized by a thioimidate
group linked to an S-acetyl thiol or a substituted aryldithio group. To select the reagent of choice,
several aryldithio thioimidates, substituted with a methyl or a phenyl group adjacent to the disulfide,
were analyzed in thiol-disulfide exchange reactions. Also analyzed were the following: (i) the stability
and solubility of the linkers in aqueous solution, (ii) the rate of protein derivatization, and (iii) the
steric hindrance due to methyl or phenyl group substituents toward cleavage of the disulfide bond by
glutathione. Ethyl S-acetyl 3-mercaptobutyrothioimidate (M-AMPT) was chosed as reagent to prepare
two types of stable disulfide-containing AR-3-gelonin conjugates (IT2 and IT3). IT2 was prepared
by a 3-(4-carboxamidophenyldithio)propionthioimidate (CDPT)-derivatized antibody coupled to the
M-AMPT-derivatized gelonin to afford a conjugate characterized by the presence of a methyl group
adjacent to the sulfide bond. In the IT3 conjugate, an M-AMPT-derivatized toxin was coupled to the
antibody thiolated with M-AMPT and then activated with Ellman’s reagent (DNTB). The in vitro
and in vivo stabilities of the three immunoconjugates were assayed, respectively, (i) by adding an
excess of glutathione and monitoring protein release and (ii) by studying their pharmacokinetic
behaviors. The specificity and cytotoxicity of all ITs were analyzed on target and unrelated cell lines,
and no significant differences in activity were observed. IT3, consisting of a symmetrical dimethyl-
substituted disulfide bond, was substantially more stable in vivo (t1/2â ) 88.3 h) than the corresponding
IT2, characterized by a disulfide-protected monomethyl substituent bond (t1/2â ) 60.2 h) compared to
the unhindered conjugate IT1 (t1/2â ) 27.9 h). This family of cross-linking reagents therefore offers
advantages, such as minimal perturbation of the protein structure and controlled reactivity due to
the thioimidate moiety, as well as the capacity to yield immunotoxins possessing substantial stability
in vivo.

INTRODUCTION

Immunotoxins (ITs1) are a class of therapeutic agents
composed of antibodies linked to a proteic toxin, con-
structed as both chemical conjugates and fusion proteins
(1-3).
Chemical conjugation of the antibody and the toxin is

generally accomplished by means of cross-linking agents
such as N-succinimidyl 3-(2-pyridyldithio)propionate
(SPDP) or 2-iminothiolane (2-IT) to introduce a disulfide
bond between the proteins (4-7). The presence of a
reducible disulfide bond is a prerequisite for cytotoxicity
of ITs constituted by RIP-1 (ribosome inactivating pro-
tein) linked to a monoclonal antibody (mAb) directed to

a tumor-associated antigen (1, 8, 9). In particular, the
A-chain type ITs containing a nonreducible thioether
bond are much less cytotoxic than those containing a
labile disulfide bond. On the other hand, such conjugates
are unstable in vivo, because cleavage of the disulfide
bond regenerates free antibody and toxin (10-12). Pre-
mature cleavage reduces the amount of conjugate that
can bind to target cells; in addition, released antibody
remains in circulation longer than the conjugate and can
compete with intact conjugate for target cell binding.
Thus, in multiple-dose therapeutic treatment, IT potency
may decrease because tumor antigens are masked by the
previously released antibody. Ideally, an immunotoxin
should be labile enough to facilitate intracellular cyto-
toxicity but sufficiently stable to survive administration
and delivery in vivo. Attempts to minimize this problem
have focused on the synthesis of hindered cross-linking
reagents in which bulky side chains proximal to the
disulfide bond afford protection from nucleophilic attack
(13-17). These “second generation” ITs are stable and
long-lived and are highly toxic to target cells. One of
these, consisting of mAb covalently bound to the degly-
cosylated ricin A chain by hindered disulfide linkers, has
been successfully used in clinical trials for the treatment
of non-Hodgkin’s (B-cell) lymphoma (18).
In preceding papers, we have reported the preparation

of two new acyclic thioimidate cross-linking reagents,
3-(4-carboxamidophenyldithio)propionthioimidate (CDPT)
and ethyl S-acetylpropionthioimidate (AMPT) (19, 20).
We used these reagents to prepare immunotoxins made
from the RIP-1 gelonin (21) and the AR-3 mAb that
recognizes the CAR-3 antigen widely expressed among

* Author to whom correspondence should be addressed (tele-
phone ++39.11.6707697; fax ++39.11.6707695; e-mail cattel@
ch.unito.it).

X Abstract published in Advance ACS Abstracts, April 1, 1997.
1 Abbreviations: ITs, immunotoxins; M-AMPT, ethyl S-acetyl-

3-mercaptobutyrothioimidate; CDPT, 3-(4-carboxamidophen-
yldithio)propionthiomidate; DTNB, Ellman’s reagent; SPDP,
N-succinimidyl 3-(2-pyridylditho)propionate; 2-IT, 2-iminothio-
lane; RIP-1, ribosome inactivating protein; mAb, monoclonal
antibody; AMPT, ethyl S-acetylpropionthioimidate; THF, tetra-
hydrofuran; Ph-AMPT, ethyl S-acetyl-3-mercapto-3-phenylpro-
pionthioimidate; M-CDPT, ethyl 3-(4-carboxamidophenyldithio)-
butyrothioimidate; Ph-CDCT, carboxymethyl 3-phenyl-3-(4-
carboxamidophenyldithio)propionthioimidate; PBS, phosphate-
buffered saline; DMF, dimethylformamide; TNB, 5-mercapto-
2-nitrobenzoic acid; DTT, dithiothreitol; GSH, reduced gluta-
thione; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; SMPT, 4-[(succinimidyloxy)carbonyl]-R-methyl-
R-(2-pyridyldithio)toluene.
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human adenocarcinomas of the stomach, colon, pancreas,
ovary, and uterus (22). These ITs were found to be more
effective than the corresponding conjugates made by
N-succinimidyl ester linkers, taking advantage of the
ability to amidinate proteins, thus preserving a positive
charge on the molecule. These reagents also offer an
additional advantage over 2-IT to introduce thiol groups
into proteins because during the coupling procedure the
sulfhydryl group remains protected from air oxidation,
and the acetyl group can be subsequently cleaved in mild
conditions by hydroxylamine to give the thiol group.
In this study, in an effort to improve the in vivo

stability of our thioimidate cross-linking reagents, we
synthesized a series of thioimidate-based sterically hin-
dered reagents provided either with a thioacetyl or with
a substituted aryldithio group. These reagents were then
used to prepare immunotoxins that have improved in
vitro and in vivo stability. The conjugates made by these
new cross-linkers have in vitro cytotoxic activity similar
to that of the corresponding unhindered derivatives.

EXPERIMENTAL PROCEDURES

Materials. Thiolacetic acid and cinnamonitrile were
obtained from Merck (Milan, Italy). Crotononitrile,
ethanethiol, mercaptoacetic acid, dichloromethane an-
hydrous, and Ellman’s reagent (DTNB) were from Aldrich
(Milwaukee, WI).
Diethyl ether was distilled from lithium aluminum

hydride, and dry tetrahydrofuran (THF) was obtained by
distillation from sodium.
General Procedures. Melting points were deter-

mined with a Reichert Kofler apparatus and are uncor-
rected.

1H NMR spectra were recorded on a JEOL PMX-60
spectrometer, operating at 60 MHz, with tetramethylsi-
lane as internal standard. IR spectra were obtained as
KBr disks on a Shimadzu FT-IR 8101 M spectrophotom-
eter; wavelengths are given in inverse centimeters. Mass
spectra were obtained with a Finnigan-MAT TSQ-700 or
with a VG Analytical 70-70 EQ-HF spectrometer. Ul-
traviolet spectra were recorded on a Beckman DU-70
spectrophotometer.
The reactions were checked on F254 silica gel precoated

sheets (Merck). Purification was done by column flash
chromatography on silica gel 60 (Merck, 230-400 mesh)
or by distillation under reduced pressure with Kugelrohr
apparatus.
3-(Acetylthio)butyronitrile (1). Thiolacetic acid

(20.7 mL, 0.29 mol) was added dropwise to crotononitrile
(18.81 mL, 0.232 mol) under an argon atmosphere, and
the reaction mixture was stirred for 24 h at room
temperature and then refluxed for 1 h. The unreacted
products were eliminated under reduced pressure (15
mmHg, 50 °C); distillation of the product (3 mmHg, 100
°C) then gave a yellow oil, which slowly crystallized at
room temperature (16.6 g, 50%): 1H NMR (CDCl3) δ 3.8
(m, 1H, CH), 3.0 (d, 2H, CH2), 2.4 (s, 3H, SAc), 1.5 (d,
3H, CH3).
3-(Acetylthio)-3-phenylpropionitrile (2). Thiolace-

tic acid (12 mL, 0.169 mol) was added slowly to cinna-
monitrile (20 mL, 0.159 mol) under an argon atmosphere,
and the reaction mixture was refluxed for 3 h to give a
pale yellow precipitate that was washed several times
with ethanol to remove unreacted products (26 g, 80%):
1H NMR (CDCl3) δ 7.6 (m, 5H, Ar-H), 5.1 (t, 1H, CH),
3.2 (d, 2H, CH2), 2.3 (s, 3H, SAc).
5-(3-Cyano-2-propyldithio)-2-nitrobenzoic Acid (4).

To 3-(acetylthio)butyronitrile (22.9 g, 0.16 mol) was added
an excess of 12% aqueous sodium hydroxide, and the
mixture was stirred at 25 °C for 12 h. After extraction

with diethyl ether under Ar, the aqueous layer was
acidified with 6 N H2SO4 and reextracted with ether.
Evaporation of the dried ether extracts of this aqueous
layer yielded 3-mercaptobutyronitrile (3) as a dark yellow
oil, which was purified by distillation under reduced
pressure (70 °C, 3 mmHg) (6 g, 38%): 1H NMR (CDCl3) δ
3.3 (m, 1H, CH), 2.7 (d, 2H, CH2), 1.9 (d, 1H, SH), 1.5 (d,
3H, CH3). 3-Mercaptobutyronitrile (0.5 g, 0.005 mol) in
methanol was added to a solution of DTNB (3.96 g, 0.01
mol) in 250 mL of sodium phosphate buffer, pH 7.4,
deaerated and saturated with Ar. After stirring for 4 h
at 25 °C, the solution was acidified with 1 N HCl and
extracted with ethyl acetate; the organic layers were
pooled, dried, and concentrated in vacuo to give a crude
product, which was purified by flash chromatography
with elution in dichloromethane/methanol/acetic acid (99/
0.5/0.5, v/v). The pure product 4 was obtained as a pale
yellow oil (0.82 g, 55%): 1H NMR (CDCl3) δ 9.2 (s, 1H,
COOH), 8.2 (m, 3H, Ar-H), 3.3 (t, 1H, CH), 2.8 (d, 2H,
CH2), 1.7 (d, 3H, CH3).
5-(2-Cyano-1-phenylethyldithio)-2-nitrobenzoic

Acid (6). 3-(Acetylthio)-3-phenylpropionitrile (24.2 g,
0.118 mol) was hydrolyzed for 12 h at room temperature
with an excess of aqueous sodium hydroxide; the mixture
was then extracted with ether, as described below, and
evaporated to give a yellow oil, which was purified by
flash chromatography with elution in petroleum ether/
dichloromethane (90/10, v/v) to give 7.7 g of 3-mercapto-
3-phenylpropionitrile (5) (40%): 1H NMR (CDCl3) δ 7.5
(m, 5H, Ar-H), 4.4 (q, 1H, CH), 3.1 (d, 2H, CH2), 2.2 (s,
1H, SH). Compound 6 was prepared in a manner
analogous to that of 4 and was purified by flash chro-
matography (dichloromethane/methanol/acetic acid 97.5/
2/0.5) to give an orange oil (0.467 g, 54%): 1H NMR
(CDCl3) δ 9.8 (s, 1H, COOH), 7.5 (m, 3H, Ar-H), 7.1 (m,
5H, Ar-H) 4.25 (m, 1H, CH), 3.1 (d, 2H, CH2).
4-(3-Cyano-2-propyldithio)benzamide (7). To 4-car-

bamoylbenzenesulfenyl chloride (3.62 g, 0.0193 mol)
dissolved in 100 mL of hot glacial acetic acid was added
3-mercaptobutyronitrile (1.95 g, 0.0193 mol) in 1.5 mL
of glacial acetic acid. The reaction mixture was stirred
at 90 °C for 45 min and, after the mixture had cooled to
room temperature, 300 mL of water was added and the
mixture was left for 12 h at 4 °C. The resulting
precipitate was filtrated and the solution was extracted
with ethyl acetate; the organic extracts were dried and
evaporated under reduced pressure. The residue and the
precipitate previously obtained were pooled and purified
by flash chromatography using diethyl ether as eluent
to give 7 as white crystals (2.43 g, 50%): mp 140 °C; 1H
NMR (CD3COCD3) δ 8.2 (d, 2H, Ar-H), 7.8 (d, 2H, Ar-H),
3.5 (m, 1H, CH), 2.9 (d, 2H, CH2), 1.5 (d, 3H, CH3).
4-[(2-Cyano-1-phenylethyl)dithio]benzamide (8).

The procedure used to prepare 7was followed. The crude
product was purified by flash chromatography (diethyl
ether/ethyl acetate, 99.5/0.5) to give a yellow solid (3.1
g, 50%): mp 115-117 °C; 1H NMR (CDCl3) δ 7.8 (q, 4H,
Ar-H), 7.5 (m, 5H, Ar-H), 6.5 (s, 2H, NH2), 4.3 (m, 1H,
CH), 3.1 (d, 2H, CH2).
General Procedure for Preparation of Thioimi-

date Ester Hydrochlorides (9-15). Hydrogen chloride
gas, dried by passing through concentrated sulfuric acid
in two washing bottles, was bubbled through ice-cold
ethanethiol (3.25 mL, 0.0435 mol) or mercaptoacetic acid
(3.5 mL, 0.0435 mol) for the derivative 14, for 1 h. The
purified nitriles (0.00435 mol) diluted in anhydrous
diethyl ether (1 and 4), dry THF (2 and 7), and anhydrous
dichloromethane (6 and 8) were quickly added to the cold
solution under stirring, and the reaction was left over-
night at 0 °C. Anhydrous cold diethyl ether was then
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added to the reaction mixture, which was left at -20 °C
until a crystalline solid was formed. The supernatant
was decanted, and the precipitate was washed with
anhydrous diethyl ether under argon and dried under
reduced pressure at room temperature.
Ethyl S-Acetyl-3-mercaptobutyrothioimidate Ester Hy-

drochloride (M-AMPT, 9): yield 0.79 g (75%); mp 112 °C;
1H NMR (CDCl3) δ 3.4-3.2 (m, 5H, -SCH2CH3, CH and
CH2), 2.43 (s, 3H, SAc), 1.6 (d, 3H, CH3), 1.43 (t, 3H,
-SCH2CH3); IR (KBr) cm-1 3300-2400 (NH), 1690
(CdO), 1620 (CdN), 1360 (SAc); MS-EI, m/z (relative
intensity) 206 (M+, 7), 162 (100), 145 (53), 130 (20), 102
(65), 89 (20), 75 (33), 61 (52), 43 (100).
Ethyl S-Acetyl-3-mercapto-3-phenylpropionthioimidate

ester hydrochloride (Ph-AMPT, 10): yield 1.1 g (84%); mp
85 °C; 1H NMR (CDCl3) δ 7.6 (m, 5H, Ar-H), 4.9 (t, 1H,
CH), 3.9-3.3 (m, 4H, -SCH2CH3, and CH2), 2.5 (s, 3H,
SAc), 1.6 (t, 3H, -SCH2CH3); IR (KBr) cm-1 3300-2400
(NH), 1730 (CdO), 1610 (CdN), 1360 (SAc); MS-EI, m/z
(relative intensity) 268 (M+, 8), 130 (100), 103 (40), 77
(35), 43 (38).
Ethyl 3-[(3-Carboxy-4-nitrophenyl)dithio]butyrothioim-

idate Ester Hydrochloride (11): yield 1.3 g (78%); mp 112
°C; 1H NMR (CD3OD) δ 8.2 (m, 3H, Ar-H), 3.8-3.2 (m,
5H, -SCH2CH3, CH and CH2), 1.5 (q, 3H, CH3), 1.25 (t,
3H, -SCH2CH3); IR (KBr) cm-1 3300-2500 (NH and
OH), 1610 (CdN), 1570, 1530 (NO2), 1370 (NO2).
Ethyl 3-Phenyl-[(3-carboxy-4-nitrophenyl)dithio]propi-

onthioimidate Ester Hydrochloride (12): yield 1.6 g (80%);
mp 120 °C; 1H NMR (CD3OD) δ 7.4 (m, 3H, Ar-H), 7 (m,
5H, Ar-H), 3.8-3.2 (m, 5H, -SCH2CH3, CH and CH2),
1.25 (t, 3H, -SCH2CH3); IR (KBr) cm-1 3300-2500 (NH
and OH), 1610 (CdN), 1570, 1530 (NO2), 1370 (NO2).
Ethyl 3-[(4-Carboxamidophenyl)dithio]butyrothioimidate

Ester Hydrochloride (M-CDPT, 13): yield 1.17 g (77%);
mp 118 °C; 1H NMR (DMSO-d6) δ 8.2 (d, 2H, Ar-H), 7.8
(d, 2H, Ar-H), 4.1 (m, 1H, CH), 3.4-3.2 (m, 4H, -SCH2-
CH3 and CH2), 1.5 (d, 3H, CH3), 1.25 (t, 3H, -SCH2CH3);
IR (KBr) cm-1 3300-2200 (NH2 and NH2

+), 1650 (CdO),-
1620 (CdN); MS-EI,m/z (relative intensity) 315 (M+, 38),
254 (8), 226 (18), 212 (100), 195 (20), 163 (100), 153 (18),
89 (18), 44 (10).
Carboxymethyl 3-Phenyl-3-[(4-carboxamidophenyl)-

dithio]propionthioimidate Ester Hydrochloride (Ph-CDCT,
14): yield 1.5 g (78%); mp 115 °C; 1H NMR (DMSO-d6) δ
7.8 (q, 4H, Ar-H), 7.4 (m, 5H, Ar-H), 4.5 (t, 1H, CH), 3.6
(s, 2H, -SCH2COOH), 2.85 (d, 2H, CH2); IR (KBr) cm-1

3300-2200 (NH2 and NH2
+), 1650 (CdO), 1620 (CdN);

MS (FAB+) 407 (M+ + 1).
Ethyl 3-Phenyl-3-[(4-carboxamidophenyl)dithio]propi-

onthioimidate Ester Hydrochloride (Ph-CDPT, 15): yield
1.36 g (78%); mp 120 °C; 1H NMR (DMSO-d6) δ 7.8 (q,
4H, Ar-H), 7.3 (m, 5H, Ar-H), 4.2 (t, 1H, CH), 3.4-3.2
(m, 4H, -SCH2CH3 and CH2), 1.3 (t, 3H, -SCH2CH3);
IR (KBr) cm-1 3300-2200 (NH2 and NH2

+), 1650 (CdO),
1620 (CdN); MS (FAB+) 377 (M+ + 1).
Determination of Aryldithio Group Reactivity.

Stock solutions (0.25 mM) of disulfides 4, 6, 7, and 8were
prepared in ethanol (95%) and diluted to 0.028 mM with
sodium phosphate buffer (0.0056 M Na2HPO4, 0.014 M
NaH2PO4‚H2O, 0.2 M NaCl, 0.003 M EDTA disodium
salt, pH 6.5), deaerated and flushed with Ar. To 900 µL
of each disulfide solution in a photometer cell was quickly
added 100 µL of different concentrations of freshly
prepared solutions of cysteine hydrochloride monohy-
drate (0.5 and 1 mM) in the same buffer. The thiol-
disulfide exchange reaction was then monitored by
recording the absorbance-time curve relative to the
displacement of the substituted thiophenol (which is

balanced with its ionized form) in the presence of double
and quadruple molar excesses of cysteine.
The kinetic constants were calculated (19) using the

second-order equation

where a is initial aryldithio derivative molar concentra-
tion, b is initial cysteine molar concentration, and x is
thiophenol molar concentration at time t (s). The value
of x is calculated by the equation

where A is the absorbance at time t (s), A0 is the initial
absorbance of the aryl disulfide, and Ainf is the final
absorbance at 100% of reaction with cysteine.
For each couple A/t relative to the registered kinetic

curves, the value of x and the kinetic constant k
(L‚mol-1‚s-1) were calculated.
Reaction of Thioimidate with AR-3 mAb and

Determination of Degree of Derivatization. The
mouse IgG1 monoclonal antibody AR-3 was purified from
ascitic fluid with affinity chromatography on Sepharose
Cl-protein A. A solution of AR-3 (60 µM, 1 mL) in PBS-
EDTA (100 mM sodium phosphate, 100 mMNaCl, 1 mM
EDTA, pH 7.4), deaerated and flushed with Ar, was
mixed at 25 °C with different molar excesses (10-, 20-,
30-fold) of the linkers 9, 10, 13, and 14 previously
dissolved in absolute ethanol (9, 10) or anhydrous di-
methylformamide (DMF) (13 and 14) (40 µL). The degree
of derivatization was evaluated at different time intervals
after purification from the excess of ligands by gel
filtration on a 15 × 55 mm Bio-Gel P6-DG column (Bio-
Rad, Hercules, CA) preequilibrated in PBS-EDTA at 20
°C.
The number of thioacetylated groups linked to the

protein was calculated spectrophotometrically by reaction
of the sample with the deacetylating reagent hydroxyl-
amine hydrochloride (0.5 M, 12.5 mM EDTA, pH 7.4)
followed by thiol-disulfide exchange with DTNB as
described by Duncan (23). Determination of the aryldithio
groups linked to AR-3 was evaluated following the release
of thiolated anion at 313 nm, after incubation of the
protein sample (1 mL) in the presence of 2-mercapto-
ethanol in PBS-EDTA (11 mM sodium phosphate, 50 µL)
and NaOH (1 M, 40 µL) to a final pH of 8.8-9.4. The
molar absorptivity value for the 4-carboxamidophenylthi-
olate anion under these conditions at 313 nm was 15 200
( 300.
Disulfide Bond Stability in Modified AR-3. The

protein (33.3 µM, 1 mL) was reacted with the ligands
M-AMPT, Ph-AMPT, M-CDPT, and Ph-CDCT and with
the analogous unhindered thioimidates AMPT and CDPT,
previously prepared in our laboratory (19), so as to
incorporate an average of 1-1.2 mol of linkers/mol of
protein.
Before purification in the derivatization mixture, the

thioacetylated groups were replaced with TNB by deacet-
ylation with hydroxylamine solution and successive
exchange with DTNB 800 µM for 1 h at 25 °C.
The samples were purified by gel centrifugation as

described below.
The linker/protein ratio was spectrophotometrically

determined by quantifying the release of TNB at 412 nm
after the addition of a solution of dithiothreitol (DTT, 50
mM);the release of 4-carboxamidophenylthiolate anion
was followed at 313 nm as described below.

dx/dt ) k(a - x)(b - x); k ) 1
t(a - b)

ln
(b - x)a
(a - x)b

dx/dt ) k(A - A0/Ainf - A0)a
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To test the stability of the disulfide bond introduced
into proteins, the samples were incubated with reduced
glutathione (GSH) (2 and 4 molar excess with respect to
thiol groups linked), and the release of thiophenol was
spectrophotometrically followed at 412 or 313 nm.
Preparation and Purification of Immunoconju-

gates. Gelonin solution (Inland Laboratories, Inc., Aus-
tin, TX) (187 µM, 1mL) was stirred with ethanolic
solutions of AMPT (64.2 mM, 30 µL) or M-AMPT (51 mM,
30 µL) for 30 min at 25 °C so as to incorporate an average
of 1-1.1 linkers/mol of gelonin. The mixture was purified
by gel centrifugation. The purified antibody dissolved
in PBS-EDTA was separately reacted with two different
cross-linkers, CDPT and M-AMPT.
The method used to derivatize AR-3 with CDPT is

described in ref 20; briefly, the cross-linker (16 µM, 43
µL) in dry DMF was reacted for 30 min at 25 °C with
AR-3 (47 µM, 890 µL) to obtain a molar ratio of 1:1.2 (AR-
3/CDPT).
The reaction of AR-3 with M-AMPT proceeded as

follows: M-AMPT in absolute ethanol (11 mM, 40µL) was
added to the solution of the mAb (44.6 µM, 1 mL), and
the mixture was stirred for 30 min at 25 °C; then
solutions of hydroxylamine (0.5 M, 100 µL) and DTNB
(40 mM, 30 µL) were added and the reaction was stirred
for 1 h. The AR-3/M-AMPT molar ratio was 1:1.1. In
both cases the mixture was purified by gel centrifugation.
The derivatized mAb and RIP were mixed in the

presence of a solution of hydroxylamine (1:10, v/v). The
conjugation reactions proceeded for 5 h at 25 °C followed
by 18 h at 4 °C; at the end of the reaction a solution of
N-ethylmaleimide (20 mM, 20 µL) was added to block free
thiol groups.
Immunoconjugates were purified as follows: the reac-

tion mixtures were centrifuged and the supernatants
applied to an HPLC gel filtration column (TSK G 3000
SW, 7.5 × 600 mm) in several steps and eluted in sodium
phosphate buffer, pH 6.8 (50 mM phosphate, 0.15 M
NaCl). The fractions containing unreacted mAb and
conjugate were pooled, concentrated, dialyzed against 50
mM phospate buffer/10 mM NaCl, pH 7.4, and loaded
onto an Affi-Gel Blue column (7 × 50 mm) preequili-
brated in the same buffer. Unconjugated AR-3 did not
bind to the solid phase under these conditions of ionic
strength and was eluted. The conjugates were then
eluted with the same buffer containing 1 M NaCl. The
fractions containing immunoconjugates were dialyzed
and concentrated.
Purity of the immunotoxins was monitored by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using 4-15% precast gels (Bio-Rad) under non-
reducing conditions and Coomassie blue staining.
In Vitro Study of Disulfide Bond Stability. The

in vitro stability of the bond in the various conjugates
was evaluated in two different ways. In the first method
the samples (1 mg/mL, 3 µL) were incubated for 1 h at
37 °C with solutions of GSH (3 µL) in increasing excess
(from 3- to 10000-fold), and the reaction was stopped by
addition of excess of iodoacetamide. The samples were
then tested by densitometric analysis of SDS-PAGE
4-15% precast gels stained by Coomassie blue to calcu-
late the amount of mAb released (2202 ULTROSCAN
Laser Densitometer, LKB, Bromma, Sweden). The other
experiment was similar to the procedure of Carroll (16):
immunotoxins (5.5 µM, 10 µL) were incubated for 1 h at
37 °C with different concentrations of GSH (from 30- to
3000-fold), and iodoacetamide was then added; the
samples were dialyzed by a microdialyzer System 500
(Pierce, Rockford, IL) to remove the low molecular weight
products and then chromatographed on a Zorbax Bio

Series GF 250 column (DuPont, Newtown, CT) equili-
brated in 0.2 M Na2HPO4, pH 7.5. The elution was
monitored at 280 nm, and the amount of gelonin released
was quantified by area integration (CBS-10A Com-
munications Bus Module, Shimadzu, Duisburg, Ger-
many).
Cytotoxicity Assay. The cell lines used were HT-

29, a human colon adenocarcinoma expressing the CAR-3
antigen, as target cell line, and the MeWo human
melanoma as control. These cell lines were tested in the
presence of serial dilutions of three immunotoxins, ac-
cording to the method of Cattel et al. (24). The results
were expressed as percentage of [3H]leucine incorporation
with respect to control (background values subtracted).
Pharmacokinetic Evaluation. The immunoconju-

gates were labeled with 125I according to the iodogen
method (25) to specific activity of approximately of 7 mCi/
mg. Pharmacokinetic studies were performed as previ-
ously described (26) using female Balb/c mice (1 month
old, 18-20 g; Charles River Italia, Milan, Italy); care and
handling of animals were in accordance with the provi-
sions of the European Economic Community Council
Directive 86/209 recognized and adopted by the Italian
Government (approval decree no. 230/95 B). The mice
drank water plus 0.2% (v/v) Lugol solution 3 days before
and during the experiment to block thyroid iodine uptake.
The animals were treated with 4.5 µCi (135-180 µg/kg)
of conjugate. The samples were diluted in a carrier
solution of PBS, pH 7.4, containing 0.1% bovine serum
albumin to a volume of 100 µL. The solutions were
injected intravenously (iv) into the tail vein (groups of
three animals each). Blood samples were taken from the
retroorbital plexus at various times (0, 0.5, 1, 2, 4, 6, 24,
48, 72, and 144 h); both the Pasteur capillary and the
Eppendorf vials used for the sample collections were
washed in a heparin solution 1 day before use. Because
blood was taken from each animal no more than four
times, the different groups were overlapped to cover the
chosen time range. The experiments were repeated three
or four times.
The treatment of blood samples was quite similar to

that described by Scott (27): samples were diluted to the
same volume of 54 mM aqueous iodoacetamide to prevent
oxidation of free thiol groups possibly formed; proteins
were rapidly precipitated with 1 mL of cold trichloroacetic
acid (12.5%, w/v). The samples were directly counted in
a gamma counter (L’ACN, Milan, Italy) and then centri-
fuged; the resultant pellets were counted separately from
the supernatants and used to determine the pharmaco-
kinetic parameter.
The plasma samples from each time point were also

analyzed by 7.5% SDS-PAGE gels using volumes con-
taining 350-3000 cpm. Autoradiographs of the dried
gels were obtained and analyzed with a Phosphor Imag-
ing GS-250 (Bio-Rad); then the immunotoxin and anti-
body areas were calculated with Molecular Analyst
software version 1.2 (Bio-Rad).
Pharmacokinetic parameters were determined from a

two-compartment analysis using the program PCNON-
LIN (Statistical Consultants, Inc., Lexington, KY).

RESULTS

Chemistry. The S-acetylated thioimidate ester hy-
drochlorides M-AMPT 9 and Ph-AMPT 10 were prepared
as shown in Scheme 1. The precursor nitriles 1 and 2
were prepared by the addition of thiolacetic acid to the
unsaturated nitriles according to the method of Holmberg
and Schjamberg (28). Transformation to the correspond-
ing thioimidate followed the Pinner synthesis (29) by the
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addition of the nitrile to a solution of ethanethiol previ-
ously saturated with dry hydrogen chloride.
The (3-carboxy-4-nitrophenyldithio)thioimidates 11 and

12 were synthesized from the corresponding nitriles 4
and 6 (Scheme 1) prepared by a reaction of thiol-
disulfide exchange between DTNB and 3-mercaptobuty-
ronitrile (3) or 3-mercapto-3-phenylpropionitrile (5) pre-
viously obtained by hydrolysis of respective thioacetylated
derivatives (1 and 2).
The carboxamidoaryldithio derivatives M-CDPT 13,

Ph-CDCT 14, and Ph-CDPT 15 were prepared from the
corresponding nitriles 7 and 8 (Scheme 2) obtained by
the reaction of 4-carbamoylbenzenesulfenyl chloride (30)
with the mercaptans 3 and 5. For preparation of the
ligand 14, the classical Pinner reaction was modified
using mercaptoacetic acid instead of ethanethiol. In this
way it was possible to increase the hydrophilicity of the
poorly water soluble phenyl-substituted linker by replac-
ing the S-ethyl function by an S-carboxymethyl group.
The compounds were characterized by 1H NMR, IR,

and MS.
The thioimidates required storage under very anhy-

drous conditions and were kept in tightly stoppered flasks
at -20 °C under Ar.

Kinetic Studies. To verify the relationship between
steric hindrance and stability of the disulfide bond in the
(aryldithio)thioimidate linker series, we studied the
reactivity toward thiol-disulfide exchange in the precur-
sor nitrile derivatives 4, 6, 7, and 8 using cysteine as thiol
reagent (19).
The progress of disulfide reductive scission was fol-

lowed at 412 or 313 nm (for TNB or carboxamido-
phenylthiolate anion, respectively), and the relative rate
constants k (L‚mol-1‚s-1) were calculated. The rate
constants obtained using 2-fold molar excess of cysteine
are shown in Table 1 and compared to the value obtained
for the unhindered derivatives 5-[(2-cyanoethyl)dithio]-
2-nitrobenzoic acid and 4-[(2-cyanoethyl)dithio]benza-
mide. As shown in Table 1, the lower value of the rate
constant in the hindered compounds 4, 6, 7, and 8
relative to that found for the unhindered derivatives
indicates a reduction in the reactivity of cysteine toward
thiol-disulfide exchange, and the comparable k values
suggest that the methyl and phenyl groups conferred
similar stability to the disulfide bond.
Among the compounds tested, the 3-carboxy-4-nitro-

phenyldithio series showed higher reactivity than the
carboxamidophenyldithio derivatives. Derivatives 4 and
6 were in turn transformed by synthesis to the corre-
sponding thioimidate derivatives 11 and 12, which did
not show sufficient stability in aqueous media to allow
their use as cross-linkage reagents, while compound 15
was excluded from furher experiments because of its very
low water solubility. Instead, the thioimidate derivatives
13 and 14, obtained from the less reactive nitrile precur-
sors 7 and 8, were much more stable in aqueous solution.
Consequently, we chose the hindered derivatives M-
CDPT 13 and Ph-CDCT 14 as linkers for further testing
of protein derivatization.
Reaction of Thioimidate with Protein. The reac-

tivity of linkers 9, 10, 13, and 14 toward the lysyl ε-amino
groups of AR-3 was evaluated. Degrees of derivatization
versus time using a fixed molar excess of linker (pH 7.4,
20 °C) are shown in Figure 1.
For these reagents, prolonging the reaction time in-

creased the degree of substitution on the protein in
proportion to the molar excess of ligand; after 2 h of
reaction, no increase appeared. As shown in Figure 1,
the hindered derivatives, being more lipophilic and hence
less soluble in the aqueous buffer, were generally less

Scheme 1. Synthesis of S-Acetylated and 3-Carboxy-
(4-nitrophenyldithio)thioimidate Reagents

Scheme 2. Synthesis of (4-Carboxamidophenyl-
dithio)thioimidates

Table 1. Aryldithio Group Reactivity
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reactive toward protein, the exception being M-AMPT,
which showed roughly the same reactivity as the parent
AMPT.
Stability of Model Disulfides in Derivatized AR-

3. The relative stability of the disulfide bond introduced
into AR-3 by derivatization with ligands M-AMPT 9, Ph-
AMPT 10, M-CDPT 13, and Ph-CDCT 14 was analyzed
by comparison with the parent unhindered linkers AMPT
and CDPT (19) using GSH as reducing agent.
To study the stability of the S-acetylated thioimidate

linkers (AMPT, M-AMPT, and Ph-AMPT) after deriva-
tization with the protein, the thioacetylated groups were
replaced by TNB by deacetylation with hydroxylamine
followed by exchange with DTNB. In this way it was
possible to measure the strength of the disulfide bond
introduced in the protein by following spectrophotometri-
cally the release of TNB at 412 nm after the addition of
GSH (Figure 2A).
Instead, to analyze the stability of the dithio group

introduced in the AR-3 protein after derivatization with
the series of the (carboxamidophenyldithio)thioimidate
linkers (CDPT, M-CDPT, and Ph-CDCT), it was sufficient
to measure spectrophotometrically the release of the
carboxamidophenylthiolate anion at 313 nm after addi-
tion of GSH (Figure 2B). Figure 2 indicates that there
is an increase in stability of the disulfide bond after
introduction of a methyl or phenyl group in an adjacent
position. As it was found for the kinetic constant values
of the nitrile precursors (Table 1), M-CDPT is the most
stable compound among the carboxamido derivatives,
while among the TNB derivatives, the most stable toward
thiol-disulfide exchange was that derived by the Ph-
AMPT linker.
Parts A and B of Figure 2 also show a different value

for the release of thiophenol due to higher thiol-disulfide
exchange reactivity in TNB-modified derivatives.
Preparation of Immunotoxins. Gelonin, a 30 kDa

cytotoxic single-chain glycoprotein obtained from the
seeds of Gelonium multiflorum (31, 32), was selected as
toxin to generate ITs after chemical conjugation with the
monoclonal antibody AR-3. According to the preceding
results, three different coupling procedures were followed
to compare the relative stability of the immunotoxins.
IT1 (Scheme 3). The CDPT ligand was first reacted

with the mAb to introduce 1.2 aryldithio groups/protein

molecule, whereas 1-1.1 acetylthio residues were intro-
duced into gelonin with AMPT; the derivatized proteins
were coupled in the presence of hydroxylamine to depro-
tect the acetylthio groups to obtain the corresponding IT.
IT2 (Scheme 3). The CDPT-modified AR-3 was reacted

with the gelonin previously thioacetylated with the
hindered linker M-AMPT (0.9-1.1 groups).
IT3 (Scheme 4). Both proteins were derivatized with

M-AMPT by introducing 0.9-1.1 acetylthio groups; the
modified mAb was then deacetylated with hydroxylamine
and reacted with DTNB and further directly coupled to
the S-acetyl-containing gelonin in the presence of hy-
droxylamine by a thiol-disulfide exchange reaction. In
this way the disulfide group was protected by the
introduction of two symmetric methyl groups in the
protein-protein linkage.
All of the coupling reactions proceeded for 5 h at 25

°C and for 18 h at 4 °C, and then aliquots were analyzed
by SDS-PAGE (Figure 3). The ITs (IT1 and IT2)
prepared using CDPT as ligand gave pure conjugate with
a molar ratio 1:1 mAb/gelonin at 85%; in fact, the
carboxamidophenylthiolate leaving group, being less

Figure 1. AR-3 derivatization degree with various thioimidate
esters. The mAb (60 µM) was reacted with a fixed molar excess
of ligand (×10); the derivatization efficacy was evaluated at
different time intervals after purification from the excess of
ligand as described under Experimental Procedures. The points
represent the arithmetic means of three determinations. SDs
(not reported) were <10% of the means.

Figure 2. Stability of disulfide bond introduced into AR-3 by
derivatization with different linkers so as to incorporate an
average of 1-1.2 mol of linkers/mol of antibody. The release of
thiophenol was monitored spectrophotometrically after the
addition of GSH. In (A) the release was followed at 412 nm after
the substitution of S-acetylthio group with TNB, while in (B)
the release was followed at 313 nm. Results were normalized
by dividing the absorbance at any time point by that obtained
with an excess of DTT and multiplying the product by 100. The
points represent the arithmetic means of three determinations.
SDs (not reported) were <8% of the means.
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reactive, produced the monoconjugate species in higher
yield compared with the TNB leaving group.
The results showed an inverse correlation between

disulfide bond stability and efficiency of conjugation in

this order: IT1 g IT2 > IT3; conjugation yields were
approximately 10% for IT1 and IT2 and 3-4% for IT3.
The disulfide-linked immunotoxins were purified by

HPLC gel filtration to remove the aggregates and the

Scheme 3. Preparation of IT1 and IT2

Scheme 4. Preparation of IT3
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unreacted toxin; then to completely remove the free mAb
from the conjugate, the mixtures were subjected to Affi-
Gel Blue affinity chromatography.
Disulfide Bond Stability of Conjugates in Vitro.

To test the in vitro stability of the immunotoxins, two
types of experiments were done using GSH as reagent.
First, the samples, after incubation with different ex-
cesses of GSH, were tested by densitometric analysis of
SDS-PAGE; the results showed less release of mAb from
conjugates IT2 and IT3 containing a steric hindrance
(Figure 4). In the second experiment the release of toxin
after reaction with GSH was monitored by HPLC and
quantified by area integration (data not shown).
The results obtained with the two methods were

comparable. However, using an excess of GSH >7000,
the cleavage of the mAb disulfide bond was measurable
only by the SDS procedure.
Evaluation of the Specific Cytotoxicity of Immu-

noconjugates. The cytotoxicity of each immunoconju-
gate was evaluated on target (HT-29) and control (MeWo)
cell lines. The three conjugates showed the same activity
in inhibition of protein synthesis since the IC50 values
were around 0.2-0.3 nM. All of the immunotoxins were
less effective on the nontarget MeWo cells (Figure 5).
Pharmacokinetics. To check the in vivo stability of

the hindered and unhindered disulfide bond, pharmaco-
kinetic behavior after iv bolus administration in Balb/c
mice was evaluated. Each immunotoxin was radio-
labeled with 125I and injected iv in groups of mice. Blood
samples were collected at interval times, and radioactiv-
ity was determined. The plasma samples were analyzed
by SDS-PAGE autoradiography and densitometry (Fig-
ure 6). The rate at which the unhindered conjugate IT1
broke down to release the free antibody in vivowas faster
than that of IT2 and IT3. For these, the plasma samples
contained approximately equal amounts of intact immu-
notoxin and released mAb 42-48 h after injection. As
was found in vitro, IT1 appeared to uncouple more
quickly in vivo; in fact, the conjugate band decreased to
50% after about 6-8 h.
Plasma concentrations of immunotoxin at each time

point were used to construct pharmacokinetic curves for
each conjugate (Figure 7). Computerized analysis of the

Figure 3. SDS-PAGE analysis of AR-3, gelonin, and ITs.
Samples were run on a 4-15% polyacrylamide gel under
nonreducing conditions and Coomassie blue staining: (lane A)
gelonin; (lane B) AR-3; (lane C) crude IT; (lane D) IT3; (lane E)
IT2; (lane F) IT1.

Figure 4. Release of mAb from the immunoconjugates. The
conjugates were incubated with different concentrations of GSH
for 1 h at 37 °C. The amounts released were measured by
densitometric analysis of SDS-PAGE. Results are the average
of three indipendent experiments (SDs were <10%).

Figure 5. Inhibition of [3H]leucine incorporation in HT-29
(target cell) (A) andMeWo (control cell) (B). The points represent
the arithmetic means of three determinations. SDs values (not
reported) were <10% of the means.

Figure 6. Autoradiograph of 7.5% SDS-PAGE gels of plasma
samples taken at various time intervals frommice that had been
given iv injections of IT2: (lanes A-E) plasma samples taken
at 0, 6, 24, 48, and 144 h after injection, respectively; (lane F)
AR-3; (lane G) IT2.
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clearance data using an open two-compartment pharma-
cokinetic model gave the parameters shown in Table 2.
The elimination curves were biphasic, having an initial

rapid R phase followed by a slower â phase. The
immunoconjugates most stable in vitro (IT2 and IT3)
were eliminated more slowly, while IT1 was cleared
rapidly, as shown by progressive increase of the respec-
tive â-phase half-lives (from 27.9 h for the unhindered
IT1 to 60.2 and 88.3 h for the hindered IT2 and IT3,
respectively). In contrast, the enhanced stability of the
linker did not effect the R phase half-life, which mainly
influences the distribution.

DISCUSSION

In an attempt to evaluate factors affecting immuno-
conjugate preparation and potency, we developed a series
of heterobifunctional cross-linking reagents (19). In this
study we synthesized linkers that should be useful to
prepare immunotoxins containing disulfide bonds with
improved stability in vivo. Two different types of bifunc-
tional linkers were synthesized: (1) a set of differently
substituted (aryldithio)thioimidate derivatives based on
an amine-reactive thioimidate function and a dithiophe-
nyl group able to perform thiol-disulfide exchange
reactions; (2) a series of thioimidate derivatives contain-
ing a protected S-acetyl thiol group. These types of linker
share in common reactivity toward lysyl ε-amino groups,
generating an amidinated linkage and thereby preserving
the positive charge of the protein. Some authors have
reported that modification of gelonin with reagents that
forms positively charged amidines preserves its activity,
while it is inactivated by derivatization with N-hydroxy-
succinimide esters (33). These linkers were designed to
generate a protected disulfide linkage after protein-
protein conjugation in which a methyl or phenyl group
is bound to the carbon atom adjacent to the dithio bond.

To assess the ability of the cross-linking reagents to
produce immunoconjugates highly stable in vivo but
reducible intracellulary, we developed different test
procedures.
In the aryldithio series we first tested the reactivity

of the precursor nitrile derivatives (hindered versus
unhindered) in a thiol-disulfide exchange reaction type
using cysteine as thiolating reagent. By considering the
kinetic constant values of the thiol-disulfide exchange
reaction of the two parent unhindered compounds, 4-[(2-
cyanoethyl)dithio]benzamide and 5-[(2-cyanoethyl)dithio]-
2-nitrobenzoic acid, we found the major factor in deter-
mining the reactivity toward cysteine to be the presence
of strong electron-withdrawing groups in the aromatic
ring (19). In both cases stability of the linker was
strongly enhanced when a methyl or a phenyl group was
bound to the carbon near the disulfide bond. For practi-
cal purposes we selected the carboxamidothioimidate
derivatives 13 and 14 to further test the reactivity of this
set of linkers toward the protein, since the more reactive
11 and 12 were not sufficently stable in aqueous buffer.
The next step was to evaluate the ability of the linkers

to derivatize the AR-3 mAb and to check the stability of
the disulfide group introduced. Reactivity toward the
protein strongly decreased when a phenyl group was
bound to the carbon atom adjacent to the disulfide bond.
In contrast, with a different series of 5-substituted
2-iminothiolanes, reactivity with protein amino groups
was unaffected by ring substituents (34). Probably in our
series some factors limited the overall reaction kinetics
as the aqueous solubility became predominant.
To choose the best hindered cross-linking for prepara-

tion of stable disulfide-linked immunotoxins, different
features were evaluated, such as (a) stability and solubil-
ity of the linker in aqueous solution, (b) reactivity of the
linker toward the model protein, and (c) the protective
effect of the methyl or phenyl groups toward disulfide
bond cleavage. Taking these factors together, M-AMPT
appeared to be the best balanced coupling reagent. We
therefore applied two coupling procedures taking
M-AMPT as reference linker in constructing stable dithio
bond-containing immunotoxins: (1) a CDPT-derivatized
antibody coupled to M-AMPT-thiolated gelonin to intro-
duce one methyl group adjacent to the disulfide bond
(IT2); (2) an M-AMPT-derivatized gelonin coupled to the
antibody first derivatized with M-AMPT followed by
activation of the thiol group by DTNB (IT3). In this case
we introduced symmetrical methyl groups at each end
of the dithio linkage. As reference we synthesized an
unhindered IT by using CDPT and AMPT to derivatize
the antibody and the gelonin respectively (IT1).
Conjugates IT1, IT2, and IT3 showed almost the same

cytotoxic activity toward the target HT-29 cell line,
whereas they were nearly ineffective on the nontarget
MeWo cell line.
In vivo the stability of the hindered versus the unhin-

dered immunotoxins was verified by studying the phar-
macokinetic behavior after iv bolus administration in
Balb/c mice.
All three ITs had similar R phase half-lives, suggesting

Table 2. Pharmacokinetic Parametersa

A (µg/mL) B (µg/mL) T1/2R (h) T1/2â (h) AUC (µg·h·mL-1) Cl (mL/h) VSS (mL) MRT (h)

IT1 0.63 ( 0.06 0.094 ( 0.006 1.8 ( 0.22 27.9 ( 1.39 5.4 ( 0.21 0.49 ( 0.02 14.2 ( 0.77 28.8 ( 1.61
IT2 0.65 ( 0.05 0.10 ( 0.005 1.9 ( 0.21 60.2 ( 1.81 10 ( 0.38 0.34 ( 0.011 20 ( 1.20 56 ( 3.58
IT3 0.76 ( 0.06 0.098 ( 0.005 2.2 ( 0.22 88.3 ( 4.42 15 ( 0.51 0.25 ( 0.0092 27 ( 1.52 107 ( 7.28
AR-3 1.5 ( 0.13 0.72 ( 0.039 2.23 ( 0.25 138.6 ( 5.54 148 ( 5.18 0.014 ( 0.0006 4.1 ( 0.22 215 ( 13.5
a The values were obtained by adopting a two-compartment open pharmacokinetic model.

Figure 7. Blood clearance. Mice were given iv injections of
radioiodinated immunotoxins, and blood samples were removed
at various time intervals later. The percentage of the injected
dose that corresponded to intact immunotoxin was determined
with plasma samples both by γ counting and by scanning
autoradiographs of SDS gels. The points represent the arith-
metic means of three determinations. SDs (not reported) were
<9% of the means.
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that reducibility of the linkage is not a limiting factor
during the R phase.
Instead, in the â phase the sterically hindered conju-

gate IT2 had a significantly longer half-life (60.2 h)
compared with that of the unmodified disulfide IT1 (27.9
h), while the symmetrical dimethyl disulfide-linked IT3
(88.3 h) had the longest â phase half-life. To our
knowledge, this is the longest â phase half-life so far
reported for an immunotoxin in rodents. Potentially
increased in vivo therapeutical efficacy of the hindered
immunoconjugates was also suggested by the increases
in the AUC and MRT values.
Thorpe, both in preclinical and clinical studies (14, 17,

18), showed that IT with a methyl-hindered linker had
greater antitumor activity, when given in equimolar dose,
than IT with unhindered linkers. Excellent in vivo
stability as well as favorable pharmacokinetics were also
shown in a colorectal tumor-directed immunotoxin (35).
Other authors disagreed; studying the in vivo therapeutic
efficacy of two anti CD7-saporin ITs constructed with
either hindered (SMPT) or unhindered (SPDP) linkers,
they were unable to show any significant difference (36).
It is possible that in some cases the tertiary structure of
the coupled protein surrounding the linkage may inhibit
the ability of GSH to cleave the disulfide bond in the IT
(37). Indeed, it was shown that Abrin A chain IT was
less susceptible to cleavage in vitro and in vivo than other
ITs made with ricin A chain, gelonin, or momordin (38).
In conclusion, all of our data are in agreement with

previous findings that the introduction of a hindered
disulfide linkage into ITs has little or no effect on
pharmacological potency (14-16), suggesting that disul-
fide clevage is not the rate-limiting step in intoxication
of cell by AR-3-gelonin conjugates. Morever, resistance
to cleavage of dithio bond in vitro or in vivo is directly
related to the degree of steric hindrance afforded by the
group adjacent to the disulfide bond.
We noted that ITs such as IT3 made with a sym-

metrical dimethyl-substituted disulfide bond showed a
substantially greater in vivo stability than the mono-
methyl-substituted IT2. When two geminal methyl
groups are linked to the R-carbon adjacent to the dithio
bond, comparable stability and plasma elimination pro-
files have been observed in comparison to the mono-
methyl-substituted IT (16).
It will be possible to extend the approach described to

design protein-protein or drug-protein conjugates in
which controlled time-dependent release of the drug,
following systemic delivery, is desirable.
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Single-Chain Fv/Folate Conjugates Mediate Efficient Lysis of
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Bispecific antibodies that bind to a tumor antigen and the T cell receptor (TCR) redirect cytotoxic T
lymphocytes (CTL) to lyse tumor cells which have escaped normal immune recognition mechanisms.
One well-characterized tumor antigen, the folate receptor (FR), is expressed on most ovarian carcinomas
and some types of brain cancer. Recently, it was shown that conjugates of folate and anti-TCR
antibodies are extremely potent bispecific agents that target tumor cells expressing the high-affinity
folate receptor, but not normal cells expressing only the reduced folate carrier protein. In this paper,
it is shown that the size of these conjugates can be reduced to the smallest bispecific agent yet described
(30 kDa) by attaching folate to a single-chain antibody, scFv, of the anti-TCR antibody KJ16. The
scFv/folate conjugates are as effective as IgG/folate conjugates in mediating lysis of FR+ tumor cells
by CTL. The optimal folate density was in the range of 5-15 folate molecules per scFv or IgG molecule,
which yielded half-maximal lysis values (EC50) of approximately 40 pM (1.2 ng/mL for scFv). Finally,
the scFv/folate conjugates could efficiently target tumor cells even in the presence of free folic acid at
concentrations that are normally found in serum. Compared to conventional bispecific antibodies,
the small size of scFv/folate conjugates may prove advantageous in the ability to penetrate tumors
and in reduced immunogenicity.

INTRODUCTION

It has been known for over 50 years that the immune
system is capable of attacking and eliminating very large
tumor burdens but sometimes fails to do so (1). Although
the basis of this “escape” is incompletely understood (2),
one mechanism involves the failure of tumor cells to
express antigens in a context that is essential for
recognition by the immune system [reviewed by Pardoll
(3)]. Another mechanism might be the loss of costimu-
latory ligands and adhesion molecules that aid in the
recognition and activation of T cells (4).
One potential way to direct T cells or other immune

effector cells against tumor cells is with bispecific anti-
bodies [reviewed by Fanger (5)]. Bispecific antibodies can
be constructed to recognize two separate antigens, one
on the tumor surface and the other on the surface of a
cytotoxic T cell (e.g. TCR1). Many tumor cells have
potential target antigens that are tumor-specific or
quantitatively more abundant on tumor cells than normal

cells (tumor-associated). By bringing together the tumor
cell and an activated T cell, bispecific antibodies can
redirect the cytotoxicity of T cells against tumors. Previ-
ous work has demonstrated the effectiveness of bispecific
antibodies against tumors in vitro and in vivo and some
clinical trials have been initiated (e.g. see refs 6-12). It
has generally been agreed that optimizing the properties
of bispecific antibodies should improve their clinical
effectiveness.
Among the tumor antigens targeted with bispecific

antibodies has been the high-affinity folate receptor (FR),
also called the folate binding protein. The FR is now
known to be expressed at elevated levels on many human
tumors, including ovarian carcinomas [e.g. one study
showed that 98% of ovarian tumors express the FR (13)],
choroid plexus carcinomas, and ependymomas (14, 15).
These cancers affect a significant segment of the popula-
tion: ovarian cancer is the fourth leading cause of cancer
death among women (16) and at least 30% of early
childhood tumors are diagnosed as ependymomal or
choroid plexus tumors (17, 18).
The presence of high levels of FR on human tumor cells

has made it an attractive candidate for tumor-specific
therapeutics. Monoclonal antibodies to the human FR
have been generated and shown to be effective at target-
ing FR+ tumors in vitro (19-21). Clinical trials with
radiolabeled antibodies and anti-FR/anti-CD3 bispecific
antibodies have recently been initiated (9, 10, 12).
Another approach has been to use the endocytic proper-
ties of the FR to deliver toxins or antisense nucleotides
to the interior of malignant cells (22, 23). Although
relatively low levels of FR mRNA have been detected in
most normal human tissues (14), several studies have
shown that normal choroid plexus, kidney, thyroid, colon,
and placenta may have elevated levels [14, 24, 25;
reviewed by Antony (26)]. Despite the presence of FR
on normal human tissue, clinical trials using the anti-
FR/anti-CD3 bispecific antibody have not demonstrated
any toxicity associated with cyotolysis of normal FR
expressing tissue (9, 10).
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The high intrinsic affinity of folate for FR (Kd ∼ 1 nM)
suggested to us that attachment of folate directly to an
anti-TCR antibody might efficiently target FR+ tumor
cells for lysis by T cells. We recently reported that such
conjugates have very potent targeting activity without
adversely affecting normal cells that express only the
reduced folate carrier protein [Kd ∼ 1.5 × 10-6 (27)],
which is responsible for normal dietary uptake of folate
and the transport of folate-based dihydrofolate reductase
inhibitors such as methotrexate. It is reasonable to
predict that the most effective agents for targeting solid
tumors will have reduced sizes that allow greater tumor
penetration. For instance, comparative biodistribution
studies with 125I-labeled IgG, F(ab)2, Fab fragments, and
scFv in human colon carcinoma xenografts in athymic
mice demonstrated that scFv molecules penetrated tumor
more rapidly, to a greater depth, and more uniformly
than other forms of the antibody (28).
In this paper, a 29-kDa scFv of the anti-Vâ8 antibody

KJ16 (29) was conjugated with folate and its targeting
potential was evaluated in vitro. Cytotoxicity assays with
these preparations showed that lysis of mouse FR+ tumor
cells was highly specific and correlated directly with FR
density (r ) 0.93). Comparison between folate-labeled-
IgG and scFv demonstrated that both conjugates have
nearly identical targeting efficiencies (EC50 ) 40 pM), and
lysis with scFv/folate could be detected at concentrations
as low as 1 pM. Direct competition experiments with free
folate demonstrated that the scFv/folate conjugate could
effectively target FR+ tumor cells even at folate concen-
trations above normal serum levels. The reduced size of
the scFv/folate compared to other bispecific reagents as
well as its high potency suggests that it has potential
for in vivo therapy. In addition, the conjugate may serve
as a model for the development of future novel bispecific
agents that contain small ligands specific for tumor cell
surface antigens.

EXPERIMENTAL PROCEDURES

Cell Lines and Antibodies. The following DBA/2-
derived tumor cell lines were maintained in RPMI 1640
containing 5 mM HEPES, 10% fetal calf serum, 1.3 mM
L-glutamine, 100 units of penicillin/mL, 100 µg/mL strep-
tomycin, and 50 µM 2-mercaptoethanol: Mel, murine
erythroleukemia cell (30); La, a subline of Mel selected
on low folate (31); L1210, a murine leukemia cell line (32);
and F2-MTXrA, a MTX-resistant subline of L1210 se-
lected for increased expression of FR-â by growth on low
folic acid (33). La expresses primarily the R isoform of
folate receptor (FR), F2-MTXrA expresses only the FR-â
isoform, and L1210 expresses both R and â isoforms. CTL
clone 2C, a Vâ8+ alloreactive cell line specific for Ld (34),
was maintained in the same RPMI medium supple-
mented with 10% (v/v) supernatant from concanavalin
A-stimulated rat spleen cells, 5% methyl R-mannoside,
and mitomycin C treated BALB/c mouse spleen cells as
stimulators. KJ16 is a rat IgG antibody specific for the
Vâ8.1-2 domains of the TCR (35) and was provided by
Drs. Kappler and Marrack. KJ16 monoclonal antibody
was prepared from tissue culture supernatant generated
in a Vita-Fiber miniflow path bioreactor (Amicon) and
concentrated by precipitating twice in 50% ammonium
sulfate. KJ16 Fab fragments, FITC-labeled Fab frag-
ments, and KJ16 scFv were generated and purified as
described previously (29). Briefly, scFv was refolded from
inclusion bodies, and monomeric scFv was purified by
G-200 HPLC purification. Monoclonal antibody 30.5.7
is specific for the major histocompatibility complex
(MHC) class I product Ld (36) and was prepared as ascites

fluid and used without further purification in some
cytotoxicity assays.
Preparation of Antibody/Folate Conjugates. Folate

was coupled through its carboxyl groups to antibody
amine groups using a carbodiimide procedure described
previously (27, 37). Unless indicated, a 5-fold molar
excess of 1-ethyl-3-[3-(dimethylamino)propyl]carbodiim-
ide hydrochloride (EDC, Pierce Chemical Co.) was added
to folate (Sigma) dissolved in dimethyl sulfoxide. After
30 min at room temperature in the dark, a 20-700-fold
molar excess of the EDC-activated folate was added to
0.1-0.5 mg of antibody in 0.1 M MOPS, pH 7.5. After 1
h at room temperature, the sample was either applied
to a Sephadex G-25 column pre-equilibrated in 0.1 M
MOPS or immediately dialyzed into phosphate-buffered
saline (PBS; 10 mM sodium phosphate, 150 mM sodium
chloride, pH 7.3). If passed over a G-25 column, the
excluded-peak fractions were pooled and dialyzed against
PBS. After dialysis, protein concentrations were deter-
mined using the bicinchoninic assay (Pierce) using a
protein A purified intact mouse antibody as the standard.
Antibody conjugates were also analyzed spectrophoto-
metrically at 363 nm, and the density of the folate per
antibody was calculated by dividing the molar concentra-
tion of folate on the conjugate (A363/εM; εM ) 6197 M-1)
by the antibody concentration. Folate densities obtained
ranged from ∼1 to ∼120 folates/antibody. Conjugates
were stored at 4 °C in the dark.
Mass Spectrometry. Mass spectra were obtained on

a TofSpec using electrospray ionization. Samples were
dialyzed against 1 mM potassium phosphate buffer, pH
8.0, and concentrated to 10-25 pmol/mL. Analysis was
performed by the Mass Spectrometry Laboratory, School
of Chemical Science, University of Illinois.
Folate Binding Assays. Binding assays were con-

ducted by using 125I-labeled folate (NEN; specific activity
) 2200 Ci/mmol; 1 Ci ) 37 GBq). Cells were washed
with PBS containing 0.1% bovine serum albumin, pH 7.3
(PBS-BSA), to remove excess free folate present in the
cell culture medium. Cells, labeled folate, and competi-
tors were incubated in triplicate in 50 µL of PBS-BSA
for 1 h at 37 °C. Incubation at 37 °C has previously been
shown to produce levels of binding similar to that
obtained with acid pretreatment (27). Samples were
loaded into tubes containing 300 µL of oil [80% (v/v)
dibutyl phthalate/20% (v/v) olive oil], and bound and free
ligand were separated by a 3 s centrifugation at 12000g.
Tubes were frozen and cut to allow the radioactivity in
the cell pellet and supernatants to be quantitated sepa-
rately.
T Cell Receptor Binding Assays. The relative

affinity of the scFv/folate conjugates for the TCR was
determined by a competition assay with 5-aminofluores-
cein isothiocyanate (FITC)-labeled KJ16 Fab fragments
as previously described (29). In brief, various concentra-
tions of antibody were added to triplicate sets of 6 × 105
2C cells in the presence of a constant amount of FITC-
labeled Fab fragments. After a 30 min incubation on ice,
the entire mixture (antibody + FITC-labeled Fab frag-
ments + 2C cells) was passed through a flow cytometer
without washing. Inhibition by various KJ16 prepara-
tions was measured by quantitating the decrease in
bound fluorescence by flow cytometry (performed with a
Coulter Electronics EPICS 752 at the University of
Illinois Biotechnology Center). The concentrations of
unlabeled antibody giving 50% inhibition (IC50) were
determined relative to the maximum fluorescence (in the
absence of inhibitor) and the background fluorescence (in
the presence of a large excess of intact antibody).
Cytotoxicity Assays. Tumor cells were labeled with
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50-100 µL of 51Cr (2.5 mCi/mL) for 60 min at 37 °C,
washed twice with folate-free RPMI 1640 medium con-
taining 5% (v/v) fetal calf serum (folate-free media), and
used in 96-well plate cytotoxicity assays at 104 cells per
well. Because each of these cell lines also expressed the
alloantigen Ld, which is recognized by CTL 2C, assays
were performed in the presence of anti-Ld antibody to
minimize non-FR-mediated lysis. Ascites of anti-Ld

antibody 30.5.7 was diluted 1:100 into folate-free media
containing effector cells (2C). Effector cells were added
to target cells at an effector-to-target cell ratio of 5:1.
Antibodies and folate/antibody conjugates were diluted
in folate-free media and added to triplicate wells at
various concentrations. Plates were incubated at 37 °C
for 4 h in 5% CO2, and supernatants were removed for γ
counting. For the inhibition of scFv/folate by free folate,
a nonsaturating concentration of scFv/folate (3 nM) that
would generate maximal cytotoxicity was used together
with various concentrations of free folate. Unless indi-
cated otherwise, the specific release mediated by the
folate conjugates was determined by subtracting the
release in the absence of the conjugates [e.g. % specific
release ) (experimental counts - spontaneous counts)/
(maximal counts - spontaneous counts) × 100].
EC50 values (i.e. the concentration of antibody/folate

conjugate required for half-maximal specific lysis) were
determined by linear regression. Among independent
experiments, EC50 values and maximum cytotoxicity
could vary for the same conjugate preparation primarily
due to differences in CTL activity. For example, notice-
able reductions in CTL 2C activity can be observed after
multiple passages in vitro (unpublished data, D.M.K.).
Therefore, for comparison of EC50 values from different
experiments (i.e. Figure 5B), assay results were normal-
ized by dividing each calculated EC50 by the EC50 of the

most potent conjugate in a given experiment [e.g.
EC50

normalized ) (EC50/EC50
low )]. The inverse of this

normalized value, [(EC50
normalized)-1, which we have called

the targeting index] was plotted as a function of folate
density on the antibody, where a targeting index ) 1
specifies the most potent conjugate.

RESULTS

Characterization of scFv/Folate Conjugates. The
scFv of KJ16, an anti-Vâ8 antibody, was purified from
Escherichia coli inclusion bodies after guanidine dena-
turation, refolding, and HPLC gel filtration. Purified
scFv migrated as an apparent 35-kDa protein on SDS-
PAGE gels (Figure 1A). Folate was coupled to the scFv
using the carbodiimide (EDC) reaction, which links
carboxyl groups of folate to primary amine groups on the
protein. In the engineering of the scFv, the VL and VH
domains were joined by the 26 residue linker, 205s, that
contains 8 lysine residues (29, 38). We reasoned that the
presence of multiple lysine residues in a highly accessible,
solvent-exposed region may result in higher folate densi-
ties in the linker region as opposed to the antibody V
regions. In initial studies, folate was coupled to the scFv
at a 100:1 folate to antibody molar ratio. Under these
conditions, scFv/folate preparations contained an average
of 3-8 folates per antibody (N ) 3), on the basis of
spectrophotometric analysis. Consistent with this find-
ing, migration of the scFv/folate conjugate on SDS-
PAGE gels was slightly slower than that of scFv and the
band was more diffuse (Figure 1A).
The folate density determined by photometry does not

provide information about the heterogeneity of the
conjugates. To determine the range of epitope densities
within a single preparation, scFv/folate conjugates were

Figure 1. SDS-PAGE analysis and mass spectra of purified preparations of scFv KJ16 and scFv/folate conjugate: (A) samples
were electrophoresed through a 10% polyacrylamide gel under reducing and nonreducing conditions, and proteins were visualized
by staining with Coomassie Blue; (B) samples were concentrated, dialyzed against 1 mM potassium phosphate buffer, pH 8.0, and
mass spectra were obtained on a TofSpec using electrospray ionization. Purified scFv existed as a single species with a molecular
mass of 29 082 Da. In contrast, folate-labeled scFv existed as a collection of antibody populations, each differing by the molecular
mass of a folate molecule (∼400 Da), detectable up to 7 folates per antibody.
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examined by electrospray ionization mass spectrometry
(Figure 1B). Unlabeled scFv demonstrated a single peak
with a molecular mass of 29 082 Da. In contrast, folate-
labeled scFv existed as a collection of antibody popula-
tions, each differing by the molecular mass of a folate
molecule (∼400 Da), detectable up to 7 folates per
antibody. Integration of mass spectra showed that>85%
of the scFv molecules were labeled with one or more folate
molecules. Folate densities estimated from mass spectra
were generally 1.5-2-fold lower than densities estimated
by spectrophotometry. This could in part be due to lower
solubility of high-density conjugates under conditions
required for mass spectrometry or to the dissociation of
some folate molecules during ionization.
Binding of scFv/Folate Conjugates to the T Cell

Receptor. To examine if folate conjugation affected the
binding of scFv antibodies to the TCR, a scFv/folate
conjugate was compared with unlabeled scFv. In a
competitive flow cytometric assay, fluorescein-labeled
KJ16 Fab fragments were inhibited from binding the
Vâ8-positive CTL clone 2C by unlabeled Fab fragments,
scFv, or scFv/folate (Figure 2). As shown previously, scFv
antibodies have an approximate 3-fold higher apparent
affinity than Fab fragments, possibly because of the
presence of noncovalently associated scFv dimers (29).
Comparison of folate-labeled and unlabeled scFv showed
that the folate conjugate had an apparent affinity ∼3-
fold lower than scFv (i.e. approximately equal to KJ16
Fab fragments). This decreased binding, compared to
unlabeled scFv, could be due either to chemical modifica-
tion of active site residues with folate or to the interfer-
ence of dimer formation by folate. The fact that folate
conjugates bound the TCR as well as KJ16 Fab frag-
ments, which have a KD of ∼130 nM (29, 39), indicated
that the conjugates have potential to mediate lysis of
target cells by CTLs.
Binding of scFv/Folate Conjugates to Folate Re-

ceptors on Tumor Cells. The ability of scFv/folate
conjugates to bind folate receptors (FR) on the surface of
tumor cells was examined by a competition binding assay
using 125I-labeled folate as the labeled ligand (Figure 3).
The competition assay used the F2-MTXrA cell line that
expresses the â isoform of the FR. Competitors included
various concentrations of free folate, unlabeled scFv, and
three different scFv/folate preparations. Examination of

the binding curves showed that folate-conjugated anti-
body, but not unlabeled scFv, binds to the FR+ tumor cell
line. However, on the basis of molar folate concentration,
the folate conjugates had a relative affinity that was
approximately 10-30-fold less than that of free folate.
This decrease in apparent affinity was consistent with
previous observations (27) and could be partly attributed
to the carbodiimide labeling procedure. This procedure
links folate through either the R or γ carboxyl group, but
only linkage through the γ carboxyl retains binding (40).
It is also possible that receptor-mediated internalization
or decreased accessibility of the FR may also explain the
lower apparent affinity of the folate conjugate. Included
in the latter is the possibility that neighboring folates or
amino acids sterically hinder interaction with the FR.
CTL-Mediated Lysis of FR+ Tumor Cells by scFv/

Folate Conjugates. The specificity and efficiency of
tumor targeting with scFv/folate conjugates were exam-
ined in a 51Cr release assay with CTL clone 2C (Figure
4). Four different tumor cell lines that have a range of
cell surface FR densities were used as target cells: F2-

Figure 2. Binding of KJ16 scFv/folate to cell surface T cell
receptor. The binding of FITC-labeled KJ16 Fab fragments to
the Vâ8-positive T cell clone 2C was inhibited by purified scFv/
folate, scFv, or Fab fragments. A total of 6 × 105 2C cells was
incubated for 30 min at 4 °C with FITC-labeled KJ16 Fab
fragments (∼7.0 × 10-8 M) and various concentrations of folate-
labeled scFv KJ16 (7.8 fol/scFv, 2), unlabeled scFv (9), and
unlabeled Fab fragments (O). A relative affinity of the scFv/
folate was determined by comparing the concentrations required
to inhibit 50% of the FITC-labeled Fab fragments from binding
the 2C TCR.

Figure 3. Binding of KJ16 scFv/folate to folate receptors. 125I-
labeled folate (∼1.8× 10-10 M, 2000 Ci/mM) was incubated with
F2-MTXrA cells in the presence or absence of competitors for 1
h at 37 °C. Concentrations refer to folate rather than antibody
concentrations. Competitors included free folate (0) and KJ16
scFv/folate conjugates with different folate densities: 2.8 fol/
scFv (O), 9.2 fol/scFv (9), and 20.4 fol/scFv (2). Inhibition was
not observed in the absence of competitor (4) or in the presence
of unconjugated scFv (b) (error shown is ( average SEM).

Figure 4. Cytotoxicity assay of various tumor cells lines with
the scFv/folate conjugate and CTL clone 2C. Various concentra-
tions of the scFv/folate conjugate were incubated with 51Cr-
labeled tumor cells and CTL 2C for 4 h at an effector-to target
ratio of 5:1. Experiments were performed in the presence of anti-
Ld antibody to minimize lysis due to recognition of Ld, the
nominal ligand for CTL 2C. Lysis correlated directly with the
level of FR expressed by the cell line: F2-MTXrA (200 000 sites/
cell, 2); La (60 000 sites/cell, 9); L1210 (8 000 sites/cell, b); Mel
(not detectable FR, O). Assays with free folate at a final
concentration of 1.5 µM were performed with the scFv/folate
conjugate at a concentration of 0.09 nM (+ folate).
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MTXrA (200 000 sites/cell); La (60 000 sites/cell); L1210
(8 000 sites/cell); Mel (no detectable FR). Each of the FR+

cell lines was lysed in the presence of the scFv/folate
conjugate, and the extent of lysis was directly correlated
with the expression level of the FR (r ) 0.93). Lysis was
completely inhibited by free folate, indicating that target-
ing of the tumor cells was specifically mediated by the
folate receptor and not some other cell surface molecule.
The lysis mediated by these conjugates was highly
specific (e.g. the FR- cell line Mel was not lysed by the
conjugate even at concentrations over 105 times that
required for detectable killing of the FR+ cell line F2-
MTXrA) and extremely potent (e.g. lysis was detectable
at concentrations as low as 1 pM of scFv/folate). The
slight reduction in observed lysis at the highest concen-
trations of conjugate occurs because excess bispecific
antibody yields monospecific binding without cell-to-cell
cross-linking (41). The presence of reduced folate carrier
protein (as present in Mel and in all other normal cells)
does not result in cell destruction. It is important to point
out that the FR density reportedly on ovarian tumors is
even higher (∼1 million/cell) than those on these tumor
cell lines (21).
Effects of Folate Density on Targeting. To exam-

ine the effects of folate density and labeling on the
targeting efficiency of scFv/folate conjugates, the antibody
was labeled with folate under various carbodiimide-
mediated coupling conditions. The carbodiimide EDC
couples folate through the free carboxyl groups, but when
used in the presence of protein, it may also lead to protein
modification and subsequent precipitation or inactivation.
To evaluate the optimal levels of EDC for folate coupling,
several different concentrations of EDC at a constant
folate concentration were used during coupling. EDC
used at either 13 or 65 mM generated conjugates with
approximately equal targeting efficiency. EDC used at
260 mM yielded conjugates with reduced efficiency and
frequently led to protein precipitation (data not shown).
To directly examine the effect of folate density, acti-

vated folate was prepared at a constant EDC/folate ratio
(5:1) and conjugates were produced by adding different
ratios of activated folate to the scFv protein. After
dialysis to remove unreacted folate and excess EDC,
conjugates were evaluated by spectrophotometry to de-
termine folate densities and cytotoxicity assays to evalu-
ate targeting efficiency. Folate densities ranged from
approximately 1 to 20 folates per scFv. As shown in
Figure 5A, each of the conjugates was capable of mediat-
ing lysis of the FR+ tumor cell line by CTL clone 2C.
However, conjugates with either the lowest density (1.3
folates/scFv) or highest density (20.4 folates/scFv) were
5-10-fold less effective than conjugates with intermedi-
ate folate densities.
To better evaluate the effects of folate density, the

above experiment was performed with several additional
folate conjugate preparations. To directly compare the
results of these assays, the EC50 of each conjugate was
determined by linear regression and divided by the EC50
of the conjugate that yielded the highest targeting
efficiency (i.e. the lowest EC50; see Experimental Proce-
dures). A plot of the normalized targeting values as a
function of the folate density (Figure 5B) demonstrates
that optimal folate density appears to be in the range of
5-15 folates/scFv. At higher folate densities, the target-
ing efficiency of the conjugates is generally lower and
more variable than those of conjugates with an interme-
diate amount of folate. The reduction in targeting
efficiency at higher folate densities is not due to the
inability of these conjugates to bind to FR+ cells (Figure
3), but is likely a consequence of chemical modification

of amino acid residues important in TCR binding by the
scFv or in scFv stability.
Comparison of Intact Antibody and scFv. To

determine the relative effectiveness of intact KJ16 IgG
versus scFv-KJ16, both forms were labeled with folate
at a 100:1 molar ratio of activated folate to antibody and
under identical EDC reaction conditions (33 mM EDC,
6.7 mM folate). These conditions yielded folate densities
of 7 and 5 for the scFv and intact antibody, respectively.
Cytotoxicity assays with these preparations showed
nearly identical targeting efficiencies for the intact and
scFv forms of KJ16 (Figure 6). The concentration re-
quired to obtain 50% of the maximal specific release
(EC50) was approximately 40 pM (1.2 ng/mL for scFv).
Comparison of intact and scFv conjugates in an 125I-
labeled folate binding assay indicated no significant
difference in their ability to bind FR (data not shown).
Intact KJ16 antibody was also labeled at various folate

densities to determine if targeting efficiency could be
optimized further. Conjugates were again evaluated by
spectrophotometry to determine folate densities and
cytotoxicity assays to evaluate targeting efficiency (Fig-

Figure 5. Effect of folate density on targeting with scFv/folate
conjugates: (A) scFv/folate conjugates with different folate
densities were prepared by labeling scFv protein with various
amounts activated folate, using an EDC/folate ratio of 5:1 (EDC
) 65 mM). Folate densities were 1.3 fol/scFv, b; 4.0 fol/scFv, 9;
9.2 fol/scFv, 2; 9.3 fol/scFv, O; and 20.4 fol/scFv, 4. Conjugates
were tested in cytotoxicity assays using F2-MTXrA and CTL 2C.
(B) Relative targeting efficiency of various scFv/folate conjugates
as a function of increasing folate density. Targeting index values
were determined by normalizing EC50 values of the various
conjugates with the most effective conjugate (value ) 1) (see
Experimental Procedures for details). Each open circle (O)
represents a single scFv/folate conjugate prepared using an
EDC/folate ratio of 5:1 (EDC 33-65 mM) and tested in cyto-
toxicity assays using F2-MTXrA and CTL 2C.

342 Bioconjugate Chem., Vol. 8, No. 3, 1997 Cho et al.



ure 7). Folate densities ranged from approximately
4-126 folates/antibody molecule. As shown with scFv
preparations, high and low folate density resulted in
decreased targeting effectiveness for the intact antibody.
As with scFv preparations, the optimal densities appear
to be in the range of 5-15 folates/antibody, as determined
by spectrophotometry.
Inhibition of scFv/Folate Conjugate-Mediated

Lysis by Free Folate. Normal serum folate may reduce
the effectiveness of the scFv/folate conjugate by compet-
ing for the folate receptor in vivo. A 51Cr release assay
was used to evaluate the effectiveness of the scFv/folate
conjugate-mediated lysis at biologically relevant concen-
trations of free folate (Figure 8). Free folate was diluted
in folate-free media, and various concentrations were
added to triplicate wells containing 51Cr-labeled F2-
MTXrA cells, 2C effector cells, and a fixed, nonsaturating
concentration of scFv/folate conjugate (3 nM) that would
generate maximal specific release. The resulting titra-
tion curve demonstrated that at normal human serum
folate levels [9-36 nM (42, 43)] the scFv/folate conjugate
retained most of its activity. For instance, at 20 nM
folate, the scFv/folate conjugate exhibited over 80% of its
CTL-mediated targeting potential. Although murine
serum folate levels are significantly higher than normal
human serum values (124-700 nM) due to folate-rich
chow (44, 45), even at these elevated folate concentra-

tions, the scFv/folate conjugate exhibited 30-60% of its
targeting potential.

DISCUSSION

The most effective agents for targeting solid tumors
will likely have reduced sizes that allow greater tumor
penetration. This paper characterizes the smallest bispe-
cific agent yet described for redirecting the activity of
immune effector cells against tumors. Initial bispecific
antibody studies to target ovarian tumors that express
high-affinity FR have used intact heterobifunctional
antibodies (∼150 kDa) that bind to CD3 and the FR.
These agents showed efficacy in animal models, and they
have recently entered testing in clinical trials (9, 10, 12).
Although not yet reported for anti-FR antibodies, several
laboratories have shown that it is possible to engineer
smaller bispecific antibodies of ∼60 kDa by linking two
scFv regions (41, 46, 47). Here we show that the size of
a bispecific targeting agent can be reduced even further
to ∼30 kDa for the scFv/folate conjugates. Furthermore,
the targeting efficiency of the engineered scFv/folate
conjugate is comparable to that of the native intact
antibody/folate conjugates.
For coupling of folate to the anti-Vâ8 scFv KJ16, a

carbodiimide reaction that links the carboxyl groups of
folate to the amino groups of the antibody was used. KJ16
scFv binds to the cell surface TCR with an affinity that
is similar to that of the intact KJ16 antibody (29). The
VL and VH regions of the scFv are linked by a 26 amino
acid region that contains 8 lysine residues. We reasoned
that this charged linker would be accessible to folate,
would be located distal to the binding site, and would
contain multiple attachment sites for folate through the
EDC reaction. Under coupling conditions where folate
concentrations are nonsaturating, the scFv and intact
antibody have comparable densities of folate attached per
molecule (∼5-15 folates/molecule), despite the 5-fold
greater size of the intact antibody. Cytolytic assays
demonstrated that these conjugates have very similar
targeting efficiencies (Figure 6).
Although folate is probably attached to lysines present

in the linker, the scFv/folate conjugates are actually
heterogeneous populations as evidenced by mass spectra
(Figure 1B). Within a scFv/folate preparation there are
most likely conjugates with enhanced targeting proper-
ties and conjugates with diminished targeting properties.
The former could include not only those with folate at
an accessible location but perhaps those with multiple

Figure 6. Comparison of scFv/folate and IgG/folate in CTL-
mediated lysis of tumor cells. Folate was conjugated to KJ16
scFv and intact antibody under identical conditions (3.3 mM
EDC, 100:1 molar ratio of folate/antibody), yielding conjugates
with 7 fol/scFv (b) and 5 fol/IgG (9). Cytotoxicity assays were
performed with these conjugates using 51Cr-labeled F2-MTXrA
cells and CTL clone 2C.

Figure 7. Effect of folate density on targeting with IgG/folate
conjugates. Intact antibody was labeled at several folate con-
centrations to determine if, like scFv, a specific range of folate
density would yield the optimal targeting effectiveness. Conju-
gates with the following densities were assayed with 51Cr-
labeled F2-MTXrA cells and CTL clone 2C: 4.5 fol/IgG, 0; 7.0
fol/IgG, b; 13.6 fol/IgG, 2; 56.7 fol/IgG, 9; and 126.2 fol/IgG, O.

Figure 8. Inhibition of scFv/folate-mediated lysis by free folate.
Various concentrations of free folate were added to triplicate
wells containing 51Cr-labeled F2-MTXrA cells, 2C effector cells,
and a fixed, nonsaturating concentration of scFv/folate conjugate
(∼8 fol/scFv) that would yield maximal specific release (3 nM).
Inhibition was calculated as a function of the specific release
in the absence of folate competitor. Normal human serum folate
concentrations range from 9 to 36 nM (42, 43).
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folates that allow for multivalent interactions with FRs
on tumor cells. Conjugates which have diminished
bispecific properties would include those that have folate
attached through amine groups in the scFv active site
or in regions which destabalize the VL-VH interaction.
These are analogous to those preparations derived with
very high folate densities, where the targeting efficiency
is significantly reduced (Figures 5 and 7).
Several considerations suggest that further optimiza-

tion of the scFv/folate conjugates could yield even more
potent agents. The anti-TCR antibody KJ16 has a
relatively modest KD of ∼100 nM (29). Our laboratory
is currently engineering higher affinity anti-TCR anti-
bodies by antibody display methods; antibodies with KD
e 1 nM have been routinely generated using similar
approaches (48). In addition, the affinity of the scFv/
folate conjugate for the FR+ tumor cells was up to 30-
fold less than the affinity of free folate for the FR (Figure
3). Coupling of folate through the γ carboxyl, plus
homogeneous linkage perhaps through cysteine or mul-
tiple cysteines, should improve the affinity for the FR.
Alternatively, other folate analogs with higher affinity
than folate could be employed (49). The use of these
strategies should allow the development of scFv conju-
gates that have EC50 values considerably less than those
described in this paper.
It is of significant note that the scFv agent described

here not only is the smallest agent but is at least as
potent in vitro as bispecific antibodies described in the
literature. For example, the EC50 of other bispecific
agents range from 1 to 100 ng/mL (21, 50-52). Various
other antibody or folate-based targeting agents have EC50
values that range from 0.1 to 200 ng/mL (e.g. refs 37,
40, 53-56). In vitro assays for these other agents
typically involved 24 h incubation periods, while the
cytotoxicity assays for CTL-mediated lysis, described here
and elsewhere, are 4 h incubations. Thus, there is reason
to believe that the scFv/folate conjugate has considerable
promise in vivo: It has an EC50 of approximately 1 ng/
mL, is smaller than the other agents, and remains
effective at folate levels found in normal human serum.
The scFv/folate targeting effect was inhibitable by free
folate, but only at concentrations that were considerably
higher (>1000-fold) than the folate conjugate concentra-
tion (Figure 8). Schodin et al. (57) have previously shown
that <1% of the total number of TCRs per CTL need to
be triggered for CTL-mediated cytolysis to occur. Thus,
it is possible that >90% of the folate/antibody conjugates
were inhibited from binding the target cell but sufficient
conjugate remained bound to trigger maximal lysis.
The fact that the scFv/folate conjugate is in direct

competition with serum folate also brings about the
intriguing possibility of modulating the effectiveness of
scFv/folate conjugate treatment by altering the levels of
serum folate. For instance, recent studies with mice have
shown that serum folate can be intentionally decreased
up to 100-fold with special low-folate diets (44, 45). The
decreased folate concentration greatly enhanced the
ability of a 67Ga-labeled deferoxamine/folate conjugate to
image FR+ tumors in vivo (44). We envision that similar
low-folate diets will likewise enhance the therapeutic
effectiveness of the scFv/folate conjugate. Conversely,
serum folate could be increased in situations where
nonspecific T cell interactions lead to adverse side effects.
Thus, the use of folate as the small molecule ligand
specific for a tumor antigen may allow for additional
levels of regulation normally not available with other
immunotargeting agents.
In vivo tests to compare scFv and intact folate conju-

gates are currently underway in SV40 transgenic mice

that develop choroid plexus tumors exhibiting elevated
levels of the high affinity folate receptor (58). Prelimi-
nary results indicate that T cells specifically infiltrate
the tumor after treatment with the scFv/folate conjugate
(B.K.C., T.A.P., D.M.K., and E.J.R., unpublished data).
At this time, it is unclear whether conjugate-bound T
cells extravasate into the tumor or if T cells first
extravasate into the tumor and subsequently recognize
the conjugate bound to cell surface FR. The latter
mechanism would favor the enhanced tumor penetration
characteristics of the smaller scFv molecule and would
likely lead to increased therapeutic effectiveness.
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Receptor binding peptides labeled with medically important radionuclides such as technetium and
rhenium are an important tool for the imaging and treatment of many forms of cancer. This paper
describes a method of labeling peptides with rhenium using a natural amino acid chelating moiety.
The structural characteristics of this chelate moiety, N-acetyl-cysteine-glycine-cysteine-glycine (NAc-
CGCG) complexed with nonradioactive rhenium, have been investigated. The stability of this peptide-
metal complex has been evaluated on the tracer level using radioactive rhenium-186. The rhenium-
bound peptide has been appended to the N termini of receptor binding R-melanocyte stimulating
hormone (R-MSH, NAc-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2) fragments via
solid phase peptide synthesis. Bioassays and receptor binding studies of the resulting complexes
demonstrate that the fragments retained biological activity and exhibited receptor binding constants
ranging from 0.3 to 1.1 nM. This method could provide a general means of labeling bioactive peptide
fragments that would simplify product purification and characterization.

INTRODUCTION

Biologically active molecules that selectively interact
with specific cell types are attractive vehicles for radio-
isotope delivery. Peptides, which possess specific affini-
ties for receptors upregulated in certain malignancies (1),
are receiving increasing attention due to their in vivo
targeting and pharmacokinetic properties. Small pep-
tides such as somatostatin (1-3), vasoactive intestinal
peptide (4, 5), chemotactic peptides (6-10), and the
R-melanocyte stimulating hormone (R-MSH)1 (11-14)
have all shown promise as radioisotope delivery agents.
The group VIIA transition metals technetium (Tc) and

rhenium (Re) are among the most commonly used
radioisotopes in medicine due to the favorable emission
energies and decay properties of the radioactive isotopes
Tc-99m, Re-186, and Re-188 (15). As a result, increasing
attention has been focused on developing methods of
attaching these radionuclides to bioactive peptide se-
quences. Currently, the most common approaches to
labeling peptide hormones have involved attachment of
either In-111 or I-123 (2-4, 11-14). For the coordination
of Tc and Re, many studies have shown that ligand

systems containing two nitrogen atoms and two thiol
sulfur atoms (N2S2 systems) are effective (16-25). Often,
these chelating systems are built via organic syntheses
of varying complexity. In some cases, researchers have
taken advantage of solid phase peptide synthesis to
design peptide chelators that either lack sulfur or contain
sulfur in the context of non-natural groups such as the
mercaptoacetyl group (23, 24, 26, 27). More recent
studies have demonstrated that amino acid sequences
such as Cys-Gly-Cys, Cys-Thr-Cys, and Gly-Gly-Cys can
be used to coordinate Tc-99m in peptides (1, 7-10, 28)
and proteins (29).
In this paper, we have used conventional 1H and 13C

NMR methods to characterize the solution conformation
of the peptide N-Acetyl-Cys-Gly-Cys-Gly (NAc-CGCG)
complexed to a nonradioactive rhenium(V)-oxo core. The
remarkable stability of this peptide-metal complex al-
lowed us to synthesize, purify, and then append this
complex to the N termini of R-melanocyte stimulating
hormone (R-MSH, NAc-Ser-Tyr-Ser-Met-Glu-His-Phe-
Arg-Trp-Gly-Lys-Pro-Val-NH2) receptor binding frag-
ments. The attachment of the metal-complexed peptide
was carried out as the last step of a conventional solid
phase peptide synthesis (SPPS). Attachment of the
peptide-metal complex to the N termini of the R-MSH
fragments resulted in readily purifiable products which
were labeled with rhenium and retained receptor binding
affinity. This coupling was also carried out on the tracer
level with Re-186-labeled NAc-CGCG and resulted in a
readily purifiable radiolabeled peptide product. These
experiments show that SPPS can be used to attach
preformed peptide-metal chelates to bioactive peptides.
This method of labeling peptides could have general use
as a means of obtaining high specific activity rhenium-
labeled bioactive peptides.

EXPERIMENTAL PROCEDURES

Sodium [186Re]perrhenate (530 Ci/mmol) was obtained
from the Missouri University Research Reactor (MURR).
125I-labeled [Nle4,D-Phe7]-R-MSH (1700 Ci/mmol) was
obtained from Advanced Chemtech in Louisville, KY.
Fmoc amino acids and automated peptide synthesis
reagents were obtained from Applied Biosystems (Foster
City, CA). Dithiothreitol (DTT), methanol (MeOH), di-

* Address correspondence to this author at the Department
of Biochemistry, 117 Schweitzer Hall, University of Missouris
Columbia, Columbia, MO 65211 [telephone (573) 882-6099; fax
(573) 882-5635; e-mail bctquinn@muccmail.missouri.edu].
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1 Abbreviations: NAc, N-acetyl; CGCG, Cys-Gly-Cys-Gly;

ReO, rhenium(V)-oxo; Nle, norleucine; R-MSH, NAc-Ser-Tyr-
Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2; [D-Phe7]-
R-MSH5-10-NH2, Glu-His-D-Phe-Arg-Trp-Gly-NH2; [Nle4,D-Phe7]-
R-MSH, Ser-Tyr-Ser-Nle-Glu-His-D-Phe-Arg-Trp-Gly-Lys-Pro-
Val-NH2; SPPS, solid phase peptide synthesis; RP-HPLC,
reversed phase high-performance liquid chromotography; Trt,
trityl; COSY, correlated spectroscopy; NOESY, nuclear Over-
hauser effect and exchange spectroscopy; HMBC, heteronuclear
multiple bond connectivity correlated spectroscopy; TPPI, time-
proportional phase incrementation; FAB-MS, fast-atom bom-
bardment mass spectroscopy; Fmoc, fluorenylmethoxycarbonyl;
HBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate; HOBT, N-hydroxybenzotriazole; DIEA,
N,N-diisopropylethylamine; HEPES, N-(2-hydroxyethyl)pipera-
zine-N′-2-ethanesulfonic acid; PBS, phosphate-buffered saline.
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ethyl ether, N-methylpyrrolidinone (NMP), and dichlo-
romethane (DCM) were obtained from Fisher Scientific
(St. Louis, MO). Thioanisole, ethanedithiol, and dicyclo-
hexylcarbodiimide (DCC) were obtained from Aldrich
Chemical Co. (St. Louis, MO). Trifluoroacetic acid (TFA)
was obtained from Sigma Chemical Co. (St. Louis, MO).
Preparation of NAc-CGCG. The peptide was syn-

thesized by conventional SPPS techniques, using Fmoc/
HBTU chemistry (30). The synthesis was carried out on
a Synergy desktop peptide synthesizer from Applied
Biosystems. The peptide was N-terminally acetylated by
activation of excess glacial acetic acid after deprotection
of the N-terminal Cys residue. Cleavage and deprotec-
tion were carried out by incubation in a 36:2:1:1 mix of
TFA/thioanisole/ethanedithiol/water for 2 h. This solu-
tion was then filtered and the product precipitated with
diethyl ether. The resulting precipitate was dried, dis-
solved in 1 mM DTT, and lyophilized.
Preparation of Nonradioactive ReO-NAc-CGCG.

Labeling of compounds followed roughly the procedure
of Hansen et al. (31). Fifteen millligrams of NAc-CGCG
was dissolved in 1 mL of 62% MeOH, and the pH was
adjusted to about 8 with 1 M NaOH. ReOCl3(Me2S)-
(OPPh3) (26 mg) (32, 33) was added as a solid, giving a
green suspension. Heating at 60-70 °C for 60 min
resulted in an orange-brown solution. The reaction
mixture was filtered to remove an H2O-insoluble gray
precipitate and purified by RP-HPLC. Purification was
carried out on a C18 semipreparative HPLC column
(Vydac), utilizing a 30 min gradient of 3-12% acetoni-
trile/0.1% TFA in H2O/0.1% TFA. Product elution was
monitored by UV detection at 400 nm using an Isco V4

absorbance detector. The product peak (retention time
) 24 min) was collected and lyophilized.
Preparation of 186ReO-NAc-CGCG. The radiola-

beled peptide complex was prepared by substitution onto
186Re-labeled citrate. Briefly, 0.235 mCi of Na186ReO4 was
added to 0.8 mL of degassed, 1 M sodium citrate, pH 8.8,
containing 250 mg of stannous tartrate. After 10 min at
room temperature, 0.1 mg of reduced NAc-CGCG was
added, and the solution was allowed to stir for 1 h at 65-
70 °C. Isolation of the resulting complex proceeded as
for the nonradioactive complex, with the exception that
radioactivity was monitored using a Radiomatic Series
A-200 radiochromotography detector.
Evaluation of Labeled Peptide Stability. The in

vitro stability of the nonradioactive rhenium complex was
evaluated by incubation at room temperature with the
cleavage/deblocking mixture. Samples were taken at
various times and analyzed by RP-HPLC. The stability
of the radioactive complex was assessed by diluting the
reaction mixture 1:2 into fresh solutions of 20 and 2 mM
L-cysteine. Again, RP-HPLC was used to quantitate
complex stability over time.
Structural Determination Using 1H and 13C NMR.

A sample of 5-10 mg of purified complex was solubilized
in 80% H2O/20% D2O. 1H spectra were referenced to the
H2O peak at 4.75 ppm. 13C spectra were externally
referenced to dioxane at 67.4 ppm. All spectra were
collected at 298 K on a Bruker AMX500 spectrometer.
Scalar connectivities were obtained from COSY experi-
ments; sequential assignments were made on the basis
of NOESY experiments. The NOESY mixing time was
200 ms. All spectra were recorded using the time-
proportional phase incrementation (TPPI) method. In
most cases the spectral width was 6000 Hz. Typically,
the data set size was 2048(t2) × 256(t1) blocks with 16
scans/fid. H2O suppression was carried out by presatu-
ration (1.5 s) at the water frequency during the relaxation
delay between scans (as well as during the mixing time

in NOESY expts). NMR spectra were processed with the
NMR software within the SYBYL program (Tripos, Inc.)
on an SGI Indigo R4000 workstation. Data sets were
multiplied by a 0-90° shifted sinebell squared transfor-
mation function and zero-filled to 1024 K in t1 prior to
Fourier transformation. The assignment of indices 1 and
2 to methylene protons follows the convention that the
lower index denotes the most downfield shifted resonance
of the pair.
Attachment of the Nonradioactive Complex to

Bioactive r-MSH Sequences. The peptides [D-Phe7]-
R-MSH5-10-NH2 and NAc-[Nle4,D-Phe7]-R-MSH were syn-
thesized by conventional SPPS techniques, as previously
described (30). As a final step, the Fmoc group was
removed from the N-terminal residue by piperidine
deprotection, and ReO-NAc-CGCG was coupled to the
growing chains via its free Gly4 carboxylate. In each case,
the final coupling step was repeated twice to ensure
maximal incorporation of the rhenium-labeled fragment,
since the molar amount of ReO-NAc-CGCG used was
less than the theoretical 0.25 µmol needed for maximum
yield. The rhenium-labeled R-MSH peptide analogs were
cleaved from the resin and deprotected in a 36:2:1:1 mix
of TFA/thioanisole/ethanedithiol/water. This solution
was then filtered and the product precipitated in diethyl
ether; the precipitate was dried, dissolved in H2O, and
lyophilized. The identity of rhenium-containing peptides
was confirmed by fast-atom bombardment-mass spec-
troscopy (FAB-MS). For ReO-NAc-CGCG-[D-Phe7]-R-
MSH5-10-NH2, the (M + H)+ peak was observed at m/z
1392.2 (calculated 1391.6). For ReO-NAc-CGCG-[Nle4,D-
Phe7]-R-MSH, the (M + H)+ peak was observed at m/z
2166.5 (calculated 2166.5).
Attachment of 186Re-NAc-CGCG to a Bioactive

r-MSH Sequence. Purified, lyophilized 186Re-NAc-
CGCG (1.4 × 10-11 mol) was solublized in NMP and
added to 8 mg of blocked peptide resin containing 1.6 ×
10-6 mol of [D-Phe7]-R-MSH5-10-NH2. A mixture of 1.6
× 10-4 mol of HOBT/DIEA in NMP was added, followed
by the addition of 1.6 × 10-4 mol of DCC on ice. The
solution was allowed to stir on ice for 1 h and for an
additional 3.5 h at room temperature. At that time the
resin was thoroughly rinsed with NMP, 1:1 MeOH/DCM,
and DCM and allowed to dry. After drying, the resin was
deprotected by incubation in a 36:2:1:1 mix of TFA/
thioanisole/ethanedithiol/water. After 2 h, the cleavage/
deprotection mix was centrifuged, and the supernatant
was applied directly to a C18 RP-HPLC column (Vydac).
Measurement of Melanin Production by B16 F1

Murine Melanoma Cells. Peptide bioactivity was
determined by measuring melanin production in an in
vitro assay using B16 F1 murine melanoma cells acquired
from the American Type Tissue Culture collection. The
assay followed the method developed by Siegrist and
Eberle (34). Briefly, cells were seeded in 96 well tissue
culture plates and allowed to attach to the plates
overnight. At that time, cells were exposed to various
concentrations of peptides to be tested. After 12-24 h,
the peptide solutions were removed and fresh medium
was added to each well. After an additional 3-5 days,
the absorbance of each cell-containing well was measured
at 405 nm in a Vmax kinetic microplate reader from
Molecular Devices. Absorbance values were compared
to a standard curve obtained using synthetic melanin
from Sigma. The standard curve was linear over the
experimental range of absorbance values.
Quantitation of Peptide Binding to B16 F1 Cells.

Quantitative receptor binding assays were carried out
following a method described previously (35, 36). Cells
were seeded at a density of 5 × 105 cells per well in 24
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well tissue culture plates and allowed to attach overnight.
Cells were then exposed to various concentrations of
peptides to be tested in 0.5 mL of binding media. The
binding medium consisted of 25 mM HEPES/NaOH (pH
7.4), 0.2% BSA, and 0.3 mM 1,10-phenanthroline and
contained approximately 100 000 cpm of 125I-[Nle4,D-
Phe7]-R-MSH (37) per 0.5 mL. Cells were incubated in
this mixture at 4 °C for 8 h, then rinsed with PBS, lysed
with 1 M NaOH, and counted in a 1275 minigamma
gamma counter from LKB Wallac.

RESULTS

Synthesis of Rhenium-Peptide Complexes. The
nonradioactive ReO-NAc-CGCG complex was synthesized
utilizing the ReOCl3(Me2S)(OPPH3) exchange ligand (32,
33). The radioactive 186ReO-NAc-CGCG complex was
synthesized via a direct labeling reaction with citrate as
the exchange ligand. Both metal complexes were found
to coelute under the RP-HPLC conditions used to purify
them, indicating the complexes differ only in isotopic
composition. The purified nonradioactive complex was
characterized by NMR.
Assignment of 1H Resonances. Sequence specific

1H resonance assignments of NAc-CGCG and ReO-NAc-
CGCG were made using COSY and NOESY spectra (38).
Assignments for both compounds are given in Table 1.
Deprotonation of two amide nitrogens occurred during
the metal complexation reaction. The assignment of the
deprotonated amide nitrogens was determined by an
intraresidue NOE between the N-acetyl methyl group
and the Cys1 amide proton. A Cys3RH-Gly4NH sequen-
tial NOE is also present, showing that the amide nitro-
gens of Gly2 and Cys3 are deprotonated and presumably
involved in metal coordination. A minor species (<10%),
assumed to be an isomer, was also present in the sample.
After a period of 1 week, no increase in the intensity of
these signals was observed, indicating that the minor
species is not a degradation product. 1D spectra of NAc-
CGCG and ReO-NAc-CGCG are shown in Figure 1.
Chemical Shift Changes upon Metal Coordina-

tion. 1H chemical shift changes between metal-free and
metal-bound forms of the peptide are given in Table 1.
The R-protons of both Cys residues are found to shift
downfield in the rhenium compound, as is to be expected
upon thiol coordination of an electropositive transition
metal (25). It is generally thought that metal coordina-
tion should have the effect of deshielding nearby protons
in a 1H spectrum due either to the electron withdrawing
effect of the metal or to the magnetic anisotropy of the
metal-oxo bond. It might be expected therefore that the

â proton resonances should be further shifted downfield.
While this is the case for the Cys3â protons, Cys1âH1 is
seen to resonate upfield in the metal-bound form, while
Cys1âH2 is slightly less deshielded than Cys1RH.

13C chemical shift assignments for ReO-NAc-CGCG are
shown in Table 2. These assignments were made via an
HMBC (39) spectrum of the complex acquired at 298 K.
The 13C chemical shifts of the complex were compared to
average 13C chemical shifts for nonterminal Cys and Gly
residues in model peptides (40). The results of this
comparison are also given in Table 2. Downfield shifts
of the Cys1 and Gly2 carbonyl 13C resonances were
expected due to metal coordination by the proximal amide
nitrogens. The Cys3 and Gly4 carbonyl carbons, which
both lie outside the torsionally constrained metal coor-
dinating rings, are found to be only slightly deshielded.
The R carbons of both Cys1 and Cys3 are deshielded in
the metal-bound peptide. However, Cys3R resonates 11.4
ppm further downfield than Cys1R. Also, Cys1â is actu-
ally shielded relative to average Cysâ carbons in non-
terminal cysteines of metal-free peptides, while Cys3â is
deshielded 8.7 ppm.
Torsional Angles Derived from 3J-Coupling Data.

The structure of ReO-NAc-CGCG derived fromNMR data
consists of three fused heterocycles (Figure 2). J-coupling
information derived from resolution-enhanced 1D spectra
and 2D 1H-13C HMBC spectra suggests specific ranges
for the torsional angles about Cys1æ, Gly3æ, Cys1ø, and
Cys3ø (Table 3). Since the ring structures are essentially
locked by coordination to the metal, the measured 3J
values probably reflect a single preferred ø angle, rather
than an interconverting rotamer population. Dihedrals
external to the three-ring system, however, such as the
φ angles of Cys1 and Cys3, are more properly viewed as
free to rotate in solution.
Measured 3JRHâH values for Cys1âH1 and Cys1âH2

indicate that these protons are trans and gauche, respec-
tively, with respect to Cys1RH. The 3JRΗâΗ coupling
constants of Cys3 suggest that Cys3âH1 and Cys3âH2 are
intermediate between gauche and trans positions with
respect to Cys3RH. The ø angle of Cys3 derived from the
experimental J-coupling values results in an average
conformation that is essentially midway between the high
energy eclipsed and low energy staggered conformations.
The observation of intermediate 3JRΗâΗ values for Cys3

is consistent with the observed HMBC intensities. The
HMBC signal relating C3âH1 and C3CO is more intense
than that relating C3âH2 and C3CO, indicating a more
trans Cys3âH1-Cys3âC-Cys3RC-Cys3CO torsion and a
more gauche C3âH2-C3âC-C3RC-C3CO torsion.
Stability of ReO-NAc-CGCG. To determine whether

the nonradioactive complex would be able to withstand
the conditions involved in SPPS, the stability of the ReO-
NAc-CGCG complex was tested by a 2 h incubation in
the cleavage/deprotection mix. This mix contains an 800-
fold excess of free thiol groups, so this provides a rigorous
stability test of the peptide-rhenium complex. The
stability of this complex, as assessed by RP-HPLC, was
such that no degradation was observed after 2 h. The
stability of the 186ReO-NAc-CGCG complex was tested by
competition against various concentrations of L-cysteine.
The complex showed essentially no degradation after 5.5
h in 1 mM cysteine, and 80% of the complex remained
after 12 h in 10 mM cysteine.
Attachment of ReO-NAc-CGCG to a Bioactive

Peptide Sequence. Two R-MSH-derived peptide se-
quences, [D-Phe7]-R-MSH5-10-NH2 and [Nle4,D-Phe7]-R-
MSH (37), were N-terminally labeled with the ReO-NAc-
CGCG moiety. In the peptide synthesis reactions, the
rhenium was used as a blocking group, preventing the

Table 1. 1H NMR Resonance Assignments for NAc-CGCG
and ReO-NAc-CGCGa

resonance NAc-CGCG δ ReO-NAc-CGCG δ ∆δb

acetyl methyl 2.05 2.06 0.01
Cys1RH 4.50 5.10 0.06
Cys1âH1 2.93 2.79 -0.14
Cys1âH2 2.93 3.46 0.53
Gly2RH1 3.99 4.59 0.60
Gly2RH2 3.99 4.59 0.60
Cys3RH 4.59 5.07 0.48
Cys3âH1 2.93 3.63 0.70
Cys3âH2 2.93 4.19 1.26
Gly4RH1 3.99 3.86 -0.13
Gly4RH2 3.99 3.86 -0.13
Cys1NH 8.40 7.79 -0.61
Gly2NH 8.45
Cys3NH 8.24
Gly4NH 8.61 8.43 -0.18
a Chemical shifts relative to H2O at δ ) 4.75 ppm. b ∆δ )

(δmetal-bound - δmetal-free).
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cysteine thiols from participating in side reactions. After
cleavage/deprotection (see Experimental Procedures), the
peptide products were subjected to C18 RP-HPLC.
In each case, the reaction yielded one major rhenium-

containing product. Some unconjugated R-MSH frag-
ment was also present since the reactions were carried
out with an excess of R-MSH fragment present. The
rhenium-containing product was more hydrophobic than
the attached R-MSH sequences alone, thus simplifying
purification of the final labeled product.
[D-Phe7]-R-MSH5-10-NH2 was also labeled with 186ReO-

NAc-CGCG via peptide synthesis techniques (see Ex-
perimental Procedures). The result of this reaction was
a highly pure radiolabeled product (Figure 3). This
product was easily separable from nonradioactive [D-Phe7]-
R-MSH5-10-NH2 due to the relatively large difference in

hydrophobicity between the two compounds. The purity
of product resulting from this synthesis strategy com-
pares quite favorably to the product resulting from a
postconjugate chelation strategy. The use of 186ReO-NAc-
CGCG as a preformed chelate precludes nonspecific
binding of 186Re to other uncharacterized sites within
peptides.

Figure 1. 1H NMR spectra of NAc-CGCG (top) and ReO-NAc-CGCG (bottom). Both spectra were acquired in 90% H2O/10% D2O at
298 K.

Table 2. 13C NMR Resonance Assignments for
ReO-NAc-CGCG Compared with Average Values (δav) for
Nonterminal Residues (37)

resonance δa ReO-NAc-CGCG δav37 ∆δb

acetyl methyl 22.8
acetyl CdO 174.3
Cys1CR 58.6 53.5 5.1
Cys1Câ 34.4 39.6 -5.2
Cys1CdO 180.2 173.5 6.7
Gly2CR 61.1 43.5 17.6
Gly2CdO 192.4 172.1 20.3
Cys3CR 70.0 53.5 16.5
Cys3Câ 48.3 39.6 8.7
Cys3CdO 174.7 173.5 1.2
Gly4CR 41.9 43.5 -1.6
Gly4CdO 174.0 172.1 1.9
a Chemical shifts relative to dioxane at δ ) 67.4 ppm. b ∆δ )

(δmetal-bound - δav).
Figure 2. Structure of ReO-NAc-CGCG.

Table 3. Coupling Data for ReO-NAc-CGCG

residue
3JaNHa
(Hz) φb (deg)

3Jab1a
(Hz) ø′ b (deg)

3Jab2a
(Hz) ø′′ b (deg)

Cys1 7.7 (137, (29 12.5 (180 3.2 (110, (62
Cys3 8.0 (138, (25 <1.5 (85
Gly4 5.5 +124, +43
a Observed coupling constants from NMR data. b Torsion angles

calculated using the Karplus-type equation 3J ) 11.0 cos2 φ -1.4
cos φ + 1.6 sin2 φ.21
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Bioactivity and Receptor Binding Affinity. The
bioactivity of these peptide-metal complexes was as-
sayed by measuring stimulation of melanin production
by B16 F1 murine melanoma cells (Figure 4). ReO-NAc-
CGCG-conjugated [D-Phe7]-R-MSH5-10-NH2 and [Nle4,D-
Phe7]-R-MSH peptides displayed a 4-10-fold reduction
in melanin production compared to the uncomplexed
parent peptides (Table 4). The EC50 value for melanin
production in response to [Nle4,D-Phe7]-R-MSHwas found
to be 1.1 × 10-11 M, a control value that is in good
agreement with previously published values (36).
Receptor binding assays were performed on both ReO-

NAc-CGCG-conjugated and unconjugated peptides (Fig-
ure 5). The ReO-NAc-CGCG-[Nle4,D-Phe7]-R-MSH and
ReO-NAc-CGCG-[D-Phe7]-R-MSH5-10-NH2 conjugates ex-
hibited a 1.5-fold decrease and a 4-fold increase in
receptor binding affinity, respectively, compared to the
parent uncomplexed peptide sequences (Table 4). Results
from the melanin biosynthesis and receptor binding
assays demonstrated that conjugation of ReO-NAc-CGCG
to the N termini of the R-MSH analogs yielded minimal

effects on both their biological activities and receptor
binding affinities.

DISCUSSION

Certain bioactive peptides, including R-MSH (41),
permit relatively bulky substitutions at their amino
terminus. The ability to append a metal-peptide pre-
chelate to a bioactive peptide sequence via SPPS could
be advantageous in several respects. For example, such
a procedure could simplify subsequent purification of a
radiolabeled bioactive complex, since the labeled com-
pound has quite different chromatographic characteris-
tics compared with the unlabeled compound. This results
in a radiotracer that is not contaminated with unlabeled
peptide.
The peptide NAc-CGCG was used as a metal-binding

moiety to coordinate rhenium. The results of the con-
formational analysis of ReO-NAc-CGCG demonstrate
that the metal is coordinated by two cysteine sulfurs and
two intervening amide nitrogens. The structure as a
whole can be considered as consisting of three fused
heterocycles (Figure 2), with ring 1 including Cys1S and
Gly2N heteroatoms and rings 2 and 3 numbered anti-
clockwise from ring 1. There is a strong analogy between
the structure of this compound and the structure of
rhenium-bound mercaptoacetyltriglycine (MAG3) (26, 31,
43). Three crystal structures of metal-bound analogs of
MAG3 are available in the Cambridge Crystallographic
Database. Rings 2 and 3 of ReO-NAc-CGCG are directly
comparable to the MAG3 structures, while ring 1 departs
significantly from MAG3 geometry.
Alignment of ReO-NAc-CGCG ring 2 with the analo-

gous ring of MAG3 (43), using the fit algorithm within
the SYBYL molecular modeling program, resulted in an
almost perfect alignment. Slight differences in alignment
between ring 3 and the C-terminal ring of MAG3 can be
accounted for by the lack of a planar peptide bond in ring
3 and by the replacement of the nitrogen donor in MAG3
with sulfur in ReO-NAc-CGCG.
The additional carbon atom in ring 1 relative to MAG3

results in a deviation from the square pyramidal coor-
dination of the ReO core. Placement of the sulfur of Cys1
in the plane of the other three donor atoms would yield
a distorted coordination geometry in which the Cys1S-
Cys3S distance is shorter than it would be in an ideal
square plane. Alternatively, the NMR data suggest a
different conformation for ring 1 in which both Cys1S and

Figure 3. HPLC profile showing the radioactive product of the
186Re-NAc-CGCG-[D-Phe7]-R-MSH5-10-NH2 conjugation reaction.
The radioactive product was shown to coelute with the previ-
ously characterized nonradioactive standard.

Figure 4. Sigmoidal dose-response curves indicating mela-
nogenic response of B16 F1 murine melanoma cells to various
concentrations of (2) R-MSH, (0) [D-Phe7]-R-MSH5-10-NH2, (9)
ReO-NAc-CGCG-[D-Phe7]-R-MSH5-10-NH2, (O) NAc-[Nle4,D-
Phe7]-R-MSH, and (b) ReO-NAc-CGCG-[Nle4,D-Phe7]-R-MSH.

Table 4. EC50 and Ki Values for Various r-MSH Analogs

compound Ki (M) EC50 (M)

R-MSH 8.8 × 10-10 3.4 × 10-11

[D-Phe7]-R-MSH5-10-NH2 4.6 × 10-8 9.8 × 10-11

ReO-NAc-CGCG-[D-Phe7]-
R-MSH5-10-NH2

1.1 × 10-8 1.1 × 10-9

NAc-[Nle4,D-Phe7]-R-MSH 1.8 × 10-10 1.1 × 10-11

ReO-NAc-CGCG-[Nle4,D-Phe7]-
R-MSH

3.0 × 10-10 3.9 × 10-11

Figure 5. Sigmoidal dose-response curves showing inhibition
of binding of 125I-Nle4,D-Phe7-R-MSH to B16 F1 murine mela-
noma cells by (2) R-MSH, (0) [D-Phe7]-R-MSH5-10-NH2, (9) ReO-
NAc-CGCG-[D-Phe7]-R-MSH5-10-NH2, (O) NAc-[Nle4,D-Phe7]-R-
MSH, and (b) ReO-NAc-CGCG-[Nle4,D-Phe7]-R-MSH.
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Cys1âC lie slightly below the plane of the other three
donor atoms. 13C and 1H chemical shift data indicate that
the â carbon of Cys1 lies below the plane of the other
three donor atoms. It has been found previously that in
technetium- and rhenium-containing compounds, groups
in an anti configuration relative to the metal-oxo group
tend to resonate upfield relative to analogous groups in
a syn configuration (25, 44). That the sulfur of Cys1 is
also located beneath this plane is supported by 3JRHâH
coupling data, suggestive of a gauche/trans relationship
between the two Cys1â protons and Cys1RH. Confirma-
tion of our model, however, awaits a crystal structure of
the complex.
The stability of the ReO-NAc-CGCG complex enabled

us to append it directly to the N termini of biologically
active peptides using standard SPPS chemistry. Conju-
gation of the ReO-NAc-CGCG moiety to the N termini of
the R-MSH analogs had a minimal effect on bioactivity
and receptor binding affinity. The binding affinity of
NAc-[Nle4,D-Phe7]-R-MSH decreased <2-fold upon addi-
tion of ReO-NAc-CGCG, indicating that the addition of
spacer atoms between the coordinating moiety and the
bioactive peptide sequence is not required. The binding
affinity of the [D-Phe7]-R-MSH5-10-NH2 analog was actu-
ally seen to increase upon addition of ReO-NAc-CGCG,
an effect that might be explained by the known prefer-
ence for a hydrophobic moiety at the R-MSH N terminus.
The reduction in EC50 and Ki values for the conjugated

and parent [D-Phe7]-R-MSH5-10-NH2 analogs compared
to the NAc-[Nle4,D-Phe7]-R-MSH analogs is directly at-
tributable to differences in amino acid sequence length.
The truncated [D-Phe7]-R-MSH5-10-NH2 fragment lacks
the C-terminal three amino acids as well as the N-
terminal four amino acids that are present in the wild-
type hormone. Each of these sequences has been impli-
cated as being important for the binding of the wild-type
hormone to the murine R-MSH receptor (36). Although
the smaller fragment has a lower binding affinity to the
R-MSH receptor in vitro, its smaller size and increased
hydrophilicity may benefit its biodistribution in vivo.
Experiments to test this hypothesis are currently in
progress.

CONCLUSION

The labeling of truncated R-MSH fragments with the
ReO-NAc-CGCG chelate demonstrates that the Cys-Gly-
Cys peptide sequence when complexed with rhenium can
be used in SPPS as a preformed 186Re bifunctional
chelate. The resulting labeled bioconjugates showed
specific binding affinity for the R-MSH receptor and were
demonstrated to retain bioactivity. The synthesis of
these compounds serves to show that preformed peptide-
metal coordination compounds can be successfully incor-
porated into bioactive peptide sequences by conventional
SPPS techniques. Further, the labeled product can be
obtained in a highly pure form, easily purified away from
potentially contaminating unlabeled peptide species.
Whether the peptidic nature of the chelating moiety has
any effect on the in vivometabolism of the radiotracer is
currently being investigated.
This method could provide a general means of labeling

bioactive peptides with preformed radiolabeled chelates
that contain a free -COOH group. Amino acid based
chelates such as MAG3 could be labeled with 186Re and
then coupled to biologically active peptide sequences
during automated synthesis. Likewise, this technique
could be used to append radiolabeled N2S2 heterocyclic
chelates to peptides. The only requirements are that the
chelate complex contains an activatable carboxylate
group and is stable in the deblocking/deprotection mix.

Additionally, the use of a natural amino acid chelate has
other possible benefits that can be realized using a
postconjugate chelation approach. Cysteine-containing
amino acid sequences such as Cys-Gly-Cys or Gly-Gly-
Cys (29) can be genetically engineered into larger bio-
molecules such as antibody fragments. Recombinant
fragments can then be radiolabeled under mild condi-
tions, with increased labeling efficiency.
The pure radiolabeled peptide-rhenium complexes

produced by the preformed chelate approach described
here have the metal incorporated into the peptide struc-
ture at a specific, known position. In contrast, any
postlabeling scheme, even of relatively small peptides,
is likely to result in a mixture of labeled peptides, of
which many are not N2S2 rhenium conjugates and
therefore have lower intrinsic stability. In the future,
this method could provide a means of producing medically
useful peptide radiopharmaceuticals of high specific
activity and purity.
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Attachment of a nondiffusible bromoacetyl electrophile to the 5-position of a thymine at the 5′-end of
a pyrimidine oligodeoxyribonucleotide affords sequence-specific alkylation of a guanine base in duplex
DNA two base pairs to the 5′-side of a local triple-helical complex. Products resulting from reaction
of 5′-ETTTTMeCTTTTMeCMeCTTTMeCTTTT-3′ at 37 °C with a 29 base pair target duplex are determined
by a gel mobility analysis to be oligonucleotides terminating in 5′- and 3′-phosphate functional groups,
consistent with a mechanism involving alkylation, glycosidic bond cleavage, and base-promoted strand
cleavage. The guanine-(linker)-oligonucleotide conjugate formed upon triple-helix-mediated alkylation
at the N7 position of a guanine base in a 60 base pair duplex was identified by enzymatic phosphodiester
hydrolysis of the alkylation products followed by reversed phase HPLC analysis. To determine the
rate enhancement achieved by oligonucleotide-directed alkylation of duplex DNA, a comparison of
rates of alkylation at N7 of guanine in double-stranded DNA by the N-bromoacetyloligonucleotide
and 2-bromoacetamide was performed by a polyacrylamide gel assay. The reaction within the triple-
helical complex on a restriction fragment was determined at 200 nM N-bromoacetyloligonucleotide to
have a first-order rate constant k1 of (2.7 ( 0.5) × 10-5 s-1 (t1/2 ) 7.2 h). The reaction of
2-bromoacetamide with a 39 base pair duplex of sequence corresponding to the restriction fragment
targeted by triple-helix formation was determined to have a second-order rate constant k2 of (3.6 (
0.3) × 10-5 M-1 s-1. A comparison of the first-order and second-order rate constants for the
unimolecular and bimolecular alkylation reactions provides an effective molarity of 0.8 M for
bromoacetyl within the triple-helical complex.

INTRODUCTION

The design of sequence-specific DNA-cleaving mol-
ecules requires the integration of recognition and cleav-
age in a single molecule. Three approaches to the
bifunctional design of these molecules include attachment
of functional groups to DNA-binding molecules that can
achieve oxidation of the deoxyribose backbone (1), elec-
trophilic modification of the bases (2), or hydrolysis of
the phosphodiester bond. Of these classes, DNA-binding
molecules that perform electrophilic modification of the
bases can provide additional specificity due to the dif-
ferent nucleophilicity of positions on the bases in DNA
(e.g. N7 of guanine or N3 of adenine).
Oligonucleotide-directed triple-helix formation is one

of the most powerful methods for the sequence-specific
recognition of single sites within megabase pair double-
helical DNA (3, 4). Pyrimidine oligodeoxyribonucleotides
bind purine tracts in the major groove of DNA parallel
to the purine Watson-Crick strand, through formation
of specific Hoogsteen hydrogen bonds to the purine
Watson-Crick bases (Figure 1). Specificity is derived
from thymine (T) recognition of adenine-thymine (AT)
base pairs (TAT triplet) and N3-protonated cytosine (C+)
recognition of guanine-cytosine (GC) base pairs (C+GC
triplet).
Efforts have been successful in the use of oligonucleo-

tides for directing electrophiles to react at the N7-position
of guanine in the major groove via triple-helix formation
(5). Early examples utilizing 5′-aromatic chloroethyl-

amine-modified pyrimidine oligonucleotides demon-
strated alkylation at adjacent guanine bases with modest
yield (5a,b). Ethano-5-methyl-2′-deoxycytidine residues
at the 3′-end of oligonucleotides (5d,e) and oligonucle-
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cco.caltech.edu].

X Abstract published in Advance ACS Abstracts, April 15,
1997.

Figure 1. Model representing a pyrimidine-rich oligonucleotide
bound in the major groove of double-stranded DNA and base
triplets formed upon binding.
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otides equipped with N-bromoacetyl at the 5′-end react
with one strand of a duplex DNA target site in very high
yield (5c). Pyrimidine oligodeoxyribonucleotides bound
in the major groove and equipped with a bromoacetyl
moiety at the 5′-end position the electrophile proximal
to a guanine 2 base pairs to the 5′-side of the target
sequence. Reaction of the electrophilic carbon of N-
bromoacetyl with N7 of the guanine base adjacent to the
local triple helix results in covalent attachment of the
oligonucleotide to the target sequence. Upon warming
in the presence of base, depurination at the position of
alkylation occurs and cleavage of one strand of the DNA
backbone is observed (5c) (Figure 2).
More recently, alkylation of both strands of double-

helical DNA has been demonstrated (6). Pyrimidine
oligonucleotides modified at both the 5′-end (for same-
strand alkylation) and 3′-end (for opposite-strand alky-
lation) with aromatic chloroethylamines cross-link short
double-helical DNA at guanine bases separated by 22-
26 base pairs in 80% yield (6b). N-Bromoacetyloligo-
nucleotides bind adjacent inverted purine tracts on
double-helical DNA by triple-helix formation and alkylate
single guanine positions on opposite strands (6a). Double-
strand cleavage at a single site within yeast chromosome
III occurs in 85-90% yield, demonstrating the utility of
this nonenzymatic approach for atom-specific reaction
and cleavage of megabase pair double-helical DNA.
Further design of these systems will undoubtedly benefit
from an understanding in quantitative terms of what has
been gained in reaction rate and specificity upon covalent
attachment of electrophiles to oligonucleotides for alky-
lation of DNA.

We report here a product and kinetic analysis of
pyrimidine oligonucleotide-directed bromoacetyl alkyla-
tion of double-stranded DNA. Products of N7 alkylation
of guanine in the target duplex DNA and the pyrimidine-
rich Hoogsteen strand of the bound triple-helical complex
are characterized. Rate constants for the alkylation
reaction at N7 of guanine within the triple-helical com-
plex and the reaction of 2-bromoacetamide with N7 of
guanine within duplex DNA are determined, allowing for
an estimate of the effective molarity of bromoacetyl
obtained upon attachment of the electrophile to the
Hoogsteen strand of a local triple-helical complex.

EXPERIMENTAL PROCEDURES

1H NMR and 13C NMR spectra were recorded at 300
MHz on a General Electric QE 300 Spectrometer. Chemi-
cal shifts were recorded in parts per million using the
proteo NMR solvent as a reference. Biochemical ma-
nipulations were carried out according to standard
procedures (7) unless otherwise noted. Adenine-specific
(8) and guanine-specific (7) sequencing reactions were
performed as previously described. Radioactive nucle-
otides were purchased from Amersham and ICN. T4
polynucleotide kinase, calf alkaline phosphatase, Klenow
fragment, and glycogen were obtained from Boehringer
Mannheim. HindIII was obtained from New England
Biolabs. SspI was obtained from Gibco/BRL. Terminal
transferase was obtained from USB. Dimethyl sulfate,
piperidine, and 2-bromoacetamide were obtained from
Aldrich. Purity of 2-bromoacetamide was verified by 1H
NMR. Acrylamide was purchased from Bio-Rad. Cobalt
hexammine trichloride was obtained from Fluka. Snake
venom phosphodiesterase (type VIII) was purchased from
Sigma. NAP-5, NAP-25, and NICK columns were pur-
chased from Pharmacia. All reagents were used without
further purification unless otherwise noted. High-resolu-
tion FAB mass spectra were obtained at the California
Institute of Technology Chemistry/Biology Mass Spec-
trometry Facility. Matrix-assisted laser desorption/
ionization time of flight mass spectra were obtained at
the Protein and Peptide Microanalytical Facility at the
California Institute of Technology.
High-pressure liquid chromatography (HPLC) was

performed on a Hewlett-Packard 1090 liquid chromato-
graph with a HPLC 3D Chemstation. Analytical re-
versed phase HPLC was performed on a Vydac 201HS
reversed phase HPLC column. Oligonucleotide purifica-
tion was accomplished on a Pharmacia LKB FPLC using
a ProRPC HR 16/10 reversed phase column (160 mm ×
10 mm). Ion retardation resin (AG 11A8) and cation
exchange cellulose (Cellex-CM) were purchased from Bio-
Rad. Reversed phase resin (LiChroprep RP-18) was
purchased from EM Separations.
Synthesis and Purification of Oligonucleotides.

Oligonucleotides were synthesized on an Applied Biosys-
tems Model 380B DNA synthesizer using standard phos-
phoramidite chemistry (9) and deprotected with concen-
trated NH4OH at 55 °C for 24 h. Following lyophilization,
purification of 5′-OH-oligonucleotide was achieved using
denaturing polyacrylamide gel electrophoresis. Purifica-
tion of the 5′-O-dimethoxytrityloligonucleotide was
achieved using reversed phase FPLC (solvent A, 100 mM
ammonium acetate, pH 7.0; solvent B, 40% acetonitrile
in solvent A). Following lyophilization of appropriate
fractions and removal of the dimethoxytrityl protecting
group (80% acetic acid for 20 min followed by lyophiliza-
tion), purification of the deprotected oligonucleotide was
achieved by reversed phase FPLC. Following purifica-
tion, oligonucleotides were desalted on a Sep-Pak car-

Figure 2. Bromoacetyl electrophile is localized in the major
groove by triple-helix formation proximal to a GC base pair (G)
in the Watson-Crick duplex target site. Alkylation at N7 of
guanine followed by depurination results in cleavage of the
deoxyribose backbone.
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tridge (Waters) and quantitated by UV-vis spectroscopy
(extinction coefficients in M-1 cm-1: dT ) 8 700, dG )
11 500, dA ) 15 400, dC ) 7 400).
Synthesis and Analysis of N-Bromoacetyloligo-

nucleotides. FMOC-protected aminonucleoside (5c) was
incorporated at the 5′-end of the oligonucleotide 5′-TTTMe-
CTTTTMeCMeCTTTMeCTTTT-3′ as the 5′-O-DMT-3′-phos-
phoramidite with a modification of standard coupling
protocols. The last coupling step in the oligonucleotide
synthesis was performed with a 0.15 M solution of the
â-cyanoethyl phosphoramidite in tetrahydrofuran (dis-
tilled from calcium hydride) on a 1 µmol scale. Following
deprotection at 55 °C for 15 h, the 5′-O-DMT-oligonucleo-
tide was purified by reversed phase FPLC, deprotected,
and further purified by reversed phase FPLC. Acylation
of the resulting oligonucleotide-amine was then per-
formed. Ten nanomoles of oligonucleotide was dissolved
in 10 µL of 200 mM borate buffer, pH 8.9. Ten microliters
of a 30 mM solution of freshly prepared N-hydroxysuc-
cinimidyl bromoacetate inN,N-dimethylformamide (stored
over molecular sieves) was added, the resulting solution
mixed well, and, after 30 s, diluted to 0.5 mL with water
and passed through an NAP-5 column (Sephadex G-25,
equilibrated with water). Following elution with 1.0 mL
of water, the N-bromoacetyloligonucleotide was quanti-
tated by UV-vis spectroscopy (extinction coefficient of
153 000 M-1 cm-1 determined from the sum of dT )
8 700, dTE ) 8 700, and 5-methyl-dC ) 5 700) and stored
at -20 °C. The reaction was judged quantitative by
HPLC analysis of enzyme degradation products. To the
oligonucleotide were added 18 µL of water, 2.5 µL of 10×
dephosphorylation buffer (500 mM Tris-HCl, 1 mM
EDTA, pH 8.5), 2.5 µL of 2 M MgCl2, and 2 µL of snake
venom phosphodiesterase (2 units/0.7 mL of enzyme).
Following incubation at 37 °C for 2 h, samples were
filtered (0.2 µm Nylon-66 membrane, Rainin) and 23.5
µL was injected. HPLC conditions: Vydac C18 201HS
reversed phase column preequilibrated to 50 °C; solvent
A, 100 mM ammonium acetate, pH 6.0; solvent B,
acetonitrile; gradient, 0-10 min at 0% B, 10-40 min to
5% B, 40-60 min at 5% B, 60-70 min to 10% B, 70-85
min at 10% B, 85-90 min to 0% B. Retention times and
relative peak areas: 5-methyl-2′-deoxycytidine 5′-mono-
phosphate, 10.3 min, 2.6; thymidine 5′-monophosphate,
15.0 min, 14.6; hydroxy-(linker)-thymidine, 35.2 min, 0.2;
bromo-(linker)-thymidine, 52.6 min, 0.8. Mass spectrum
of N-bromoacetyloligonucleotide (MALDI-TOF): calcd
5934.9, found 5935.7.
5′-32P-End Labeling of the 29 Base Pair Duplex.

Fifty picomoles of single-stranded oligonucleotide 5′-
GCTAGTAAAAGAAAAGGAAAGAAAAGTCG-3′ was la-
beled with 32P at the 5′-end by treatment with 45 units
of T4-polynucleotide kinase and [γ-32P]dATPγP for 45 min
at 37 °C. Following phenol/chloroform extraction, ethanol
precipitation, and hybridization with 100 pmol of comple-
mentary single-stranded oligonucleotide, the 5′-32P-end-
labeled duplex was subjected to 14% nondenaturing
polyacrylamide gel electrophoresis, visualized by auto-
radiography, excised from the gel, and eluted with 200
mM NaCl/1 mM EDTA at 37 °C overnight. The DNA
was filtered (0.45 µm), ethanol precipitated, passed
through a NICK column (Sephadex G-50, equilbrated
with water), and stored at -20 °C.
3′-32P-End Labeling of 29 Base Pair Duplex. Fifty

picomoles of single-stranded oligonucleotide 5′-GCTAG-
TAAAAGAAAAGGAAAGAAAAGTCG-3′ was labeled with
[R-32P]ddARP at the 3′-end by treatment with 85 units
of terminal deoxynucleotidyl transferase and [R-32P]-
ddATPRP for 45 min at 37 °C. Unincorporated nucleotide
was removed by passage through a NICK column (Sepha-

dex G-50, equilibrated with water), then butanol was
extracted, and the nucleotide was lyophilzed to dryness.
Radiolabeled single-stranded oligonucleotide was then
subjected to 20% denaturing polyacrylamide gel electro-
phoresis, visualized by autoradiography, excised from the
gel, and eluted with 200 mM NaCl/1 mM EDTA at 37 °C
overnight. The DNA was filtered (0.45 µm) and ethanol
precipitated. Following hybridization with 100 pmol of
complementary single strand, the 3′-32P-end-labeled du-
plex was purified by 14% nondenaturing polyacrylamide
gel electrophoresis, visualized by autoradiography, ex-
cised from the gel, and eluted with 200 mM NaCl/1 mM
EDTA at 37 °C overnight. The DNA was filtered (0.45
µm), ethanol precipitated, passed through a NICK col-
umn (Sephadex G-50, equilibrated with water), and
stored at -20 °C.
Enzymatic Characterization of DNA Termini.

End-labeled 29 base pair duplex (100 000 cpm) with and
without N-bromoacetyloligonucleotide (2.5 µM) was in-
cubated in 20 mMHEPES, pH 6.8, with 1 mM Co(NH3)6-
Cl3 in a volume of 20 µL at 4 °C for 2 h and then at 37 °C
for 24 h. Two microliters of glycogen in water (20 mg/
mL), 2 µL of 3 M sodium acetate, pH 5, and 60 µL of
absolute ethanol were then added. Following chilling at
-70 °C for 20 min and centrifugation at 14 000 rpm for
40 min, the supernatant was discarded. Seventy percent
ethanol/water was added, and following centrifugation
at 14 000 rpm for 5 min, the supernatant was discarded.
Fifty microliters of water was added and, after vigorous
mixing, the reaction was dried in vacuo. To each tube
was added 100 µL of 10% piperidine. Following incuba-
tion at 90 °C for 30 min, reactions were dried in vacuo.
Samples were then lyophilized twice from 50 µL of water.
For the 3′-end analysis, a portion (10 000 cpm) of 5′-

32P-end-labeled product as well as products of dimethyl
sulfate cleavage were dissolved in separate reactions in
dephosphorylation buffer (20 mM Tris-HCl, pH 6.6, 20
mM MgCl2, 10 mM â-mercaptoethanol), and 10 units of
T4 polynucleotide kinase was added. After 1 h at 37 °C,
reactions were ethanol precipitated. For the 5′-end
analysis, a portion (20 000 cpm) of the 3′-[R-32P]ddA-end-
labeled product as well as products of dimethyl sulfate
cleavage were dissolved in separate reactions in calf
alkaline phosphatase (CAP) buffer, and 2 units of CAP
was added. After 45 min at 37 °C, reactions were ethanol
precipitated. Reaction products, as well as control and
G-reactions, were dissolved in formamide loading buffer
and subjected to gel electrophoresis on 1:20 cross-linked
20% denaturing polyacrylamide gels. Following electro-
phoresis, gels were visualized by autoradiography.
N-Hydroxysuccinimidyl 2-Bromoacetate (10). To

a solution ofN-hydroxysuccinimide (0.6 g, 5.4 mmol) and
2-bromoacetic acid (0.75 g, 5.4 mmol) in dioxane (30 mL)
was added N,N-dicyclohexylcarbodiimide (1.3 g, 6.5
mmol). The resulting white suspension was stirred for
2 h and then filtered into 100 mL of petroleum ether.
The resulting white precipitate was collected by filtration,
washed with petroleum ether, and dried in vacuo to
provide 0.5 g (38%) of N-hydroxysuccinimidyl 2-bromoac-
etate as a white, crystalline solid: 1H NMR (DMSO-d6)
δ 2.82 (s, 4H), 4.62 (s, 2H); 13C NMR (DMSO-d6) δ 23.1,
26.0, 164.7, 170.3; IR (KBr) 3060 (vw), 2990 (vw), 2943
(vw), 1812 (m), 1781 (m), 1736 (s), 1356 (m), 1211 (m),
1074 (m) cm-1; HRMS calcd for C6H6NO4Br 234.9479,
found 234.9469.
Amino-(Linker)-Thymidine (T-NH2). To a flask

containing 237 mg (0.75 mmol) of thymidine methyl ester
1 (11) was added 5 mL of ethylenediamine (freshly
distilled from sodium hydroxide). The clear solution was
stirred at 50 °C for 7 h and then at room temperature
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for 16 h. The ethylenediamine was removed in vacuo to
give a clear oil. Evaporation with methanol/toluene to
remove trace ethylenediamine yielded a clear oil, and
upon repeated evaporation with acetonitrile, 247 mg
(96%) of T-NH2 was obtained as a white, hygroscopic,
fluffy solid: 1H NMR (CD3OH) δ 2.08-2.15 (m, 2H),
2.29-2.33 (m, 2H), 2.47-2.52 (m, 2H), 2.56-2.61 (m, 2H),
3.11 (dd, J ) 6.4 Hz, J ) 2.3 Hz, 2H), 3.66 (dd, J ) 21
Hz, J ) 4 Hz, 2H), 3.79 (q, J ) 3.4 Hz, 1H), 4.28 (m, 1H),
6.18 (t, J ) 6.7 Hz, 1H), 7.70 (s, 1H); 13C NMR (CD3OH)
δ 24.3, 35.8, 41.2, 41.9, 42.8, 62.9, 72.1, 86.3, 88.8, 114.1,
138.8, 152.5, 166.1, 175.3; IR (KBr) 3362 (s), 3261 (m),
2937 (w), 2855 (w), 1702 (s), 1637 (s), 1560 (m), 1282 (m),
1104 (m), 926 (w) cm-1; HRMS calcd for C14H22N4O6
342.1534, found 342.1561.
Bromo-(Linker)-Thymidine (T-Br). To a solution

of T-NH2 (19 mg, 55 µmol) in water (0.2 mL) was added
N-hydroxysuccinimidyl 2-bromoacetate (25 mg, 106 µmol).
The solution was vigorously mixed for 5 min and then
loaded onto a 2 g Sep-Pak cartridge equilibrated with
water. The column was washed first with water and then
with 50% acetonitrile/water. Lyophilization afforded 6
mg (24%) of T-Br as a fluffy, white solid: 1H NMR (D2O)
δ 2.29-2.38 (m, 2H), 2.40-2.45 (t, J ) 7.1 Hz, 2H), 2.56-
2.61 (t, J ) 5.9 Hz, 2H), 3.30 (s, 4H), 3.71-3.81 (m, 2H),
3.86 (s, 2H), 3.87-3.89 (m, 1H), 3.98-4.02 (m, 1H), 4.41-
4.46 (m, 1H), 6.23-6.28 (t, J) 6.7 Hz, 1H), 7.65 (s, 1H);
13C NMR (D2O) δ 23.0, 28.1, 34.4, 38.4, 38.8, 39.3, 61.2,
70.5, 85.2, 86.6, 113.3, 138.3, 151.6, 165.6, 170.2, 175.5;
IR (KBr) 3507 (m), 3365 (s), 3049 (m), 2931 (m), 2802
(w), 1686 (s), 1655 (s), 1625 (m), 1560 (m), 1424 (m), 1048
(m) cm-1; HRMS calcd for C16H24N4O7Br 463.0823, found
463.0821.
Hydroxy-(Linker)-Thymidine (T-OH). To a solu-

tion of N-hydroxysuccinimide (1.5 g, 13.2 mmol) and
glycolic acid (1 g, 13.2 mmol) in dioxane (16 mL) was
added N,N-dicyclohexylcarbodiimide (3.3 g, 15.8 mmol).
The resulting white suspension was stirred for 2 h and
then filtered into 100 mL of petroleum ether. The
resulting white precipitate was collected by filtration,
washed with petroleum ether, and dried in vacuo to
provide 1.2 g of a white solid, used without further
purification. To a solution of T-NH2 (44 mg, 129 µmol)
in water (0.44 mL) was added the NHS-ester of glycolic
acid (34 mg). The solution was vigorously mixed for 5
min and then stirred for 4 h. The reaction mixture was
dried in vacuo to a yellow oil. The oil was dissolved in
50% aqueous acetonitrile (300 µL) and then adsorbed onto
silica gel. Column chromatography (0-7% water/aceto-
nitrile), followed by adsorption and elution from reversed
phase resin (LiChroprep RP-18) afforded 7 mg (14%) of
T-OH as a white solid: 1H NMR (DMSO-d6) δ 2.03-2.07
(m, 2H), 2.20-2.26 (t, J ) 7.4 Hz, 2H), 2.38-2.43 (t, J )
7.4 Hz, 2H), 3.08-3.14 (m, 4H), 3.53-3.58 (m, 2H), 3.73-
3.75 (m, 1H), 3.77 (s, 2H), 4.21-4.23 (m, 1H), 5.01-5.05
(m, 1H), 5.22-5.24 (d, J ) 4 Hz, 1H), 6.12-6.17 (t, J )
6.9 Hz, 1H), 7.63 (s, 1H), 7.81-7.84 (m, 1H), 7.85-7.90
(m, 1H), 11.28 (s, 1H); 13C NMR (D2O) δ 23.0, 34.4, 38.4,
38.6, 38.8, 60.9, 61.2, 70.5, 85.2, 86.6, 113.3, 138.3, 151.5,
165.5, 175.2, 175.5; IR (KBr) 3448 (s), 3413 (s), 3072 (m),
2931 (m), 1690 (s), 1655 (s), 1561 (m), 1543 (m), 1273
(m), 1096 (m), 1032 (w) cm-1; HRMS calcd for C16H24N4O8
400.1588, found 400.1607.
N7-Carboxymethylguanine (12). To a flask contain-

ing guanosine (1.8 g, 6.6 mmol), iodoacetic acid (4.8 g,
26 mmol), and lithium hydroxide (0.31 g, 12.8 mmol) was
added 12 mL of water. The resulting suspension was
stirred at reflux for 70 min, during which time a clear,
dark red solution was formed. The solution was cooled,
and solid sodium thiosulfate was added until the red

solution turned to a light pink color. The solution was
then adjusted to pH 5.5 with LiOH(s). After storage
overnight at 4 °C, the pink precipitate was collected by
filtration. Following recrystallization from 5% aqueous
acetic acid 350 mg (26%) of N7-carboxymethylguanine
was obtained as a pale pink solid: 1H NMR (NaOD/D2O)
δ 4.86 (s, 1H), 7.71 (s, 1H); 13C NMR (NaOD/D2O/DMSO-
d6) δ 40.0 (DMSO-d6), 50.8, 111.6, 144.0, 160.0, 162.2,
166.5, 176.5; IR (KBr) 3537 (s), 3316 (s), 3124 (s), 2694
(s), 1659 (s), 1502 (w), 1474 (m), 1232 (m), 1103 (w), 897
(w) cm-1; HRMS calcd for C7H7N5O3 209.0548, found
209.0545.
Guanine-(Linker)-Thymidine (T-G). To 1.5 mL of

50% aqueous pyridine, pH 8.5, was added N7-carboxy-
methylguanine (20 mg, 96 µmol), 4-nitrophenol (133 mg,
960 µmol), and thymidine-amine T-NH2 (36 mg, 105
µmol). 1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide
hydrochloride (EDCI) (total 576 µmol) was then added
to the resulting yellow solution in portions of 1/5 equiva-
lent. The solution was lyophilized, dissolved in 2 mL of
10 mM NH4OAc, pH 4.5, and extracted with an equal
amount of chloroform. Removal of residual pyridine was
achieved by passage of the aqueous solution through
cation exchange cellulose (CM-Sephadex). The reaction
was then subjected to purification by reversed phase
chromatography (LiChroprep C18 resin), affording a
further purified mixture of adduct T-G and p-nitrophenol,
which was then lyophilized, dissolved in water, and
passed through ion retardation resin (Bio-Rad AG 11A8)
to remove p-nitrophenol. Lyophilization afforded the
authentic standard T-G (2 mg) as a fluffy, white solid:
1H NMR (DMSO-d6) δ 2.04-2.08 (m, 2H), 2.21-2.26 (t,
J ) 7.4 Hz, 2H), 2.38-2.43 (t, J ) 7.5 Hz, 2H), 3.31 (s,
4H), 3.53-3.57 (m, 2H), 3.73-3.77 (m, 1H), 4.21-4.23
(m, 1H), 4.85 (s, 2H), 5.01-5.04 (t, J ) 5.1 Hz, 1H), 5.23-
5.24 (d, J ) 4.2 Hz, 1H), 6.10 (s, 2H), 6.13-6.17 (t, J )
6.9 Hz, 1H), 7.65 (s, 1H), 7.79-7.81 (s, 1H), 7.83 (s, 1H),
8.17 (s, 1H), 10.72 (s, 1H), 11.31 (s, 1H); 13C NMR
(DMSO-d6) δ 23.0, 34.5, 38.5, 38.9, 39.8, 48.6, 61.7, 70.7,
84.3, 87.6, 109.0, 113.1, 137.6, 144.5, 150.8, 153.2, 155.2,
160.1, 163.8, 167.4, 172.0; IR (KBr) 3358 (s), 2924 (m),
2848 (w), 1686 (s), 1560 (m),1384 (m), 1273 (w), 1108 (w)
cm-1; HRMS calcd for C21H27N9O8 533.1977, found
533.1989.
HPLC Analysis of Products of Oligonucleotide-

Directed Alkylation. Twenty nanomoles of single-
stranded oligonucleotide 5′-TCGGTACCCGGGGATCT-
AAAGTAAAAGAAAAGGAAAGAAAAAGCTTT-
CTTCTTCCCTATC-3′ (ε ) 6.0 × 105 M-1 cm-1) and
complementary oligonucleotide (ε ) 5.7 × 105 M-1 cm-1)
were hybridized as follows: Oligonucleotides were com-
bined in 400 µL of water and passed through a NAP-5
column (Sephadex G-25, equilibrated with water). To the
1.0 mL of eluent in a 1.7 mL microfuge tube was added
100 µL of 200 mM HEPES, pH 7.0. The solution was
heated to 90 °C for 9 min and then cooled to room
temperature. After 15 h, the resulting solution was then
combined in a 15 mL Falcon tube with 4.5 mL of water,
570 µL of 200 mM HEPES, pH 7.0, and a stirbar. After
the solution was cooled to 4 °C with stirring, 20 nmol of
N-bromoacetyloligonucleotide in 1 mL of water was
added, followed by 170 µL of 8 mM cobalt hexammine
trichloride (to give a final concentration of 2.7 µM
oligonucleotides). This solution was stirred at 4 °C for
1.5 h and then placed in an oil bath equilibrated to 37
°C. The cloudy solution was stirred, and after 10 min,
the first aliquot (1.1 mL, 3 nmol) was removed for
workup. The sample was pipetted into a 1.7 mL mi-
crofuge tube with 100 µL of 2 M sodium chloride (170
mM NaCl final concentration). The resulting clear
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solution was heated to 90 °C for 15 min and then cooled
to room temperature. The solution was diluted to 2.5 mL
and passed through a NAP-25 column (Sephadex G-25,
equilibrated with water), the 3.5 mL eluent was collected
in two 2 mL microfuge tubes, and the solutions were
dried in vacuo. Product was then transferred to a 0.7
mL microfuge tube with 100 µL of water, followed by
washes of three 100 µL aliquots of water to ensure
complete transfer of material. Samples were then dried
in vacuo and stored at -20 °C. The above procedure was
repeated at time points of 3, 7, 10.5, 19.2, 29, and 69.5 h
(relative to the time of the first sample withdrawn from
the reaction mixture).
Just prior to HPLC analysis, to each tube were added

18 µL of water, 2.5 µL of 10× dephosphorylation buffer
(500 mM Tris-HCl/1 mM EDTA, pH 8.5), 2.5 µL of 2 M
MgCl2, and 2 µL of snake venom phosphodiesterase (2
units/0.7 mL of enzyme). Following incubation at 37 °C
for 2 h, samples were filtered (0.2 µm Nylon-66 mem-
brane, Rainin) and 23.5 µL was injected. A blank run
with 23.5 µL of water injected between each run was
performed to prevent contamination of HPLC chromato-
grams from previous runs. HPLC conditions: Vydac C18
201HS reversed phase column preequilibrated to 50 °C;
solvent A, 100 mM ammonium acetate, pH 6.0; solvent
B, acetonitrile; gradient, 0-10 min at 0% B, 10-40 min
to 5% B, 40-60 min at 5% B, 60-70 min to 10% B, 70-
85 min at 10% B, 85-90 min to 0% B. Retention times:
2′-deoxycytidine 5′-monophosphate, 7.7 min; 5-methyl-
2′-deoxycytidine 5′-monophosphate, 10.7 min; thymidine
5′-monophosphate, 14.5 min; 2′-deoxyadenosine 5′-mono-
phosphate, 26.6 min; hydroxy-(linker)-thymidine nucleo-
side, 38.4 min; guanine-(linker)-thymidine nucleoside,
47.8 min; bromo-(linker)-thymidine nucleoside, 55.2 min;
undigested oligodeoxyribonucleotides, 70-80 min; au-
thentic standard T-G injected under identical solution
conditions, 48.5 min; hydroxy-(linker)-thymidine, 39.0
min; bromo-(linker)-thymidine, 55.5 min.
Cloning of Plasmid pUCINET. The plasmid pUCI-

NET was constructed by ligation of the duplex formed
between oligonucleotides of sequence 5′-GATCATACA-
CATACTAATACTAGTAAAAGAAAAGGAAAGAAAA-3′
and 5′-TCGATTTTCTTTCCTTTTCTTTTACTAGTATT-
AGTATGTGTAT-3′ with pUC19 previously digested with
BamHI and SalI. Ligation products were used to trans-
form Epicurian Coli XL 1 Blue competent cells. Colonies
were selected for R-complementation on Luria-Bertani
medium agar plates containing 50 µg/mL ampicillin and
XGAL and IPTG solution. Large scale plasmid purifica-
tion was performed using Qiagen purification kits ac-
cording to the manufacturer’s protocol. Plasmid DNA
concentration was determined from absorbance at 260
nm using the relation 1 OD unit ) 50 µg/mL duplex DNA.
The sequence of the inserted region was verified by
dideoxy sequencing of the resulting recombinant plasmid.
Kinetic Measurements: N-Bromoacetyloligonu-

cleotide Alkylation of the 666 Base Pair Restriction
Fragment. Plasmid pUCINET was linearized with the
restriction enzyme HindIII. Eight micrograms of DNA
was labeled at the 3′-end using Klenow to incorporate
[R-32P]dATPRP and [R-32P]TTPRP. Following a chase fill-
in with dATP, TTP, dCTP, and dGTP the reaction was
extracted with phenol/chloroform, and the 3′-32P-end-
labeled DNA ethanol precipitated. The DNA was di-
gested with SspI, producing fragments 2 and 0.7 kbp in
size. Following ethanol precipitation, separation by 5%
polyacrylamide gel electrophoresis, and visualization of
the gel by autoradiography, the 666 base pair fragment
containing the target site was excised from the gel and
eluted with 200 mM NaCl/1 mM EDTA at 37 °C over-

night. The radiolabeled restriction fragment was filtered
(0.45 µm), ethanol precipitated, and passed through a
NICK column (Sephadex G-50, equilibrated with water);
1/10 volume of 200 mM Bis-Tris acetate, pH 7.0, was
added, and the mixture was stored at -20 °C.
A 2× stock solution was made containing 3′-32P-end-

labeled HindIII/SspI pUCINET restriction fragment
(4 000 cpm/µL), 40 mM Bis-Tris acetate, pH 7.0, and 1.6
mM cobalt hexammine trichloride. The stock solutions
were then aliquoted into microfuge tubes, and to each
was added an equivalent volume of 2× aqueous N-
bromoacetyloligonucleotide at 2, 0.4, and 0.2 µM concen-
trations. The solutions were incubated overnight at 8
°C, and then each was split into seven tubes and put at
37 °C. After 30 min, the first tube (arbitrarily designated
time equals zero) was quenched by the addition of 2 µL
of glycogen (20 mg/mL), 2 µL of 3 M sodium acetate, and
60 µL of ethanol. Samples were stored at -80 °C until
completion of the experiment. Subsequent time points
were treated as described. The samples were then
centrifuged at 14 000 rpm for 30 min, the supernatants
discarded, and reactions dried in vacuo. One hundred
microliters of 10% aqueous piperidine was added, and
reactions were heated to 90 °C for 30 min. Reactions
were lyophilized, then lyophilized twice from 50 µL of
water, and dissolved in formamide loading buffer. Sepa-
ration of products was performed by 1:20 cross-linked 8%
denaturing polyacrylamide gel electrophoresis (5 000
cpm/lane). Dried polyacrylamide gels were analyzed by
storage phosphor autoradiogram.
Band densities were determined by quantitative analy-

sis of storage phosphor autoradiograms using a Phos-
phorImager (Model 400S) and Image Quant (Molecular
Dynamics) software. Integrated volumes were deter-
mined for individual bands, and numerical values were
transferred to Microsoft Excel. Bands were assigned as
depicted in Figure 7 to determine values for [D]i and [D]t,
and ln([D]i/[D]t) was plotted versus time using the
program KaleidaGraph to determine from the slope the
value for k1. Kinetics were first-order in target DNA
concentration over 2 half-lives and provided rate con-
stants of (2.4 ( 0.3) × 10-5, (2.7 ( 0.5) × 10-5, and (1.6
( 0.4) × 10-5 s-1 for 1, 0.2, and 0.1 µM concentrations of
N-bromoacetyloligonucleotide, respectively.
Kinetic Measurements: 2-Bromoacetamide Alk-

ylation of the 39 Base Pair Duplex. Fifty picomoles
of single-stranded oligonucleotide 5′-ATACACATAC-
TAATACTAGTAAAAGAAAAGGAAAGAAAA-3′ was la-
beled with 32P at the 5′-end by treatment with 45 units
of T4 polynucleotide kinase and [γ-32P]dATPγP for 45 min
at 37 °C. Following ethanol precipitation the DNA was
resuspended in formamide loading buffer and purified
by 20% denaturing polyacrylamide gel electrophoresis.
Following elution, ethanol precipitation, and hybridiza-
tion with excess complementary single-stranded oligo-
nucleotide, the 5′-32P-end-labeled duplex was then sub-
jected to 12% nondenaturing polyacrylamide gel elec-
trophoresis, visualized by autoradiography, excised from
the gel, and eluted with 200 mM NaCl/1 mM EDTA at
37 °C overnight. The DNA was filtered (0.45 µm),
ethanol precipitated, and passed through a NICK column
(Sephadex G-50, equilibrated with water); 1/10 volume of
200 mM Bis-Tris acetate, pH 7.0, was added, and the
mixture was stored at -20 °C.
A 2× stock solution was made containing 5′-32P-end-

labeled 39 base pair duplex (8 000 cpm/µL), 40 mM Bis-
Tris acetate, pH 7.0, and 1.6 mM cobalt hexammine
trichloride. The stock solutions were then aliquoted into
microfuge tubes, and to each was added an equivalent
volume of 2× aqueous 2-bromoacetamide (made fresh,
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volumetrically) at 20, 40, 60, 100, 120, 140, 160, and 180
mM concentrations. Reactions were each then aliquoted
to six microfuge tubes and incubated at 37 °C for 25 min.
The first tube (arbitrarily designated time equals zero)
was quenched by brief exposure to liquid nitrogen,
followed by the addition of 2 µL of glycogen (20 mg/mL),
2 µL of 3 M sodium acetate, and 60 µL of ethanol.
Samples were stored at -80 °C until completion of the
experiment, and subsequent time points were treated as
described. The samples were then centrifuged at 14 000
rpm for 30 min, the supernatants discarded, and reac-
tions dried in vacuo. One hundred microliters of 10%
aqueous piperidine was added, and reactions were heated
to 90 °C for 30 min. Reactions were lyophilized, then
lyophilized twice from 50 µL of water, and dissolved in
formamide loading buffer. Separation of products was
performed by 1:20 cross-linked 15% denaturing polyacryl-
amide gel electrophoresis (10 000 cpm/lane). Dried poly-
acrylamide gels were analyzed by storage phosphor
autoradiography.
Band densities were determined by quantitative analy-

sis of storage phosphor autoradiography as described
above. Bands were assigned as depicted in Figure 9 to
determine values for [D]i and [D]t, and [D]i/[D]t was
plotted versus time using the program KaleidaGraph to
determine from the slope values for kobs for two or three
rate determinations at each concentration of 2-bromo-
acetamide. An analysis of the data indicated that disap-
pearance of fully intact DNA at the highest concentration
of 2-bromoacetamide (90 mM) over 3 half-lives followed
pseudo-first-order kinetics. In subsequent determina-
tions of observed rate constants, initial rates were used
providing values of (3.4 ( 0.2) × 10-7, (6.4 ( 0.8) × 10-7,
(9.6 ( 0.9) × 10-7, (1.7 ( 0.2) × 10-6, (2.2 ( 0.1) × 10-6,
(2.4 ( 0.01) × 10-6, (2.4 ( 0.1) × 10-6, and (3.4 ( 0.1) ×
10-6 s-1 for 10, 20, 30, 50, 60, 70, 80, and 90 mM
2-bromoacetamide concentrations, respectively. Average
kobs values were then plotted against concentration of
2-bromoacetamide to determine, from the slope of the
line, a rate constant k2 of (3.6 ( 0.3) × 10-5 M-1 s-1.

RESULTS AND DISCUSSION

Products of Reaction at Target Duplex. The
production of phosphate termini is consistent with a
mechanism involving base-promoted DNA cleavage at the
abasic site within the target duplex resulting from
alkylation at the N7 position of guanine and depurination.
The 29 base pair duplex of sequence composition 5′-
GCTAGTAAAAGAAAAGGAAAGAAAAGTCG-3′ possess-
ing a GC base pair 2 base pairs to the 5′-side of the
homopurine tract was synthesized and 5′- or 3′-32P-end
labeled for 3′- and 5′-terminal analysis, respectively.
Radiolabeled duplexes were reacted with N-bromoace-
tyloligonucleotide of sequence composition 5′-ETTTTMe-
CTTTTMeCMeCTTTMeCTTTT-3′ at 2.5 µM concentration
(20 mM HEPES, pH 6.8, 1 mM cobalt hexammine
trichloride) for 24 h at 37 °C, and following piperidine
treatment (90 °C, 30 min), the reactions were analyzed
by high-resolution polyacrylamide gel electrophoresis.
Treatment of the radiolabeled duplex with dimethyl
sulfate followed by piperidine affords authentic standards
of the expected phosphate-terminal oligonucleotides (13).
Alkylation by theN-bromoacetyloligonucleotide occurs at
the targeted guanine base proximal to the local triple
helix, and oligonucleotide products comigrate by gel
electrophoresis with products of dimethyl sulfate-treated
DNA (Figure 3).
For further evidence of terminal phosphate functional-

ity at the site of strand cleavage, oligonucleotide products
were treated with the appropriate enzyme to achieve

hydrolysis of the 5′- and 3′-phosphate groups. The 5′-
end-labeled oligonucleotide fragment possessing the pu-
tative 3′-phosphate produced in the alkylation reaction
was subjected to treatment with T4 polynucleotide ki-
nase, an enzyme that can catalyze the hydrolysis of 3′-
phosphate groups (14). Following this treatment, a retar-
dation of gel mobility is observed (Figure 3A). The ob-
served shift in gel mobility is identical to that observed
for the products of dimethyl sulfate alkylation of DNA
subjected to kinase treatment. The analysis was re-
peated for the 3′-32P-end-labeled product possessing the
putative 5′-phosphate using calf alkaline phosphatase,
an enzyme that can catalyze the hydrolysis of 5′-
phosphate groups. Again, a product of slower mobility
is produced, and the observed shift in gel mobility for
the phosphatase-treated products of dimethyl sulfate

Figure 3. Autoradiograms of 20% denaturing polyacrylamide
gels used for characterization of the DNA termini resulting from
oligonucleotide-directed alkylation and base-promoted strand
cleavage at the targeted guanine base: (A) 3′-end analysis using
a 5′-end-labeled 29 base pair target duplex and T4 polynucleo-
tide kinase; (B) 5′-end analysis using a 3′-end-labeled 29 base
pair target duplex and calf alkaline phosphatase. (Lane 1)
Controls, 24 h with no N-bromoacetyloligonucleotide; (lane 2)
duplex treated with dimethyl sulfate; (lane 3) enzymatically
treated dimethyl sulfate products; (lane 4) duplex treated with
2.5 µM N-bromoacetyloligonucleotide for 24 h; (lane 5) enzy-
matically treated products of oligonucleotide-directed alkylation.
TE is bromoacetyl attached to the 5-position of thymine, and
MeC is 5-methyl-2′-deoxycytidine, previously shown to facilitate
binding in oligonucleotide-directed triple-helix formation.
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alkylation of DNA is equivalent (Figure 3B). These data
are consistent with the formation of phosphate termini
at the site of strand cleavage.
Identification of the Guanine-(Linker)-Oligonu-

cleotide Conjugate Formed in the Alkylation Reac-
tion. Alkylation at the N7 atom of guanine within the
Watson-Crick duplex is achieved by the bromoacetyl
electrophile appended to the 5′-end of the Hoogsteen
strand bound in the local triple-helical complex. Iden-
tification of the guanine-(linker)-oligonucleotide conjugate
formed after depurination would provide direct evidence
for covalent bond formation. To address this issue,
reversed phase HPLC analysis can be performed on the
reaction products enzymatically digested by a 3′-exonu-
clease. Products of this hydrolysis reaction are nucleo-
tides (resulting from internal and 3′-terminal residues)
and nucleosides (resulting from 5′-terminal residues)
(Figure 4) (15). Nucleosides resulting frommodifications
of the linker arm at the 5-position of the 5′-terminal
thymidine in the pyrimidine-rich Hoogsteen strand can
then be separated by standard reversed phase chromato-
graphic techniques from a potentially large background
of nucleotides.
N-Bromoacetyloligonucleotide (20 nmol, 2.7 µM) of

sequence composition 5′-ETTTTMeCTTTTMeCMeCTTTMe-
CTTTT-3′ was bound to the 60 base pair duplex (20
nmol, 2.7 µM) of sequence composition 5′-TCGGTAC-
CCGGGGATCTAAAGTAAAAGAAAAGGAAA-
GAAAAAGCTTTCTTCTTCCCTATC-3′ and a time course
performed (20 mM HEPES, pH 7.0, 0.2 mM cobalt
hexammine trichloride, 37 °C). Three nanomole aliquots
were removed over time and heated to 90 °C to depuri-
nate N7-alkylated guanine bases (16). Cleavage products
were then digested with snake venom phosphodies-
terase and subjected to HPLC analysis. For comparison,
standards of products expected from enzymatic diges-
tion of unreacted N-bromoacetyloligonucleotide, as well
as products of N7-alkylation of guanine and hydrolysis
of starting material, were synthesized from the thymidine
methyl ester 1 (11) (Figure 5).
The reversed phase HPLC analysis of the reaction

products is shown in Figure 6. The authentic guanine-
(linker)-thymidine standard (T-G) expected from the
alkylation reaction elutes at 48.5 min under these HPLC
conditions (Figure 6a). Featured in the time course
(Figure 6b-d) is the presence of a compound with a
retention time of 47.8 min (T-G, Figure 6). The relative
amount of this product increases during the course of the
reaction and comigrates upon coinjection with the au-

thentic standard T-G (data not shown). The amount of
5-methyl-2′-deoxycytidine 5′-monophosphate (retention

Figure 4. Enzymatic phosphodiester hydrolysis of the modified
pyrimidine-rich Hoogsteen strand by the 3′-exonuclease snake
venom phosphodiesterase produces thymidine nucleosides with
linker arm modifications at the 5-position, thymidine 5′-mono-
phosphate, and 5-methyl-2′-deoxycytidine 5′-monophosphate.
These products can then be separated and identified by reversed-
phase HPLC.

Figure 5. Scheme for the synthesis of authentic standards for
HPLC analysis of products of oligonucleotide-directed alkylation
of duplex DNA: (a) ethylenediamine (neat), 23 h; (b) N7-
carboxymethylguanine, 4-nitrophenol, pyridine/water, EDCI; (c)
N-hydroxysuccinimidyl 2-bromoacetate, water (for T-Br) or
N-hydroxysuccinimidyl 2-hydroxyacetate, water (for T-OH).

Figure 6. HPLC analysis of the enzymatically digested
products of oligonucleotide-directed alkylation of double-
stranded DNA. Peak heights for the time course are normalized
according to peak area ratio with 5-methyl-2′-deoxycytidine 5′-
monophosphate, and chromatograms were monitored at 260
nm: (a) HPLC trace of authentic guanine-(linker)-thymidine
standard T-G; (b-d) HPLC traces of enzyme digests of oligo-
nucleotides (3 nmol) from an alkylation reaction at times 3, 10.5,
and 29 h; (e) UV spectrum of the peak at 47.8 min in (d)
superimposed and normalized with the UV spectrum of authen-
tic standard T-G in (a). Labels for peak assignments are as
follows: T-OH for hydroxy-(linker)-thymidine, T-G for guanine-
(linker)-thymidine, and T-Br for bromo-(linker)-thymidine nu-
cleoside.
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time ) 11 min) remains constant over time and provides
an internal standard for relative peak area comparison.
Upon superimposition and normalization of the UV
spectra of peak T-G and the authentic standard, they are
shown to be identical (Figure 6e). These data indicate
that the covalent bond formation occurs at the N7 position
of guanine proximal to the triple-helical complex. Two
additional features of the time course are the presence
of peaks consistent with retention times of the starting
material (55.2 min, T-Br, Figure 6) and the nucleoside
formed by hydrolysis (38.4 min, T-OH, Figure 6). The
relative amounts of T-Br and T-OH decrease over time,
consistent with conversion in the alkylation reaction of
N-bromoacetyloligonucleotide to guanine-(linker)-oligo-
nucleotide conjugate. As the amount of T-OH follows the
disappearance of T-Br, the presence of the former
product likely results from hydrolysis during the enzy-
matic digest (2 h, pH 8.5) of starting material remaining
from the alkylation reaction. This reaction is also seen
to occur in control digests of the N-bromoacetyloligo-
nucleotide.
Rates of Oligonucleotide-Directed and 2-Bro-

moacetamide Alkylation of Double-Stranded DNA.
It has been demonstrated that localization of bromoacetyl
by triple-helix formation on duplex DNA achieves alkyl-
ation at one guanine base. To determine the rate
enhancement obtained upon tethering of the bromoacetyl

moiety to the triple-helical complex, the rate of the
intramolecular reaction by the N-bromoacetyloligonucle-
otide at a single guanine base in duplex DNA is compared
to the rate of intermolecular alkylation by 2-bromoac-
etamide at the same guanine base.
The N-bromoacetyloligonucleotide of sequence compo-

sition 5′-ETTTTMeCTTTTMeCMeCTTTMeCTTTT-3′ is ca-
pable of site-specific alkylation of a guanine base 2 base
pairs to the 5′-side of the homopurine target site within
the 666 base pair fragment of double-stranded DNA
derived from plasmid pUCINET (Figure 7). A plot of ln-
([D]i/[D]t) versus time is linear (Figure 8), indicating that
the reaction is first-order in DNA target concentration,
and provides a rate constant k1 of (2.7 ( 0.5) × 10-5 s-1

(t1/2 ) 7.2 h) for the alkylation reaction within the bound
complex (17). Under these conditions (20 mM Bis-Tris
acetate, pH 7.0, 0.8 mM cobalt hexammine trichloride,
37 °C) the rate is maximal down to 200 nM concentration
of N-bromoacetyloligonucleotide.
For determination of the rate constant of 2-bromoac-

etamide alkylation at the N7 position of guanine within
duplex DNA, an alkylation reaction on double-stranded
DNA (D) by 2-bromoacetamide (E) to form product (P)
can be described by

Figure 7. (A) Localization of bromoacetyl (E) by triple-helix formation results in alkylation at a single guanine base (G) in duplex
DNA. Following base treatment and polyacrylamide gel electrophoresis, oligonucleotides resolved are those containing intact guanine
base (band [D]i) and the oligonucleotide resulting from alkylation at the guanine base. (B) Autoradiogram of an 8% denaturing
polyacrylamide gel used to analyze the products of oligonucleotide-directed alkylation and base-promoted strand cleavage within
the 3′-32P-end-labeled 666 base pair restriction fragment: (lane 1) control lane, 24 h with no N-bromoacetyloligonucleotide; (lane 2)
A-specific sequencing reaction; (lane 3) G-specific sequencing reaction; (lanes 4-10) reaction of 200 nMN-bromoacetyloligonucleotide
with duplex DNA at 37 °C at times 0, 1, 3, 5, 8.8, 12.7, and 27 h.

D + E98
k2
P
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where k2 represents the second-order rate constant for
alkylation at the N7 position of one guanine base G in
the duplex. The rate of disappearance of duplex contain-
ing intact guanine base G is then described by the second-

order rate expression -d[D]/dt ) k2[E][D]. Formally, the
rate of disappearance of fully intact duplex DNA is a sum
of the rates of reaction at all guanine bases in the duplex.
What is desired in this analysis, however, is the rate of
alkylation at guanine base G. To determine this rate,
the products of alkylation on a duplex can be resolved
on a polyacrylamide gel into two experimentally distin-
guishable catagoriessthose containing intact guanine
base G (bands [D]i, Figure 9A) and those resulting from
alkylation at guanine base G. For this purpose, a 39 base
pair duplex of sequence composition identical to the
sequence in plasmid pUCINET was synthesized.
Duplex DNAwas 5′-32P-end labeled and incubated with

2-bromoacetamide (20 mM Bis-Tris acetate, pH 7.0, 0.8
mM cobalt hexammine trichloride, 37 °C). Reactions
were analyzed over time, and cleavage occurs at all
guanine bases in the radiolabeled strand of the duplex
(Figure 9). Plots of [D]i/[D]t versus time under initial rate
conditions (18) provide observed rate constants (kobs) for
the alkylation reaction at various concentrations of
2-bromoacetamide (data not shown). The slope from a
plot of observed rate constant versus concentration of
2-bromoacetamide then provides a rate constant k2 of (3.6
( 0.3) × 10-5 M-1 s-1 for the alkylation reaction of
2-bromoacetamide at N7 of guanine within duplex DNA
(Figure 10).
Included in the observed rate enhancement is the effect

of local triple-helix formation on the reactivity of the
targeted guanine base to nucleophilic substitution. To
determine the magnitude of this effect, an oligonucleotide
of identical sequence composition to the N-bromoacetyl-
oligonucleotide but lacking the linker arm and electro-

Figure 8. Determination of the rate constant k1 for oligonucleo-
tide-directed alkylation at the N7 position of guanine within
duplex DNA. Shown is a plot of ln([D]i/[D]t) versus time at 200
nMN-bromoacetyloligonucleotide concentration, which provides
from an average of four determinations from the slope of the
straight line a rate constant k1 of (2.7 ( 0.5) × 10-5 s-1.

Figure 9. (A) Reaction of free 2-bromoacetamide (E) in solution with duplex DNA results in alkylation of all guanine bases in the
radiolabeled strand of the duplex. Base treatment and polyacrylamide gel electrophoresis then resolve a set of oligonucleotides
containing the intact guanine base (bands [D]i) and the oligonucleotide resulting from alkylation at the guanine base. (B) Autoradiogram
of a 15% denaturing polyacrylamide gel used to analyze the products of intermolecular 2-bromoacetamide alkylation at the N7 position
of guanine and base-promoted strand cleavage within the 5′-32P-end-labeled duplex: (lane 1) control lane, 24 h with no
2-bromoacetamide; (lane 2) A-specific sequencing reaction; (lane 3) G-specific sequencing reaction; (lanes 4-9) reaction of 20 mM
2-bromoacetamide with duplex DNA at times 0, 2.1, 5.8, 9.0, 12.0, and 24.0 h; (lanes 10-15) reaction of 60 mM 2-bromoacetamide
with duplex DNA at times 0, 0.9, 2.1, 5.0, 8.0, and 12.0 h.
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philic functionality was synthesized and 2-bromoacet-
amide alkylation reactions were performed in the pres-
ence (20 µM) and absence of the Hoogsteen strand of the
local triple-helical complex (Figure 11). Binding of the
Hoogsteen strand in the major groove protects the N7

position of guanine from alkylation, resulting in a foot-
print at the binding site on the duplex. The data then
provides observed rate constants at 80 mM 2-bromo-
acetamide concentration of (2.4 ( 0.1) × 10-6 and (1.2 (
0.1)× 10-6 s-1 for alkylation of the targeted guanine base
in double-helical and triple-helical DNA, respectively.

This indicates an approximate 2-fold decrease in the
rate of nucleophilic substitution upon local triple-helix
formation.
The effective molarity of bromoacetyl at one position

in the duplex upon localization of the alkylation reaction
by oligonucleotide-directed triple-helix formation can be
derived from the ratio of rate constants for the unimo-
lecular and bimolecular reactions. This provides an
effective local concentration of bromoacetyl at the tar-
geted G-C base pair of 0.8 M in the bound complex.
Though encouraging with regard to convenient reaction
times in this system (t1/2 ) 7.2 h at 200 nM concentration
of oligonucleotide), this value does not nearly approach
the effective molarities obtained by enzymes (19), reveal-
ing current limitations in the design of bifunctional
molecules for recognition and reaction on DNA.
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Biodistribution and Catabolism of Ga-67-Labeled Anti-Tac dsFv
Fragment
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The disulfide-linked fragment (dsFv) of the antibody to the R subunit of the IL2 receptor has been
radiolabeled with a [Ga-67] Ga-2-(p-SCN-Bz)-NOTA derivative linked through an isothiocyanato group
to either the ε-amino group of lysine or the R-amino group of the N-terminal amino acids. This low
molecular weight protein (LMWP) has been proposed as a tumor diagnostic agent. However, >60%
of the injected dose localized in the mouse kidney. The major catabolites (>95%) in the kidney were
identified as the Ga-2-(p-SCN-Bz)-NOTA conjugate with either lysine or methionine, with no evidence
of transchelation of Ga-67. Since different amino acids in the dsFv were radiolabeled according to
this procedure, it was possible to study the relative residence times of the various catabolites. The
methionine conjugate had a significantly shorter residence time than the lysine conjugate in the same
kidney. Labeling the appropriate amino acid in a LMWP may lead to reduced residence times and
increased diagnostic or therapeutic ratios.

INTRODUCTION

Many fragments of monoclonal antibodies have been
radiolabeled with metallic radionuclides to take advan-
tage of the variety of decay characteristics (1). In most
cases, the conjugate containing the metallic radionuclide
has a longer residence time in the kidney than the
radioiodinated form of the fragment. For example, dsFv,1
a high-affinity antibody fragment to the IL-2 receptor,
has been labeled with I-125 using the Bolton-Hunter
reagent and with In-111(2). The radioactivities in the
kidney at 0.5, 6, and 24 h for the In-111-labeled dsFv
were 142, 124, and 57% ID/g, whereas for the Bolton-
Hunter iodinated dsFv the radioactivities in the kidney
at 0.25, 6, and 24 h were 121, 2.5, and 0.21% ID/g.
Likewise, Schott et al. compared I-125-labeled Fv frag-
ment of CC49 with the Lu-177-labeled Fv fragment (3).
The activities in the kidney of the former were 10.0, 2.1,
and 0.1% ID/g at 1, 6, and 24 h, whereas the latter had
kidney activities of 241, 219, and 198% ID/g at the same
time points. Recently, Choi et al. have shown that
directly radioiodinated dsFv is deiodinated in the kidney
so that iodide is the predominant catabolite in the blood
(4). However, the more rapid efflux of iodinated frag-
ments begs the question of whether the retention of
metallic radionuclides is due to the slow release of
radiolabeled catabolites from the kidney back into the
blood stream or to transchelation to metal binding sites
in the kidney. To minimize transchelation in the kidney,

we have chosen Ga complexed by NOTA because of its
known stability at low pH (1). The purpose of this study
is to synthesize anti-TAC dsFv labeled with Ga-67 using
Ga-67 2-(p-SCN-Bz)-NOTA and to identify and quantitate
each chemical species of the Ga-67 in kidney tissue of
tumor-bearing mice at various times postinjection.

MATERIALS AND METHODS

All of the HPLC separations were performed by using
a Dionex system equipped with a Model GPM-2 gradient
pump and a Gilson Model 112 UV monitor operating at
254 or 280 nm as well as an IN/US γ-RAM flow-through
radioactivity detector.
The analytical size exclusion chromatography was

performed with two columns, a TSK G2000SWXL (30 cm
× 7.8 mm) and a TSK G3000SW (15 cm × 7.8 mm) in
series with PBS elution at 1.0 mL/min. The semi-
preparative size exclusion chromatography was per-
formed with TSK G3000SW (60 cm × 21.5 mm) with 0.15
M NH4OAc, pH 7.0, at a flow rate of 2.5 mL/min. The
analytical reversed-phase chromatography was carried
out on a Beckman RP column (25 cm × 4.6 mm) at 1 mL/
min using a binary linear gradient of 0-100% B/25 min
(solvent A ) 0.05 M HOAc/0.05 M Et3N, pH 7.0; solvent
B ) MeOH). The semipreparative reversed-phase chro-
matography was performed with an AltexUltrasphere
ODS RP column (25 cm × 10 mm, Alltech, Deerfield, IL)
using a binary linear gradient of 0-100% B/50 min at a
flow rate of 2.0 mL/min [solvent A ) 0.1% trifluoroacetic
acid (TFA) in H2O, solvent B ) 0.1% TFA in acetonitrile.
The solution was evaporated to ∼1 mL at room temper-
ature using a rotary evaporator and then lyophilized.
Ion-pair reversed-phase chromatography was per-

formed using a Beckman IP column (25 cm × 4.6 mm)
using 0.02 M NaH2PO4/0.01 M (n-C4H9)4NOH, pH 7.0,
with the percent methanol increasing from 0 to 100% in
a linear fashion over 34 min. Recovery of Ga-67 activity
in HPLC analysis was >98% for all of the chromato-
graphic procedures.
Radiolabeling Studies. The anti-Tac dsFv was

prepared and characterized in the Laboratory of Molec-
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ular Biology, Division of Cancer Biology, National Cancer
Institute (5).
The bifunctional chelating agent 2-(p-SCN-Bz)-NOTA

labeled with 14C at a specific activity of 1.04 mCi/mmol
was prepared as described earlier (6). The anti-Tac dsFv
was conjugated with 2-(p-SCN-Bz)-NOTA at an initial
ligand-to-protein molar ratio of 2.5 and then purified by
following the procedure reported previously (7). The final
ligand-to-protein molar ratio was determined by measur-
ing both the protein concentration by UV and the ligand
concentration by liquid scintillation counting. The Ga-
67 compound was prepared by adding to the solution of
Ga-67 in HCl, 0.01 M acetylacetone to obtain a final
concentration of 0.4 mM. After the pH of the solution
was adjusted to 5-6 with 3 M ammonium acetate, the
anti-Tac antibody, conjugated to the bifunctional chelat-
ing agent 2-(p-SCN-Bz)-NOTA, was then added, and the
mixture was incubated for 30 min at room temperature.
After incubation at room temperature for an additional
5 min with 5 µL of 0.1 M EDTA, the anti-Tac-2 conjugate
of (p-SCN-Bz)-NOTA-Ga-67 conjugate was purified by
size exclusion HPLC.
Preparation of Amino Acid Conjugated NOTA-

Ga Complexes. The amino acid-NOTA conjugates
were prepared by reaction of large excess of amino acid
(lysine, methionine, N-acetyllysine, and glutamine from
Aldrich Chemical Co., St. Louis, MO) with 2-(p-SCN-Bz)-
NOTA (ca. 1 mg) in 0.1 M bicarbonate/carbonate buffer,
pH 8.5, at room temperature overnight. The conjugate
was then labeled with Ga-67 as described above and then
purified using reversed-phase chromatography.
The conjugate was also complexed with stable Ga at

pH 6.0-6.5 for mass spectra analysis. The product in
this case was purified using the semipreparative reversed-
phase chromatography. In addition to analysis by HPLC,
FAB spectra were obtained on a JOEL SX102 mass
spectrometer operated at an accelerating voltage of 10
kV. Samples were desorbed from a matrix using 6 keV
xenon atoms. Mass measurements in FAB are performed
at 10 000 resolution using electric field scans with the
sample peak bracketed by two poly(ethylene glycol)
reference ions. For the methionine conjugate of GaNOTA
(C25H34GaN5O8S2), MS m/e 666.42 (M+), for the ε-ami-
nolysine conjugate of GaNOTA (C26H37GaN6O8S) MSm/e
663.40 (M+); for the R-aminolysine conjugate of GaNOTA
(C26H37GaN6O8S), MS m/e 663.40 (M+); for the R-N-
acetyllysine conjugate of GaNOTA (C28H39GaN6O9S), MS
m/e 705.43 (M+); and for glutamine (C25H33GaN6O9S), MS
m/e 663.35 (M+).
Biodistribution Studies and Procedure for the

Assay of Catabolites. Both A431 cells, a human
epidermoid cancer cell line that has been shown to yield
subcutaneous tumors with high efficiency in immunologi-
cally incompetent mice, and A431 cells transfected using
molecular biology techniques to express the IL-2R recep-
tor (ATAC4) were implanted in nude mice on opposite
flanks following the procedure of Choi et al. (4). Five sets
of five mice each were injected with the Ga-67 2-(p-SCN-

Bz)-NOTA conjugate of dsFv at a specific activity of 12.5-
15.7 mCi/mg (n ) 3). Four mice received 10 µCi (for the
biodistribution study) and one mouse received 120 µCi
(for the metabolite study) in each set. Mice were sacri-
ficed at 15, 45, 90, 360, and 1440 min after injection. The
tissues of interest were excised from each animal and
counted with a gamma counter. Urine was taken at the
time of sacrifice and therefore represents the catabolites
present at that time and not a quantitative analysis of
excreted metabolites. Diluted injectates were also counted
as standards (Table 1).
For the 45, 360, and 1440 min blood samples, serum

was separated by centrifugation from red cells and mixed
with an equal volume of PBS for size exclusion chroma-
tography. Duplicate blood samples were taken, and
serum was separated, extracted with an equal volume
of EtOH, freeze-dried, dissolved in the initial HPLC
eluent, and analyzed on a reversed HPLC column to
separate catabolites. The kidneys were homogenized and
extracted twice using an equal volume of cold EtOH,
followed by two additional extractions using an equal
volume of cold PBS, and kept on ice. For the 45 min time
point, the kidneys of one mouse were divided in half,
with half from this mouse extracted twice with EtOH
followed by extraction twice with PBS and the other half
extracted twice with PBS followed by extraction twice
with EtOH. The activities in each extractants and the
pellets were counted. For the 6 h study in which PBS
was used before EtOH (Table 2), the volume of extractant
to tissue was 2:1 (mL/g). The percent catabolites was
determined using the analytical procedures described
below (Table 3).
For the detailed extraction studies carried out at 6 h

(Table 4), each tissue sample was homogenized after
addition of the next extractant and larger volumes of
extractant to tissue were used as indicated in Table 4.
The EtOH extractants were mixed with an equal volume
of water, freeze-dried, dissolved with HPLC initial eluent,
filtered with 0.22 µm centrifuge filters, and analyzed on
size exclusion, reversed-phase, and ion-pair reversed-
phase columns, respectively. The PBS extractants were
directly analyzed with size exclusion chromatography
after filtration. For reversed-phase and ion-pair reversed-
phase chromatography, the PBS extractants were puri-

Table 1. Biodistribution of Ga-67 NOTA-dsFv in Tumor-Bearing Nude Mice (% ID/g ( SD; n ) 5)

15 min 45 min 90 min 6 h 24 h

blood 2.19 ( 0.34 0.65 ( 0.17 0.58 ( 0.09 0.13 ( 0.01 0.028 ( 0.007
heart 1.74 ( 0.42 0.40 ( 0.07 0.38 ( 0.09 0.10 ( 0.01 0.038 ( 0.015
lungs 2.99 ( 0.51 1.53 ( 0.31 1.09 ( 0.14 0.54 ( 0.20 0.320 ( 0.24
liver 1.00 ( 0.13 0.61 ( 0.10 0.63 ( 0.05 0.35 ( 0.03 0.190 ( 0.035
spleen 0.82 ( 0.19 0.42 ( 0.05 0.41 ( 0.07 0.25 ( 0.05 0.081 ( 0.02
kidneys 204.7 ( 33.1 197.7 ( 41.8 203.4 ( 35.1 137.4 ( 11.6 70.95 ( 21.5
A431 2.66 ( 0.93 1.71 ( 0.54 0.50 ( 0.06 0.16 ( 9.04 0.29 ( 0.16
ATAC4 4.51 ( 0.55 2.04 ( 0.35 2.96 ( 1.62 2.14 ( 0.61 0.83 ( 0.06
muscle 0.73 ( 0.10 0.29 ( 0.04 0.25 ( 0.02 0.04 ( 0.02 0.042 ( 0.01

Table 2. Extraction of Kidney Tissue from Normal (n)
Mice or Tumor-Bearing (t) Mice Injected with Ga-67
NOTA-dsFv (Percent of Total Radioactivity)

45 min (t) 45 min (t) 45 min (n) 6 h (t) 24 h (t)

(1) EtOH 41.9 49.4 50.4
(2) PBS 13.7 24.7 25.6
pellet 44.5 25.9 24.0
(1) PBS 19.6 20.5 49.6a
(2) EtOH 33.3 27.9 28.6a
pellet 47 51.5 21.8

a Extracted with 2× extractant (PBS or EtOH) to tissue (mL/
g). The other samples were extracted at 1:1 ratios. Samples were
extracted using either (1) EtOH followed by (2) PBS or (1) PBS
followed by (2) EtOH.

366 Bioconjugate Chem., Vol. 8, No. 3, 1997 Wu et al.



fied using a semipreparative size exclusion chromatog-
raphy column, and the fractions containing lowmolecular
weight species were collected, freeze-dried, diluted with
HPLC eluent, and then analyzed. The urine samples
were analyzed after filtration. The retention times of Ga-
67 compounds in mouse urine and the extracts of mouse
kidney were analyzed by ion-pair reversed-phase chro-
matography (Figure 1) and compared to a mixture of
standards of Ga-67 2-(p-SCN-Bz)-NOTA amino acid
conjugates (Figure 2).

RESULTS

The overall radiochemical yield obtained after Ga-67
was added to the anti-Tac antibody conjugated to the
bifunctional chelating agent 2-(p-SCN-Bz)-NOTA was
90% based on Ga-67. The resulting dsFv was analyzed
according to the method described in Choi et al. (4) and
had a immunoreactivity of >80%. In two experiments,
the ratios of NOTA to dsFv in the dsFv-2-(p-SCN-Bz)-
NOTA conjugates were 0.86 and 1.15, respectively. The
specific activities of the dsFv conjugate of Ga-67-2-(p-
SCN-Bz)-NOTA were between 12.8 and 15.7 mCi/mg.
The biodistribution in tumor-bearing mice showed high

uptake in the kidney of 205% ID/g, which remained
constant from 15 to 90 min and then fell to 140% ID/g at
6 h and 70% ID/g at 24 h. Specific tumor uptake was
shown by retention of Ga-67 in ATAC4 tumor versus a
control tumor (A431) in the same mouse (4). The specific-
to-nonspecific tumor ratio reached 6 at 90 min and 13 at
6 h. The radioactivity cleared rapidly from the blood:
2.2% ID/g at 15 min to 0.1% ID/g at 6 h (Table 1).
In preliminary experiments to determine the catabo-

lites, the kidney tissue of the mice sacrificed at 45 min
was extracted using two procedures: the first involved
extracting with EtOH followed by PBS, and the second
consisted of extracting with PBS followed by EtOH. Both
procedures resulted in 50-55% extraction of the Ga-67
activity in kidneys. For those mice sacrificed at 6 and
24 h, the kidney tissue was extracted with EtOH followed
by PBS, and 75% of Ga-67 activity was extracted.
Three HPLC methods were used to identify the catabo-

lites in serum, kidney, and urine. At 45 min the
radioactivity in the serum was predominantly unchanged
dsFv. At 6 and 24 h postinjection, the radioactivity in
the serum was below detection limits. Size exclusion
chromatography was used to measure the Ga-67 bound
to dsFv. As expected, dsFv-bound Ga-67 was not found
in any of the EtOH extracts of the kidneys because EtOH
most likely denatured the dsFv. In both normal and
tumor-bearing mice sacrificed at 45 min with PBS as the
initial extractant of the kidneys, 31% dsFv was found,
which is ∼6% of total activity in the kidney (PBS

extracted ∼20% Ga-67, see Table 2). With PBS as the
second extractant, 24% dsFv was found, which is ∼3%
of total activity in the kidneys. At 6 and 24 h no dsFv
was found in the PBS extract, and no dsFv was found in
any of the urine samples.
The major catabolites in kidney were the ε-aminolysine

conjugate and the R-aminomethionine conjugate of the
Ga-67 2-(p-SCN-Bz)-NOTA derivative (Table 3; Figure
1). These catabolites were also found in the urine
samples. Another catabolite was observed but could not
be identified unequivocally. Both chains of dsFv have
N-terminal methionine, although other amino acids may
be introduced during the genetically engineered produc-
tion of the light and heavy chain in Escherichia coli.
When kidney homogenates were extracted from mice
sacrificed at 45 min with PBS followed by EtOH, the
concentration of Met > Lys in PBS, whereas in EtOH
the two were equal. In the urine Met predominated
(>95%). In the kidney at 6 h, both the PBS and the
EtOH contained Lys (>95%). The urine samples taken
at that time contained Lys. Met appears to be cleared
more rapidly from the kidney (Figure 1).
To better define the chemical form of the radioactivity

that was not extracted from kidney tissue, we carried out
additional experiments using various extraction proce-
dures, larger extractant to tissue ratios, and more
frequent homogenization between extractions (Table 4).
The results show that using various extraction para-
digms, the total amount of radioactivity extracted was
always >90%. Chromatographic analysis of the ex-
tracted radioactivity for each paradigm gave >95% of the
ε-aminolysine conjugate of the Ga-67 2-(p-SCN-Bz)-
NOTA derivative. We found no radioactive peaks with
the retention time of Ga-67 EDTA (13.1 min) in any of
the extracts. If Ga-67 is weakly bound to protein, we
would expect to see Ga-67 EDTA formed. Since we found
>95% of the radioactivity in the kidney at 6 h to be in
the form of the ε-aminolysine conjugate of the Ga-67 2-(p-
SCN-Bz)-NOTA derivative, we believe that the Ga-67
NOTA complex is stable in vivo and that retention of
radioactivity in the kidney can be attributed to slow
kinetics of the catabolites rather than to retention of Ga-
67 in the kidney as a transchelated product with kidney
proteins.

DISCUSSION

Monoclonal antibodies have been used for both diag-
nosis and therapy. In an attempt to increase whole body
clearance and the time to maximum target to nontarget
ratio, many investigators have pursued LMWP. As the
molecular weight or size decreases, the glomerular siev-
ing coefficient increases. The primary mechanism of
kidney uptake of LMWP is by endocytosis in the proximal
tubules (8). No simple theory explains the difference
between the uptake of various LMWP, although many
experiments varying molecular size, isoelectric points,
etc. have been carried out (9). However, the catabolites
of various LMWP have been studied. Christensen and
Maunsback have shown that I-125-labeled lysozyme was
taken up by the proximal tubules and that monoiodoty-
rosine was the major catabolite (10). Johnson andMaack
also reported that iodotyrosine was the major catabolite
from human GH (11). Choi et al. have found that F-18
fluoromethylbenzoyl-labeled antiTac dsFv leads to both
fluoromethylbenzoyllysine and fluoromethylbenzoyl-R-N-
acetyllysine (4). The former was the major catabolite in
the blood while the latter was the major catabolite in the
urine, presumably because the N-acetyl derivative is not
taken up in the proximal tubules as shown by direct
injection of the radiolabeled catabolites in mice (4).

Table 3. Percent Catabolites as Ga-67-NOTA Amino
Acids in Extraction Fractions of Kidney from Normal (n)
Mice or Tumor-Bearing (t) Mice Injected with Ga-67
NOTA-dsFva

time extractant dsFv Lys Met no I.D.

(1) 45 min (t) (1) EtOH 0 40.3 38.5 21.1
(2) PBS 24.4 45.4 20.6 9.6

(2) 45 min (t) (1) PBS 30.9 17.8 42.2 9.1
(2) EtOH 0 42.1 36.5 21.4

(3) 45 min (n) (1) PBS 31.5 18.3 45.8 4.4
(2) EtOH 0 43.2 37.3 19.5

(4) 6 h (t) (1) EtOH 0 >85 <3 <15
(2) PBS 0 >85 <3 <15

(5) 24 h (t) (1) EtOH 0 >90 0 <10
(2) PBS 0 >90 0 <10

a Percentage of total radioactivity recovered by extraction. See
Table 2 for extraction efficiencies using either EtOH followed by
PBS or PBS followed by EtOH. Lys, lysine; Met, methionine
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Rogers et al. analyzed kidney catabolites after injection
of In-111 DTPA-1a3-F(ab′)2 and found that the major
catabolite was In-111-DTPA-ε-lysine (12). However, they
did not report the retention time of the standard for the
N-acetyl analog of In-111-DTPA-ε-lysine. Garg et al.
found that in the 3 h kidney supernatant after injection

of the radiolabeled Me1-14 F(ab′)2, 92% of the low
molecular weight catabolites were present as [125I]iodo-
benzoic acid using N-succinimidyl 3-iodobenzoate, but
with iodogen, iodide was the major catabolite (13, 14).
Finally Rogers et al. have studied radiolabeled 1A3-
F(ab′)2 using four bifunctional chelates for copper. The
kidney metabolism of Cu-67 4-[(1,4,8,11-tetraazacyclotet-
radec-1-yl)methyl]benzoic acid F(ab′)2 conjugate showed
at one day postinjection a small molecular weight catabo-
lite that was either a lysine or N-terminal amino acid
derivative of the bifunctional chelates (15).
There are two approaches to reducing the residence

time and amount of uptake in the kidney. It has been
shown by Morgenson and Solling that large doses of
lysine will block renal uptake of albumin, free light
chains, and â-2-microglobulin (16). Kobayashi et al. have
taken that approach in recent studies with radiolabeled
anti-Tac dsFv (17). The other approach is to decrease
the residence time in the kidney. This approach usually
involves the use of hydrolyzable linkers (18). We tested
the hypothesis that transchelation will not occur if we
use a chelate that is stable over a broad pH range. This
appears to be the case for the Ga-67 NOTA complex
employed in this study in that we found only the original
dsFv and amino acid-containing catabolites in the analy-
sis of the kidney, the blood, and the urine. In the process
of radiolabeling the dsFv using the isothiocyanato linking
group with the amino groups in dsFv, both the ε-amino
group of lysine and the R-amino group of the terminal
methionines were labeled. Rana and Meares have re-
ported this possibility with a similar reagent (19). The
genetically engineered heavy and light chains of anti-
Tac dsFv contain 13 lysine groups and terminal methion-
ine groups on each chain (2). Because these two amino
acids were labeled, we were able to directly compare the
transit times of the two Ga-67 NOTA-amino acid con-
jugates. It appears that the methionine conjugate has
the shorter residence time in the kidney compared to the
lysine conjugate. We did not detect the N-acetyllysine
conjugate, although this was a major catabolite of F-18-
labeled fluoromethylbenzoyl-dsFv (5).
To the best of our knowledge, this is the first example

of the differential clearance of two amino acid conjugates
from the kidney. There are only a few studies on the
nature of the efflux transporter in the proximal renal
cells (20), so further analysis of the pathways in the
proximal renal tubular cells is warranted before this
finding can be widely applied. However, this information
can lead to the design of LMWP labeled using bifunc-
tional chelates that have decreased residence time in the
kidney. Key factors in the design appear to be using a
chelating agent that binds radiometals at low pH and
finding the appropriate combination of chelate and amino
acid which is rapidly transported out of the renal cells.
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Table 4. Extraction of Kidney Tissue from Normal Mice at 6 h after Injection of Ga-67 NOTA-dsFv (Percent of Total
Radioactivity)

1st extr 2nd extr 3rd extr 4th extr 5th extr pellet

1 4× PBS, 25.2 4× PBS, 19.2 4× EtOH, 34.3 4× EDTA, 14.0 7.3
2 8× PBS, 40.8 8× PBS, 19.2 8× EtOH, 29.4 8× EDTA, 6.6 4.0
3 8× PBS, 22.6 8× PBS, 13.0 8× EtOH, 44.1 8× EtOH, 1.6 8× EDTA, 12.4 6.3
4 8× PBS, 36.8 8× PBS, 14.8 8× EtOH, 35.6 8× EtOH, 1.2 8× EDTA, 6.9 4.6

Figure 1. Ion-pair reversed-phase chromatography after ex-
traction of mouse urine and the extractants of mouse kidney
using PBS and ethanol.

Figure 2. Separation of a standard mixture of Ga-67 2-(p-SCN-
Bz)-NOTA amino acid conjugates (R-Lys, R-amino-linked lysine;
ε-Lys, ε-amino-linked lysine; Gln, R-amino-linked glutamine;
N-Ac-Lys, ε-amino-linked R-N-acetyllysine; and Met, R amino-
linked methionine) by ion-pair reversed-phase chromatography.
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Regiospecific Solid-Phase Synthesis of Branched Oligonucleotides.
Effect of Vicinal 2′,5′- (or 2′,3′-) and 3′,5′-Phosphodiester Linkages on
the Formation of Hairpin DNA
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A general procedure for the solid-phase regiospecific synthesis of branched oligonucleotides (bNA)
analogues using readily available phosphoramidite reagents has been developed. The key feature of
this method is use of the solid-phase phosphoramidite procedure to assemble linear oligonucleotide
sequences and sequential removal of the phosphate (â-cyanoethyl or methyl) and silyl protecting groups
without detaching the nascent oligonucleotide from the solid support. Conversion of the phosphate
backbone into the more stable phosphodiester linkages allows for removal of the 2′-O-tert-butyldi-
methylsilyl protecting group without cleavage or isomerization at the branch point. This method
allows for the formation of branched oligonucleotides with sequences of arbitrary base composition,
length, and orientation around the branch point junction, including a “Y”-shaped octadecamer
d(TACTA)-rA[2′,5′d(GTATGT)]3′,5′d(CAAGTT). Studies to explore structural effects in the use of a
branched adenosine as replacement for nucleotide loops in duplex and triplex DNA are also described.
Branched oligonucleotides of the type rA[2′,5′dCndA10-5′]3′,5′dCndT10-3′ and rA[2′,5′dCn3′,3′dA10-5′]3′,5′dCnT10-
3′ form hairpin duplexes with thermal stability comparable to or better than that of one with a natural
deoxynucleotide loop.

INTRODUCTION

Branched nucleic acids (bNAs) have been the subject
of a number of scientific studies since the discovery of
RNA “forks” and “lariats”(1-4) and multicopy single-
stranded DNA (msDNA) in prokaryotic and eukaryotic
cells (5, 6). msDNA is a chimera of DNA and RNA found
in some prokaryotes having a branched or forked struc-
ture wherein the 5′-nucleotide of a single-stranded DNA
chain is esterified to the 2′-hydroxyl of an internal residue
of the RNA chain. The novelty of these structures has
raised interest as to their possible role in regulating RNA
splicing and debranching. In addition, there has been
increasing recent interest in synthetic branched DNA and
RNA for use in diagnostic applications (7), as “molecular
anchors” for inducing the formation of novel triple-helical
DNA (8-13), and as tools for studying branched RNA/
RNA complexes (9) and the substrate specificity of
debranching enzymes (14, 15).
We have been describing in detail a methodology for

the solid-phase synthesis of open-chain forked or “Y” RNA
and DNAs such as a branched 18-mer UACUAA(2′-
GUAUGU)3′-GUAUGU, in which the branchpoint ad-
enosine nucleotide (A) is linked to identical GUAUGU
“tails” via vicinal 2′,5′- and 3′,5′-phosphodiester bonds
(16). The branched “V” 21-mer rA(2′dT10)3′dT10 (10) and
a “dendritic” 87-mer structure have also been synthesized
from this laboratory (17, 18). Our synthetic “convergent”
strategy is based on our discovery that nucleosides 2′,3′-
O-bisphosphoramidite synthons react with adjacent solid-
support bound chains, yielding symmetric “V”-like mol-
ecules. Synthesis is then continued in the 3′-to-5′ direction
from the apex of the “V” to yield forked or “Y” structures.
More recently, we developed a convergent method that

generates a mixture of bRNA’s with 2′- and 3′-chains of
different base composition, e.g., A(2′-GUAUGU)3′-CAAG-
UU (19). Although this is the easiest way to prepare an
array of branched oligoribonucleotides having different
2′- and 3′-chain sequences (requiring commercially avail-
able building blocks), this method necessitates separation
of very similar branched molecules. It is therefore only
practical for “combinatorial” or biochemical investigations
in which the amount of material needed is very small.
All other synthetic strategies reported so far for the

regiospecific assembly of branched oligonucleotides mim-
icking the natural lariat structures are based upon
solution-phase phosphotriester methods, except for the
recent and elegant work by Sproat and co-workers, who
use a “divergent” solid-phase phosphoramidite strategy
(20). This strategy has permitted the synthesis of
medium size branched oligoribonucleotides; however, it
requires the use of elaborate phosphoramidites and
branchpoint synthons, which limits the ease and speed
of a potential synthesis. Given this limitation, and those
of our current methods, we directed our attention toward
alternative strategies for the regiospecific synthesis of
branched oligonucleotides. As a starting point, we have
chosen to regiospecifically synthesize branched (“Y”-
shaped) oligonucleotides consisting of three DNA chains
joined to the 2′-, 3′-, and 5′-positions of an adenosine
branchpoint. The synthesis of branched oligonucleotides
in which 2′-deoxyribose is substituted for ribose sugars
would be useful for studying the substrate specificity of
debranching enzymes and for evaluating the role of 2′-
OH groups in enzyme-bRNA interactions. Furthermore,
the conformational rigidity imparted to the DNA chains,
by the branchpoint ribose, could be exploited to preor-
ganize and induce the formation of duplex and triplex
DNA.
Here we describe a facile method for the regiospecific

synthesis of branched oligodeoxynucleotides. Some se-
quences were synthesized only on the basis of mimicking
the structure of naturally occurring branched introns
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(e.g., 1 and 2, Table 1). Others were prepared to explore
structural effects in the use of a branched adenosine as
a replacement for nucleotide loops in a hairpin (duplex)
DNA (6-9).

EXPERIMENTAL PROCEDURES

Reversed-phase C18 Sep-Pak cartridges were obtained
from Waters (Milford, MA). Polyacrylamide gel electro-
phoresis (PAGE) reagents were purchased from Bio-Rad
(Toronto). Fused silica capillaries, for capillary electro-
phoresis (CE), were obtained from Polymicro Technolo-
gies (Phoenix, AZ). Long-chain alkylamine controlled
pore glass (CPG) bearing deoxyribonucleosides were
prepared using our protocols (21). Tetra-n-butylammo-
nium fluoride (1 M) in tetrahydrofuran (THF; desilylating
reagent) and (methacryloxypropyl)trimethoxysilane were
purchased from Aldrich. Enzymes were purchased from
Boehringer Mannheim (Quebec). Incubation buffers for
enzyme digestions were prepared using sterilized deion-
ized water, filtered through a sterile 0.2 µm-pore filter
and stored at -20 °C prior to use. Snake-venom phos-
phodiesterase (SVPDE)/alkaline phosphatase (AP) incu-
bations were performed in 50 mM Tris-HCl/10 mM
MgCl2, pH 8, while Nuclease P1/AP incubations were
performed in 0.1 M Tris-HCl/1 mM ZnCl2, pH 7.2.
Synthesis of Branched Oligonucleotides. Branched

oligomers, the structures of which are illustrated in Table
1, were synthesized on an Applied Biosystems DNA
synthesizer (Model 381A) via phosphoramidite chemistry.

The procedure can be illustrated by describing the
synthesis of 1. The linear sequence 3′,5′-linked 5′-HO-
d(TACTA)-rA-d(CAAGTT)-3′ was synthesized by the
normal synthesis cycle (22), and the free 5′-hydroxyl
group was capped by running the capping (Ac2O) cycle.
The synthesis column was removed from the synthesizer
and the solid support dried by flushing argon through
the column. All phosphate protecting groups were re-
moved by treating the support with a solution of NEt3/
dioxane/thiophenol (10 mL, 2:2:1 v/v/v) (when rA meth-
ylamidite was used as branching synthon) or NEt3/
CH3CN (10 mL, 4:6 v/v) (when rA â-cyanoethylamidite
was used as branching synthon). This step is done via a
syringe by pushing the deprotection solution through the
column over a 90 min period (room temperature). The
solid support was then washed extensively with EtOH
(30 mL, for methyl protection only) and CH3CN (30 mL),
followed by THF (30 mL). Removal of the 2′-silyl protect-
ing group was carried out by pushing a solution of 1 M
TBAF/THF (1 mL) through the synthesis column over a
period of 10 min. After the removal of silyl protecting
group, the support was washed with THF (50 mL),
followed by CH3CN (50 mL). The column was then
reinstalled on the synthesizer and synthesis continued
by the normal cycle for the addition of 5′-phosphoramid-
ites except that the first addition required the use of more
concentrated phosphoramidite solution (0.3 M) and longer
coupling times (30 min) (see Table 2). Average coupling
yields (trityl assay method) for 5′-phosphoramidites
couplings were in the range of 95-98%. CPG-bound
oligomers were deprotected under standard conditions
(concentrated NH4OH/ethanol; 4:1, room temperature, 48
h). Following deprotection, the branched oligomers (1-
7) were purified by polyacrylamide gel electrophoresis
(PAGE) and desalted by reversed-phase chromatography
on C18 Sep-Pak cartridges (22). Alternatively, 5′-trityl-
ated oligonucleotides can be purified by reversed-phase
chromatography on OPC cartridges (as in the case of 8
and 9) using supplier’s specification (Dalton Chemical
Co., Toronto).
Analysis and Characterization of Oligonucle-

otides. For enzymatic digestions, 0.5 A260 unit of the
purified lyophilized branched oligomer 1 was dissolved
in the appropriate buffer (20 µL), and to this was added
either SVPDE (1 µL, 0.002 U) and AP (1 µL, 9 U) or
nuclease P1 (3 µL, 0.9 U) and AP (1 µL, 9 U). After
incubation was complete (37 °C, 24 h), the samples were
lyophilized to dryness, redissolved in 15 µL of sterilized
water, and analyzed by HPLC as described below.
HPLC analysis of enzymatic digests was carried out

on a Waters Max 480 system (Millipore) equipped with
dual 501 pumps, UK6 injector, and a 480 tunable UV
detector, with the gradient being controlled by a 600E
gradient controller and solvent delivery system. Analy-
ses were conducted at 254 nm under the following
conditions: reversed-phase Whatman Partisil ODS-2
column (10 µm, 4.6 × 250 mm, Chromatographic Special-
ties); mobile phase solvent A, 20 mM KH2PO4 (pH 5.5);
solvent B, methanol, gradient 0-50% solvent B in 25
min. Peak areas and the previously reported extinction
coefficient values at 254 nm (23) were used to calculate
relative concentrations of monomers.
Capillary electrophoresis analyses were carried out on

a CE system constructed at McGill (24). Capillary, 75
µm i.d., contained 9% (w/v) acrylamide and had a total
length of 55 cm and separation length of 35 cm. Samples
were injected electrokinetically by applying a voltage of
9 kV for 30 s to 3 min depending on sample concentration.
Melting Experiments. Melting experiments were

carried out in 50 mM magnesium chloride/10 mM Tris-

Table 1. Branched Sequences Synthesized for This
Study
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HCl, pH 7.3. The solution was loaded into a cuvette, and
the absorbance versus temperature profile was recorded
using a Cary 3E UV-vis spectrophotometer fitted with
a thermostated cell block and temperature controller. The
cell block was continuously purged with dry nitrogen to
prevent moisture condensation at low temperatures.
Solutions containing the hairpin duplexes (1.1-110 µM
range) or triplex 6/dT10 (2.2 µM) were transferred to the
cuvette and heated to 90 °C for 5 min and then cooled to
5.0 °C for 1-12 h. The solutions were heated at a rate

of 0.5 °C/min, and the absorbance at 260 nm was
measured. The melting curve was then obtained as
described above. Tm values were calculated from the first
derivative of the melting curve. Precision in Tm values,
determined from variance of repeated experiments, is no
greater than (0.5 °C.
Molecular Modeling. These studies were performed

in the AMBER force field developed for nucleic acids
(Hypercube’s HyperChem 3.0). The cutoff function
(switched: inner ) 10 Å and outer ) 14 Å) and the RMS

Scheme 1. Regiospecific, Divergent Synthesis of Branched Oligonucleotides
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gradient were kept constant at 10-5 kcal/mol Å. The
branched pentaloops for 6, 8, and 9 were first minimized
individually. These were then capped to A/T duplexes
built in the classical B-form. Three preliminary struc-
tures were minimized, and short simulations (10-70 ps)
were performed in vacuum on unconstrained helices. A
stereoview of the most energetically favored structure of
9 is shown in Figure 5.

RESULTS AND DISCUSSION

Synthesis of Branched Oligodeoxynucleotides.
Our methodology is illustrated in Scheme 1 for the
synthesis of branched 18-mer 1. This oligonucleotide has
all conserved nucleobases and mimics the naturally
occurring sequence found in Staphylococcus cerevisiae
lariat introns (Table 1). The commercially available N6-
benzoyl-5′-dimethoxytrityl-2′-O-tert-butyldimethylsilylad-
enosine is the key building block in our strategy because

it allows sequential extension of the chain from the
branchpoint rA in all three directions. The other syn-
thons required are 2′-deoxynucleoside-3′-O- or 5′-O-
cyanoethylphosphoramidite monomers, which are also
commercially available. Long-chain alkylamine CPG
served as the solid support and was derivatized with the
3′-terminal nucleoside as previously described (21). The
synthesis began by assembly of the linear tridecanucle-
otide 5′-d(TACTA)-rA-d(CAA GTT)-3′ in the normal 3′-
to-5′ fashion. Following acetylation of the terminal 5′-
hydroxyl group, the support was treated with tri-
ethylamine/acetonitrile solution (4:6 v/v, 1.5 h, room
temperature) to affect the removal of all cyanoethyl
phosphate protecting groups, thus providing an oligomer
with a intrinsically more stable phosphodiester backbone
(25). This is necessary because deblocking of a 2′-OH
group vicinal to a 3′,5′-phosphotriester linkage under
neutral, acidic, or basic conditions has been shown to lead
to phosphoryl migration and/or chain cleavage (26-29).
An important feature was the use of fluoride ions to

effect the removal of the 2′-O-TBDMSi without “dissolv-
ing” the solid support (SiO2) and/or detaching the oligo-
mer from its surface. Thus, the silyl group was removed
from riboadenosine by treatment of the support with 1
M tetra-n-butylammonium fluoride/THF (10 min, room
temperature), followed by washing with THF and aceto-
nitrile. Model experiments with DMT-dT-(LCAA-CPG)
showed that extended treatment with fluoride (15, 30,
and 60 min) leads to significant cleavage of the nucleoside
from the solid support (10%, 25%, and >65%, respec-
tively). At this point, the 2′-chain (5′-GTA TGT-3′) was
synthesized in the 5′-to-3′ direction using commercially
available 5′-phosphoramidite derivatives (30). To force
branching at the sterically hindered 2′-hydroxyl group,
both the concentration and the coupling time of the first
5′-amidite (dG) were tripled to 0.3 M and 30 min,
respectively (12, 31). Under these conditions coupling
proceeded with 91% efficiency. Lower amidite concentra-
tions (0.10 M) resulted in significantly lower coupling
yields (ca. 60%, e.g., 2, Table 2). Synthesis under

Table 2. Conditions and Yields of Branched
Oligonucleotide Synthesis

% coupling yielda purification (A260 U)c

sequence
scale
(µmol) rAd 2′5′pX next

crudeb
A260 U loaded recovered

1 1.0 95 91 99 87 25 7.4
2e 0.6 61e 60f 78 29 20 3.1
3 1.0 100 97 101 131 25 2.8
3 1.0 97g 99 111 64 25 6.2
4 1.0 87 115 86 45 20 2.1
5 1.0 97 89 93 85 25 6.0
6 1.0 98 81 83 43 25 2.6
7 1.0 89 91 92 123 20 3.1
8 0.1 97 124 102 10 8 1.4
9 0.1 97 111 135 9 7 1.9

a Coupling yield of the 2′,5′-pX residue was calculated relative
to coupling of branchpoint A. b Total oligomer recovered after
cleavage and deprotection. c PAGE followed by desalting with C18
Sep-Pak cartridges. Sequences 8 and 9were purified by the “trityl-
on” reversed-phase procedure (OPC purification matrix). d Unless
otherwise indicated, rABz-5′-O-DMT-2′-O-silyl-3′-O-cyanoethylphos-
phoramidite was used as the branching synthon. e rABz-5′-O-DMT-
3′-O-silyl-2′-O-cyanoethylphosphoramidite. f Lower coupling re-
flects the inadvertent use of lower concentration (0.1 M) of the
phosphoramidite solution after the branchpoint. g rABz-5′-O-DMT-
2′-O-silyl-3′-O-methylphosphoramidite used.

Figure 1. Electrophoresis of branched oligonucleotides on a
24% polyacrylamide/7 M urea gel: (A) lane1, oligomer 3
prepared by the present divergent method; lane 2, authentic
sample of oligomer 3 prepared by a convergent method (16); lane
3, crude sample of 3 prepared by the present divergent method;
lane 4, marker dyes bromophenol blue (fast) and xylene cyanol
(slow); (B) lanes 1 and 5, marker dyes; lane 2, branched 18-mer
TACTAA(2′-GTATGT)3′-GTATGT (16); lane 3, branched 18-mer
1; lane 4, linear 12-mer TACTArA2′5′GTATGT.

Figure 2. Capillary gel electrophoresis of branched oligomer
3: (a) crude sample obtained from the convergent method (16);
(b) crude sample obtained by the present divergent method. See
Experimental Procedures for conditions.
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standard conditions was then continued until the desired
“Y”-mer 1 was assembled.
The successful completion of 1 was followed by the

synthesis of eight other “V”- and “Y”-shaped oligonucle-
otides 2-9 (Table 1). Sequence 2 mimics a lariat
structure in which the conserved 2′-guanine base has
been replaced by hypoxanthine. Apart from the use of
deoxyinosine as the 2′-residue, the other major difference
in the preparation of 1 and that of 2 was the use of
adenosine 2′-O-cyanoethylphosphoramidite instead of the
regioisomeric 3′-O-cyanoethylphosphoramidite. Thus, 5′-
d(TACTA)-rA2′,5′d(ITATGT)-3′ was first assembled in the

conventional 3′-to-5′ direction and capped (Ac2O). This
was followed by removal of the cyanoethyl and 3′-silyl
groups and assembly of the 3′-branch, namely d(CAA
GTT). All other aspects of branch assembly, deprotection
procedures, and handling remained invariant. Under the
conditions used (0.5 M tetrazole, room temperature, 30
min), the branch rA-3′-amidite isomer coupled (95%) with
greater efficiency than the 2′-amidite isomer (61%).
However, if 5-ethylthio-1H-tetrazole is used instead of
tetrazole as the acid catalyst, both 2’ and 3’-amidite
couple with similar (97-99%) efficiency (Wasner and
Damha, unpublished results). For the preparation of
sequence 3, both rA-3’-O-methyl and cyanoethyl protected
phosphoramidites were used as the branching synthon
(Table 2). In the case of methyl protection, a thiophe-
noxide step was used to cleave the methyl phosphate
protecting group at the branchpoint rA prior to 2′-
desilylation and 2′-chain assembly. Presumably, the
thiophenoxide step also removes the cyanoethyl groups
attached to the deoxynucleotide residues. Coupling
yields at various stages of these syntheses (as determined
by the trityl assay method) as well as isolated yields of
oligomers are given in Table 2.
The branched oligonucleotides were removed from the

support and deblocked by treatment with 15 M aqueous
ammonia/ethanol 4:1 v/v (room temperature, 48 h).
Removal of the ammoniacal solution furnished the crude
products. Initial characterization and purification of
oligomers was accomplished by electrophoresis by com-
parison of mobilities to linear oligomers and to authentic
samples of branched oligonucleotides. For example, a
sample of 3 produced via the convergent approach (10,
16) was the same as a sample produced by the present
method, as shown by PAGE and CE (Figures 1A and 2)
and by thermal dissociation of antiparallel T/A:T triplexes
formed with dA10 (10). Also, a sample of 1 (18-mer)
exhibited similar electrophoretic mobility to a “Y”-18-mer
prepared via the convergent approach (Figure 1B). The
oligonucleotides were purified by either preparative gel
electrophoresis or reversed-phase (trityl-on) chromatog-
raphy. In the former case, the major band was cut out
under UV shadow, extracted with water at 37 °C over-
night, and desalted by reversed-phase chromatography
(Sep-Pak cartridges). Isolated yields of crude and puri-
fied oligonucleotides are reported in Table 2.
As a further check on the branched structure and

nucleotide composition, a small sample of 1 and 2 was
subjected to enzymatic hydrolysis and the resulting
products were identified by reversed-phase HPLC. Treat-
ment with snake venom phosphodiesterase (Crotalus
durissus) and alkaline phosphatase (AP) (from calf
intestine) gave the expected nucleoside composition.
Furthermore, treatment with nuclease P1 (Penicillium
citrinum)/AP gave the branched core trinucleoside diphos-
phate A(2′dG)3′dC (32) and nucleosides in the expected
ratios (data not shown).

Figure 3. Melting curves of branched and linear hairpin
structures in 50 mMMgCl2/10 mM Tris-HCl buffer, pH 7.3: (a)
6, 7, and I; (b) 8, 9, and I. Oligomer concentration was 1.1 µM.

Figure 4. Melting temperatures and structures of branched and linear hairpin DNA (50 mM MgCl2/10 mM Tris-HCl buffer, pH
7.3).
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Branched Nucleic Acid Hairpins. Compounds 6-9
were designed to test the effect of the branchpoint
“linker” in systems potentially capable of folding into a
hairpin duplex structure. Compounds 6-9 exhibit single
cooperative melting transitions (Tm) that are independent
of oligonucleotide concentrations over a 10-100-fold
range (50 mM MgCl2/10 mM Tris, pH 7.3) (Figure 3). In
addition, their Tm values are >28 °C higher than for
double-stranded complexes formed from two independent
strands e.g., dA10 + dT10, Tm ) 32 °C. These results

support the view that branched oligomers can form
hydrogen-bonded, base-stacked structures reversibly in
solution by folding intramolecularly to a hairpin confor-
mation.
Molecular modeling performed on hairpins 6-8 sug-

gests that their structure is energetically most favorable
when the “loop” is composed of a heptanucleotide
(5′. . . AXX-3′,2′rA-3′,5′YYT .. . 3′) and the “stem” has
seven A/T base-paired residues. In agreement with the
view that 6-8 have similar folded structures, the tem-
peratures of dissociation of these complexes are compa-
rable (58-61 °C, Figure 4). By contrast, the energetically
optimized structure of compound 9 (the constitutional
isomer of 8) can accommodate an additional A/T base
pair, leaving a loop that is only five unpaired bases
(5′. . .CC-5′,2′rA-3′,5′CC . . . 3’) that is constrained steri-
cally by the requirements of loop closing. It is noteworthy
that the structural features of the dC-5′,2′rA-3′,5′dC
residues in this loop are in excellent agreement with the
NMR-derived structure of small branched RNA frag-
ments (33, 34), the most significant being the extensive
base-base stacking interactions between the central rA
and the 2′,5′-dC residue (. . . dC5′T2′rA . . .) (Figures 5
and 6). The remaining three dC residues in 9 also base-
base stack in a way that is reminiscent of stable nucleic
acid hairpins (35). Such stacking interactions are less
important in the minimized structure of 8, and this is
due to the structural constraints of the vicinal 2′,3′/3′,5′
linkages. Since, in fact, the Tm value is 6 °C greater for
compound 9 than for 8, or an unmodified hairpin with
identical stem and loop sequences (I, Figure 4), we
conclude that the pentaloop contributes significantly to
the stabilization of 9. The favorable stabilization derived
from the branched pentaloop structure in 9 is also evident
when its thermal dissociation (64.1 °C) is compared to
that of a model hairpin with an identical stem but a four-
unit (CCCC) loop (60.7 °C), the optimum loop length for
DNA hairpins (35). We speculate that extensive base
stacking interactions within the branched pentaloop
provide, at least in part, the structural basis for the gain
of thermal stability observed in 9 relative to I (35).
Additional studies on various branched pentaloops con-
taining various sequence combinations will be necessary
to test this hypothesis.
Triplex Formation. Association of a Branched

A:T Hairpin with dT10. We have also conducted
preliminary studies on the interaction of branched hair-
pins with single-stranded DNA, namely, dT10 with hair-
pin 6. dT10 forms a stable complex with 6 in Tris buffer
(pH 7.3, 50 mM MgCl2) as indicated by the presence of
two well-separated transitions (Figure 7). The lower
temperature transition (21.5 °C) is nearly coincident with
the first transition given by the classical dA10:2dT10
triplex (Tm ) 19 °C) and corresponds to the process triplex

Figure 5. Stereoview of an energy-minimized structure of branched hairpin 9. Bases in the pentaloop structure are shown in
boldface; only two A:T base pairs (bottom) are shown for clarity.

Figure 6. Schematic representation of the structural features
of stacking interactions of the branched pentaloop structure of
hairpin 9. Symbols: ribose (r); deoxyribose (d); base stacking
(9); hydrogen bonds (- - -).

Figure 7. Melting curves of (a) 6/dT10 and (b) 6 in 50 mM
MgCl2/10 mM Tris-HCl buffer, pH 7.3.
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f dT10 + duplex (36). The lower temperature transition
(21.5 °C) is therefore attributed to dissociation of dT10
from the triplex dT10:6, whereas the high-temperature
transition (61.5 °C) corresponds to the helix-to-coil tran-
sition of duplex 6 (Figure 3). This result demonstrates
that a unimolecular branched duplex (hairpin) can
interact with a pyrimidine sequence to form a triplex
structure. We note that the unique folded structure of
branched single-stranded loops may confer desirable
resistance against degradative nucleases (37). These
characteristics combined may be significant in the de-
velopment of antisense therapeutic agents that target
single-stranded RNA via triple-helix formation (38-40).
In summary, an efficient and regiospecific synthesis

of “V”- and “Y”-shaped oligonucleotides has been devel-
oped. We have also demonstrated that ribonucleoside
branchpoints can be used as linkers to stabilize hybrid-
ization and to direct folding of oligonucleotide strands
into duplex structures. In one example, insertion of a
branchpoint ribonucleoside in the loop of a DNA hairpin
has increased the stability of the hairpin duplex. A
branched hairpin structure was found to bind single-
stranded DNA via triplex formation. These properties
combined make branched oligonucleotides appealing
choices for use as novel probes for studying nucleic acid
structure and as sequence selective oligonucleotides that
can interact with single-stranded nucleic acids. Branched
oligonucleotides of the type described here may also serve
as probes for studying RNA processing in the cell.
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Detection of Oligonucleotide Hybridization on a Single
Microparticle by Time-Resolved Fluorometry: Hybridization Assays
on Polymer Particles Obtained by Direct Solid Phase Assembly of
the Oligonucleotide Probes
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Oligodeoxyribonucleotides were assembled by conventional phosphoramidite chemistry on uniformly
sized (50 µm) porous glycidyl methacrylate/ethylene dimethacrylate (SINTEF) and compact polystyrene
(Dynosphere) particles, the aminoalkyl side chains of which were further derivatized with DMTrO-
acetyl groups. The linker was completely resistant toward ammonolytic deprotection of the base
moieties. The quality of oligonucleotides was assessed by repeating the synthesis on the same particles
derivatized with a cleavable ester linker. The ability of the oligonucleotide-coated particles to bind
complementary sequences via hybridization was examined by following the attachment of oligonucle-
otides bearing a photoluminescent europium(III) chelate to the particles. The fluorescence emission
was measured directly on a single particle. The effects of the following factors on the kinetics and
efficiency of hybridization were studied: number of particles in a given volume of the assay solution,
loading of oligonucleotide on the particle, concentration of the target oligonucleotide in solution, length
of the hybridizing sequence, presence of noncomplementary sequences, and ionic strength. The
fluorescence signal measured on a single particle after hybridization was observed to be proportional
to the concentration of the target oligonucleotide in solution over a concentration range of 5 orders of
magnitude.

INTRODUCTION

Solid supports bearing covalently immobilized syn-
thetic oligodeoxyribonucleotides have recently received
considerable interest owing to their possible applications
in mixed phase hybridization assays (1-11). In particu-
lar, assays that enable simultaneous detection of several
polynucleotides from a single biological sample have been
developed on these bases: arrays of allele-specific oligo-
nucleotides are attached to a glass plate, hybridization
with a mixture of fluorescently tagged PCR amplified
sequences is carried out, and the hybridized sequences
are recognized by location of fluorescent spots on the
support (8, 9). We have recently tried to evaluate the
feasibility of an alternative approach based on the
following principle (12). A mixture of microscopic par-
ticles, each of which bears a given allele-specific oligo-
nucleotide and a reporter group defining the particle
category, is used as the solid phase. After hybridization,
individual particles are separately subjected to two
parallel measurements: one identifies the particle cat-
egory, and the other quantifies the hybridized oligonucle-
otide. As a first part of these studies, we have previously
(11) described several methods for covalent immobiliza-
tion of oligonucleotide probes to uniformly sized particles
(50 µm) made of a glycidyl methacrylate/ethylene dimeth-
acrylate copolymer particle. The hybridization of the
particle-bound probes with oligonucleotides bearing a
photoluminescent europium chelate was then detected
by time-resolved fluorescence measurement of a single

particle. The best hybridization yields were observed to
be 80% on using sequences forming 16 complementary
base-pairs. We now demonstrate that the same polymer
particles may be used, after appropriate derivatization,
as a solid support in automated oligonucleotide synthesis
by the phosphoramidite approach. The oligonucleotide-
coated particles obtained in this manner exhibit, some-
what unexpectedly, hybridization properties as good as
those of the best solid phases prepared by postsynthetic
immobilization of appropriately derivatized purified oli-
gonucleotides.

EXPERIMENTAL PROCEDURES

Materials. The porous and compact particles on
which the oligonucleotide probes were assembled were
products of SINTEF Applied Chemistry (Trondheim,
Norway) and Dyno Particles AS (Trondheim, Norway),
respectively. The porous particles (1) were copolymers
of glycidyl methacrylate (40%) and ethylene dimethy-
lacrylate (60%) (37% matrix), derivatized with primary
amino functions by reacting bis(3-aminopropyl)amine
with the particle-bound epoxy groups (13). The density
of the primary amino groups of these particles is of the
order of 1 mmol g-1, the surface area 137 m2 g-1, and
the total pore volume 0.822 mL g-1. The pore size ranges
from <5 to 500 nm, the average size being 30 nm. The
compact particles (2; Dynospheres Exp-SS-50-RACQ)
were made of polystyrene, having a mean particle
diameter of 56 µm (% CV 1.3). These particles are
functionalized with ethylenediamine groups, the density
of the primary amino functions being 1.3 µmol g-1.
Derivatization of Microparticles for Oligonucle-

otide Synthesis. The porous particles (1) were acylated
with pyridinium DMTrO-acetate and capped with acetic
anhydride, as described previously (14) (Scheme 1). The
N-(DMTrO-acetyl) loading of the particles (3), when
determined by the DMTr-cation assay (15), ranged from

* Author to whom correspondence should be addressed (tele-
phone +358-2-333 6770; fax +358-2-333 6770; e-mail
harri.lonnberg@utu.fi).

† Department of Chemistry.
‡ Department of Biotechnology.
X Abstract published in Advance ACS Abstracts, April 15,

1997.

378 Bioconjugate Chem. 1997, 8, 378−384

S1043-1802(97)00033-5 CCC: $14.00 © 1997 American Chemical Society



1 to 160 µmol g-1. The compact particles (2) were
similarly converted toN-(DMTrO-acetylated) particles 4,
exhibiting a DMTr-loading of 0.15 µmol g-1.
Oligonucleotide Synthesis on Microparticles 3

and 4. An appropriate amount of particles 3 or 4 was
loaded in the column of a DNA synthesizer (ABI 392),
and the desired oligodeoxyribonucleotide was assembled
in a 0.2 µmol scale using standard phosphoramidite
chemistry. According to the DMTr-cation response, the
stepwise coupling efficiency ranged from 90 to 98%,
giving a total efficiency of 30-50%. The yield of the first
two to three couplings was exceptionally low (90-93%),
while the subsequent couplings exhibited a normal
efficiency (97-98%). In all likelihood the low initial
coupling yields result from the fact the solid support
employed is not optimized for oligonucleotide synthesis.
The amido linker of particles 3 and 4 was completely
resistant toward conventional ammonolytic deprotection
of the base moieties. After ammonolysis, the particles
bearing the desired oligonucleotide sequence [porous
particles: 5a 5′-d(CCTATGATGAATATAG)-3′, 5b 5′-
d(CCTATGATGAATATAGTTT)-3′, 5c 5′-d(CCTATGAT-
GAATATTTTTT)-3′, 5d 5′-d(CCTATGATGAATTCTTTTT)-

3′, 5e 5′-d(CCTATGATGATCTCTTTTT)-3′, 5f 5′-d(GAT-
GTCCTATTACTCG)-3′, 5g 5′-d(CCTATGATAATATAG-
TTT)-3′, 5h 5′-d(CCTATGTGAATATTTTTT)-3′; compact
particles: 6 5'-d(CCTATGATGAATATAG)-3′] were dried
under reduced pressure, removed from the column, and
washed with the buffer used in the hydridization assays.
To evaluate the quality of oligonucleotide synthesis on

particles 3, the 16-mer sequence 5′-d(CCTATGAT-
GAATATAG)-3′ was assembled on the same particles
bearing a short cleavable linker (Scheme 2). For this
purpose, particles 3, having a DMTr loading of 22 µmol
g-1, were detritylated with 5% dichloroacetic acid in 1,2-
dichloroethane, and the released hydroxy functions were
again acylated with pyridinium DMTrO-acetate and
capped to give particles 7. The 16-mer sequence was
assembled on these particles. Upon ammonolysis, the
oligonucleotides were released as 3′-carboxamidomethyl
phosphates (8) (14), and the composition of the product
mixture was analyzed by ion-exchange HPLC on a
Synchropak AX-300 column (4.6 × 250 mm, 6.5 µm;
buffer A, 0.05 M KH2PO4 in 50% aqueoue formamide, pH
5.6; buffer B, buffer A + 0.6 M (NH4)2SO4; flow rate, 1
mL min-1; linear gradient from 0 to 60% buffer B in 60

Scheme 1

Scheme 2

Oligonucleotide Hybridization Bioconjugate Chem., Vol. 8, No. 3, 1997 379



min). The area of the main signal at tR ) 42 min,
referring to the desired 16-mer conjugate, was 42% of
total signal area, all shorter sequences being evenly
distributed.
Fluorescent Oligonucleotide Conjugates (9, 10).

The fluorescently tagged oligonucleotide used for the
characterization of the hybridization properties of par-
ticles 5a-h and 6 was a 41-mer (9), 5′-d(CTATATTCA-
TCATAGGAAACACCAAAGATGATATTX5C)-3′, where X
stands for N4-(aminohexyl)-2′-deoxycytidine tethered to
a photoluminescent europium(III) chelate, {2,2′,2′′,2′′′-
{{4′-{4′′′-[4,6-dichloro-1,3,5-triazin-2-yl)amino]phenyl}-
2,2′:6′,2′′-terpyridine-6,6′′-diyl}bis(methylenenitrilo)}-
tetrakis(acetato)europium(III) (16). A similarly labeled
32-mer (10), 5′-d(X20ATCATCTTTGGT)-3′, was used to
determine the extent of unspecific binding of oligonucle-
otides to particles 5a-h and 6. The preparation of these
oligonucleotide conjugates has been described previously
(11).
Hybridization Assays. The hybridization assays

were carried out as described previously (11).

RESULTS

Solid Phase Assembly of Oligonucleotides on
Polymer Particles. Two different types of micropar-
ticles, both having a diameter of approximately 50 µm,
were used as a solid support to assemble the oligonucle-
otide probes and to characterize the hybridization prop-
erties of the oligonucleotide-coated particles obtained.
The porous particles (1) were made of a copolymer of
glycidyl methacrylate (40%) and ethylene dimethylacry-
late (60%). Their average pore size was of the order of
30 nm, and the density of primary amino groups was 1
mmol g-1. The compact particles (2) were made of
polystyrene, and they bore primary amino groups 1.3
µmol g-1. Both particles were further derivatized by
acylating a desired proportion of the amino functions with
DMTrO-acetic acid and capping the rest of the amino
groups by repeated acetylations (Scheme 1). The loading
of the N-(DMTrO-acetyl) groups was determined by the
DMTr-cation assay (15). These particles (3, 4) were used
as a solid support in automated oligonucleotide synthesis
according to the conventional phosphoramidite strategy.
The oligonucleotide chains thus became bonded to the
support via an amide linkage, which was observed to be
completely resistant toward deprotection of the base
moieties by ammonolysis.

The sequences assembled on porous particles (3) were
5′-d(CCTATGATGAATATAG)-3′ (5a), 5′-d(CCTATGAT-
GAATATAGTTT)-3′ (5b), 5′-d(CCTATGATGAATATTT-
TTT)-3′ (5c), 5′-d(CCTATGATGAATTCTTTTT)-3′ (5d),
5′-d(CCTATGATGATCTCTTTTT)-3′ (5e), 5′-d(GATGTC-
CTATTACTCG)-3′ (5f), 5′-d(CCTATGATAATATAGTTT)-
3′ (5g), and 5′-d(CCTATGTGAATATTTTTT)-3′ (5h) and
that on compact particles (4) 5′-d(CCTATGATGAATAT-
AG)-3′ (6). On the basis of the DMTr-cation response of
the consecutive couplings, about one-third of the growing
chains reached the full length, the rest of the chains
remaining truncated. To evaluate the homogeneity of the
assembled oligonucleotides in more detail, the synthesis
was repeated on particles 3 bearing a short cleavable
linker. Accordingly, the particles 3were detritylated and
DMTrO-acetic acid was esterified with the free hydroxy
functions (Scheme 2) (14). The unreacted hydroxy groups
were capped, and the oligonucleotide was assembled on
these particles (7). Upon ammonolytic deprotection of
the base moieties, the oligonucleotide was released as a
3′-carboxamidomethyl phosphate (8) (14). Ion-exchange
HPLC analysis of the crude oligonucleotide mixture
revealed that about 40% of all nucleotidic units were
present in completed 16-mer chains, while the rest were
rather evenly distributed among shorter sequences.
Hybridization Properties of the Particle-Bound

Oligonucleotides. A fluorescently tagged 41-mer oli-
gonucleotide (9), 5′-d(CTATATTCATCATAGGAAAC-
ACCAAAGATGATATTX5C)-3′, where X stands for N4-
(aminohexyl)-2′-deoxycytidine tethered to a 2,4,6-trichloro-
1,3,5-triazine-activated photoluminescent europium(III)
chelate, {2,2′,2′′,2′′′-{{4′-{4′′′-[4,6-dichloro-1,3,5-triazin-
2-yl)amino]phenyl}-2,2′:6′,2′′-terpyridine-6,6′′-diyl}bis-
(methylenenitrilo)}tetrakis(acetato)europium(III) (16), was
used to elucidate the hybridization properties of particles
5a-h and 6. The sequence complementary to the
particle-bound 16-mer is indicated by bold letters. The
kinetics of hybridization was followed at 25 °C by shaking
500-5000 particles in 100 µL of Tris buffer (50 mM, pH
7.5, containing 0.5 M NaCl and 0.01% Tween) containing
9 at a concentration of 5 nM. Accordingly, the particle-
bound oligonucleotides were always present in large
excess compared to the fluorescently tagged oligomer 9
(5 × 10-13 mol vs >3 × 10-11 mol). Aliquots of 10 µL
(50-500 particles) were withdrawn at appropriate inter-
vals. The particles were washed, and a single particle
was subjected to a time-resolved fluorescence measure-
ment, as described previously (10, 11). Typically 10
individual particles were measured, the standard devia-
tion ranging from 2 to 8%. To estimate the contribution
of unspecific adsorption of the labeled oligomer to the
particles, a comparative study with a noncomplementary
fluorescently tagged oligomer, 5′-d(X20ATCATCTTTGGT)-
3′, was carried out. The unspecific binding was in all
cases negligible, <1% of 10 being attached to the par-
ticles.
To transform the observed fluorescence emission of a

single particle to the number of fluorescently tagged
oligomers hybridized to the particle, two sets of particles
5a were subjected to hybridization with the tagged
oligomer 9, the initial concentration of which was varied
from 17 pM to 170 nM. After 20 h of incubation, one set
of particles was measured by the single-particle tech-
nique, while from the other set europium(III) ion was
released to solution and determined according to the
DELFIA protocol (17). Additionally, the amount of 9 in
solution before and after hybridization was determined
by DELFIA. The fact that the difference between the
amount of europium(III) in solution phase before and
after hybridization always was equal to the amount

Scheme 3
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released from the particles after hybridization lends
considerable support to the reliability of the determina-
tion. Figure 1 shows the calibration line obtained and
used throughout this work to transform the microfluo-
rometry signals to the number of fluorescently tagged
oligonucleotide molecules.
Figure 2 shows the hybridization kinetics observed

with porous particles 5a, the oligonucleotide loading of
which was 1 µmol g-1. As previously discussed in more
detail (11), the hybridization obeys the kinetics of two
reversible first-order reactions under the experimental
conditions, that is, when the immobilized oligomers are
present in large excess (all curves indicated represent the
best least-squares fit obtained on the basis of this model).
The half-lives observed on using 5, 10, and 50 particles/
µL were 3.6 h, 1.3 h, and 22 min, respectively. In other
words, the rate of hybridization appears to be propor-
tional to the number of particles in a given volume of
the hybridization solution. By contrast, the amount of
oligonucleotide 9 hybridized to the particles is almost
independent of the number of particles, and hence the
intensity of the fluorescence emission measured from a
single particle is inversely proportional to the number
of particles used in the assay. This is clearly seen from
Figure 3, in which the signal of a single particle after
equilibration is plotted against the number of particles
used in the assay. Accordingly, what one wins in time
is lost in sensitivity of detection. The rate of hybridiza-
tion is with compact particles 6 comparable to that with
porous particles (data not shown).
While the rate of hybridization may be increased by

increasing the number of particles in a given volume of
the hybridization solution, increasing the density of
oligonucleotides on particles does not have a similar
effect. The data in Figure 4 clearly show that the
oligonucleotide density has practically no effect on either
the hybridization kinetics or the amount of oligonucle-
otide 9 hybridized, as long as the number of particles
remains constant; oligonucleotide loadings of 1 and 9
µmol g-1 gave very similar results.
The concentration of oligonucleotide 9 in the hybridiza-

tion solution had no effect on the kinetics of hybridiza-
tion. The kinetics remained unaltered when the concen-
tration of 9 was decreased from 5 to 0.17 nM (Figure 5).
Similarly, the hybridization efficiency (the mole fraction
of 9 hybridized to the particles) remained unchanged over
a wide concentration range. In Figure 6 the intensity of
the fluorescence emission from a single porous particle
(5a) is plotted against the concentration of 9 in the assay.

As seen, the plot remains strictly linear over 5 orders of
magnitude. With compact particles (6) the linear range
is more narrow, owing to the fact that the particle
becomes saturated with 9 at high concentrations (Figure
7). With porous particles, this kind of saturation could
only be achieved by using a mixture of 9 (1%) and the
corresponding unlabeled oligomer (99%). Otherwise, the

Figure 1. Intensity of the microfluorometer signal measured
from a single oligonucleotide-coated polymer particle (5a) after
hybridization as a function of the number of europium(III) ions
released from the same particle when treated according to the
DELFIA protocol (17).

a

b

c

Figure 2. Kinetics of hybridization of a fluorescently tagged
oligonucleotide (9) with the complementary 16-mer probes on a
porous polymer particle (5a) at 25 °C: the effect of the number
of particles in a given volume of the assay solution. The initial
concentration of 9 was 5 nM, and the loading of the oligonucle-
otide probe on the particles was 1 µmol g-1.

Figure 3. Intensity of the microfluorometer signal measured
from a single polymer particle (5a) after hybridization plotted
against the the number of particles used in the assay.
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signal became too intense to be measured. Interestingly,
the saturation takes place in the same concentration
range of 9 when the oligonucleotide loading on the
particle is 1 µmol g-1 and when it is 9 µmol g-1 (Figure
8). In the former case (1 µmol g-1) the saturation level

is reached only when practically all of the 16-mer
sequences on the particles are engaged in hybridization,
while in the latter case (9 µmol g-1) saturation occurs
when only 15% of the particle-bound sequences are
hybridized. Noncomplementary oligonucleotides or hs-
DNA could be present in 300-fold excess compared to 9
(on the basis of the number of nucleosidic units) without
any significant influence on either the kinetics or ef-
ficiency of hybridization (data not shown).
The effect of ionic strength on the efficiency of hybrid-

ization was expected (18, 19). Addition of sodium chlo-
ride markedly enhanced hybridization up to the ionic
strength of 0.2 M, but had minor effect thereafter (data
not shown). Simultaneously, the unspecific binding was
also increased, but under all conditions it remained
almost negligible, <2% of the sequence-specific signal in
spite of the fact that the complementary oligomer 9 bore
only 5 photoluminescent chelates and the noncomple-
mentary one (10) 17 chelates. When 9 was incubated
with particles bearing a noncomplementary sequence (5f),
the signal observed was <0.3% of that referring to the
sequence-specific binding to 5a.
To elucidate how strongly the hybridization efficiency

depends on the length of the complementary sequences,
comparative measurements with particles 5b-e were
carried out. All of these particles have immobilized a 19-
mer sequence complementary to the fluorescently tagged
oligomer (9) over 16 (5b), 14 (5c), 12 (5d), and 10 (5e)
bases from the free 5′ terminus of the particle-bound
oligonucleotide. The hybridization efficiencies observed
were 61, 49, 7, and 0.6%, respectively. The results
remained unchanged when the concentration of 9 was

Figure 4. Kinetics of hybridization of a fluorescently tagged
oligonucleotide (9) with the complementary 16-mer probes on a
porous polymer particle (5a) at 25 °C: the effect of the
oligonucleotide loading on the particle. The data refer to
experiments with 5 particles/µL of the assay solution. The initial
concentration of 9 was 5 nM.

Figure 5. Kinetics of hybridization of a fluorescently tagged
oligonucleotide (9) with the complementary 16-mer probes on a
porous particle (5a) at 25 °C: the effect of the concentration of
the fluorescently tagged oligomer. The data refer to experiments
with 5 particles/µL. The concentrations of 9 were 5 and 0.17
nM.

Figure 6. Hybridization of a fluorescently tagged oligonucle-
otide (9) with the complementary 16-mer probes on a porous
polymer particle (5a) at 25 °C: the effect of the concentration
of 9 in the assay solution. Tha data refer to experiments with 5
particles/µL of the assay solution and oligonucleotide loading
of 1 µmol g-1 on particles.

Figure 7. Saturation of compact oligonucleotide-coated par-
ticles (6) with a fluorescently tagged oligonucleotide (9) at 25
°C: the number of 9 hybridized to a single particle as a function
of the concentration of 9 in the assay solution. The oligonucle-
otide loading of the particles was 0.1 µmol g-1.

Figure 8. Saturation of porous oligonucleotide-coated particles
(5a) with a fluorescently tagged oligonucleotide (9) at 25 °C:
the number of 9 hybridized to a single particle as a fuction of
the concentration of 9 in the assay solution. The oligonucleotide
loading of the particles was either 1 or 9 µmol g-1.
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varied from 0.17 to 17 nM. Comparison of the hybridiza-
tion efficiency of 5b to 5a further reveals that the
hybridization is not markedly enhanced by adding extra
nucleotides between the linker and the sequence engaged
in hybridization.
To verify the specificity of hybridization, a one-base

nonterminal deletion was made on particles 5b and 5c,
bearing 16-mer and 14-mer complementary sequences to
9, respectively. With the 16-mer sequence, that is, when
5b is replaced with 5g, the hybridization efficiency
dropped from 61 to 3.0% due to this deletion, and with
the 14-mer sequence (5c replaced with 5h) the hybridiza-
tion efficiency dropped from 49 to 2.5%. A three-base
mutation in the fluorescently tagged oligonucleotide 9 (a
triplet T7C8A9 replaced with G7T8G9) decreased the
affinity to 5a from 61 to 1%.

DISCUSSION

The results presented above clearly show that both
porous and compact polymer particles bearing 3′-attached
oligonucleotide probes (5a-h, 6) may be conveniently
prepared by direct solid phase assembly of oligonucle-
otides on particles (3, 4), the aminoalkyl chains of which
are derivatized with N-(DMTrO-acetyl) groups (and the
unreacted amino functions capped by acetylation, Scheme
1). The amido linker obtained is completely stable
toward conventional deprotection of the base moieties by
ammonolysis. With porous particles, the oligonucleotide
density on the particle may be easily varied from 1 to 40
µmol g-1 by changing the N-(DMTrO-acetyl) loading on
the particle, whereas with compact particles the maximal
loading is 3 orders of magnitude lower. The efficiency
of oligonucleotide synthesis on these polymer particles
(3, 4) is not as good as on CPG. On preparing 16-meric
sequences, 40% of the nucleotide units were, according
to ion-exchange HPLC of the released oligomer, present
in the full-length sequence, the remaining 60% being
rather evenly distributed among truncated sequences. In
spite of this, the particles exhibited hybridization proper-
ties as good as those of particles prepared previously (11)
by postsynthetic covalent immobilization of purified
oligonucleotides to the same particles. Among the latter
particles only one, bearing a disulfide linker [5′-oligo-
O(3′)-PO(O-)OCH2CONHCH2CH2SS(CH2)10CONH par-
ticle], showed a somewhat higher hybridization efficiency
(80 vs 60% on using complementarity of 16 base-pairs).
However, even those particles exhibited higher unspecific
binding (unspecific to specific ) 1:200) than the particles
of the present work (unspecific to specific ) 1:600;
determined by comparing the binding of 10 and 9. In
other words, the oligonucleotide-coated particles obtained
by direct oligonucleotide assembly appear to be even more
applicable to mixed-phase hybridization assays than
those prepared by more laborious postsynthetic im-
mobilization of purified oligonucleotides.
Complementarity over a sequence of 16 base-pairs is

sufficient to ensure that >50% of the target oligonucle-
otide in solution is hybridized to the particles. With 12
base-pairs, the hybridization efficiency is already <10%.
To achieve optimal binding, the ionic strength must be
>0.1 M. Under such conditions, neither noncomplemen-
tary oligonucleotides nor DNA ia able to interfere with
the sequence-specific binding, even if present in large
excess. In spite of the fact that the particles bear
truncated sequences in addition to the desired full-length
probe, the specificity of hybridization appears reasonable.
For example, a one-base deletion in the middle of a 16-
or 14-mer sequence resulted in a 20-fold decrease in the
hybridization efficiency.

The hybridization efficiency of the oligonucleotide-
coated porous particles (5a) described in the present work
is comparable to that of other solid phases bearing
covalently immobilized oligonucleotides (1, 4, 6, 20).
Time-resolved fluorescence detection of oligonucleotides
tagged with a photoluminescent europium(III) chelate,
however, offers a major advantage: the emission mea-
sured from a single particle after hybridization is strictly
proportional to the concentration of the target oligonucle-
otide in solution over a range of 5 orders of magnitude
(Figure 6). In other words, the linear region in the assay
is clearly wider than reported previously (9, 21). The
major concern, in turn, is the prolonged incubation
needed to reach the equilibrium between the solution and
solid phase. On using 5 particles/µL of the assay solution,
this takes 20 h. Comparable reaction times have been
reported for oligonucleotide-arrays on glass support (9),
but by miniaturization of the system the reaction times
have been reduced even to 5 min (21). With polymer
particles, the reaction time may be shortened by increas-
ing the number of particles in a given volume of the assay
solution (Figure 2), but not by increasing the density of
oligonucleotide probes on the particle (Figure 4). The
potential of this approach has been well demonstrated
in literature (1, 20, 22, 23). Unfortunately, the situation
is no longer as simple when one wishes to measure the
intensity of the fluorescence emission directly on a single
polymer particle. If the number of particles is increased,
the fluorescently tagged target oligonucleotide present
in the assay solution will be evenly distributed among
increasing number of particles (Figure 3), and hence the
emission of a single particle is decreased. In other words,
one has to make a compromise between the assay time
and sensitivity. In spite of this limitation, polymer
particles on which oligonucleotide probes may be directly
assembled show potential as solid phases in hybridization
assays that are based on measurement of the emission
of photoluminescent lanthanide chelates directly from a
single particle. In this manner, a high sensitivity and
linear response of the signal to analyte concentration over
an exceptionally wide concentration range are achieved.
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Synthesis of New d-Propoxyphene Derivatives and the Development
of a Microparticle-Based Immunoassay for the Detection of
Propoxyphene and Norpropoxyphene
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The synthesis of [S-(R,S)]-4-[[methyl[2-methyl-3-(1-oxopropoxy)-3,4-diphenylbutyl]amino]-1-oxobutoxy]-
2,5-pyrrolidinedione (propoxyphene active ester, 2) is described. This was used as an intermediate to
prepare a propoxyphene immunogen, [S-(R,S)]-4-[methyl[2-methyl-3-(1-oxopropoxy)-3,4-diphenylbutyl]-
amino]-1-oxobutyl-Bovine Thyroglobulin (3). This immunogen was then used to generate antibodies
which demonstrate good cross-reactivity to d-propoxyphene, d-norpropoxyphene, and other pro-
poxyphene metabolites. In addition, these antibodies were shown to have very low cross-reactivity to
methadone, a structurally related compound. The introduction of an aminomethyl benzoate spacer
into the propoxyphene active ester (2), followed by the activation of the carboxylic acid, provided for
a more stable active ester (5). This stable active ester, together with the antibodies generated from
the propoxyphene immunogen, has led to the development of an immunoassay based on the Kinetic
Interaction of Microparticles in Solution (KIMS).

INTRODUCTION

d-Propoxyphene (PPX), (2S:3R)-4-dimethylamino-1,2-
diphenyl-3-methyl-2-propionoxybutane, (known as Dar-
von) is a mild narcotic analgesic. The drug is widely
prescribed, and overdose has been associated with a large
number of fatalities (1). PPX by itself or in conjunction
with other drugs, including alcohol, can be toxic. In
addition to exerting respiratory depressant effects com-
mon to all µ agonist narcotics (2), PPX and norpro-
poxyphene (NPPX), its major metabolite, also act as local
anesthetics for the treatment of mild to moderate pain
disorders. Essentially all PPX abuse is due to oral
ingestion, and peak plasma concentration occurs within
1-2 h after a single oral dose. The drug is metabolized
primarily via double N-demethylation to NPPX and
dinorpropoxyphene (DNPPX), both appearing as metabo-
lites in urine. Urinary excretion (3) in a 20 h period
following a 130 mg single oral dose of PPX, expressed as
percent dose, was 1.1% PPX, 13.2% NPPX, and 0.7%
DNPPX. The half-lives (4) of the metabolites are much
longer than those of the parent compound, with a mean
of 27 h. Common physical methods for analysis of PPX
and its metabolites are GC/MS (5, 6) and LC (7, 8). A
more convenient method of analysis is carried out by the
use of commercial screening immunoassays, with several
immunoassays being available. The assays include
technologies that are enzyme-based (9, 10), fluorescence
polarization (11), and radioimmunoassay (RIA). In this
paper, we describe the synthesis of a new PPX hapten
and the corresponding derivative for use as a label in a
newly developed microparticle-based immunoassay (12).
Like other OnLine immunoassays (13), this new assay
utilizes the Kinetic Interaction of Microparticles in Solu-
tion (KIMS), as measured by changes in light transmis-
sion (14, 15). Because of the reported greater occurrence
of NPPX in urine (3, 4), it is necessary to have an assay
that detects both PPX and NPPX. Thus, the first two
steps involved in this strategy for the development of this

immunoassay are the preparation of antibodies and
labels that allow for the recognition of both compounds.
A PPX hapten immunogen (3) was synthesized as shown
in Scheme 1 and used to develop antibodies capable of
recognizing PPX and NPPX. In addition, a PPX N-
hydroxysuccinimide ester bearing an aromatic spacer (5)
was prepared as the label (Scheme 2). For the develop-
ment of a microparticle-based assay, 5 was covalently
coupled to a carrier protein, and this conjugate was then
covalently linked to a microparticle. Thus, this newly
developed microparticle-label conjugate allows for the
competitive displacement of both PPX and NPPX in the
immunoassay.

EXPERIMENTAL PROCEDURES

General. All solvents were obtained from Fisher
Scientific unless stated otherwise. All flash-grade silica
gel and silica gel preparative TLC plates were obtained
from E.M. Science. 1-Ethyl-3-(dimethylaminopropyl)-
carbodiimide hydrochloride (EDC), 1-N-hydroxybenzot-
riazole hydrate (NHB‚H2O), d-propoxyphene hydrochlo-
ride, d-norpropoxyphene hydrochloride, methadone hy-
drochloride, and goat IgG were obtained from Sigma.
Dicyclohexyl carbodiimide (DCC), 4-bromo-ethylbutyrate,
cesium carbonate, sodium cyanoborohydride (NaCNBH3),
N-hydroxysuccinimide, succinic semialdehyde (15% solu-
tion in water), and 1-cyclohexyl-3-(2-morpholinoethyl)-
carbodiimide metho-p-toluene sulfonate (CMC) were
obtained from Aldrich. Trinitrobenzenesulfonic acid
(TNBS) was obtained from Pierce. Proton nuclear mag-
netic resonance (1H-NMR) spectra were recorded at 200
MHz or at 400 MHz on either a Varian XL-200 or a
Varian XL-400 spectrometer, respectively. Coupling
constants are given in hertz (Hz). The abbreviations used
are: s, singlet; d, doublet; t, triplet; m, multiplet. All
aqueous buffers and proteins were obtained from Sigma,
and carboxyl modified microparticles were obtained from
Rhone-Poulenc. The Coomassie protein assay reagent
was obtained from Bio-Rad. PPX immunoassay can be
performed on many different instruments: Roche COBAS
MIRA, Roche COBAS FARA, Hitachi 717/747, Olympus
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AU 800, and Olympus AU 5200 series. Described in this
publication, COBAS MIRA from Roche Diagnostic Sys-
tems was used for the immunoassay. All samples were
analyzed using point-to-point curve-fitting model with
PPX concentrations of 0, 150, 300, and 600 ng/mL as the
calibrators.
Characterization of the Conjugate. The protein

concentration is determined by the Coomassie protein
assay and is also known as the Bradford method (16).
Bovine serum albumin (BSA) was used as the reference.
For immunogen, the degree of drug substitution on the
protein conjugate was determined by the ability of
remaining uncoupled lysine residues to react with TNBS
(17, 18). Unmodified BTG at the same concentration as
the conjugate was treated in the same manner with
TNBS to provide a blank. This procedure produces a
yellow complex with an absorbance maximum at 325 nm
and was used to calculate the drug substitution expressed
as percent modification. Typically, immunogens with a
lysine modification of greater than 50% are used for
animal immunization. The degree of drug substitution
of the IgG conjugate was not determined. The resulting
drug-protein conjugate was coupled to the microparticle
as outlined in Scheme 3.
Animal Immunization. Three sheep were placed on

an immunization program according to an adaptation of
a reported procedure (19). Briefly, immunogen 3 was
emulsified with Complete Freund’s adjuvant, and each
sheep received multiple site injections across the back
using 1 mg of the immunogen. At the second week, the

animals received booster immunizations containing 1 mg
of the immunogen emulsified in Incomplete Freund’s
adjuvant. This injection was repeated twice, followed by
a monthly injection of 0.5 mg of the immunogen/
Incomplete Freund’s adjuvant mixture for a period of 6
months. Each animal was then bled and serum was
separated from the clot by centrifugation to provide the
antisera.
Preparation of [S-(R,S)]-4-[Methyl[2-methyl-3-(1-

oxopropoxy)-3,4-diphenylbutyl]amino]butanoic Acid
(1). To a 15% solution of succinic semialdehyde (4.24 mL,
0.69 g, 6.8 mmol) was added tetrahydrofuran (THF) (15

Scheme 1. Synthesis of the PPX Hapten 1

Scheme 2. Synthesis of the PPX Label 5

Scheme 3. The Preparation of PPX-protein-
microparticle Conjugate
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mL), NPPX (1.89 g, 5.23 mmol) and NaCNBH3 (328 mg,
5.23 mmol) at 0-4 °C. The mixture was stirred for 2 h
while allowing the reaction to reach room temperature
(RT). Thin layer chromatography (TLC) revealed a
complete disappearance of the starting material (Silica
Gel, 85:15 CH2Cl2/MeOH). To this was added 1 N HCl
(15 mL), and the reaction mixture was stirred for an
additional 2 h. The reaction flask was then placed under
reduced pressure to remove THF, and the remaining
aqueous phase was adjusted to pH 6-7 with 1.0 N NaOH.
The aqueous layer was extracted with CH2Cl2 (3 × 20
mL). The combined organic layer was washed with
saturated NaHCO3 (2 × 10 mL) and H2O (2 × 10 mL),
dried over anhydrous Na2SO4, and evaporated under
reduced pressure to give 1.358 g (63%) of white solids
with a good purity under TLC examination. Rf ) 0.37
(85:15 CH2Cl2/MeOH).
IR (KBr): υ 1733 (ester), 1726 (COOH) cm-1. MS-

FAB: m/z 412 (M + 1). 1H-NMR (400 MHz, CDCl3): δ
7.40-7.01(m, 10H), 3.90 (d, J ) 14, 1H), 3.76 (d, J ) 14,
1H), 2.89-2.86(2 br s, 1H), 2.79 (m, 1H), 2.65 (m, 1H),
2.51 (m, 2H), 2.33 (s, 3H), 2.25 (q, J ) 7, 2H), 2.00 (t, J
) 10, 1H), 1.72 (br m, 2H), 1.16 (d, J ) 7, 3H), 1.06 (t, J
) 7, 3H). [R]D ) +73.5° (c ) 0.695%, CHCl3); d-
propoxyphene [R]D ) +54.5° (c ) 1%, CHCl3).
Preparation of [S-(R,S)][4-[Methyl[2-methyl-3-(1-

oxopropoxy)-3,4-diphenylbutyl]amino]-1-oxobutoxy]-
2,5-pyrrolidinedione (2). To a solution of 1 (101 mg,
0.225 mmol) in dry CH2Cl2 (5 mL of freshly distilled over
CaH2) was added EDC (86 mg, 0.45 mmol) and N-
hydroxysuccinimide (51.7 mg, 0.45 mmol). The reaction
mixture was stirred for 18 h under argon, then washed
with 0.2 N HCl (2 × 3 mL), saturated NaHCO3 (2 × 5
mL), and H2O (2 × 5 mL), and finally dried over
anhydrous Na2SO4. The solvent was evaporated to
dryness to afford 125 mg of white foam (92%). This active
ester was found to degrade to the starting material upon
a prolonged standing. An attempt to obtain an analytical
grade sample by column chromatography using silica gel
gave back the starting material 1. The active ester (2)
was generally prepared fresh and was used immediately
in the following reactions.
IR (KBr): υ 3434 (broad OH), 1814 (NHS ester), 1738

(ester) cm-1. LR (+) MS-FAB: M, 508; observed, 509
(M + H). 1H-NMR (400 MHz, CDCl3): δ 7.42-7.00 (m,
10H), 3.87 and 3.76 (2d, J ) 14, 2H), 3.20-1.85 (m, 11H),
2.84 (s, 4H), 2.75-2.56 (2s, 3H, distereomeric salts), 2.69
(s, 3H), 1.22 (q, J ) 7, 3H), 1.06 (t, J ) 7, 3H).
Preparation of [S-(R,S)]-1-[4-[4-[Methyl[2-methyl-

3-(1-oxopropoxy)-3,4-diphenylbutyl]amino]oxobu-
toxy]aminomethyl]benzoic acid (4). A solution of 2.0
g (0.0132 mol) of 4-(aminomethyl)benzoic acid in THF
(135 mL) and H2O (65 mL) was adjusted with 1 N NaOH
(5 mL) to give a pH of about 9 or 10. To this was then
added a solution of freshly prepared 2 (6.7 g, 0.0132 mol
in 135 mL of THF). The reaction was driven to comple-
tion by the addition of 1 N NaOH over a period of 1 h
(25 mL of 1 N NaOH total). The reaction was then
neutralized to pH 6.5 with 6 N HCl, diluted with CH2Cl2
(500 mL) and washed with saturated brine solution (250
mL). The aqueous layer was then extracted with CH2-
Cl2 (250 mL). The organic layers were combined and
washed with 50 mM K2HPO4, pH 8 (250 mL), dried over
anhydrous Na2SO4 and concentrated under reduced
pressure to yield 6.7 g (93.5%) of a white amorphous solid.
NMR showed this to be approximately 85-90% pure.
This compound may be used without further purification.
The above solid was chromatographed on silica gel (350
g) using 9:1 methylene CH2Cl2/MeOH to remove front
running impurities, followed by 75:25 CH2Cl2/MeOH to

elute the product. A yield of 5.02 g (70%) of a white
amorphous solid was obtained.
IR (KBr): υ 1733 (ester), 1653 (amide), 705 (C6H5)

cm-1. LR (+) LSIMS: 545 (M + 1). 1H-NMR (400 MHz,
MeOH-d4): δ 7.91 and 7.24 (d, J ) 8.3Hz, 4H), 7.37-
7.01 (m, 10H), 4.36 (s, 2H), 3.84 (s, 2H), 2.72 (m,1H), 2.53
(br d, 1H), 2.30 (m, 1H), 2.26 (q, J ) 7.5 Hz, 2H), 2.18
(m, 3H), 2.07 (s, 3H), 1.67 (m, 2H), and 1.05-1.00 (m,
6H). [R]D ) +25.1° (c ) 1%, EtOH).
Preparation of [S-(R,S)]-1-[[[4-[[4-[Methyl[2-meth-

yl-3-(1-oxopropoxy)-3,4-diphenylbutyl]amino]-1-ox-
obutoxy]aminomethyl]phenyl]carbonyl]oxy]-2,5-
pyrrolidinedione (5). A round-bottom flask was charged
with 170 mg (0.31 mmol) of 4, 119 mg (0.62 mmol) of
EDC, 71.3 mg (0.62 mmol) ofN-hydroxysuccinimide, and
6 mL of freshly distilled CH2Cl2. The reaction mixture
was stirred overnight under an argon atmosphere. This
was then washed with saturated NaHCO3 (2 × 5 mL)
and water (2 × 5 mL) and dried over anhydrous NaSO4.
Solvent was removed under reduced pressure to afford
169 mg (85%) of white foam. TLC Rf ) 0.33 (85:15 CH2-
Cl2/MeOH). Eighty five milligrams of this material was
purified over a silica gel column (1.5 cm i.d. × 18 cm
length) and eluted with a mixture of solvents consisting
of 85:15 CH2Cl2/absolute EtOH to yield 72 mg (85%
recovery) of white foam.
IR (KBr): υ 1773 and 1742 (ester), 1668 (amide) cm-1.

1H-NMR (400 MHz, CDCl3): δ 8.07 and 7.38 (d, J ) 8
Hz, 4H), 7.34-6.94 (m, 10H), 7.08 (br t, 1H, NH), 4.46
(d, J ) 4.8 Hz), 3.79 (dd, J ) ∼15 Hz, 2H), 2.91 (br s,
4H), 2.80 (br m, 1H), 2.42 (br d, 1H), 2.27-2.18 (m, 6H),
2.01 (s, 3H), 1.74-1.61 (m, 3H), 1.02 (t, J ) 7.8 Hz, 3H),
and 0.97 (d, J ) 6.9 Hz, 3H). MS (+) FAB: 642 (M + 1).
[R]D ) +29.1° (c ) 1%, CHCl3).
Preparation of PPX Immunogen, [S-(R,S)]-4-

[Methyl[2-methyl-3-(1-oxopropoxy)-3,4-diphenylbu-
tyl]amino]-1-oxobutyl-BTG (3). A solution of Bovine
Thyroglobulin (BTG) (650 mg, 9.7 × 10-4 mmol, 18 mL
of 36.2 mg/mL in 50 mM potassium phosphate (KPi) (pH
) 7.5) was cooled in an ice bath (this was to keep the
protein solution cool while adding DMSO), and DMSO
(54 mL) was added dropwise. The resulting homoge-
neous solution was set aside while letting the tempera-
ture equilibrate to RT. A freshly prepared NHS ester 2
(99.8 mg) was dissolved in dry dimethyl sulfoxide (DMSO)
(1 mL). The hapten solution was immediately added
dropwise to the previously prepared BTG solution. The
reaction mixture remained homogeneous. This was
stirred for 18 h at RT and poured into a dialysis bag of a
50 kDa cut-off. The bag was dialyzed against 50 mMKPi,
pH 7.5, until an exchange of 1000000-fold was achieved.
The resulting conjugate was then filtered through a 0.22
µm sterile filter. The protein concentration (Coomassie
protein assay kit) was determined to be 5.6 mg/mL, and
the lysine modification (17, 18) was 93% with a total
protein recovery of 88%.
Preparation of PPX-IgG Conjugate (6). Three

milligrams of the NHS ester (5) was dissolved in 3 mL
of dry DMSO (over molecular sieves) to make a 1 mg/
mL hapten solution. This was set aside. A solution of
goat IgG (200 mg, 1.25 µmol) in 5 mL of 50 mM K2HPO4
(pH 7.5) was cooled with an ice bath. To this was added
slowly 4.2 mL of DMSO. The temperature was allowed
to equilibrate to 25 °C, and 0.8 mL of the previously
prepared hapten solution (1.25 µmol) was added dropwise
with stirring. Stirring was continued for 18 h at RT. The
resulting conjugate was placed in a dialysis bag of 10 kDa
cut-off. The dialysis was carried out according to the
protocols described above. At the end of dialysis, the
conjugate was filtered through a 0.22 µm sterile filter to
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yield 13 mL of the propoxyphene conjugate. Protein
concentration of the conjugate was determined to be 6.7
mg/mL by the Coomassie protein assay. The degree of
drug substitution was not determined. This conjugate
was serially diluted with nonconjugated IgG in 50 mM
bicarbonate buffer (pH 7.5) to provide molar ratios of 1:2,
1:4, 1:8, and 1:16 of conjugated IgG to nonconjugated IgG.
The resulting mixture at each dilution molar ratio was
coupled to the microparticle described in the following
procedure.
Coupling of PPX-IgG Conjugate to the Micro-

particle. Ten milliliters of carboxyl modified micropar-
ticle (10% solids of 0.21 µm) was first washed, by
centrifugation at 10000g, with a 0.1% Tween-20 solution.
To each milliliter of the particle, 20 mL of 0.1% Tween-
water was added, centrifuged (10000g), decanted, and
resuspended. This process was repeated five times and
the microparticle concentration was then adjusted to 3%
w/v with a 0.1% Tween-20 solution. Two milliliters of
1-N-hydroxybenzotriazole hydrate (NHB, 25 mg/mL, 0.37
mmol), previously dissolved in DMSO, was added slowly
to the 30 mL of microparticle suspension, under rapid
stirring conditions. The suspension was then stirred for
10 min at 25 °C. To this suspension was added 2.9 mL
of a freshly prepared CMC carbodiimide solution (50 mg/
mL, 0.34 mmol), and the mixture was stirred slowly for
3 h at 25 °C. The material was then washed by the
method of centrifugation described above. The washed,
activated microparticle (50 mL) was immediately mixed
with 162.5 mg of IgG-propoxyphene conjugate diluted
in 50 mM sodium bicarbonate, pH 8.6, which contains 1
mol of drug (initial molar ratio) per mol of IgG. This
mixture was allowed to stir for 15 h at 25 °C. The
conjugate-coupled microparticle was then mixed with
37.5 mL of 50 mM sodium bicarbonate, pH 8.6, containing
13.5 mg/mL (3.0 mmol) total IgG in order to block the
unreacted sites. After blocking, the material was again
washed by the method of centrifugation described using
a wash solution of 10 mM potassium phosphate, pH 7.5,
containing 0.09% sodium azide and 0.1% Tween-20. The
washed microparticle was then resuspended in this buffer
at 1.0% w/v solids.
Development of the PPX Immunoassay. Four key

components were needed for this assay. (1) The antibody
reagent was made by placing the titered antibody in a
solution of 50 mMHEPES, pH 6.5, containing 0.1% BSA,
0.5% sodium chloride, 0.09% NaN3, and 0.1% sheep IgG
as the protein stabilizer. (2) A reaction buffer containing
50 mM PIPES, pH 7.0, with 2-3% polyethylene glycol
(PEG, MW 15000-20000), 2% sodium chloride, and
0.09% sodium azide. (3) A microparticle reagent, diluted
from a 1% stock solution to 0.2% solids in a buffer
containing 10 mM potassium phosphate, pH 7.5, 0.09%
sodium azide, and 0.1% Tween-20. (4) PPX calibrators
at concentrations between 0 and 600 ng/mL in normal
human urine containing 0.05% sodium azide. A dose
response curve was generated by adjusting the antibody
concentration to give maximum displacement in the
appropriate concentration range.

RESULTS AND DISCUSSION

Synthesis of the PPX Immunogen. It is generally
accepted that the antibodies formed on injection of an
antigen to an animal recognize preferentially the part of
the molecule that is furthest from the attachment site of
the hapten to carrier protein (20). Since we wished to
have an antibody that can recognize both PPX and NPPX,
it was advantageous to design one hapten derivative
displaying a structure common to both drugs. PPX

differs from NPPX by having an additional methyl group
on the amino group. In the design of the immunogen
(see Figure 1), a drug linker arm was attached at the
nitrogen center such that the exposed antigenic region
would have the structure common to both the PPX and
NPPX molecules. In addition, the linker arm must have
a group to which the protein carrier can be covalently
coupled. To accomplish this, NPPX appeared to be the
ideal starting material, as the secondary amine group
could be derivatized to allow the introduction of a tether.
The introduction of a butanoic tether to prepare the

PPX hapten 1was accomplished by a reductive amination
procedure as outlined in Scheme 1. This method was
more direct than a two-step procedure which has been
generally carried out by N-alkylation (21) of NPPX with
ethyl 4-bromobutyrate, followed by saponification of the
ethyl ester to the acid 1. The reductive-amination
approach was more viable in that it affords 1 in a high
yield. Activation of the acid 1 to the NHS ester 2 is
straightforward, and upon addition of BTG, the pro-
poxyphene immunogen 3 was prepared.
Synthesis of the PPX Label Used in the Immu-

noassay. The aim was to synthesize an activated PPX
derivative which could be linked to a water soluble
protein carrier, and then this conjugate could be co-
valently coupled to a microparticle. This coupled micro-
particle could then act as a label. The coupled micro-
particle and selected PPX/NPPX antibodies were then
used to generate an assay based on the KIMS technology.
In the absence of free drug, the antibody binds the drug-
microparticle conjugate causing the formation of particle
aggregates. The formation of these aggregates causes
increased light scattering and is monitored by the
changes in light transmission (14). When a urine sample
containing the drug in question is present, this drug
competes with the microparticle-bound drug derivative
for antibody binding. The antibody bound to the free
drug in the sample is no longer available to promote
particle aggregation, and subsequent particle cross-
linking is inhibited. In principle, compound 2 could be
utilized as a label since this molecule contained a
4-carbon spacer that was sufficiently flexible for antibody
recognition. However, the NHS ester 2 (Scheme 1) is not
sufficiently stable as it hydrolyzes back to the acid 1 upon
storage. This observation is also consistent with the

Figure 1. Design of the propoxyphene hapten used to prepare
the immunogen.
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finding in this laboratory where an aliphatic NHS ester
bearing a tertiary amine in the molecule has a very short
life (21). The hydrolysis is most likely caused by the
presence of residual water in the sample. Hydrolysis
proceeded through a base-catalyzed process induced by
the basic tertiary nitrogen group on the molecule. This
problem is especially troublesome because the compound
is labile and thus causes inconvenience in a routine
preparation of the protein conjugate. On the other hand,
an NHS ester directly attached to an aryl group appears
to be resistant to hydrolysis despite the presence of a
tertiary amine in the samemolecule. Therefore, we made
the corresponding benzoate NHS ester 5 by Scheme 2.
This active ester has been found to be more stable and
was suitable for our studies.
Synthesis of PPX-Microparticle Conjugate. In

producing the activated microparticle, drug conjugates
with several different molar ratios of the drug to protein
were evaluated to determine the optimal ratio that
produced the best dose response curve. When working
with microparticle technology, it is important that proper
agglutination occurs in the absence of free antigen.
Proper amounts of drug conjugate must be coupled to
each microparticle so that an equilivance point can be
reached allowing the crosslinking of microparticles by
antibody. Excess antigen load or excess antibody in the
system will prevent the formation of the large aggregates
produced by crosslinking.
Each substituted microparticle was then titrated against

the antibody to determine the performance of the drug
conjugate. The dilution ratio of the conjugate to IgG that
gave the most sensitive dose response, and the lowest
nonspecific binding (agglutination rate in the absence of
antibody) was selected. This was determined to be a
dilution ratio of 1:4.
Generation of an Immunoassay for the Detection

of PPX and its Assay Precision. Using the PPX
conjugate coupled microparticle (0.21 µm) and the anti-
bodies generated from the described immunogen, an
immunoassay was developed for COBASMIRA analyzer.
This analyzer is an automated instrument that has the
capacity of adding immunoassay reagents and samples
into cuvettes to give tests results at the rate of 50 tests
per h. The MIRA instrument first pipettes 10 µL of urine
along with 85 µL of antibody with one syringe and 100
µL of sample diluent with a second syringe into a cuvette.
The instrument then mixes the pipetted reagents, and
the sample syringe pipettes 24 µL of microparticle
reagent to the cuvette along with 25 µL of water. It then
again mixes the reagents and monitors the reaction
kinetics at 500 nm in 25 s intervals for 12 read points (5
min). An end point analysis with a point-to-point curve
fit model is used to plot the difference in absorbance
between each calibrator, and a dose response curve is
generated. Figure 2 illustrates a typical standard curve
that can be obtained using PPX calibrators as standards.
In addition, Table 1A shows that when the precision of
the assay was assessed, the % coefficient variation (CV)
was less than 7% for several points in a single run. When
the interassay precision was assessed, the % CV was less
than 8% for all points, taken from five runs over five days.
Table 1B shows that, in all cases tested, the positive
threshold controls (120% cut-off value; 360 ng/mL) yielded
positive determination, while conversely, the negative
threshold controls (80% the cutoff, 240 ng/mL) were
uniformly negative.
Cross-Reactivity of Antibodies to PPX andNPPX-

Like Compounds. Three sheep were placed on an
immunization program, as described in the methods
section using immunogen 3 shown in Scheme 1. At the

end of six months, the test sera were assayed for titer
and cross reactivity to all of the structurally related cross-
reactants shown in Table 2. The titer, which was defined
as 50% of saturation, was determined using ELISA and
KIMS. Two sheep were found to respond well in binding

Figure 2.

Table 1
(A) intra-assay precision (n ) 20)

mean

ng/mLa ng/mLb SD CV%

150 140 8.2 5.8
240 265 5.6 2.1
300 301 17.9 5.9
360 405 25.9 6.4

inter-assay precision (5 runs of n ) 20)
150 144 11.6 8.1
240 262 7.8 3.0
300 307 17.3 5.6
360 406 25.9 6.3

(B) qualitative precision

controlc
number
tested

positive
results

negative
results predicted frequency

0.8× 200 0 200 100% negative reading
1.2× 200 200 0 100% positive reading
a Concentration of propoxyphene in urine standard, theoretical

spike value. b Concentration of propoxyphene measured experi-
mentally by the assay. c 0.8× ) urine control containing pro-
poxyphene at 80% of the cutoff concentration, and 1.2× ) urine
control containing propoxyphene at 120% of the cutoff concentra-
tion.

Table 2

compound

approximate ng/mL
equivalent to 300

ng/mL propoxyphene

approximate
percent cross
reactivity

d-norpropoxyphene 390 77
d-p-hydroxypropoxyphene 1 408 21
methadone 1 034 500 0.03
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to PPX with the antisera titer in the range 1:512 to
1:1024. A pool of the antisera of equal volume was made
and used to develop the immunoassay. The ability of the
polyclonal antibodies to bind PPX was demonstrated
(Figure 2), and the cross-reactivity to NPPX, p-hydroxy-
PPX(4-dimethylamino-1-(4-hydroxyphenyl)-2-phenyl-3-
methyl-2-propionoxybutane), and methadone was evalu-
ated as shown in Table 2. The cross-reactivity is expressed
in two ways, the approximate percent cross-reactivity and
the approximate nanogram per milliliter equivalence to
give a positive result of 300 ng/mL. To further confirm
that these antibodies detect both PPX and NPPX, urine
samples were spiked with given amounts of PPX and
NPPX, and values were determined by testing these
samples in the immunoassay. These spike and recovery
studies are reported in Table 3. This table shows the
theoretical and actual value obtained based on 100%
cross-reactivity to PPX and 77% cross-reactivity to NPPX.
Sixty-four positive clinical samples with known PPX

and NPPX values determined by GC/MS were also tested.
All of these clinical samples were positive in the immu-
noassay. Fifty-eight of these clinical samples had GC/
MS PPX values of greater than 300 ng/mL. Six clinical
samples showed levels of PPX less than 300 ng/mL and
had high levels of NPPX by GC/MS analysis (Table 4).
The positive response of these six samples by the immu-
noassay demonstrated the value of increased sensitivity
for NPPX.
In summary, we have synthesized a new PPX immu-

nogen that elicited cross-reactive polyclonal antibodies
directed to PPX and NPPX. This was accomplished by
designing an immunogen having a linker arm tethered
to the tertiary amino group of the PPX molecule. This
allowed for the principal binding of the antibodies to be
directed toward the structural elements common to both
PPX and NPPX. In addition, we have synthesized a new
label that demonstrates good stability, providing ease of
use in the preparation of PPX-protein conjugates and
for routine use in the OnLine assay. This microparticle-
based assay provided increased sensitivity for detecting
both PPX and NPPX in human urine samples compared
to assays employing antibodies specific to only PPX.
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Table 3

sample
theoretical recovery

(ng/mL)
actual recovery

(ng/mL)
spiked
(ng/mL)

propoxyphene
1 240 227 240
2 240 224 240
3 360 345 360
4 360 372 360

norpropoxyphene
1 270a 242 350
2 270a 251 350
3 385a 350 500
4 385a 378 500

a Calculated from spiked sample x% cross-reactivity.

Table 4

sample
propoxyphene
GC/MS (ng/mL)

norpropoxyphene
GC/MS (ng/mL)

OnLine
(ng/mL)

13 71 3640 >600
15 76 229 >600
22 244 14 300 >600
23 202 9360 >600
28 34 11 900 >600
32 224 23 600 >600
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Structural Determination of the Conjugate of Human Serum
Albumin with a Mitomycin C Derivative, KW-2149, by
Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry
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A new mitomycin C derivative, KW-2149, is known to form a covalent conjugate with human serum
albumin (HSA). This conjugate exhibits 1/20 of the anticellular activity of unconjugated KW-2149.
Structural studies of this conjugate were carried out using a combination of enzymatic digestion, high-
performance liquid chromatography (HPLC), and matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry. The tryptic peptide T5 (residues 21-41) was the only peptide found to be modified
by KW-2149 moieties, the [(γ-L-glutamylamino)ethyl]thio group or the (2-aminoethyl)thio group,
through a disulfide bond. Although the latter peptide lost its mitomycin C moiety in the course of
tryptic digestion, these data strongly suggest that KW-2149 was bound to Cys-34, the only free cysteine
on HSA.

INTRODUCTION

Drug-protein binding is one of the essential factors
in analyzing pharmacokinetics because it can affect the
distribution, metabolism, and excretion of a drug within
the body. It is also known that one drug can compete
with a second drug for the drug-binding site on serum
proteins in man which is the case with clofibrate and
warfarin (1). This drug substitution phenomenon can
alter the drug concentration levels in blood, causing side
effects in some cases. For this reason, identifying the
drug-binding site on serum proteins of each drug is
necessary for developing new drugs and using them
safely.
A large number of small molecules, including many

drugs, bind reversibly to serum proteins, which act as
circulatory transporters (2). The most abundant protein
in the human circulatory system is serum albumin
(HSA). The protein (HSA,Mr ) 65K) consists of a single,
nonglycosylated, polypeptide containing 585 amino acids
(Figure 1), one free thiol (Cys-34), and a total of 17
disulfide bridges (3, 4) The drug-binding sites of HSA
have been well studied, and two major binding sites have
been identified (5-9). It is known that some compounds,
such as penicillin, acyl glucuronide, and glucose, bind
covalently to HSA via transacylation or via the formation
of a Schiff base at lysine or tyrosine residues (10-15).
The cysteine residue is also a covalent binding site, to
which biological thiols bind through a disulfide linkage
(2).
Recently, a new mitomycin C derivative, KW-2149

(Figure 2), has been reported (16-20). This compound
exhibits a broad spectrum antitumor activity in experi-
mental tumor models, including mitomycin C-resistant
tumors. It is also less hematotoxic than mitomycin C.
The metabolic half-life of KW-2149 is very rapid with a
t1/2 of 9.7 min. One of the major metabolites of KW-2149
has been identified as the albumin conjugate (18). This
conjugate still has 1/20 of the anticellular activity of

unconjugated KW-2149. Because KW-2149 contains a
disulfide bond, it is proposed that it binds to HSA at a

* Corresponding author. Phone: (919) 541-1966. Fax: (919)
541-7880. E-mail: tomer@niehs.nih.gov.

X Abstract published in Advance ACS Abstracts,May 1, 1997.

Figure 1. Amino acid sequence of HSA deduced from cDNA
sequences by Putnam et al. (3). Underlined tryptic fragment
labels indicate that the tryptic fragment was observed by
MALDI-MS.

A B

Figure 2. Chemical structure of KW-2149. This compound is
composed of two sulfides, γ-L-glutamylcysteamine and 7-N-(2-
mercaptoethyl)mitomycin C. These two parts are described as
left-half (A) and right-half (B) sulfides of KW-2149, respectively,
in this paper.
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cysteine residue through formation of a disulfide linkage.
There is a great interest in the structure of this conjugate
in view of not only the drug-protein binding but also the
activation mechanism of this mitomycin C-HSA disul-
fide. In the study of the activation mechanism of KW-
2149, thiol molecules such as glutathione and cysteine
were found to significantly enhance the cytotoxicity of
this drug possibly through reduction of the disulfide
moiety of KW-2149 to a sulfur ion which in turn activates
the quinone ring to the corresponding semiquinone by
an intramolecular reaction (21). The albumin conjugate
of KW-2149 may be activated by the same mechanism.
This proposed activation mechanism differs from that of
mitomycin C which proceeds through reductive activation
by DT-diaphorase and cytochrome P450 reductase (22,
23). The difference between the two activation mecha-
nisms is thought to be the reason why KW-2149 is
effective against mitomycin C-resistant tumors.
The formation of a conjugate with HSA which still has

potent anticellular activity is one of the characteristic
features of KW-2149. Understanding this phenomenon,
and especially identifying the structure of the conjugate,
are of great interest in the analysis of the pharmacoki-
netics of KW-2149, as well as in the study of the
activation mechanisms of this drug. We have undertaken
a study to determine the structure of the conjugate,
including the position of attachment between KW-2149
and HSA, using a combination of enzymatic digestion,
high-performance liquid chromatography (HPLC) separa-
tion, and matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS).

EXPERIMENTAL PROCEDURES

Chemicals and Materials. Human serum albumin
(HSA), fraction V, fatty acid free, was purchased from
Bayer Corp. (Kankakee, IL). Sequencing grade trypsin
and carboxypeptidase P were purchased from Boehringer
Mannheim GmbH (Indianapolis, IN). 7-N-[2-[[2-(γ-L-
Glutamylamino)ethyl]dithio]ethyl]mitomycin C (KW-
2149) was synthesized in the Pharmaceutical Research
Laboratories, Kyowa Hakko Kogyo Co., Ltd. (Shizuoka,
Japan). Acetonitrile, obtained from Fisher Scientific
(Pittsburgh, PA), water, obtained from J. T. Baker
(Phillipsburg, NJ), and trifluoroacetic acid (TFA), ob-
tained from Pierce (Rockford, IL), were HPLC grade.
Dithiothreitol (DTT) and R-cyano-4-hydroxycinnamic acid
(CHCA) were purchased from Aldrich Chemical Co.
(Milwaukee, WI). CHCA was recrystallized from metha-
nol before using as a matrix. All other chemicals were
of reagent grade. The Slide-A-Lyzer 10K dialysis cas-
settes (10 000 MW cutoff) were purchased from Pierce.
MALDI-TOF. MALDI mass spectra were obtained on

a Voyager-RP time-of-flight mass spectrometer (PerSep-
tive Biosystems, Framingham, MA) in the linear mode
with an accelerating voltage of 30 kV and a 1.3 m flight
path. A saturated solution of R-cyano-4-hydroxycinnamic
acid dissolved in EtOH/H2O/HCO2H (45:45:10, v/v/v) or
water/acetonitrile (2:1, v/v) was used as a matrix. The
instrument is equipped with a nitrogen laser operating
at 337 nm. The spectra presented in this paper represent
averages of 64 or 128 laser shots. To analyze the
fragment ions that dissociate from the original ion in the
flight tube, post-source decay (PSD) analysis was carried
out using timed ion selection, which allows only ions of
a selected mass of interest to pass to the detector, in the
reflector mode (24). These PSD experiments are the
reflectron time-of-flight equivalents of MS/MS experi-
ments. The time-of-flight data were externally calibrated

using bovine serum albumin, horse heart cytochrome c,
oxidized insulin B chain, angiotensin I, and CHCA as
standards.
HPLC. Two model 6000A chromatographic pumps, a

model 441 UV detector, and a model 660 solvent pro-
grammer (Waters, Milford, MA) were used for all HPLC
analyses. Separations were carried out on a Protein C-4
(250 × 4.6 mm inside diameter, 10 µm particles) reverse
phase column (Vydac, Hesperia, CA) using as solvents
0.1% TFA in water (A) and in acetonitrile (B) at a flow
rate of 1 mL/min. The gradients used were 5 to 70% B
over 20 min for the KW-2149-HSA conjugate and 0 to
65% B over 50 min for the tryptic digests of HSA and
the KW-2149-HSA conjugate.
Preparation of the KW-2149-HSA Conjugate.

HSA (240 mg, 3.61 mmol) and KW-2149 (10.8 mg, 18.1
mmol) were dissolved in water (2.2 mL) and incubated
at 37 °C for 24 h. After incubation, the protein was
dialyzed against water at 4 °C for 12 h and then
lyophilized.
Determination of the Binding Ratio of KW-2149

to HSA. The binding ratio of KW-2149 (mitomycin C
moiety) to HSA was estimated by UV absorbance at 375
nm using KW-2149 as a calibration standard. The
concentrations of the KW-2149 standard were 3, 6, 12,
and 24 µg/mL, and that of the KW-2149-HSA conjugate
was 2 mg/mL.
Tryptic Digestion. To a solution of the KW-2149-

HSA conjugate (2 mg) in 50 mM ammonium bicarbonate
at pH 7.9 (0.5 mL) was added trypsin (14 µg), and the
solution was incubated at 37 °C for 24 h. The hydrolysis
was stopped by lyophilization. The tryptic digestion of
HSA was carried out in the same manner.
Carboxypeptidase P Digestion. To a solution of

each conjugate between T5 and KW-2149 in 50 mM
ammonium acetate at pH 4.7 (100 µL) was added car-
boxypeptidase P (0.1 µg), and the solution was incubated
at room temperature. Aliquots of the solution (20 µL)
were taken at 5, 15, 30, and 60 min and 5 h and
lyophilized. Each aliquot was redissolved in water (2 µL)
prior to analysis by MALDI-MS.
DTTReduction of the Disulfide-Linked Peptides.

To a solution of a disulfide-linked peptide in water (2 µL)
was added an excess amount of 50 mM DTT (2 µL).
Ambient air was displaced by nitrogen, and the sample,
under nitrogen, was sealed, and allowed to stand over-
night at room temperature. The reaction mixture (0.5
µL) was mixed with the matrix solution (0.5 µL) on the
MALDI target and dried.

RESULTS AND DISCUSSION

Preparation of the Conjugate of KW-2149 with
HSA. The conjugate of HSA with KW-2149 was prepared
by incubating HSA with KW-2149 (molar ratio of 1:5
HSA:KW-2149) in water at 37 °C for 24 h. Figure 3A
shows the HPLC chromatogram of the incubation mix-
ture detected at 365 nm, characteristic of the mitomycin
C chromophore. There is an absorption peak, peak b,
just before 20 min, which corresponds to the retention
time of HSA detected at 214 nm (data not shown). This
peak did not disappear after dialysis with a 10K MW
cutoff (Figure 3B). This evidence clearly shows the
presence of covalent binding between HSA and a species
containing the mitomycin C chromophore. Peak a is
unchanged KW-2149, and the remaining peaks are
removed by dialysis with a 10K MW cutoff, indicating
they are low-molecular weight decomposition products.
The ratio of the mitomycin C moiety to HSA, determined
from a KW-2149 calibration curve, was in the range of
0.5-0.8, showing that the HPLC fraction is actually a
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mixture of the KW-2149-HSA conjugate and intact HSA.
The structural determination of the conjugate was per-
formed without further purification. The obtained con-
jugate was analyzed by MALDI-MS using CHCA as a
matrix. The observed molecular weight from the mean
of five measurements of HSA was 66 347.9 ( 2.6 (calcd,
66 438.2), and that of the reaction product (a mixture of
conjugated and nonconjugated HSA) was 66 513.9 ( 8.6.
The shift in average mass also indicates that conjugation
has occurred.
Peptide Mapping of HSA and the Conjugate

Using MALDI Mass Spectra of an Unfractionated
Tryptic Digest. As KW-2149 contains a disulfide bond,
it was proposed that KW-2149 is linked to a cysteine
residue(s) in HSA through a disulfide linkage which
results from a disproportionation reaction between the
two sulfides. To determine the position on HSA to which
KW-2149 binds, tryptic digestions of intact and of KW-
2149-linked HSA were performed, and peptide maps were
obtained. These peptide maps, especially the disulfide-
linked peptides, were compared.
HSA. Reduced HSA is predicted to give rise to 79

fragments by tryptic digestion (Figure 1). In nonreduced
HSA, some of those peptides are linked through disulfide
bonds (T9-T10-T12, T14-T21-T22, T28-T36, T38-
T40-T41, T42-T49, T51-T58-T61-T64-T65, and T66-
T75-T77). The tryptic peptides obtained by digestion
of HSA were analyzed by MALDI (Figure 4A) using
EtOH/H2O/HCOOH as a solvent in target preparation.
The peptides observed, including six of seven expected

disulfide-linked peptides, covered 396 amino acid resi-
dues in HSA. Using water/acetonitrile as a solvent for
target preparation to obtain the peaks of small peptides,
34 more amino acids were determined (25). In total, 73%
of the amino acid residues in HSA were identified by
MALDI-MS of the unfractionated peptides, with 90%
coverage obtained from a combination of analyses of
fractionated and unfractionated peptides (Figure 1). T5,
which contains the only free cysteine (Cys-34), and the
largest disulfide-linked peptide, T51-T58-T61-T64-
T65, were not observed. (T5 was, however, observed
when the HSA tryptic digest was reduced with DTT prior
to analysis). For the latter peptide, however, the smaller
peptides corresponding to reductive cleavage of the
disulfide linkage between T61 and T64 and between T58
and T61 (T51-T58-T61 and T61-T64-T65, respec-
tively) as well as cleavage between each component
peptide (T51, T61, T64, and T65) were observed. Such
cleavages at disulfide linkage were also observed for the
other disulfide-linked peptides.
As mentioned above, T5 was not observed in the

MALDI spectrum of the tryptic digest of unmodified HSA.
Because ions arising from T5 (including parts of KW-
2149) and T51-T58-T61-T64-T65 were observed in the
tryptic digest of the conjugate (see below), the nonobser-
vance of T5 was not due to ionization/suppression effects
in the peptide mixture or to the degradation of those
molecular ions. It was therefore hypothesized that T5
existed in the tryptic digest of HSA as a set of mixed
sulfides.
DTT reduction of the tryptic digest of HSA shifted the

weights of almost all of the peptides previously observed
above 3000 to lower weights (Figure 4C, T14, T36, T41,
T65, and T66 and peaks around MW 2500 are enhanced),
thus confirming that the original peaks resulted from
disulfide-linked peptides.
In the tryptic digest of HSA (Figure 4A), there are

several peaks between MW 3000 and 5000 (m/z 4772,
4446, 4307, 3454, and 3306) which can be assigned to
disulfide-linked peptides which are not observed in the
tryptic digest of the conjugate (Figure 4B). Some of these
peaks correspond to disulfide-linked peptides of T5 with
other cysteine-peptides. Also, the series of T51-T58-
T61-T64-T65 ions observed in the conjugate digest
(Figure 4B) were not observed in the spectrum of the
HSA digest (Figure 4A). T5, which was also missing in
the tryptic digest of HSA (Figure 4A), was clearly
observed upon DTT reduction (Figure 4C), showing that
this peptide existed as a disulfide-linked peptide prior
to reduction. This evidence shows that, in the case of
HSA, the disproportionation reaction between T5 and
disulfide-linked peptides, especially T51-T58-T61-
T64-T65 and related peptides, occurred during the
course of the tryptic digestion, resulting in rather com-
plex mixed disulfides.
These results are comparable to previous reports on

the proteolytic mapping of HSA and of HSA adducts
using mass spectral characterization by fast atom bom-
bardment ionization (26-31) and by electrospray ioniza-
tion (32, 33).
HSA-KW-2149 Conjugate. The MALDI mass spec-

trum of the tryptic digest of the HSA conjugate with KW-
2149 differed from that of intact HSA, especially above
MW 7000 (Figure 4B). Four new peaks were observed
in that range (m/z 8113, 7793, 7542, and 7228) and were
assigned to the disulfide-linked peptide T51-T58-T61-
T64-T65 and to several peptides arising from incomplete
cleavages. Furthermore, two peaks,m/z 2509 and 2637,
were observed in the spectrum of the conjugate which
were not observed in HSA itself. These two peaks could

Figure 3. HPLC chromatogram of (A) the incubation mixture
of HSA with KW-2149 and (B) that after dialysis detected at
365 nm. Peak a is unchanged KW-2149, peak b is the conjugate
of HSA with KW-2149, and the other peaks are the decomposi-
tion products of KW-2149.
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not be assigned to known tryptic fragments, but do
correspond in weight to adducts of T5 with each sulfide

of KW-2149. Characterization of these two peaks by
HPLC separation of the tryptic digest followed by MALDI-

Figure 4. MALDI mass spectra of the tryptic digest of (A) HSA, (B) the KW-2149-HSA conjugate, and (C) that of HSA after DTT
reduction. The dot and hyphen in the assignments indicate uncleaved peptides and disulfide bonds, respectively. The +T63, +T59,
and +T59, 63 in the inset show the missed cleavages added to T51-T58-T61-T64-T65.
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MS is detailed below. Eighty-two percent of the amino
acid sequence of HSA was identified by the MALDI-MS
of unfractionated tryptic peptides of the HSA conjugate.
Comparison of HPLC Fractionated Peptides from

HSA and the Conjugate by MALDI-MS. To compare
the tryptic peptides obtained from HSA with those
obtained from the KW-2149-linked HSA in more detail,
HPLC separations were carried out (Figure 5). Figure
5A shows the HPLC chromatogram of the tryptic digest
of KW-2149-linked HSA detected at 214 nm. All peaks
were collected, and the MALDI mass spectrum of each
fraction was compared with that of the corresponding
fraction from the tryptic digest of HSA (HPLC data not
shown). The peaks which showed absorbance at 365 nm
(Figure 5B) were also collected and analyzed by MALDI-
MS. Although peak a is the major peak observed at 365
nm, no molecular ion corresponding to a possible KW-
2149 conjugate was observed, but an ion corresponding
to the protonated molecular ion of T71‚72 was observed
(peak a coeluted with peak 11 detected at 214 nm; see
Figure 5). This peak also cochromatographed with that
of the major degradation product of KW-2149 itself. The
mass spectra of the other two peaks, peaks b and c,
contained ions of m/z 44 019 and 67 039, respectively.
The former corresponds to the peptide from residues
5-389, and the latter is unhydrolyzed KW-2149-HSA
conjugate. Since there are no tryptic peptides found that
absorb at 365 nm while the intact conjugate does, we
postulate that the KW-2149-linked peptide was degraded
to release the mitomycin C moiety during the course of
tryptic digestion. The major difference in the chromato-
grams of HSA and of the conjugate detected at 214 nm
is the presence of several peaks in the conjugate eluting
between 30 and 34 min (Figure 5A), which were assigned
to disulfide-linked peptides, including T51-T58-T61-
T64-T65, by MALDI-MS. As for the MALDI-MS of the
tryptic digest of HSA, no ion corresponding to the series
of T51-T58-T61-T64-T65 peptides was observed in the
MALDI mass spectra of any of the HPLC fractions.

These results are in agreement with those obtained from
the unfractionated tryptic digest of HSA (Figure 4A).
The disulfide-linked peptides isolated by HPLC exhib-

ited a characteristic pattern in MALDI-MS. Patterson
and Katta reported that single disulfide-linked peptides
gave molecular ions corresponding to their reduced-form
peptides as well as ions corresponding to the intact
peptides in MALDI-MS (34). The same phenomenon was
observed in the multi-disulfide-linked peptides studied
here as well. Figure 6A shows the MALDI mass spec-
trum of the tryptic peptide T51-T58-T61-T64-T65, in
which five peptides are connected to each other through
four disulfide linkages. All combinations of the reduced
forms of the peptide except T58 were observed, proving
unambiguously the structure of this peptide. T58 (Mr )
352) was not observed as is often the case with low-mass
peptides (<500) under these MALDI conditions. The
results obtained after DTT reduction confirm the com-
ponents of this peptide (Figure 6B). By observation of
the reduced-form ions, all disulfide-linked peptides present
in the tryptic digests were identified.
The reduced-form ions could arise either from in situ

reduction of the peptide or from fragmentation of the
protonated molecular ion. To further investigate these
possibilities, a post-source decay (24) spectrum of a
peptide containing a single disulfide linkage, T28-T36,
was obtained. Figure 7 shows the MALDI mass spec-
trum of T28-T36 and its post-source decay (PSD) spec-
trum. Two reduced-form ions attributable to T28 and to
T36 are clearly observed in the MALDI mass spectrum.
Neither of these ions is present in the PSD spectrum.
Ions arising from amide bond cleavages from each
C-terminal and C-S bond cleavages on each side of the
disulfide group are observed. These data verify that the
reduced-form ions did not arise through a gas phase
process, in agreement with the result of Patterson and
Katta (34).
Two additional disulfide-linked peptides, eluting be-

tween 35 and 37 min in Figure 5A, were observed in the
HPLC chromatogram of the tryptic digest of KW-2149-
linked HSA. The mass spectrum of fraction 31 showed
a molecular ion at m/z 2637 and an accompanying
reduced-form ion atm/z 2433. This could correspond to
the conjugate of the tryptic peptide T5 with the left-half
sulfide of KW-2149 (Figure 8, compound T5-A). DTT
reduction eliminated the peak at m/z 2637 completely,
but the peak at m/z 2433 still remained, confirming the
structure as a disulfide-linked peptide. The second
peptide was observed in fraction 32. The mass spectrum
of this fraction showed a molecular ion atm/z 2509. This
could correspond to the conjugate of T5 with 2-amino-
ethanethiol, the right-half sulfide of KW-2149 but with-
out the mitomycin C group connected at its N-7 position
(Figure 9, compound T5-B). The presence of m/z 2434
as well as the disappearance of m/z 2509 by DTT
reduction supported the assignment of this disulfide-
linked peptide. The presence of these two peptides
indicates that a disproportionation reaction had occurred
between HSA (Cys-34) and KW-2149 which formed two
conjugates: HSA conjugated with γ-L-glutamylcysteam-
ine and 7-N-(2-mercaptoethyl)mitomycin C. The latter
conjugate then underwent bond cleavage at the N-7
position of mitomycin C during tryptic digestion. The
mechanism of this bond cleavage is not clear. The
presence, however, of the disulfide-linked peptide be-
tween T5 and cysteamine and the released mitomycin C
chromophore detected at 365 nm in HPLC in the tryptic
digest of the conjugate as well as the presence of 365 nm
absorption in intact conjugate indicate that the whole

Figure 5. HPLC chromatogram of the tryptic digest of the KW-
2149-HSA conjugate detected at (A) 214 nm and (B) 365 nm.
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right-half sulfide of KW-2149 was originally linked to
Cys-34 through a disulfide bond.

The structures of the two peptides proposed to be
bound to the KW-2149 moieties were confirmed by

Figure 6. MALDI mass spectra of (A) HPLC peak 29 (T51-T58-T61-T64-T65) and (B) that after DTT reduction. The +2 indicates
the doubly protonated molecular ion.

Figure 7. Comparison of (A) the spectrum of HPLC peak 17 (T28-T36) obtained in the linear mode and (B) the PSD spectrum of
m/z 2562.
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carboxypeptidase Y C-terminal sequencing which was
followed by MALDI-MS. Losses of up to four residues
(DHVK-COOH) in the T5-γ-L-glutamylcysteamine disul-
fide (T5-A) and up to five residues (EDHVK-COOH) in
the T5-cysteamine disulfide (T5-B) were identified.
Because no other peptide containing the KW-2149

moiety was found, Cys-34 was determined to be the only
site where KW-2149 was linked to HSA. It has been
reported that Cys-34 in HSA has the most reactive
sulfhydryl group (pKSH of 5) among serum proteins and

is easily oxidized by biological thiols such as cysteine and
glutathione (2, 35). From this point of view, it is
reasonable to expect that the disulfide in KW-2149 can
be a good oxidant for free sulfhydryl (Cys-34) in formation
of the mixed KW-2149-HSA complex.
Summary. KW-2149 is a new mitomycin C derivative

which shows a superior antitumor activity and less
hematotoxicity, as well as a different activation mecha-
nism compared with that of mitomycin C. In the study
of the drug metabolism of KW-2149 in mice, three active

Figure 8. MALDI mass spectra of (A) HPLC peak 31 and (B) HPLC peak 31 after DTT reduction. This fraction contains several
peptides as well as T5-A.

Figure 9. MALDI mass spectra of (A) HPLC peak 32 and (B) HPLC peak 32 after DTT reduction. This fraction contains several
peptides as well as T5-B.
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metabolites had been found. One of them, the albumin
conjugate, was thought to be composed of disulfide
linkage(s) between cysteine in HSA and the sulfide group
in KW-2149, but there was no chemical evidence up to
now for this structure. In the experiments described in
this report, we determined that both halves of the
disulfide in KW-2149 are linked to Cys-34 through new
disulfide bonds. This structure clearly shows the pos-
sibility that the mitomycin C moiety in the conjugate,
the active pharmacophore, can easily be released by
biological thiols such as glutathione, cysteine, and other
thiol molecules. This chemical evidence provides what
appears to be useful information for further studies of
the mechanism of action and/or pharmacokinetic studies
of this drug.
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Electrospray Mass Spectrometry of r and â Chains of Selected
Hemoglobins and Their TNBA and TNB Conjugates
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The molecular weights of R and â hemoglobin chains from 15 different vertebrate animal sources and
2 common human variants were determined by electrospray mass spectrometry and compared to the
calculated masses based on published amino acid sequences. Conjugates were prepared for 14 of the
globins using 2 traditional colorimetric derivatizing reagents, 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB)
and trinitrobenzenesulfonic acid (TNBS), and the mass of each conjugate was determined by mass
spectrometry.

INTRODUCTION

Hemoglobin (Hb)1 is the major interplasmic protein of
vertebrate red blood cells. Its primary function is O2 and
CO2 transport (1). In its native state, Hb from verte-
brates is a tightly folded tetrameric protein comprised
of the noncovalent association of two similar chains
(2R2â) and heme (2). Typical denaturing conditions such
as heat, acid, or organic solvents will dissociate Hb into
the individual components (heme, R and â globins). Due
to its critical biological function, high abundance, and
ease of isolation, Hb is one of the most intensely studied
proteins.
The most fundamental characteristic of Hb is its

primary amino acid sequence which corresponds to a
specific molecular weight. Primary sequences for many
Hbs were determined by polypeptide degradation/peptide
sequencing or DNA/RNA sequencing. Reported molec-
ular weights for R and â Hb chains were calculated from
the amino acid sequences. Traditionally, gel electro-
phoresis has been used to verify Hb molecular weight;
however, its limited resolution (∼5%) is not suitable for
primary sequence verification (3). Moreover, detailed
studies of mutations, amino acid modifications, or protein
homogeneity cannot be accurately examined by electro-
phoresis.
Over the past several years, electrospray ionization

mass spectrometry (ESI-MS) has become a powerful
means of determining the molecular weight of peptides
and proteins to ∼200 kDa with a precision e0.01%. ESI-
MS is a nondestructive ionization technique which typi-
cally gives only ions of the intact parent compound. The
principle of ionization and mass analysis by ESI-MS is
described in several excellent review articles (4). ESI-
MS along with other mass spectrometry techniques has
been utilized for detailed studies of human Hbs and their
variants (5).

In this work, we describe the use of ESI-MS for the
characterization of R and â Hb chains from selected
species. In addition, we demonstrate the usefulness of
ESI-MS to assess the effects of two traditional deriva-
tizing reagents, DTNB and TNBS, used for the colori-
metric quantification of cysteines and lysines. We pre-
pared thionitrobenzoic acid (TNBA) and trinitrobenzene
(TNB) conjugates with 14 of the Hbs and measured the
molecular weight of each new conjugate by ESI-MS. This
information allowed us to determine the number of TNBA
or TNB groups attached to each globin.

MATERIALS AND METHODS

Hemoglobins from baboon, bovine, cat, dog, garter
snake, goat, horse, human A0,2 human A2,3 human S,4
mouse, pig, pigeon, rabbit, rat, sheep, and turkey, and
BSA and horse heart myoglobin were obtained from
Sigma (St. Louis, MO). 5,5′-Dithiobis(2-nitrobenzoic acid)
was purchased from Pierce (Rockford, IL), and 2,4,6-
trinitrobenzenesulfonic acid, sodium salt, was from Al-
drich Chemical Co. (Milwaukee, WI). All other chemicals
and solvents were of the highest purity available. HPLC
was carried out on a Microtech Scientific (Sunnyvale, CA)
binary microbore LC system employing a Polymer Labo-
ratories (Amherst, MA) PLRP-S 8 µm 1000 Å 50 × 2.1
mm column. Mass spectra were recorded on a Perkin
Elmer Sciex API 100 single quadrupole mass spectro-
meter equipped with a heated pneumatically-assisted ion
source (TurboIonSpray). The ESI-MS was calibrated just
prior to analysis using the manufacturer’s protocols and
calibration solutions (0.1 mM PPG 1000, 0.2 mM PPG
2000, 0.1% formic acid, and 2 mM ammonium acetate in
1:1 water/methanol). The calibration solutions provide
ions throughout the mass range from 350 to 2400 amu.
Accuracy and precision were determined using horse
heart myoglobin and BSA by infusion of each protein (0.1
mg/mL in 0.1% formic acid, 2 mM ammonium formate,
and 20% acetonitrile) directly into the instrument’s ion
source at a flow rate of 50 µL/min. All spectra were
collected using multi-scan-averaging (10 scans for myo-
globin and 20 scans for BSA).
Spectra for each Hb were obtained on 2 µL of a 1 mg/

mL solution (∼125 pmol) in 0.1% formic acid. Samples
were injected into the HPLC column and eluted with a

* Correspondence should be addressed to this author.
Telephone: (847) 937-0225. Fax: (847) 938-8927. E-mail:
adamczykm@apmac.abbott.com.

X Abstract published in Advance ACS Abstracts,May 1, 1997.
1 Abbreviations: BSA, bovine serum albumin; CZE, capillary

zone electrophoresis; DTNB, 5,5′-dithiobis(2-nitrobenzoic acid);
ESI-MS, electrospray ionization mass spectrometry; Hb, hemo-
globin; Hbs, hemoglobins; HPLC, high-performance liquid chro-
matography; LC, liquid chromatography; PPG, poly(propylene
glycol); SDS, sodium salt of dodecyl sulfate; TNB, trinitroben-
zene; TNBA, thionitrobenzoic acid; TNBS, trinitrobenzene-
sulfonic acid.

2 Normal human Hb.
3 Purified minor human Hb A2 comprised of (2R2δ).
4 Purified Hb from humans with sickle cell disease (â chain

mutation A6T).
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linear gradient of 10% acetonitrile in 0.1% TFA to 100%
acetonitrile in 20 min at a flow rate of 100 µL/min. The
column output was directly linked to the ESI-MS ion
source. ESI-MS operating parameters were as follows:
interface auxiliary air flow of 4-5 L/min at 350 °C and

nebulizer air flow 1.5 L/min; ion spray 4500 V; counter-
electrode (curtain plate) 1000 V; and orifice-to-skimmer
potential difference 30 V. The instrument scanned a
range of 650-1450m/z in 0.1 amu steps for a total scan
time of 8 s. The resulting spectra were “reconstructed”
(deconvoluted) based on the Bayesian statistical analysis
of the entire spectrum using the manufacturer’s software
(BioMultiview version 1.2) which gave the results as true
mass. No other data manipulation such as smoothing,
noise filtering, or enhancement was employed. For
presentation of spectra, files worked up in BioMultiview
were imported as ASCII text files and then graphed and
labeled using Axum (version 5.0 for Windows, Math Soft,
Cambridge, MA).
Conjugation with DTNB was carried out using a

modified method of Ellman (6). To Hb solutions (50 µL
of 1 mg/mL in 100 mM phosphate buffer, pH 8.0) was
added a solution of DTNB (50 µL of 4 mg/mL in H2O).
The reaction mixture was incubated for 15 min at
ambient temperature and then directly analyzed by LC-
ESI-MS using the protocol for unmodified Hbs described
earlier. The number of attached TNBA groups was
determined from the equation:

Conjugation with TNBS was based on a modified
method of Kakade et al. (7). To Hb solutions (100 µL of
∼1 mg/mL in 4% aqueous sodium bicarbonate) was added
a solution of TNBS (100 µL of 1 mg/mL in water). The
reaction mixture was incubated at 37 °C for 2 h and then
treated with hydrochloric acid (100 µL, 1 N) and SDS
solution (100 µL, 10% w/v). The reaction mixture was
directly analyzed by LC/ESI-MS using the protocol for
unmodified Hbs previously described. The number of
attached TNB groups was determined from the equation:

Table 1. Calculated versus Observed Molecular Weights of r and â Globins of Various Hemoglobins

calculateda observed by ESI-MS

source (references) R globin â globin R globin â globin

baboon (24, 25) 15435.7 15895.2 15435.4 ( 1.0 15894.1 ( 1.2
bovine (26, 27) 15053.1 15954.4 15053.5 ( 1.1 15954.9 ( 1.5
cat (21) 15305.4 (â-A) 15926.2 15305.7 ( 1.9 (â-A) 15924.9 ( 2.1

(â-B) 15943.1 (â-B) 15941.6 ( 2.5
dog (28) (R-I) 15217.3 15996.3 (R-I) 15217.8 ( 1.8 15995.8 ( 1.0

(R-II) 15247.3 (R-II) 15247.2 ( 1.0
garter snake nab na 15445.4 ( 1.9 16028.3 ( 1.6

15802.6 ( 0.6
goat (29, 30) (R-I) 15033.1 16021.4 (R-I) 15033.3 ( 1.2 16021.8 ( 1.0

(R-II) 15060.1 (R-II) 15060.0 ( 2.0
horse (31) 15114.3 16008.3 15115.1 ( 1.2 16008.2 ( 0.6
human A0 (32) 15126.3 15867.2 15126.7 ( 1.4 15867.4 ( 0.7
human A2 (33) 15126.3 (δ) 15924.3 15126.8 ( 0.9 15922.8 ( 1.3
human S (34) 15126.3 15837.2 15126.0 ( 1.0 15836.4 ( 0.5
mouse (35) 14995.0 (major) 15616.8 14995.9 ( 1.5 (major) 15617.2 ( 1.3

(minor) 15709.0 (minor) 15708.3 ( 1.7
pig (36) 15039.1 16035.3 15040.2 ( 1.2 16035.6 ( 1.3
pigeon (14, 15, 16) 15123.2 16152.6 15117.1 ( 0.6 16164.0 ( 0.3

15150.2 ( 1.2
rabbit (37, 38) 15457.6 16001.3 15458.5 ( 0.9 16006.2 ( 1.6
rat (39) 15197.3 15848.2 15197.6 ( 1.1 15848.7 ( 1.3
sheep (40, 41) 15047.1 16073.4 15047.0 ( 0.6 16074.2 ( 1.0
turkey (17) (RA) 15309.7 16306.8 (RA) 15308.5 ( 2.1 16304.7 ( 1.3

(RD) 15649.8 (RD) 15767.0 ( 1.0
a Molecular weights were determined from primary amino acid sequences downloaded from electronic databases (see footnotes 5 and

6). b na, not available.

Figure 1. Total ion count (TIC) chromatograph from LC/ESI-
MS of bovine Hb.

Scheme 1
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RESULTS AND DISCUSSION

Molecular weight estimation was carried out on a
single quadrupole electrospray mass spectrometer
equipped with a heated pneumatically-assisted ion source
interfaced with a microbore HPLC system. Typical ESI-
MS instrumentation has a precision of e0.01%. Adopting
the method of Feng et al. (8), we calibrated the instru-
ment with a mixture of two poly(propylene glycol) solu-
tions (average molecular weight of 1000 and 2000)
employing multichannel averaging to improve signal-to-
noise and reduce minor random peak position drifting
between scans. As a result, we routinely achieved a
precision of <0.01% for the protein standards myoglobin
from horse heart, calculated molecular weight 16 951.5
(9), observed mass 16 951.2 ( 0.6 (0.0018%), and bovine
serum albumin, calculated molecular weight 66 430.3
(10), observed mass 66 430.7 ( 0.9 (0.0006%).

We selected 17 commercially available Hbs for ESI-
MS characterization (see Table 1). Complete amino acid
sequences for each Hb, except garter snake, have been
published, and the most current sequences were down-

loaded via the internet.5,6 For analysis, Hb solutions
were freshly prepared with acidic buffer and immediately
injected into the mass analyzer via HPLC. The employed
buffer dissociated the Hb tetramer into its primary
constituents, R and â globins, and heme (11). Acidic
dissociation of Hb has been exploited for the quantifica-
tion of Hb constituents by reversed-phase HPLC. Typi-
cally C18 or C4 columns employing an acidic mobile phase
and extended gradient times (60-90 min) have provided
the separation necessary for accurate quantification (12).
We utilized a short polymer-based reversed-phase column
which provided an adequate hydrophobic environment
to ensure complete separation of the globins from salts,
buffers, and/or impurities in ∼20 min (Figure 1). The
column and conditions employed resulted in separation
of the R and â globins in some cases, but the lack of
chromatographic resolution had no impact on ESI-MS

5 Sequences were obtained from NIH Protein databases,
gopher.nih.gov/7mindex%3a/molbio/all.mindex.

6 Average molecular weight of each polypeptide was deter-
mined from the primary sequence using PAWS (Protein Analysis
Worksheet) v.6.1 for Windows, Freeware software by Ronald
Beavis, ftp: mcphar01.med.nyu.edu.

Figure 2. (A) Mass spectra for bovine Hb R and â globins. (B) Deconvoluted mass spectra for bovine Hb R and â globins.
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data analysis. Hbs had retention times of 12-15 min
and peak widths of 1-2 min depending on whether R and
â globins eluted individually (narrower peaks) or coeluted
(wider peaks). The use of HPLC interfaced into the ion
source was not essential for ESI-MS analysis but was
employed as a general method which would accommodate
samples of unknown purity or origin.
Mass analyses were carried out under the positive ion

mode which resulted in spectra for the globins recorded
as a series of protonated species, typically having 11-
22 positive charges. Figure 2A shows the ESI-MS spectra
for the R and â globins of bovine Hb. All of the tested
Hbs, except cat Hb, provided well-resolved spectra and
demonstrated similar ion count intensities and charge
state arrays. Molecular weights of the examined globins
were obtained by deconvolution of each multiion spec-
trum using the software provided from the instrument
manufacturer. Upon deconvolution of the spectra, the
predominate peaks observed were for the R and â globins
(Figure 2B). All of the tested Hbs contained additional
low-abundance peaks. Since the samples were not
freshly drawn, it was not possible to determine if the

minor components were naturally part of a specific Hb
or were formed during isolation, purification, or storage.
Table 1 lists the calculated and observed molecular

weights for each investigated globin. The average devia-
tion ranged from (0.3 for pigeon â globin to (2.5 for cat
â-B globin. All of the recorded masses were within 2
daltons of the calculated molecular weights except for
pigeon, turkey RD globin, and rabbit â globin. The
possible causes for these discrepancies could be errors
in the reported primary sequences or in vitro/in vivo
posttranslational modifications. Amino acid variations
and posttranslational modifications have been reported
for many Hbs. Genetic variations for the primary
structure of rabbit â globin have been published (13). The
number of literature reports of sequence analysis for
turkey and pigeon is limited, and no reports were found
addressing genetic, allelic, or translational variations (14,
15, 16, 17).
In a second set of experiments, the Hbs were reacted

with two commonly used protein derivatizing reagents,
DTNB and TNBS. DTNB specifically reacts with the free
thiol group of cysteine, resulting in a mixed disulfide

Figure 3. (A) Mass spectra for TNBA conjugates from bovine Hb R and â globins. (B) Deconvoluted mass spectra for TNBA conjugates
from bovine Hb R and â globins.
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which can be observed as a specific mass increase of 198
for each thiol derivative present (Scheme 1). Thus, 14
Hb samples were placed in phosphate buffer containing
DTNB and incubated for 15 min at ambient temperature
(18). The resulting reaction mixture was directly injected
into the mass analyzer via HPLC using the same protocol
as for unmodified Hbs. Figures 3A and 3B represent the
mass spectra and deconvoluted spectra for R and â bovine
globins after derivatization. The recorded mass for R
globin of bovine Hb-TNBA conjugate is identical to the
native R globin since there are no cysteines present in
this polypeptide. The number of TNBA groups attached
is presented in Table 2 and is in good agreement with
the published sequence data.
Conjugation with TNBS to 14 Hbs followed the method

of Kakade et al. (Scheme 2). Therefore, Hb and TNBS
were incubated for 2 h at 37 °C in a sodium bicarbonate
buffer and then directly injected into the mass analyzer
via HPLC. This derivatization would result in a mass
increase of 211 daltons for each TNB group attached (19).
Figures 4A and 4B represent the mass spectra and
deconvoluted spectra of TNB-derivatized R and â bovine
globins. Table 3 reports the number of available nucleo-

philic groups (free amines and thiols) on each Hb globin
versus the number of TNB attached. The results indi-
cated that the free thiol of cysteine, in addition to amino
lysine side chains and the terminal amines, was deriva-
tized by TNBS. This is in contrast to published accounts
on the use of TNBS reagent for the specific quantification
of lysines and N-terminal amines of polypeptides (18).
We also observed that the globin-TNB conjugates did
not ionize efficiently. Therefore, some spectra could not
be deconvoluted (see Table 3). Derivatization of primary
amines with an aromatic group containing electron-
withdrawing substituents lowers the basicity of the
amine and consequently suppresses protonation of that
amine (20).
We observed that turkey RD globin had one additional

TNB derivative than expected and produced a mass of
117 daltons more than calculated. These results would
indicate that a lysine is possibly unaccounted for in the
primary sequence.
TNB and TNBA conjugates of cat Hb did not give ESI-

MS spectra of suitable quality to determine the number
of derivatives bound to each globin. The recorded spectra
were low in ion intensities and had many overlapping

Figure 4. (A) Mass spectra for TNB conjugates from bovine Hb R and â chains. (B) Deconvoluted mass spectra for TNB conjugates
from bovine Hb R and â chains.
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peaks (congested). Underivatized cat Hb produced a
spectrum which was congested and lower in ion intensity
when compared to the other Hbs. It is reported that Hbs
from healthy cats have several variants and posttrans-
lational modifications which would result in poor spectra
quality (21).

In this paper, we have demonstrated the usefulness
of ESI-MS for rapid, reliable, and accurate molecular
weight determination of several hemoglobins and their
TNBA and TNB conjugates. Masses were recorded in
∼20 min with ∼125 pmol (2 µg) of sample with a
minimum of sample handling. Direct characterization
of TNBA/TNB-Hb conjugates by ESI-MS avoids possible
misassignment inherent with these classical biochemical
analyses (22, 23).
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Various tetradentate N3S ligands which contain pyridyl, morpholino, or imidazolyl moieties were
prepared and labeled with technetium and rhenium. Metal complexation of the ligands occurred
efficiently over the pH range from 2 to 11. Ligands possessing theS-THP (tetrahydropyranyl)-protected
mercapto group labeled efficiently even under alkaline conditions, and among the three types of
heterocyclic metal complexes, a marked difference in stability was observed; rhenium complexes
decomposed to ReO4

- whereas technetium complexes decomposed to TcO2/TcO4
-. In general, imidazolyl

complexes of both technetium and rhenium were very stable in saline; less than 10% decomposition
after 24 h. The technetium histidyl complex and technetium pyridyl complex were quite stable even
under cysteine challenge; less than 10% decomposition after 24 h. The rhenium and technetium
morpholino complexes were very unstable; greater than 10% decomposition after only 1 h in saline
and greater than 25% decomposition in 1 h under cysteine challenge. Profound pharmacokinetic
differences among these metal complexes were also observed in rat biodistribution studies. The neutral
pyridyl complexes exhibited high blood and liver uptake and slow clearance from these tissues. The
replacement of a hydroxyl group by a carboxyl group, which resulted in an anionic complex at
physiological pH, resulted in a dramatic decrease in blood and liver uptake. The neutral imidazolyl
complex exhibited marked reduction in blood uptake and much faster clearance from blood and liver
compared to the neutral pyridyl complex. Finally, the anionic histidyl complex, which contains both
the imidazolyl and carboxyl groups, had the most favorable pharmacokinetic properties in that it
exhibited very low blood, liver, and kidney uptakes and a rapid clearance from the body via the renal
system. The combination of the high stability and favorable pharmacokinetic properties of the
imidazolyl complexes should render them useful for targeted delivery of the medically important
isotopes.

INTRODUCTION

Small peptides and peptidomimetics are becoming
increasingly useful for selective delivery of diagnostic and
therapeutic radionuclides to target tissues (1-5). Cur-
rently, 111In-labeled octreotide (1), a truncated cyclic

octapeptide analog of somatostatin, is being used for
scintigraphic imaging of primary and metastatic neu-
roendocrine tumors bearing somatostatin receptors (6).
Due to the well-recognized, ideal imaging properties of
99mTc, there is considerable interest in imaging biological
receptors for neurological, oncological, and cardiovascular
applications using bifunctional 99mTc chelates (7). Fur-
thermore, for oncological applications, the similarity of
technetium and rhenium chemistry may also permit the
use of the same bifunctional chelates for radiotherapeutic
procedures based on 186Re or 188Re.
The two key requirements for designing bifunctional

chelates are (a) high thermodynamic and kinetic stability
of the metal complex and (b) rapid clearance of the

complex from critical nontarget organs such as blood,
liver, and kidneys. Although the former requirement can
be met by the rational design of ligand systems and by
the knowledge of coordination chemistry, the latter is
much more challenging. Pharmacokinetic information
pertaining to various metal complexes still remains
empirical, and a unified theory to explain existing
pharmacological data remains elusive. Nevertheless,
some design criteria such as size, charge, and the type
of functional group required for clearance of metal
complexes can be extracted from the vast amount of
existing information. Accordingly, as part of our continu-
ous efforts directed toward diagnosis and treatment of
tumors using small peptides and peptidomimetics as
carriers, herein we report our recent progress on the
development of novel technetium and rhenium metal
complexes that satisfy the key physicochemical and
pharmacokinetic properties mentioned above (8).
Polyaminocarboxylate moieties such as diethylenetri-

aminepentaacetic acid (DTPA) used in octreotide (1) are
very good chelators for lanthanides and some transition
metal ions, including manganese (II) and indium (III),
but are not optimal ligands for technetium and rhenium.
The type of coordinating groups which bind tightly to
these transition metal ions depends greatly on the
oxidation state of the metal. In general, TcV and ReV are
readily accessible oxidation states which can be stabilized
by coordination to a combination of amino, amido, and
mercapto functionalities (9). Tetradentate amine thiol
or amide thiol ligands are known to form very stable,X Abstract published in Advance ACS Abstracts,May 1, 1997.
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square pyramidal, mono-oxo TcV and ReV complexes, and
these ligands have been attached to bioactive molecules
to generate bifunctional chelates (10-13). However,
nitrogen sulfur-based ligands containing a heterocyclic
moiety have not been studied extensively with regard to
targeted delivery of 99mTc and 186Re even though the
copper imidazole complex 2b and technetium pyridyl
complex 3b have been reported previously (14, 15; Chart
1). In this paper, we present the preparation, charac-
terization, and biological evaluation of several novel
diamide thiolate 99mTcdO and 186RedO complexes which
contain pyridyl, morpholino, and imidazolyl moieties.

EXPERIMENTAL PROCEDURES

General. Unless otherwise noted, all starting materi-
als and solvents were obtained from commercially avail-
able sources (Sigma/Aldrich Chemical Co., St. Louis, MO,
or Bachem Co., Torrance, CA) and used without further
purification. Catalytic hydrogenations were carried out
using a Parr hydrogenation apparatus (Parr Instrument
Co., Moline, IL). NMR spectra were obtained using
Varian Gemini 300 300 MHz spectrometer. The mass
spectra were obtained using Finnigan TSQ 700 triple-
quadrupole mass spectrometer configured for either fast
atom bombardment (FAB) or electrospray ionization
(ESI) techniques. Elemental analyses were performed
by Atlantic Microlabs, Norcross, GA. Melting points were
determined using a Thomas Hoover capillary melting
point apparatus and are reported uncorrected. 99mTc
generator and Na186ReO4 solution were obtained from
Mallinckrodt, Inc., St. Louis, MO. Electrophoresis (phos-
phate buffer, pH 6.4, 300 volts) was performed on a
Gilman electrophoresis apparatus, Gillman Sciences, Ann
Arbor, MI.
General Procedure for Preparation of Pyridyl

Ligands 11a,b. A mixture of the pyridyl amines 7a or
7b (20 mmol) and N-Cbz-alanine N-succinimido esters

8a,b (20 mmol) in acetonitrile (30 mL) was stirred at
ambient temperature for 4 h and then poured onto ice-
cold water (150 mL). The gummy residues solidified
overnight. The colorless solids were filtered, washed with
water, and dried to give the 5.4-5.6 g (82-85%) of the
N-Cbz derivatives which were sufficiently pure for use
in the next step.
A solution of each of the Cbz derivatives (10 mmol) in

methanol (20 mL) was carefully treated with 0.5 g of 10%
Pd-C catalyst (added in small portions under a slow,
steady stream of nitrogen). Thereafter, the mixture was
hydrogenated at 50 psi (∼3.5 atm) for 2 h. The catalyst
was removed by filtration over Celite, and the filtrate
was evaporated under reduced pressure to give the
pyridyl amines 9a and 9b as a pale tan gum, which was
used immediately in the next step.
A mixture of the amines 9a or 9b (5 mmol) and the

active ester 10 (16) (5 mmol) in acetonitrile (10 mL) was
stirred at ambient temperature for 2 h and poured onto
ice-cold water (100 mL). The precipitates were collected
by filtration, washed with water, dried, and recrystallized
from acetonitrile to give the desired ligands 11a and 11b
as colorless solids.
Ligand 11a. Yield, 1.4 g (78%); mp 150-152 °C. 1H-

NMR (CDCl3) δ 8.41 (d, 1H), 7.90 (d, 2H), 7.55 (m, 2H),
7.40 (m, 3H), 7.18 (d, 1H), 7.10 (m, 2H), 4.55 (m, 3H),
3.75 (s, 2H), 1.40 (d, 3H). 13C-NMR (CDCl3) δ 191.7,
172.2, 168.2, 156.6, 149.2, 137.0, 136.1, 134.2, 128.9,
127.6, 122.4, 121.8, 49.3, 44.4, 32.6, 18.1. Anal. Calcd
for C18H19N3O3S: C, 60.49; H, 5.36; N, 11.76; S, 8.97.
Found: C, 60.53; H, 5.40; N, 11.67; S, 9.04.
Ligand 11b. Yield, 1.6 g (84%); mp, 165-167 °C. 1H-

NMR (CDCl3) δ 8.45 (d, 1H), 7.90 (m, 2H), 7.55 (m, 2H),
7.42 (t, 2H), 7.10 (m, 4H), 4.40 (m, 1H), 3.72 (s, 2H), 3.59
(m, 2H), 2.82 (t, 2H), 1.30 (d, 3H). 13C-NMR (CDCl3) δ
191.5, 172.0, 167.9, 159.5, 149.3, 136.8, 136.1, 134.2,
128.9, 127.7, 123.6, 121.7, 49.2, 38.7, 36.6, 32.6, 18.1.

Chart 1
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Anal. Calcd for C19H21N3O3S: C, 61.44; H, 5.70; N, 11.31;
S, 8.63. Found: C, 61.54; H, 5.77; N, 11.34; S, 8.73.
Preparation of the Carboxyl Ligand 11c. A mix-

ture of 7a (1.2 g, 10 mmol) and the active ester 8c (4.1 g,
10 mmol) in acetonitrile (25 mL) was stirred at ambient
temperature for 4 h. The reaction mixture was poured
onto water and extracted with methylene chloride (3 ×
25 mL). The combined organic layers were washed with
brine, dried (MgSO4), and filtered, and the filtrate was
evaporated under reduced pressure to give 4.0 g (85%)
of the Cbz derivative as an off-white solid which was pure
enough for use in the next step.
A solution of the Cbz derivative (10 mmol) in methanol

(20 mL) was carefully treated with 0.5 g of 10% Pd-C
catalyst (added in small portions under a slow, steady
stream of nitrogen). Thereafter, the mixture was hydro-
genated at 50 psi (∼3.5 atm) for 2 h. The catalyst was
removed by filtration over Celite, and the filtrate was
evaporated under reduced pressure to give 9c as pale tan
gum. This amine turns dark on standing and, hence, was
used immediately in the next step.
A mixture of the amine 9c (2.8 g, 10 mmol) and the

active ester 10 (2.9 g, 10 mmol) in acetonitrile (25 mL)
was stirred at ambient temperature for 4 h. The reaction
mixture was poured onto water and extracted with
methylene chloride (3 × 25 mL). The combined organic
extracts were washed with water, dried (MgSO4), and
filtered, and the filtrate was evaporated under reduced
pressure. The waxy solid was then treated with trifluo-
roacetic acid (10 mL) and kept at ambient temperature
for 1 h. The solution was poured onto water (200 mL),
and the precipitate was collected by filtration, washed
well with water, dried, and recrystallized from isopropyl
alcohol to give 2.6 g (63%) of the ligand 11c as colorless
solid, mp 195-197 °C. 1H-NMR (CDCl3) δ 8.65 (m, 1H),
8.55 (m, 2H), 7.95 (m, 1H), 7.90 (m, 2H), 7.65 (m, 1H),
7.55 (m, 2H), 7.45 (m, 2H), 4.48 (d, 2H), 4.30 (m, 1H),
3.80 (s, 2H), 2.30 (m, 2H), 2.00 (m, 1H), 1.80 (m, 1H).
13C-NMR (CDCl3) δ 191.1, 174.4, 172.0, 167.7, 157.5,
146.7, 140.3, 136.3, 134.5, 129.5, 127.2, 123.5, 122.5, 52.7,
42.9, 32.6, 30.1, 27.0. Anal. Calcd for C20H21N3O5S: C,
57.82; H, 5.09; N, 10.11; S, 7.72. Found: C, 57.71; H,
5.14; N, 10.00; S, 7.80.
N-Cbz-Homoserine Lactone (12). Benzyl chloro-

formate (9.4 g, 50 mmol) was added dropwise to a
vigorously stirring solution of l-homoserine lactone hy-
drochloride (9.1 g, 50 mmol) and sodium carbonate (15.9
g, 150 mmol) in a biphasic mixture of methylene chloride
and water (1:1, 200 mL). After the addition, the mixture
was stirred at ambient temperature for 16 h. The organic
layer was separated, dried (MgSO4), and filtered, and the
filtrate was evaporated under reduced pressure. Recrys-
tallization of the resulting solid from ethyl acetate
afforded 12.0 g (96%) of lactone 12 as colorless needles,
mp 123-125 °C. 1H-NMR (CDCl3) δ 7.33 (bs, 6H), 5.10
(s, 2H), 4.40 (m, 2H), 4.21 (m, 1H), 2.72 (m, 1H), 2.20
(m, 1H). 13C-NMR (CDCl3) δ 175.3, 156.4, 136.1, 128.7,
128.5, 128.3, 67.3, 65.7, 50.3, 30.1.
Pyridyl Amino Alcohol (15). A mixture of 7a (4.32

g, 40 mmol) and the lactone 12 (8.40 g, 40 mmol) in glyme
(30 mL) was heated under reflux for 2 h. The reaction
mixture was poured onto ice-cold water (200 mL). The
solid was filtered, washed with water, and recrystallized
from hot water to give 8.8 g (70%) of the Cbz derivative
as a colorless solid, mp 154-156 °C. 1H-NMR (CDCl3) δ
8.45 (d, 1H), 7.61 (t, 1H), 7.45 (bt, 1H), 7.10-7.40 (m,
8H), 6.05 (d, 1H), 5.05 (s, 2H), 4.50 (m, 3H), 3.67 (m, 2H),
2.00 (m, 1H), 1.87 (m, 1H). 13C-NMR (CDCl3) δ 172.1,
157.0, 156.5, 149.2, 137.2, 136.3, 128.7, 128.5, 128.2,
122.7, 122.2, 67.1, 58.4, 52.5, 44.1, 35.8.

A solution of the above Cbz derivative (20 mmol) in
methanol (30 mL) was carefully treated with 1.0 g of 10%
Pd-C catalyst (added in small portions under a slow,
steady stream of nitrogen). The mixture was hydroge-
nated at 50 psi (∼3.5 atm) for 2 h. The catalyst was
removed by filtration and the filtrate was evaporated
under reduced pressure to give the pyridyl amino alcohol
15 as a pale yellow gum, which was used immediately
in the next step. 1H-NMR (CDCl3) δ 8.42 (d, 1H), 8.28
(bt, 1H), 7.58 (m, 1H), 7.20 (m, 1H), 7.10 (m, 1H), 4.47
(d, 2H), 3.70 (t, 2H), 3.55 (dd, 1H), 2.80 (broad, 3H), 1.90
(m, 1H), 1.70 (m, 1H). 13C-NMR (CDCl3) δ 176.0, 157.0,
149.1, 137.0, 122.5, 122.1, 59.7, 53.7, 44.0, 37.3.
Morpholino Amino Alcohol (16). A mixture of the

amine 13 (5.60 g, 40 mmol) and the lactone 12 (8.36 g,
40 mmol) in glyme (30 mL) was heated under reflux for
2 h. The reaction mixture was poured onto ice-cold water
(200 mL). The solvent was evaporated under reduced
pressure, and the pale yellow gum (13.5 g) was kept
under high vacuum for 72 h by which time the Cbz
derivative solidified (mp 83-86 °C) and was used as such.
1H-NMR (CDCl3) δ 7.30 (bs, 5H), 6.89 (bt, 1H), 5.95 (d,
1H), 5.05 (dd, 2H), 4.35 (m, 1H), 3.62 (m, 4H), 3.40 (m,
4H), 1.95 (m, 1H), 1.78 (m, 1H). 13C-NMR (CDCl3) δ
172.0, 157.0, 136.3, 128.7, 128.4, 128.1, 66.6, 58.3, 56.9,
53.2, 52.1, 35.7.
Hydrogenolysis of this Cbz derivative was carried out

in the same manner as that described for compound 15.
The morpholino amino alcohol 16 was obtained as a pale
yellow gum. 1H-NMR (CDCl3) δ 3.02 (m, 5H), 3.25 (m,
4H), 3.00 (m, 2H), 2.60 (t, 1H), 2.15 (m, 6H), 1.45 (m,
1H), 1.35 (m, 1H). 13C-NMR (CDCl3) δ 176.8, 65.2, 57.4,
55.5, 51.6, 35.4, 34.7.
Imidazolyl Amino Alcohol (17). A mixture of 2-ami-

nomethylimidazole dihydrochloride 14 (17) (3.40 g, 20
mmol), the lactone 12 (4.2 g, 20 mmol), and triethylamine
(5.05 g, 50 mmol) in glyme (30 mL) was heated under
reflux for 48 h. The reaction mixture was poured onto
ice-cold water (200 mL). The solid was filtered, washed
with water, and recrystallized from hot water to give 4.1
g (53%) of 17 as an off-white solid. 1H-NMR (DMSO-d6)
δ 8.28 (t, 1H), 7.42 (d, 1H), 7.31 (m, 5H), 6.90 (s, 2H),
4.95 (dd, 2H), 4.35 (m, 2H), 4.08 (m, 1H), 3.40 (m, 3H),
1.78 (m, 1H), 1.68 (m, 1H). 13C-NMR (DMSO-d6) δ 172.5,
156.4, 145.0, 137.3, 128.7, 125.9, 121.0, 65.5, 57.5, 52.2,
36.5, 34.9.
Hydrogenolysis of this Cbz derivative was carried out

in the same manner as that described for compound 15.
The imidazolyl amino alcohol 17 was obtained as a pale
yellow gum. 1H-NMR (D2O) δ 6.89 (s, 2H), 4.30 (s, 2H),
3.50 (t, 2H), 3.35 (t, 1H), 1.74 (m, 1H), 1.65 (m, 1H). 13C-
NMR (D2O) δ 177.9, 145.0, 122.2, 58.1, 51.9, 48.7, 36.2.
General Procedure for Preparation of Ligands

19-21. A solution of the amines 15, 16, or 17 (5 mmol)
in acetonitrile (10 mL) was treated with the active ester
18 (18) (5 mmol) and stirred at ambient temperature for
4 h. The solvent was removed under reduced pressure,
and the residue was worked up as described below for
the individual ligands.
Ligand 19. The residue was dissolved in methylene

chloride (20 mL), washed with water (2 × 20 mL), dried
(MgSO4), and filtered, and the filtrate was taken to
dryness under reduced pressure. The gummy residue
was purified by column chromatography over silica gel
(Merck, 230-400 mesh, 40 g). Elution with chloroform/
methanol (93:7) gave 1.1 g (74%) of the desired ligand
19 as an off-white solid, mp 86-88 °C. 1H-NMR (CDCl3)
δ 8.48 (d, 1H), 7.90 (dd, 1H), 7.65 (m, 2H), 7.19 (m, 2H),
4.75 (m, 2H), 4.55 (m, 2H), 4.30 (broad, 1H), 3.95 (m, 1H),
3.67 (m, 2H), 3.42 (m, 1H), 3.35 (dd, 1H), 3.20 (dd, 1H),
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2.05 (m, 1H), 1.40-1.90 (m, 7H). 13C-NMR (CDCl3) δ
172.0, 170.8, 156.7, 149.2, 137.1, 122.6, 122.0, 83.5, 65.7,
58.3, 51.0, 44.3, 35.8, 34.6, 30.9, 25.0, 21.6. Anal. Calcd
for C17H25N3O4S: C, 55.59; H, 6.81; N, 11.44; S, 8.72.
Found: C, 55.66; H, 6.87; N, 11.45; S, 8.70. Thermal
spray mass spectrum, m/Z 368 [M + H].
Ligand 20. The gummy residue was purified by flash

chromatography over C-18 reverse phase sorbent (20 g).
Elution with pure water removed N-hydroxysuccinimide
and other low molecular weight impurities. Elution with
water/methanol (7:3) followed by evaporation of the
solvent afforded 0.82 g (42%) of the desired ligand 20 as
a pale greenish-yellow gum. 1H-NMR (CDCl3) δ 6.91 (m,
1H), 3.85 (m, 1H), 3.60 (m, 1H), 3.31 (t, 4H), 2.90-3.35
(m, 8H), 2.15 (m, 6H), 1.10-1.70 (m, 7H). 13C-NMR
(CDCl3) δ 173.0, 172.5, 82.1, 76.8, 65.2, 57.0, 55.4, 51.6,
50.8, 35.0, 32.5, 32.3, 29.8, 23.8, 20.5. Thermal spray
mass spectrum, m/Z 390 [M + H].
Ligand 21. The gummy residue was purified by flash

chromatography over using C-18 reverse phase sorbent
(20 g). Elution with pure water removed N-hydroxysuc-
cinimide and other low molecular weight impurities.
Elution with water/methanol (7:3) followed by evapora-
tion of the solvent afforded 0.56 g (31%) of the desired
ligand 21 as a pale tan foam. 1H-NMR (D2O) δ 6.67 (bs,
2H), 4.05 (broad, 3H), 3.55 (m, 1H), 3.35 (m, 2H), 2.90-
3.20 (m, 3H), 1.05-1.80 (m, 7H). 13C-NMR (D2O) δ 173.4,
172.7, 143.9, 121.1, 82.2, 77.0, 65.2, 65.9, 50.7, 35.4, 32.6,
29.7, 23.8, 20.4. Anal. Calcd for C15H24N4O4S‚0.1 H2O:
C, 50.30; H, 6.76; N, 15.65; S, 8.94. Found: C, 50.00; H,
6.82; N, 15.32; S, 8.92. Thermal spray mass spectrum,
m/Z 357 [M + H].
General Procedure for Preparation of 99mTc Com-

plexes. To a solution of sodium gluconate (51 mg) in
water (1 mL) and 1.0 M carbonate/bicarbonate buffer (200
µL) at the desired pH was added 1.9 mg of the appropri-
ate ligand dissolved in water (280 µL). After the solution
was purged with nitrogen for 10 min, 1.1 µL of stannous
chloride stock solution (10 mg/mL) followed by 0.4 mL of
sodium pertechnetate solution (5 mCi) were added and
the container was sealed with a rubber septum (crimp-
sealed) under nitrogen. The mixture was then heated
in a boiling water bath for 15 min, and the crude reaction
products were purified as described below.
General Procedure for Preparation of 186Re Com-

plexes. To a lyophilized preparation of stannous citrate
(20 mg of lactose, 25 mg of citric acid, 2 mg of gentisic
acid, and 1 mg of stannous chloride) in a closed 10 mL
vial was added 450 µL of nitrogen-purged water and 50
µL of sodium perrhenate solution (14.4 mCi). After 5
min, 8.1 µL of appropriate ligand stock solution (22 mg/
mL) was added and the container was sealed with a
rubber septum (crimp-sealed) under nitrogen. The mix-
ture was then heated in a boiling water bath for 15 min.
General Procedure for Complexation of Ligands

19 and 21 with Nonradioactive (“Cold”) Rhenium.
To a lyophilized preparation of stannous citrate (20 mg
of lactose, 25 mg of citric acid, 2 mg of gentisic acid, and
1 mg of stannous chloride) in a closed 10 mL vial was
added 951 µg of sodium perrhenate in 400 µL of nitrogen-
purged water. After 5 min, a solution of 2.1 mg of the
ligand 19 or 21 in 133 µL of water was added and the
mixture heated in a boiling water bath for 15 min.
Thereafter, the reaction mixture was purified by HPLC
under the following conditions.
General Procedure for Purification of Techne-

tium and Rhenium Complexes. The reaction mix-
tures were purified by gradient HPLC using a Waters
NovaPak C-18 column (15 cm). Solvent conditions varied

depending on the complex. The following six different
conditions were used.
Condition 1. Solvent A, 0.1% aqueous trifluoroacetic

acid; solvent B, 80% acetonitrile/20% 0.1% aqueous
trifluoroacetic acid; linear gradient (100% solvent A to
50% solvent A, 50% solvent B in 15 min), flow rate, 1
mL/min.
Condition 2. Solvent A, 0.1% aqueous trifluoroacetic

acid; solvent B, 80% acetonitrile/20% 0.1% aqueous
trifluoroacetic acid; linear gradient (100% solvent A to
50% solvent A, 50% solvent B in 25 min), flow rate, 1
mL/min.
Condition 3. Solvent A, 5 mM NaH2PO4; solvent B, 5

mM NaH2PO4, in 80% ethanol; linear gradient (100%
solvent A to 50% solvent A, 50% solvent B in 15 min),
flow rate, 1 mL/min.
Condition 4. Solvent A, 0.5 mM NaH2PO4; solvent B,

0.5 mMNaH2PO4, in 80% ethanol; linear gradient (100%
solvent A to 50% solvent A, 50% solvent B in 15 min),
flow rate, 1 mL/min.
Condition 5. Solvent A, 5 mM KH2PO4; in 2% aqueous

acetonitrile; solvent B, 5 mM NaH2PO4, in 70% aqueous
acetonitrile; linear gradient (100% solvent A to 50%
solvent A, 50% solvent B in 15 min), flow rate, 1 mL/
min.
Condition 6. Solvent A, 5mM NaH2PO4 in 10% etha-

nol; solvent B, 5 mM NaH2PO4, in 60% ethanol; linear
gradient (100% solvent A to 50% solvent A, 50% solvent
B in 15 min), flow rate, 1 mL/min.
Complex 2a. Condition 1, retention time, 8.74 min.
Complex 4b. Condition 5, retention time, 9.86 min.
Complex 4c. Condition 4, retention time, 9.94 min.

FAB mass spectrum,m/Z 482 and 484 (relative intensity
of 1:2).
Complex 4d. Condition 2, retention time, 11.53 min.
Complex 5a. Condition 1, retention time, 9.83 min.
Complex 5b. Condition 3, retention time, 8.77 min.
Complex 6a. Condition 1, retention time, 9.61 min.
Complex 6b. Condition 4, retention time, 11.47 min.

FAB mass spectrum,m/Z 471 and 473 (relative intensity
of 1:2).
General Procedure for Stability Studies. Ligands

19-21 were radiolabeled with technetium and were
purified by HPLC using Condition 6 described above. The
purified fractions of complexes 2a, 4b, 5a,b, and 6a,b (2
mL) were collected, partitioned into two 1 mL portions,
and then mixed either with physiological saline (1 mL)
or with 1 mL of 0.01 M aqueous cysteine stock solution.
The solutions were kept at ambient temperature, and the
purity of the complex as well as the levels of TcO2/TcO4

-

or of ReO4
- was monitored by HPLC (Condition 1) and

paper chromatography at four time points (initial and 1,
4, and 24 h).
Biodistribution Studies. Biodistribution studies

were performed on selected pyridyl and imidazolyl com-
plexes, 2a, 4b-d, and 6b, but were not carried out for
the morpholino complexes 5a and 5b due to in vitro
instability of these complexes. Male Sprague-Dawley
rats weighing ∼220 g were used to obtain the biodistri-
bution data on these complexes. Each animal received
300 µL of HPLC-purified test article containing 10 µCi
of radioactivity and 0.07 µg of material via the tail vein.
The animals (n ) 3) were sacrificed at 20′, 60′, and 120′
post injection and (n ) 2) at 24 h post injection. Selected
tissue samples of blood, liver, kidney, and muscle were
excised and rinsed with saline. These organs and tissues
were assayed for percent injected dose per organ from
standards prepared from the initial dosing material. For
determining percent injected dose in the urine and feces,
animals were housed in metabolism cages overnight. The
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urine and feces samples were collected separately and
counted against the prepared standards as noted previ-
ously.

RESULTS AND DISCUSSION

Ligand Syntheses. All ligands contain either a
benzoyl- or a THP-protected mercapto group. Protection
of the thiol functionality is always desirable, and often
necessary, because the technetium and rhenium labeling
of ligands which contain unprotected thiols frequently
leads to poor yields and undesirable byproducts. The
pyridyl ligands 11a,b were prepared in three steps with
the overall yield of about 70% (Scheme 1): (a) the reaction
of pyridyl amines 7a or 7b with the alaninyl active ester
8a or 8b; (b) hydrogenolysis of the resulting Cbz deriva-
tives; and (c) the reaction of the amines 9a,b with the
succinimido ester (10). It may be noted that compound
10 undergoes aminolysis chemoselectively at the succin-
imido ester center and not at the thiocarbonyl center.
However, under the same conditions, the S-acetyl analog
of 10 (N-succinimidyl S-acetylmercaptoacetate) under-
goes aminolysis at both positions giving a mixture of
products. For example, when N-succinimidyl S-acetyl-
mercaptoacetate is reacted with triglycine, both N-
acetyltriglycine and N-(S-acetylmercapto)acetamidot-
riglycine were obtained (R. Rajagopalan, unpublished
results). The carboxy ligand 11c was prepared in four
steps with the overall yield of about 55% (Scheme 1): (a)
reaction of 7a with the glutamyl active ester 8c; (b)

hydrogenolysis of the resulting Cbz derivative; (c) con-
densation of the amine 9c with the active ester 10; and
(d) deprotection of the tert-butyl group with trifluoroacetic
acid. The hydroxy ligands 19-21 were prepared in three
steps (Scheme 2): (a) ring opening of N-Cbz-homoserine
lactone (12) with the heterocyclic amines 7a, 13, or 14;
(b) hydrogenolysis of the resulting Cbz derivatives; and
(c) condensation of the amino alcohols 15-17 with the
active ester 18. The overall yields of 19, 20, and 21 were
50%, 41%, and 20%, respectively. The histidyl ligand,
N-[(S-benzoyl)mercapto]acetylglycylhistidine (22), for the
preparation of technetium imidazolyl complex 2a, was
prepared according to the published procedure (14).
Radiolabeling, Characterization, and Stability.

Technetium labeling of all the ligands 11a-c and 19-
21 was generally achieved by heating a mixture of 99mTc-
gluconate and the ligand at 100 °C in an inert atmo-
sphere at pH 2-12 for about 15 min. The rhenium
complexes of the same ligands were prepared by heating
a mixture of 186Re citrate and the ligand at 100 °C in an
inert atmosphere at pH 2-3 for about 15 min. The ligand
to metal ratio used in rhenium labeling was 1.6:1. HPLC
retention times of the major peak resulting from radio-
labeling of a particular ligand at various pH conditions
were identical, indicating that the same product is formed
under different pH conditions. Furthermore, the HPLC
retention times of the technetium and rhenium complexes
derived from the same ligand differed by only about 1
min, indicating a strong structural similarity between

Scheme 1a

a Legend: (a) CH3CN, room temperature. (b) H2, 10% Pd-C, MeOH. (c) CH3CN, room temperature. (d) CF3CO2H.
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99mTc and 186Re complexes. FAB mass spectrum of
nonradioactive rhenium complexes prepared from the
pyridyl ligand 19 showed a pair of [M + 1] signals, m/Z
482 and 484, in the ratio of 1:2, characteristic of 185Re
and 187Re patterns associated with the complex 4c.
Similarly, the FAB mass spectrum of nonradioactive
rhenium complexes prepared from the imidazolyl ligand
21 showed a pair of [M + 1] signals,m/Z 471 and 473, in
the ratio of 1:2, characteristic of 185Re and 187Re pattern
associated with the complex 6b. These data, along with
the previous X-ray crystallographic study (15) on an
analogous pyridyl complex, provide support for the
structures designated as 4c and 6b.
Paper electrophoresis indicated that the complexes

3a,b, 4a-c, and 5a,b were neutral; complexes 2a and
4d were anionic due to the presence of a carboxyl group;
and complex 6a was neutral below pH 11 but anionic
above pH 11, indicating that the imidazolyl proton is
being ionized only above this pH. The morpholino
complexes 5a and 5b were too unstable for complete
characterization. However, the similarity of HPLC re-
tention times and the neutral charge of the complex
suggest structural similarity with the pyridyl and imi-
dazolyl complexes.
Table 1 shows the radiochemical yield of various

heterocyclic metal complexes formed under various pH
conditions. All ligands labeled efficiently under a wide

range of pH values. Ligands 19-21 labeled efficiently
even at pH 9 despite the fact that the THP group is
expected to be inert toward hydrolysis above pH 7.
Although the S-THP group had been known to hydrolyze
under alkaline conditions with mercury salts (19), such
cleavage under technetium or rhenium labeling condi-
tions had not been observed previously. Previous work

Scheme 2a

a Legend: (a) 7a, DME, ∆. (b) H2, 10% Pd-C, MeOH. (c) 4-(2-Amino)ethylmorpholine (13), DME, ∆. (d) H2, 10% Pd-C, MeOH. (e)
2-Aminoethylimidazole dihydrochloride (14), DME, ∆. (f) H2, 10% Pd-C, MeOH. (g) CH3CN, ∆.

Table 1. Radiolabeling of Ligands with 99mTc and 186Re
at Various pH

ligand metal ion complex pH percent RCYa,b

11a 99mTc 4a 12.0 82
11b 99mTc 3a 12.0 96
11c 99mTc 4d 9.5 88
19 186Re 4c 2.2 94
19 99mTc 4b 7.5 91
19 99mTc 4b 9.0 80
20 186Re 5b 2.2 98
20 99mTc 5a 5.6 69
20 99mTc 5a 7.4 55
20 99mTc 5a 9.0 95
21 99mRe 6b 2.2 94
21 99mTc 6a 2.2 61
21 99mTc 6a 4.0 75
21 99mTc 6a 7.5 47
21 99mTc 6a 9.0 54
22 99mTc 2a 11.0 75
a RCY, radiochemical yield. b All values represent initial radio-

chemical yield and are unoptimized.
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on the labeling of triamide thiolate ligands containing
S-THP group required strong acidic conditions (ca. pH
< 3) to bring about the hydrolysis of the THP group with
concomitant metal complexation; no radiolabeling was
achieved under neutral or basic conditions (20). In the
case of heterocyclic N3S ligands, it is clear that both the
metal ion and the amine are required for the hydrolysis
of the S-THP protecting group. Although the precise
mechanism for this reaction is not yet established, two
possible pathways can be envisioned as illustrated in
Scheme 3. In the transition state, the metal ion, the
ligand, and a water molecule may organize in such a
manner that the heterocyclic amine can act as a general
base to deprotonate the coordinated water molecule and
deliver the hydroxide ion to the highly polarized carbon-
sulfur bond. Alternatively, the heterocyclic bases may
remove the proton from the â position to eliminate the
coordinated sulfur atom. Such eliminations have been
known to occur during ruthenium and rhodium metal
complexation reactions with macrocyclic crown thioether
ligands (21). These reactions are possible because the
acidity of water is greatly enhanced when attached to
metal ions; the first pKa’s of water bound to Tc(V) and
Re(V) oxo species are 2.90 and 1.31, respectively (22, 23).
Thus, at any given pH, a higher concentration of hydrox-
ide should be present in the presence of metal ion
compared to pure water to catalyze the displacement or
elimination reactions. Other reactions, such as the
hydrolysis of amides, esters, and phosphate esters via
such an organized water molecule that is coordinated at
the primary coordination sphere of a transition metal ion,
have been postulated previously (24-26).

Although all ligands labeled well initially with tech-
netium and rhenium, there were considerable differences
in the stability of the metal complexes (Table 2). The
desired HPLC fractions were collected for each selected
sample and mixed with equal volumes of either physi-
ological saline or with stock cysteine solution. The
solutions were kept at ambient temperature, and the
purity was monitored over time. The technetium pyridyl
and imidazolyl complexes 2a and 4b, respectively, were
very stable even when subjected to cysteine challenge.
Both morpholino complexes 5a,b were unstable. In fact,
as soon as the desired HPLC fractions of 5a,b are
isolated, the solution seemed to degrade rapidly, and the
resulting HPLC profiles of these complexes were so broad
and complex that it was not possible to record the purity
accurately. After about 2 h, the main peaks correspond-
ing to 5a,b were not present in the chromatograms.
Although both the technetium and rhenium imidazolyl
complex 6a,b were quite stable in saline, 6a underwent
substantial decomposition under cysteine challenge.
Biological Properties. The biodistribution results

of this series of metal chelates reveal a strong correlation
with the polarity of the ligands. The stepwise modifica-
tions beginning with the lipophilic, neutral pyridine
moiety culminating in the polar, anionic imidazole func-
tionalities resulted in significantly increased blood clear-
ances and decreased soft tissue retentions that translate
to improved imaging quality for these metal complexes.
The biodistribution studies were not carried out on the
morpholino complexes 5a,b due to their instability.
Tables 3 and 4 show the biodistribution data for the

neutral 99mTc pyridyl complex 4b and 186Re pyridyl

Scheme 3

Table 2. Stability of Technetium and Rhenium Complexes

initial 1 h 4 h 24 h

complex saline cysteine saline cysteine saline cysteine saline cysteine

2a 98.9 99.4 99.1 96.1 99.5 96.2 83.7 89.5
4b 98.8 98.8 98.8 98.7 98.8 98.8 93.7 97.5
5a 98.7 69.2 90.0 72.8
5b 97.6 83.2
6a 96.3 76.8 96.3 60.3 93.6 60.5 95.2 47.5
6b 99.8 99.2 99.4 98.8

Heterocyclic N3S Ligands Bioconjugate Chem., Vol. 8, No. 3, 1997 413



complex 4c. These compounds exhibit elevated soft
tissue retention and slower blood clearance rates, with
predominately hepatobiliary clearance as indicated by the
high fecal excretion. The type of the coordinating metal
atom did have a significant effect on the biodistribution
and excretion patterns despite identical overall charge
and very similar molecular structures. The Tc complex
4b clears significantly slower compared to the Re ana-
logue 4c and exhibits significantly higher retention in
the liver (9% ID/organ vs 0.25% ID/organ) at 24 h; the
Tc complex is retained in all of the tissues at a signifi-
cantly greater level. At 24 h post dosing, 41% of the
injected complex was still retained in vivo, with urinary
excretion accounting for only 24% of the material. The
difference in biodistribution between 4b and 4c may be
attributed to the relative instability of pyridyl complexes
compared to the imidazole complexes and to the very
sensitive nature of ReV species with respect to oxidative
decomposition to perrhenate, which generally clears via
the renal system.
The first structural modification of the complex in-

volved the replacement of the OH group by a more polar
COOH moiety while maintaining the Tc as the central
metal atom (compound 4d). At physiological pH, the
carboxyl group should be fully ionized to give an anionic
complex. The result of this modification is a large
decrease in the soft tissue retention at all time points
assayed (cf. Table 5). The clearance from the liver and
the whole blood was most affected by this structural
change. For this complex, the kidneys accounted for 16%
of the initial dose which rapidly declined to 0.5% after
only 2 h. Clearance of this compound was still predomi-
nately hepatobiliary with 62% in the feces and 32% in
the urine. This functional group modification also re-
sulted in 95% overall recovery of 4d, representing a

significant improvement over the OH analogue (4c), of
which 45% of the injected dose was retained in vivo.
In the second modification, the pyridine ring is replaced

with a more polar imidazole ring (compound 6b). The
central metal was retained as Re during radiolabeling
for direct comparison with the pyridine analogue. This
change resulted in a significant decrease in soft tissue
retention and increased blood clearance (cf. Table 6).
Clearance from the blood and liver was affected most by
the modification, resulting in dramatic change in the
metabolism of the chelate. Initial blood uptake was only
1% ID/organ compared to 46% for 4c, while the liver
value was decreased by a factor of 3, and at 24 h was a
negligible 0.05% ID/organ. More importantly, the uri-
nary and fecal excretion rates were virtually identical at
24 h, accounting for 44% and 46%, respectively, with the
remaining soft tissues contributing a negligible percent-
age to the overall recovery of the compound.
In the final modification, both imidazole and COOH

functionalities were incorporated. The corresponding Tc

Table 3. Normal Rat Biodistribution of Technetium
Complex 4b

percent injected dose per organ (mean ( SE)a

20 min 1 h 2 h 24 h

organ
blood 29.0 ( 0.6 20.4 ( 1.6 17.5 ( 0.7 4.4 ( 0.4
liver 17.6 ( 2.4 24.9 ( 1.6 25.5 ( 2.1 9.2 ( 1.1
kidneys 5.4 ( 0.7 7.0 ( 0.7 7.9 ( 0.7 3.3 ( 0.2
spleen 0.61 ( 0.02 0.52 ( 0.03 0.47 ( 0.02 0.19 ( 0.01
muscle 11.3 ( 0.7 9.6 ( 0.3 8.6 ( 0.3 2.6 ( 0.1

urineb 24.5 ( 3.0
fecesb 16.9 ( 1.0

total excreted 41.4 ( 4.0

percent recovered 88.6 ( 6.0
a SE, standard error. b Urine and fecal values were obtained

only at 24 h.

Table 4. Normal Rat Biodistribution of Rhenium
Complex 4c

percent injected dose per organ (mean ( SE)a

20 min 1 h 2 h 24 h

organ
blood 45.6 ( 0.3 26.8 ( 3.7 20.5 ( 0.6 0.40 ( 0.21
liver 10.8 ( 0.2 11.9 ( 2.9 10.1 ( 1.3 0.25 ( 0.15
kidneys 5.5 ( 0.7 7.7 ( 0.2 8.5 ( 0.7 0.51 ( 0.15
muscle 14.9 ( 0.5 13.5 ( 0.3 10.2 ( 0.6 0.30 ( 0.12

urineb 35.2 ( 2.9
fecesb 51.5 ( 5.3

total excreted 86.8 ( 2.3

percent recovered 88.5 ( 1.7
a SE, standard error. b Urine and fecal values were obtained

only at 24 h.

Table 5. Normal Rat Biodistribution of Technetium
Complex 4d

percent injected dose per organ (mean ( SE)a

20 min 1 h 2 h 24 h

organ
blood 0.44 ( 0.04 0.23 ( .01 0.12 ( 0.01 <0.1 ( 0.01
liver 1.05 ( 0.21 0.21 ( .01 0.09 ( .01 <0.1 ( 0.01
kidneys 16.1 ( 2.3 1.9 ( 0.2 0.51 ( 0.03 <0.1 ( 0.01
muscle 5.7 ( 0.4 0.53 ( 0.32 0.09 ( 0.01 <0.1 ( 0.01

urineb 32.5 ( 0.9
fecesb 62.6 ( 2.3

total excreted 95.1 ( 3.2

percent recovered 95.2 ( 3.2
a SE, standard error. b Urine and fecal values were obtained

only at 24 h.

Table 6. Normal Rat Biodistribution of Rhenium
Complex 6b

percent injected dose per organ (mean ( SE)a

20 min 1 h 2 h 24 h

organ
blood 1.31 ( 0.08 0.41 ( 0.02 0.25 ( 0.03 <0.1 ( 0.01
liver 35.1 ( 0.9 13.9 ( 1.3 5.0 ( 0.5 0.24 ( 0.01
kidneys 1.84 ( 0.02 0.58 ( 0.03 0.32 ( 0.06 <0.1 ( 0.01
muscle 2.14 ( 0.16 0.60 ( 0.05 0.34 ( 0.04 0.05 ( 0.05

urineb 44.4 ( 6.9
fecesb 46.3 ( 7.2

total excreted 90.6 ( 0.3

percent recovered 90.8 ( 0.2
a SE, standard error. b Urine and fecal values were obtained

only at 24 h.

Table 7. Normal Rat Biodistribution of Technetium
Complex 2a

percent injected dose per organ (mean ( SE)a

20 min 1 h 2 h 24 h

organ
blood 0.78 ( 0.11 0.13 ( 0.02 <0.1 ( 0.01 <0.1 ( 0.01
liver 5.44 ( 0.32 0.68 ( 0.10 0.15 ( 0.03 <0.1 ( 0.01
kidneys 2.36 ( 0.18 0.30 ( 0.04 <0.1 ( 0.01 <0.1 ( 0.01
muscle 3.27 ( 0.21 1.24 ( 0.13 0.30 ( 0.03 <0.1 ( 0.01

urineb 49.8 ( 0.07
fecesb 46.1 ( 0.1

total excreted 95.9 ( 0.8

percent recovered 96.1 ( 0.6
a SE, standard error. b Urine and fecal values were obtained

only at 24 h.
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complex exhibited a very rapid clearance from all tissues
assayed (cf. Table 7). Blood, liver, and kidney clearances
were more rapid compared to the other complexes evalu-
ated. At 24 h post dosing the radioactivity was equally
divided between the urine and feces, indicating increased
renal clearance as a result of the increased polarity of
the complex and only negligible amounts of material
retained in vivo.
Conclusions. Ligands containing unsaturated het-

erocycles such as the pyridyl and the imidazolyl moieties
have been shown to form stable technetium and rhenium
complexes. The differences in stability between these
heterocyclic complexes as well as the subtle difference
in kinetic stability between the two imidazolyl complexes
2a and 6a cannot be simply explained in terms of σ
basicity or π back-bonding capability; further theoretical
investigation is being pursued and will be reported
elsewhere. The presence of the imidazolyl moiety results
in marked improvement in blood and liver clearances
compared to those containing the pyridyl moiety. In
addition, the presence of a carboxyl functionality also
reduces liver and blood uptake substantially and induces
more rapid clearance from these tissues. The combined
effect of imidazolyl and carboxyl functionalities resulted
in very low uptake in, and rapid clearance from, the
critical nontarget organs, liver, blood, and kidneys and
should render complexes such as 2a and 4d useful for
bioconjugation purposes.
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Use of Designed Peptide Linkers and Recombinant Hemoglobin
Mutants for Drug Delivery: In Vitro Release of an Angiotensin II
Analog and Kinetic Modeling of Delivery

S. P. Trimble,† D. Marquardt,† and D. C. Anderson*,‡

Somatogen Inc., Boulder, Colorado 80026, and Rigel Inc.,
Sunnyvale, California 94086. Received December 20, 1996X

We have designed and tested specific peptide linkers for the glutathione-mediated reductive release
of the angiotensin II analog N-acetyl-CGDKVYIHPF attached to recombinant human hemoglobin
mutants by a disulfide bond. Inclusion of negatively charged residues decreased the rate of release
by as much as 5-fold for the N-terminal linker DCD when compared to that of the control linker CG.
Two different surface cysteine mutants in the second domain of the R,R-chain of recombinant human
hemoglobin, D75C and K16C, were examined for their effect on the release of peptide by reduced
glutathione. The reaction of the D75C-peptide conjugate with glutathione for release of the peptide
is slow, with a second-order rate constant of 2.1 M-1 s-1, allowing the possibility of long term delivery.
The rate of peptide release from the K16C vs the D75C mutant was decreased 15-fold. Thus, different
peptide release rates can be obtained by changing both peptide linker residues and the surface location
of peptide attachment. Kinetic modeling of this release using either measured or literature values
for different parameters suggests boundary conditions for application to the in vivo release of
peptidomimetics, small molecules, or other drugs bound to the hemoglobin surface.

INTRODUCTION

The delivery of peptides, peptidomimetics, or small
proteins may represent a more challenging goal than
delivery of small molecules due to their short serum half-
life, susceptibility to proteases, and first pass metabolism
in the liver (1). As a consequence of the lack of oral
bioavailability and sensitivity to proteases in the diges-
tive tract of peptides larger than di- or tripeptides,
parenteral delivery of peptides and small proteins may
be preferred in some situations (2, 3). Thus, these
molecules, or drugs for which compliance with frequent
oral dosage schedules might be difficult to achieve, such
as antibiotics used on an outpatient basis to treat
diseases for which drug resistance is a problem such as
tuberculosis (4), may represent one class of targets for
an injectable multiweek timed release system.
A method of attaching a drug of interest with slow

desorption under physiological conditions might allow the
use of proteins with a long serum half-life as a drug
delivery system. One such mechanism might utilize
small molecule reducing agents such as serum endog-
enous thiols, which include GSH,1 in the range of 10 µM
in human plasma (5), free reduced homocysteine (0.1-
0.35 µM) (6) and free cysteine (ca. 5 µM) (7). This method
is designed to function by reductive cleavage of disulfide-
linked drugs or peptides from a protein carrier such as
hemoglobin by GSH.

Recombinant human hemoglobin has been the subject
of extensive development over the last 12 years, begin-
ning with the work of Nagai and Thogersen (8-13), and

has been used in clinical trials for the delivery of oxy-
gen as a blood substitute in humans in doses of up to
100 g. The crystal structures of both the oxy and deoxy
forms are known, enabling rational design of this protein
for a variety of purposes. These results present the
opportunity to use mutants of native human hemoglobin
as a model system for delivery of molecules other than
oxygen.
In this paper, we discuss the development and in vitro

testing of different peptide linkers, consisting of two or
three amino acids inserted between hemoglobin and the
peptide to be released, which are designed to allow
peptide attachment via a disulfide bond and to control
the reductive release of a peptide or drug by glutathione.
We also examine the use of different surface cysteine
mutants of recombinant hemoglobin which might be
useful for this purpose, R,R-chain D75C and K16C. On
the basis of the results of in vitro peptide release
experiments presented here, and on the basis of known
or determinable parameters for steps which might be
important in the release and pharmacokinetics of pep-
tides and drugs, we also explore a kinetic model of this
timed release system to examine the most critical pa-
rameters which require further optimization. The model
yields predictions of the time frame within which con-
trolled release could occur, and thus the system’s poten-
tial utility.

EXPERIMENTAL PROCEDURES

Peptide Design, Synthesis, and Radiolabeling.
Angiotensin II (DRVYIHPF) was modified to include an
N-terminal [14C]acetyl group to allow in vitro measure-
ments of free and attached peptide, a lysine replacing
arginine 2 of native angiotensin II to avoid tachyphylaxis
in animal studies (14), and with the dipeptide CG
appended to the N terminus of angiotensin II to allow
attachment to hemoglobin via a disulfide bond. The
glycine acts as a spacer between the angiotensin II
residues and cysteine. The N-terminal cysteine was
protected with the S-nitropyridine sulfenyl group (15) to

* To whom reprint requests should be addressed.
† Somatogen Inc.
‡ Rigel Inc.
X Abstract published in Advance ACS Abstracts,May 1, 1997.
1 Abbreviations: GSH, reduced glutathione; IHP, inositol

hexaphosphate; PBS, phosphate-buffered saline; EC50, concen-
tration required to half-activate a response; t1/2, half-life.

Hb-S-S-drug + GSH f Hb-S-SG + HS-drug
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allow direct coupling to hemoglobin thiols and to avoid
disulfide formation between peptides (16, 17). The
cysteine was added to the N and not to the C terminus
since the C-terminal carboxylate and C-terminal six or
seven residues are important for the receptor binding and
activity of this peptide (18, 19).
[14C]-N-Acetylangiotensin II analogs were synthesized

using standard butyloxycarbonyl (boc)-benzyl solid phase
synthesis methodology on an Applied Biosystems 431A
synthesizer (20). The peptides were N-acetylated on the
resin with [14C]acetic anhydride, cleaved from the resin
with hydrofluoric acid in the presence of anisole as a
scavenger using the high protocol of Tam and Merrifield
(21), which was required by the nitropyridinesulfenyl
protection of the cysteine, and purified by reversed phase
chromatography on a Vydac 4.6 × 250 mm C4 column.
All analogs have been tested and were found to be active
as vasoconstrictors in rats, with EC50’s in the low nano-
molar range (unpublished observations). For compari-
son, free angiotensin II contracts isolated rabbit aorta
with an EC50 of 1.9 nM (22).
Hemoglobin Mutants. Hemoglobin mutants were

expressed in Escherichia coli and their sequences verified
by DNA sequencing (10). Besides the use of a glycine to
fuse the termini of the two R-chains to give a single R,R-
chain which limits renal filtration of hemoglobin (12), the
hemoglobin mutants also contain the â-chain Presbyte-
rian mutation N108K, N-terminal Val to Met mutations
for the R,R- and â-chains and a single cysteine in the C
terminus of the two R-domains of the fused R,R-chain.
The mutants were purified in a manner similar to
described methods (23), using a Pharmacia Q-Sepharose
column to capture bacterial contaminants while hemo-
globin flows through and a second Q-Sepharose column
to resolve the hemoglobin. A butyl hydrophobic interac-
tion replaced the S-sepharose column for greater resolu-
tion. A G-25 or Sephacryl S-200 gel filtration column
equilibrated with PBS at pH 7.4 was used after conjugate
formation to separate unattached peptide from conjugate.
Peptide Conjugation to Hemoglobin. Conjugation

of free peptide to hemoglobin was followed by the disap-
pearance of free peptide counts and appearance of bound
hemoglobin counts after gel filtration and was done under
argon at pH 7.8-8.0 in the presence of 1-2 mM IHP. In
the absence of oxygen, IHP binds to deoxyhemoglobin
with a K4 of 4 µM while binding to oxyhemoglobin ca.
2500-fold more weakly (24). IHP was included to shift
oxygen saturation curves to the right and maintain
hemoglobin in the deoxy conformation. Argon was gently
bubbled through a solution of IHP, buffer and peptide
for 25 min before addition of hemoblobin through a
septum. Typically, 50 mg/mL hemoglobin was reacted
with a 20-100% molar excess of peptide under a gentle
argon sparge for 2-3 h. Lower levels of hemoglobin gave
substoichiometric peptide incorporation. Conjugate for-
mation was checked by the ratio of hemoglobin-bound
counts to total hemoglobin and by electrospray mass
spectrometry on a VG BioQ apparatus by F. Bitsch and
C. Shackleton (Children’s Hospital Oakland Research
Institute, Oakland, CA). All reactions of hemoglobin-
peptide conjugates with GSH were under anoxic condi-
tions at pH 7.4 in PBS, to avoid concurrent oxidation of
GSH.
Curve Fitting and Modeling of Peptide Release

Kinetics. Peptide release time courses were fit to a first
order equation using the Levenberg-Marquard algo-
rithm contained in the program PEAKFIT (Jandel Sci-
entific, San Rafael, CA). Modeling of the free peptide
time course in serum used the program MSIMPC,
obtained from the Quantum Chemistry Program Ex-

change (25). This program uses stochastic methods to
model the kinetics of chemical reactions and has been
applied to a number of systems (see ref 26 for examples).
After a reaction scheme and rate laws (in this case, a
second-order reaction), rate constants, initial concentra-
tions, the total number of molecules reacting in a fixed
volume (1-2 × 105), and the time of reaction (1-2 × 105
events) were specified, a random number is assigned,
causing selection of one reaction event. The resulting
probability of reaction is based on the rate law. This is
repeated for different times on the basis of the selected
random number, generating a progress curve, which has
random statistical noise and is thus not smooth. The
results are then converted to concentrations and time and
plotted.
The standard values used in the simulations were

experimentally determined with our system (k2nd, peptide
half-life) or taken from the literature (hemoglobin half-
life, glutathione concentration) or are well within the
range of hemoglobin levels already used in humans
(conjugate concentration). Values used for simulation
were varied around these parameters to examine their
importance in peptide delivery and, except as noted, are
not meant to imply that they occur in vivo.
Molecular Modeling of Peptide Conjugates. Mo-

lecular modeling of the hemoglobin-peptide conjugates
was based on the structure of deoxyhemoglobin (27) and
was achieved Insight II v. 2.3.5 and Discover v. 2.9 or
2.9.6 (Biosym Inc., San Diego, CA). Hemoglobin was
altered to include the Presbyterian mutation in both beta
chains (N108K), a Gly fusing the C terminus of one
R-chain with the N terminus of the second, creating a
“R,R” chain, a Val to Met mutation at the N termini of
the R,R- and â-chains, and changing either Lys 16 or Asp
75 to Cys in the second domain of the R,R-chain for
attachment of the peptide. Each mutant used had only
a single surface cysteine; all other cysteines are buried
and inaccessible to water (27). Heme parameters were
supplied by Biosym for use with the cvff force field and
were based on those of Karplus (28). A nonbonded cutoff
of 21 Å with a 1.5 Å switching distance was used to avoid
program termination errors, and an explicit dielectric of
1.0 was used since the structure was hydrated. All
ionizable residues were assigned the charge state they
would have at pH 7.4. The heme rings were altered to
create partial double bonds throughout the tetrapyrrole
structure. After the peptide of interest in a â-sheet,
R-helix, or extended conformation to hemoglobin was
attached via a disulfide bond, the resulting structure was
soaked in a 32 Å sphere of water centered on CR of residue
4 of the attached peptide. The sphere covered a circle of
ca. 19 Å radius on the hemoglobin surface around the
attachment site. The peptide-hemoglobin conjugate was
then minimized for 100 steps of the steepest descent
algorithm and enough steps of the conjugate gradient
algorithm that the gradient of the energy was less than
0.001 kcal/Å. The system was minimized as above, fixing
all heavy atoms beyond 27 Å from peptide residue 4,
allowing at least 5 Å of mobile water beyond the end of
the peptide.

RESULTS

Characterization of Peptide-Hemoglobin Con-
jugates. Angiotensin II analogs were attached to re-
combinant human hemoglobin mutants as described in
Experimental Procedures, and stoichiometries of attach-
ment were measured by counting 14C from the attached
labeled peptide. Electrospray mass spectrometry was
used to further examine the resulting conjugates for the
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distribution of attached peptides on R,R- and â-globin
chains. The results are shown in Table 1.
The â-chains of both the D75C and K16C mutants

appear to be identical, which is expected as there are no
mutations introduced into these chains, and the weights
are very close to those predicted on the basis of the
sequence. No peptides were observed attached to the
â-chains. This observation is consistent with the lack of
reaction of this peptide with â-Cys 93, which can be
derivatized by glutathione (29-31). The unconjugated
R,R-chains either are very close to their predicted mo-
lecular weight (K16C mutant) or are almost within
experimental error of the predicted weight (D75C mu-
tant); thus, the difference between the expected and
observed weight is difficult to interpret. Upon derivati-
zation with peptide, the R,R-chain shifts for both the
D75C and K16C mutants to a weight consistent with the
addition of one peptide per chain. No additional peaks
at higher weight were observed, suggesting that only one
peptide per R,R-chain was attached. A control reaction
of peptide with hemoglobin with no surface cysteine did
not result in incorporation of 14C counts per minute into
either globin chain.
GSH Dependence of Release of Peptide from

D75C Hemoglobin. To examine the reductive release
of peptide from hemoglobin mutants, the GSH depen-
dence of the rate of peptide release was determined.
Figure 1A shows the time course of peptide release as
measured by gel filtration. Each curve, representing a
different concentration of GSH injected at zero time, was
well fit as a first-order process. The half-lives are shown
in the figure legend. A linear plot of the first-order rate
constants vs [GSH] in Figure 1B gave a second-order rate
constant of 2.1 M-1 s-1 (32).
Control of the Peptide Release Rate by Peptide

Linker Design and the Peptide Attachment Site.
Figure 2 compares the rate of peptide release, using 0.5
mM GSH, from both the D75C and K16C mutants. This
concentration of GSH was chosen to give a reasonable
time frame for the experiment. The rate of release from
D75C was roughly 15-fold faster than that from K16C
hemoglobin.
The effect of different peptide linkers between the

hemoglobin Cys and angiotensin II analog on peptide
release rates from D75C hemoglobin was also examined.
The linkers were designed to include different numbers
of negatively charged residues around the cysteine at-
tached to the hemoglobin surface cysteine. Increased
negative charge density might be expected to slow attack

by and thus reductive release by a thiolate anion, by
electrostatic repulsion.
Table 2 shows the results of this experiment. Addition

of a single Asp to the peptide sequence decreased the rate

Table 1. Electrospray Mass Spectrometry of
Hemoglobin-Angiotensin II Analog Conjugates

molecule

molecular
weight

(expecteda)

molecular
weight

(observed)

D75C â chainb 15 914.40 15 915.7 ( 1.3 (n ) 9)
in peptide conjugate (no reaction) ∆ ) 1.3

D75C R,R-chain 30 312.96 30 341.4 ( 21.3 (n ) 4)
unconjugated ∆ ) 28

D75C R,R-chain 31 532.38 31 554.1 ( 18.3 (n ) 4)
Ac-CGDKVYIHPF ∆ ) 22

K16C â-chainb 15 914.40 15 914.5 (n ) 1)
in peptide conjugate ∆ ) 0.1

K16C R,R-chain 30 299.87 30 304.1 (n ) 1)
unconjugated ∆ ) 4.2

K16C R,R-chain 31 519.29 31 527.6 (n ) 1)
AcCGDKVYIHPF ∆ ) 8.3
a The calculated molecular weight is an average molecular

weight; ∆ refers to the difference between the observed and
expected molecular weights. b The â-chains in both D75C and
K16C are identical to the wild type â-chain.

B

A

Figure 1. GSH dependence of the release of [14C]-N-acetyl-
CGDKVYIHPF from D75C hemoglobin. (A) Time course of
peptide release from the conjugate at three different levels of
GSH. Each time course was well fit as a (pseudo) first-order
kinetic process. The concentrations of GSH are as follows: filled
circles (10 µM GSH), filled squares (50 µM GSH), and filled
triangles (500 µMGSH). (B) Determination of the second-order
rate constant from the slope of the plot of the pseudo-first-order
rate constant kobs vs [GSH] (32).

Figure 2. Release of [14C]-N-acetyl-CGDKVYIHPF from D75C
and K16C hemoglobin by GSH. The half-lives for release from
the two different hemoglobins are 165 min for K16C (filled
circles) and 10.9 min for D75C (open circles).

418 Bioconjugate Chem., Vol. 8, No. 3, 1997 Trimble et al.



of release 2-fold when it is immediately C-terminal to the
Cys but had no effect when it is N-terminal to the Cys.
Addition of an Asp on both sides of the Cys decreased
the rate of release 5-fold relative to the linker CG.
Modeling of Peptide Release Rates. To examine

the effect of pharmacokinetic parameters on how peptide
release might occur in vivo, and thus which parameters
might be most important for extended delivery with this
system, stochastic modeling of peptide release kinetics
was used (25, 26). The modeling allows simulation of free
peptide concentrations based on a kinetic scheme de-
scribing release of peptide from its hemoglobin conjugate.

The reductive release of peptide was assumed to be a
second-order reaction (Figure 1B), as this fits the experi-
mental data and conjugate and free serum glutathione
concentrations are likely to be similar. Hemoglobin
disappearance from the circulation was simplified to be
first-order, and peptide loss from blood was also assumed
to be first-order. The ranges of individual parameters
examined, and experimentally determined standard val-
ues or values taken from the literature, are shown in
Table 3. A broad range was chosen for each parameter
to examine its importance in delivery of free peptide into
serum.
Figure 3 shows results from the kinetic modeling of

the effect of the serum half-lives of the hemoglobin-
peptide (or drug) conjugate and of the free peptide (drug).
Each of the five parameters was independently varied
around its standard value while the other values were
kept constant. The predicted time course of free peptide
in serum is shown for each varied parameter, with the
illustrated concentration range of free peptide being up
to 20-100 nM. Such a range might be desirable for
potent drugs in serum.
The time course of free peptide at or above 10 nM is

extended with increases in conjugate half-life (Figure 3A)
from 1.5 to 48 h. A similar effect is seen with peptide

Table 2. Release of Peptide Analogs with Different
Linkers from D75C Hemoglobina

peptide t1/2 (min)

N-Ac-CGDKVYIHPF-COO- 8.4
N-Ac-DCGDKVYIHPF-COO- 9.8
N-Ac-GCDDKVYIHPF-COO- 15.6
N-Ac-DCDDKVYIHPF-COO- 45.3

a Reduction of 3 µM D75C hemoglobin-peptide (1:1) conjugate
by 0.5 mM GSH at pH 7.4 and 37 °C in PBS under anoxic
conditions as measured by gel filtration of free and bound peptide.
The t1/2 is calculated from a first-order fit of the data.

Table 3. Effect of Varying Kinetic Parameters on
Predicted Peptide Serum Levels

parameter
standard
value

range for
kinetic modeling

Hb-peptide conjugate
half-life (h)

6 1.5-48 (32)

k2nd (M-1 s-1) 2.1 0.2-18
[Hb] 22 µMa 2.75-40 g
peptide half-life (min) 3b 1-96
[GSH] (µ) 10 1-100
a This concentration corresponds to ca. 22 µM of conjugate

injected into a person with a 7 L blood volume. b This half-life is
approximately that of the angiotensin analog in rats.

Hb–peptide + GSH Hb–SSG + peptide–SH

catabolizedcatabolized

k2nd

t1/2 t1/2

B

A

C

Figure 3. Predicted serum time courses of free peptide as a
function of conjugate and free peptide serum half-lives. (A)
Dependence of the free peptide time course on the serum half-
life of the peptide-hemoglobin conjugate. The different half-
lives simulated are 1.5 h (open circles), 3 h (open squares), 6 h
(open triangles), 12 h (open diamonds), and 96 h (filled circles).
(B) Dependence of the free peptide time course on the serum
half-life of free peptide, which are 1 min (small filled circle), 3
min (small open square), 6 min (filled diamond), 12 min (open
diamond), 24 min (filled triangle), 48 min (open square), and
96 min (large filled circle). The entire time course is shown in
the upper panel, and the time course between 0 and 100 nM
peptide is shown in the lower panel.
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half-life (Figure 3B). This half-life is normally ca. 3 min.
for free angiotensin analogs in rat serum (data not
shown); the angiotensin II analog has not been optimized
to increase its serum half-life. Increasing this value to
96 min dramatically extends the predicted time course
of free peptide in serum. Increases in the initial amount
of hemoglobin-peptide conjugate also extend the time
course of free peptide (Figure 4A), but at higher levels
(44 µM conjugate), a shorter time course is observed, due
to depletion of GSH. A steady state production of free
GSH has not been incorporated into this model. The
second-order rate constant for reaction of conjugate with
GSH, which can be controlled by the location of the
peptide attachment site and/or the peptide linker com-
position, is also important for peptide release (Figure 4B).
With the standard parameters shown in Table 3, the

highest predicted serum peptide levels occur with a k2nd
of 2.1 M-1 s-1. A higher value depletes conjugated
peptide, while lower values appear to release peptide too
slowly relative to the half-life of the peptide conjugate.
Likewise, an optimal level of GSH for long term peptide
release also exists; under these conditions, it is in the
range of 10 µM GSH (Figure 4C). Higher levels deplete
conjugated peptide more rapidly, while lower levels
release less peptide.
When the individually optimized parameters are com-

bined (Figure 5), the predicted time course of free serum
peptide is significantly prolonged with free peptide
remaining above 20 nM for over 10 days. Varying the
second-order rate constant significantly affects the maxi-
mal concentration of peptide, which rises and falls in
concentration in a fashion similar to that of a chemical

A B

C

Figure 4. Predicted time courses of free serum peptide as a function of initial levels of peptide-hemoglobin conjugate, the second-
order rate constant for peptide release, and levels of GSH. (A) Dependence of free peptide on initial serum conjugate concentration.
Different serum conjugate levels simulated are 2.75 µM (open diamonds), 5.5 µM (filled diamonds), 11 µM (open squares), 22 µM
(open circles), and 44 µM (filled circles). The full time course is shown in the top panel and is expanded to the region below 25 nM
peptide in the bottom panel. (B) Dependence of free serum peptide on the second-order rate constant for the reaction of GSH with
conjugated peptide. Different values for k2nd are 0.2 M-1 s-1 (small open circles), 0.6 M-1 s-1 (open diamonds), 2.1 M-1 s-1 (open
triangles), 6 M-1 s-1 (large open circles), and 18 M-1 s-1 (crosses). The full time course is shown in the top panel and is expanded to
the region below 25 nM peptide in the bottom panel. (C) Dependence of the free serum peptide time course on serum GSH levels.
Different levels used are 1 µM (small open square), 3 µM (open diamond), 10 µM (open triangle), 30 µM (open circle), and 100 µM
(filled circle).
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reaction intermediate (34). After 400 h, the predicted
serum concentration of GSH is 8.5 µM, 15% below the
starting level.
Molecular Modeling of Peptide Conjugates. Pep-

tide (N-Ac-CGDKVYIHPF) conjugates with the D75C and
K16C mutations were constructed and minimized in
water for the deoxyhemoglobin structure. In the absence
of an experimentally determined structure of the conju-
gate, modeling was done to examine the local environ-
ment around the disulfide bond, for comparison with
peptide release data. The starting peptide conformation
after attachment to hemoglobin was varied to examine
the effect on the minimized structure. Table 4 shows the
results from the minimizations of extended, R-helical, and
â-sheet peptides attached to D75C and K16C mutants.
The distance from the nearest charged residue is listed
in the table. Minimization of the different conjugates
shows that, in the K16C mutant, the charged residue
nearest to the sulfurs composing the disulfide bond
attaching the peptide is Glu 116, while the imidazole of
His 72 is the (partially) charged residue nearest to Cys
75 in the D75C mutant.

DISCUSSION

In this paper, we have initiated the characterization
of recombinant hemoglobin as a model system for the
timed release of peptides, peptidomimetics, small mol-
ecules, or small proteins. To cleanly construct conjugates
with a test peptide, which can be difficult when using
chemical cross-linkers (20), we have used hemoglobin
mutants with only a single surface cysteine and peptides
containing a single cysteine in a noncritical part of their

sequence (18). The hemoglobin mutants are different
from those used for oxygen delivery experiments or for
clinical trials; we did not observe unusual effects of the
mutant hemoglobin with its single surface cysteine on
blood pressure in rats. The angiotensin II analogs are
active as vasoconstrictors, with an EC50 in the range of
2 nM (unpublished data). Electrospray mass spectrom-
etry shows that peptide-hemoglobin conjugate formation
occurs cleanly on the R,R-chain with only one peptide
attached. The use of a small molar excess of peptide
during conjugation, a somewhat bulky cysteine protecting
group, and a peptide significantly larger than the tri-
peptide glutathione results in a selective derivatization
of the hemoglobin surface cysteine and no reaction with
the â-cysteines 93.
This controlled release system is intended to function

by reductive release of disulfide-attached peptides, drugs,
or small proteins; thus, it is important to establish control
over the rate of reductive release of a test peptide using
a physiologically relevant reductant such as reduced
glutathione. Other small molecule thiols such as cysteine
and homocysteine could also reductively release peptide
from the conjugate in vivo, but would be less important
than reduced glutathione due to their lower serum
concentrations (5-7). We have achieved control over the
peptide release rate in two ways. First, by varying the
site of attachment on the hemoglobin surface, we have
seen a 15-fold slower rate of peptide release with the
K16C vs the D75C mutant. Second, using the D75C
mutant, we have observed a 5-fold range of release rates
by varying the aspartate content of the peptide linker
region.
All of the experimental peptide release results have

been obtained with deoxyhemoglobin. Minimization of
the deoxyhemoglobin conjugates in water with different
peptide starting conformations was done to examine the
environment around the peptide attachment site. Al-
though the results are for single starting conformations
in a situation where the peptide probably undergoes
significant motion and conformational flexibility due to
its attachment to the hemoglobin surface at only one
terminus, they allow speculation regarding the fact that
the slower release rate for K16C than for D75C could be
due at least in part to the presence of a nearby negative
charge on Glu 116 in the K16C mutant, and perhaps to
a nearby partial positive charge on the imidazole ring of
R-His 72 in the D75C mutant, depending on the pKa of
this histidine. The nearby negative charge could de-
crease the rate of reductive cleavage of the disulfide by
the glutathiolate anion by charge repulsion. The effect
of the peptide linker DCD in the D75C mutant, placing
two aspartates near the disulfide, is consistent with this
possibility. A steric contribution to occluding attack by
glutathione cannot be completely ruled out, although
addition of an Asp in the linker DCG did not change the
rate of release relative to the control linker CG. Results
similar to those discussed above may occur for oxyhemo-
globin, as the nearest charged residues in the oxy
structure are the same ones found for the deoxyhemo-
globin mutants discussed above. These results suggest
that several peptides or drugs could be attached to a
protein carrier with surface cysteine mutations at dif-
ferent locations, potentially providing both short- and
longer-lasting release times as well as enhanced amounts
of released drug.
To assess the importance of the experimentally deter-

mined release rate constants, and which other param-
eters might be important for a multiday sustained release
system, we simulated the time dependence of free peptide
in serum by modeling the evolution of the second-order

Figure 5. Predicted time courses of free serum peptide when
individual kinetic parameters giving the longest serum peptide
delivery are combined in the kinetic model. The parameters used
are conjugate concentration (22 µM), conjugate half-life (48 h),
peptide half-life (96 min), GSH concentration (10 µM), and
second-order rate constant for peptide release [0.03 M-1 s-1,
(open circles) and 0.2 M-1 s-1 (filled circles)]. The full peptide
time course is shown in the top panel, while that between 0
and 100 nM peptide is shown in the bottom panel.
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reaction with GSH. For release resulting in sustained
free peptide or drug concentrations in the range of 10
nM, individual species (the carrier, its peptide conjugate,
and the free peptide) cannot have short half-lives.
Extending the half-life of the most transient species, in
this case free peptide or free drug, gives the greatest
improvement in delivery time. For a system giving timed
release on a multiweek time scale, a long carrier half-
life, as long or longer than that for dextran-hemoglobin
of 2.4 days (33),2 may also be important. Given defined
values for the other variables, the initial conjugate
concentration, k2nd, and GSH concentration all had
optimal values within a defined range. Combining
individually optimized parameters, each of which is in
an experimentally determined range or within a range
of values reported in the literature, results in a prediction
which holds that sustained release at or above 10 nM
serum levels could occur for ca. 2 weeks.
The pharmacokinetic modeling-derived dependence of

predicted serum peptide levels on variations in GSH,
shown in Figure 4C, also serves as a rough guide for
predicting the effect on free serum peptide levels of
variations in serum GSH. If one takes the variation
within individual studies as a guide to variation in
humans, this variation is on the order of 15-30%
between normal individuals (7, 35, 36). These individual
differences will cause only a relatively small change in
the rate of free peptide production. Differences in plasma
GSH levels in different tissues may also affect drug
release. For example, higher levels of GSH are found in
rat hepatic vein plasma, and lower levels are found in
renal vein plasma (37), suggesting that a higher rate of
peptide or drug release might be found in the hepatic
vein. In either case, the effect of small or large changes
in GSH can be modeled using this methodology to predict
potential problems due either to very low or very high
peptide levels in different compartments or individuals.
The reliance on serum thiols for peptide release from

hemoglobin conjugates has the potential to reduce plasma
levels of GSH, which are coupled to cellular levels. In
extreme circumstances, the loss of intracellular GSH to
levels 20% of normal may allow cellular injury from
oxidants (38). When the parameters individually opti-
mized for the longest delivery are combined in a kinetic
simulation, the predicted serum GSH levels are de-
creased only 15% after 400 h. This decrease may be
overestimated, since it does not take into account the
normal efflux of GSH into the blood from the liver (39),
and that loss of GSH due to oxidizers results in enhanced
synthesis and increased GSH, which may exceed initial
levels (40). Thus, in the absence of use during conditions
of severe oxidative stress, this system may not cause
harmful sustained decreases in cellular GSH. This
suggests that protein carriers utilizing this method of
attachment and release may have utility for multiweek

release. Possible uses for such a system could include
dosing with drugs on a similar time scale for which
patient compliance is a problem, such as antibiotics
treating tuberculosis (4).
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Peptomer Aluminum Oxide Nanoparticle Conjugates as Systemic
and Mucosal Vaccine Candidates: Synthesis and Characterization
of a Conjugate Derived from the C4 Domain of HIV-1MN Gp120

Andreas Frey,†,‡ Marian R. Neutra,† and Frank A. Robey*,§

Department of Pediatrics, Harvard Medical School, and GI Cell Biology Research Laboratory, Children’s
Hospital, Boston, Massachusetts 02115, and Oral and Pharyngeal Cancer Branch, The National Institute of
Dental Research, National Institutes of Health, Bethesda, Maryland 20892. Received January 30, 1997X

Peptomers are polymers composed of peptides that are specifically cross-linked in a head-to-tail fashion.
Recently, a peptomer composed of an amphipathic peptide from the C4 domain of HIV-1MN gp120 was
shown to display a prominent R-helical conformation that, as an immunogen, elicited rabbit antibodies
recognizing native and recombinant gp120 [Robey et al. (1995) J. Biol. Chem. 270, 23918-23921].
For the present study, we synthesized a conjugate composed of the C4 peptomer covalently linked to
calcinated aluminum oxide nanoparticles. The nanoparticles were first reacted with (3-aminopropyl)-
triethoxysilane to provide an amine load of 15.9 mmol of R-NH2/g of solid. The amine-modified
aluminum oxide nanoparticles then were reacted with N-acetylhomocysteine thiolactone at pH 10 to
place a reactive thiol on the nanoparticles. A bromoacetylated C4 peptomer, modified at the ε-amines
of lysine residues, then was reacted with the thiolated nanoparticles to give the peptomer covalently
linked to aluminum oxide via a thioether bond. The peptomer load was determined to be 16 mg of
peptomer/g of particles, a 55% theoretical yield. Particle shape and size of the peptomer-conjugated
alumina were analyzed by electron microscopy and displayed a mean maximum diameter of 355 nm
and a mean minimum diameter of 113 nm, well within the desired size range of 300 nm believed to
be optimal for mucosal immunization purposes. Experimentally determined values of mean particle
diameters, specific surface area, and specific peptomer load provided the information necessary to
calculate the mean antigen load, which was determined to be 53 000 ( 42 000 peptomer epitopes per
particle. Peptomer-alumina conjugates, such as that described here, could form the basis of a new
class of biomaterial that combines a chemically defined organic immunogen with a nontoxic chemically
defined inorganic adjuvant.

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) is a
pathogen that is transmitted across the mucosal surfaces
of the urogenital tract and the rectum (DeSchryver and
Meheus, 1990; Amerongen et al., 1991). To intercept the
virus on this route of infection, vaccines must be devel-
oped that induce a mucosal immune response against
HIV-1 (Forrest, 1992; Marx et al., 1993). An important
component of mucosal immune protection is antigen-
specific secretory immunoglobulin A (sIgA), dimeric or
polymeric molecules that are secreted onto mucosal
surfaces where they bind pathogens, trap them in mucus,
and prevent their further progression (Neutra et al.,
1994). Nevertheless, an HIV vaccine should also be able
to induce strong systemic humoral and cell-mediated
immunity to arm the body against the virus if it breaches
the mucosal barrier.
A sIgA response is induced only when the vaccine is

delivered to the immune system via mucosal surfaces.
In the intestine and rectum, antigens, particles, and
pathogens are taken up by M cells, a specialized epithe-
lial cell type that occurs exclusively in the epithelium
over organized mucosa-associated lymphoid tissue. Se-
lective uptake by M cells is enhanced when the antigen
is formulated as a micro- or nanoparticulate material

ideally of 0.05-1 mm diameter, since only M cells are
able to translocate particles of such a size across the tight
epithelial barrier (Neutra et al., 1996a,b; Frey et al.,
1996). Soluble antigens in the size range of oligopeptides
and small proteins are less desireable since they may be
taken up by epithelial lining cells and give rise to a state
of immunological unresponsiveness that is called oral
tolerance (Bland and Warren, 1986). Formulating the
antigen in particulate form also is beneficial for systemic
vaccinations since mononuclear phagocytes, like mac-
rophages and Kupffer cells, efficiently phagocytose, pro-
cess, and present antigens that appear in such a par-
ticulate form.
When antibody-mediated protection against intact

pathogens is desired, as for the protection of the mucosal
surfaces by sIgA, it is essential that the vaccine be
formulated to closely resemble the native structure and
conformation of the antigen targets. The native structure
and conformation of protein antigens can be altered by
aggregation, improper folding, and defects in glycosyla-
tion of recombinant proteins or synthetic peptides as well
as denaturation and breakdown during the formulation
procedure. In addition, antigenic variation in the wild-
type pathogen may reduce the efficacy of a vaccine based
on protein antigens generated in the laboratory.
The development of an effective vaccine against HIV-1

hinges on all of these factors. For effective protection
against HIV-1, the antibody response must be directed
against the viral envelope glycoproteins gp120 or gp41.
Antibodies directed against certain epitopes within the
HIV-1 gp120 and gp41, however, were shown to enhance
infection of macrophages and monocytes in culture
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(Takeda et al., 1988) and to cross-react with immune-
relevant host proteins such as HLA-DR (Lasky et al.,
1987; Golding et al., 1988) and certain immunoglobulin
subclasses (Bjork, 1991). Furthermore, both envelope
proteins evade the immune surveillance of the body by
continuous variation of their antigenic sites (Starcich et
al., 1986; Gurgo et al., 1988). On the virus surface, the
envelope proteins gp120/41 are assembled in complex
oligomeric structures (Earl et al., 1990) in which the
second and third variable regions (V2 and V3) and a
segment of the fourth constant region (C4) of gp120 are
exposed (Moore et al., 1994). Among those, C4 is of
particular importance for the virulence of the virus
because it is part of the binding site that interacts with
the viral receptor CD4 (Lasky et al., 1987; Cordonnier
et al., 1989). As numerous monoclonal antibodies against
C4 are neutralizing and broadly cross-reactive between
different HIV-1 isolates (Sun et al., 1989; Nakamura et
al., 1993), this region appears to be an attractive candi-
date for an HIV-1 subunit vaccine.
However, synthetic C4 peptides do not bind CD4

without being in a solution containing helix-inducing
substances such as certain nonionic detergents (Robey
et al., 1996), and antibodies raised against monomeric
C4 peptides (Robey et al., 1995) do not recognize native
or recombinant gp120 glycoprotein. The reason for this
is because monomeric C4 peptides display a random coil
or â-sheet. Polymerizing the monomer head-to-tail in a
coordinate manner renders the product predominantely
R-helical and, with the proper adjuvant, enables it to
induce antibodies that recognize recombinant as well as
native gp120 (Robey et al., 1995). In contrast, polymer-
izing the monomer randomly (head-to-tail/tail-to-head)
and immunizing in Freund’s adjuvant, which could
denature secondary structures (Scibienski, 1973; Robey
et al., 1995), did not produce antibodies that recognized
intact gp120 (Sastry and Arlinghaus, 1991). Thus, if C4
is used in a vaccine formulation, it should not only be
polymeric but also be delivered in a nondenaturing
environment in order to maintain its R-helical conforma-
tion.
Aluminum oxohydroxide, phosphate, and hydroxyphos-

phate compounds are hydrophilic, particulate adjuvants
with a long history of safety and efficacy for systemic
vaccination (Hem and White, 1995; Gupta et al., 1995).
However, the drawbacks of these substances for oral
administration are their pH lability and the noncovalent
adsorption of the antigen to their surfaces. Thus, the
antigen may readily dissociate during gastrointestinal
passage, rendering the vaccine ineffective.
To circumvent the problems associated with the gel-

type aluminum compounds, we designed a candidate
vaccine in which the antigen is an HIV-1MN gp120 C4
domain peptomer that is covalently conjugated onto the
surface of calcinated aluminum oxide nanoparticles. In
the present paper, we describe the synthesis and char-
acterization of this conjugate with special emphasis on
its immunologically relevant properties, such as particle
diameter, antigen load, and degree of polymerization of
the individual C4 domain oligopeptide units.

EXPERIMENTAL PROCEDURES

Materials. Reagents for Particle, Peptide, and Pep-
tomer Synthesis. R-Aluminum oxide nanoparticles were
purchased from Fluka (Ronkonkoma, NY). (3-Amino-
propyl)triethoxysilane (98%), nitric acid, anhydrous tolu-
ene, toluene, and acetone (all ACS grade) were from
Aldrich Chemical (Milwaukee, WI). Deionized ultrapure
water was prepared using a Millipore water purification
system (Millipore, Bedford, MA). All chemicals used for

peptide synthesis were from Applied Biosystems (Foster
City, CA). Bromoacetic acid (99+%) and N-acetylho-
mocysteine thiolactone (99%) were obtained from Aldrich
Chemical. N-succinimidyl bromoacetate was synthesized
as described previously (Bernatowicz and Matsueda,
1986).
Materials and Reagents for Amino Acid Analysis,

SDS-PAGE Analysis, and Electron Microscopy. Chemi-
cals for the preparation of aqueous buffers and solutions
were obtained from various sources in the highest quality
commercially available (Sigma Chemical, St. Louis, MO;
Fisher Scientific, Pittsburgh, PA; Aldrich Chemical;
Calbiochem-Novabiochem, San Diego, CA). Tris-tricine
10-20% polyacrylamide gels were from Novex (San
Diego, CA), and prestained low range protein molecular
weight standards were from Gibco-BRL (Gaithersburg,
MD). Poly(vinyl formal) (Formvar 15/95) and 150 square
mesh copper grids were purchased from Polysciences Inc.
(Warrington, PA).
Synthetic Procedures. Synthesis of the HIVMN gp120

C4 Domain Peptomer. The general methods for prepar-
ing peptomers and their monomeric peptide building
blocks have been described in detail previously (Robey
and Fields, 1989; Robey, 1994). In brief, cysteine-
containing peptide monomers were synthesized on p-
methyl-PAM resin using the standard BOC technology
on an Applied Biosystems Model 430 A automated
peptide synthesizer on a 0.5 mmol scale. In the last step
of the synthesis of the peptide chain, bromoacetic acid
anhydride was reacted with the amino terminal amino
acid to form the N-R-bromoacetyl-derivatized, fully pro-
tected peptide. Deprotection and release of the bromo-
acteylated peptide from the resin were accomplished by
treating the resin with anhydrous hydrogen fluoride
containing 10% (v/v) m-cresol. After evaporation of the
hydrogen fluoride, the residual resin-peptide mixture
was extracted with ethyl acetate followed by extraction
of the peptide in 0.1 M acetic acid. The peptide solution
was separated from the resin by filtration and dried by
lyophilization. Purification of the peptide was accom-
plished by preparative reversed-phase HPLC on a Vydac
C18 column using a 0.1% aqueous trifluoroacetic acid/
acetonitrile gradient. The purified peptide was lyophi-
lized and stored at room temperature in the dark. The
N-R-bromoacetyl-derivatized HIVMN gp120 C4 domain
peptide was obtained in yields between 50 and 70%.
To form the HIVMN gp120 C4 domain peptomer, typi-

cally 10 mg of purified N-R-bromoacetyl-derivatized pep-
tide were dissolved in 1 mL of deoxygenated 10 mM Tris-
HCl and 1 mM EDTA, pH 8.0, and allowed to auto-
polymerize for 21 h at room temperature under continu-
ous stirring. The reaction was terminated by dialysis
against water followed by dialysis against 0.1 M sodium
bicarbonate, both at 4 °C using 15 000 MWCO dialysis
tubing (Spectrum, Houston, Texas). The peptomer was
then end-capped by first reacting it with 10 µL/mL (143
mM) â-mercaptoethanol followed by 32 mg/mL (173 mM)
iodoacetamide, each for 1 h at room temperature under
continuous stirring. The end-capped peptomer was
dialyzed against 0.1 M sodium acetate followed by
deionized water, both at 4 °C. At that stage, the
peptomer solution was either used directly for bro-
moacetylation of lysines with N-succinimidyl bromoace-
tate or lyophilized for long-term storage. When lyophi-
lized, the sodium acetate form of the peptomer was a dry
white powder that was stored desiccated at room tem-
perature. Typical yields were 80-90% (referring to the
initial amount of N-R-bromoacetyl-derivatized peptide).
Bromoacetylation of the HIVMN gp120 C4 Domain

Peptomer. A total of 12.4 mg (52.5 mmol)N-succinimidyl
bromoacetate was dissolved in 124 µL of DMF, and 22.4
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µL (∼9 mmol of ester) of this solution was added to a
solution of 20 mg of HIVMN gp120 C4 domain peptomer
(∼26 mmol of free side chain amine) in 20 mL of water.
After 15 min incubation at room temperature, the reac-
tion was terminated by extensively dialyzing against O2-
free deionized water at room temperature. The resulting
20 mL 1 mg/mL of bromoacetylated peptomer in water
was used directly to react with the thiol-derivatized par-
ticles: derivatization yield, 28% of the free side chain
amine (∼80% of the theoretical value referring to the
amount of N-succinimidyl bromoacetate).
Surface Activation of the Aluminum Oxide Nanopar-

ticles. The cleaning and surface activation of the alumina
was carried out as recommended by Lynn (1975) and
Weetall (1976). In a 2-L Erlenmeyer flask, 126.7 g (1.24
mol) of R-aluminum oxide nanoparticles (300 nm nominal
diameter, calcinated at 1300 °C, 99.99% pure, >95%
R-form) was suspended in 1140 mL of 5% (w/v) nitric acid
and heated under swirling for 90 min at 88 °C. The
slurry then was allowed to cool to 0 °C in an ice-water
bath for 90 min before it was transferred into polyallomer
centrifuge bottles, it was centrifuged at 1500g for 10 min
at 4 °C, and the supernatant was aspirated. To wash
the particles, they were resuspended mechanically in
deionized ultrapure water at room temperature and
centrifuged at 9500g for 15 min at 4 °C, and the
supernatant was removed by aspiration. After a total of
10 washes in 440 mL of deionized ultrapure water each,
the particle sediment was transferred into a nitric acid-
cleaned glass beaker, dried at 250 °C until the weight
was constant (21 h), pulverized in a nitric acid-cleaned
mortar, and stored desiccated at room temperature in a
nitric acid-cleaned glass bottle: yield, 112.2 g (88.6%).
Amine Modification of the Activated Aluminum Oxide

Nanoparticles. The amine modification of the alumina
was adapted from the procedures described by Lynn
(1975) and Weetall (1976). In a 2-L round-bottom flask,
50.2 g (0.49 mol) of surface-activated, dry aluminum oxide
nanoparticles was suspended in 450 mL of anhydrous
toluene; 50 mL (0.21 mol) of (3-aminopropyl)triethoxysi-
lane was added; and the mixture was refluxed under
anhydrous conditions for 23 h at 135 °C in an oil bath.
Then the suspension was allowed to cool to ambient
temperature over 3 h before it was transferred into
polyallomer centrifuge bottles and centrifuged at 200g
for 5 min; the supernatant was aspirated. To wash the
particles, they were resuspended mechanically in 450 mL
of fresh toluene at room temperature and centrifuged,
and the supernatant was removed by aspiration. After
five washes in toluene, 450 mL each (centrifugation con-
ditions: 200g, 5 min, 4 °C), followed by three washes in
acetone, 450 mL of each (centrifugation conditions:
5000g, 20 min, 4 °C), the particle sediment was trans-
ferred to a nitric acid-cleaned glass beaker and dried for
17 h under vacuum at room temperature followed by 22
h at 115 °C and normal pressure. Then the sediment
was pulverized in a nitric acid-cleaned mortar and the
amine-modified nanoparticles were stored desiccated at
room temperature in an amber bottle: yield, 48.1 g (96%
referring to the weight of the underivatized surface
activated particles); amine load, 15.9 mmol of R-NH2/g
of solid.
Thiol Derivatization of the Amine-Modified Aluminum

Oxide Nanoparticles. A 250-mg sample (1.57 mmol) of
N-acetylhomocysteine thiolactone was added to 1 g of
amine-modified aluminum oxide nanoparticles (15.9 mmol
R-NH2) in 10 mL of O2-free 0.1 M sodium borate buffer,
pH 10, in a 13-mL polypropylene tube. The tube was
placed on a rotator, and the reaction was allowed to
proceed at room temperature for 45 min under constant

rotation at 30 rpm. The particles were then washed by
centrifuging the buffer-particle mixture at 300g for 5
min at room temperature and resuspending the sediment
in O2-free phosphate-buffered saline (PBS). This washing
procedure was repeated twice, and the particles were
finally suspended in 1 mL O2-free PBS.
Coupling of Bromoacetylated HIVMN gp120 C4 Domain

Peptomer to Thiol-Derivatized Aluminum Oxide Nano-
particles. A total of 20 mL of a solution of 1 mg/mL
bromoacetylated peptomer (∼7.3 mmol bromoacetyl resi-
dues) in water was added to 1 mL of thiol-derivatized
particles suspended in PBS (700-800 mg of solids) in a
50-mL conical polypropylene tube. The mixture was
placed on a rotator and mixed at room temperature for
1 h under constant rotation at 30 rpm. Then, 1 mL of
O2-free 0.1 M sodium bicarbonate was added, and the
reaction was allowed to proceed for another 65 h. The
suspension was then centrifuged at 3000g for 20 min at
room temperature and the resulting sediment was washed
three times in PBS and five times in deionized water by
resuspending and then centrifugating at 4 °C. The final
sediment was lyophilized and stored desiccated at room
temperature: yield, 684 mg of peptomer nanoparticles
containing 16 mg of peptomer/g of particles (55% of the
theoretical value).
Analytical Procedures. Analysis of the Aluminum

Oxide Nanoparticle Derivatives. The amount of free
amine that was covalently linked to the aluminum oxide
particles was determined with the ninhydrin method of
Sarin et al. (1981). The presence of free sulfhydryl groups
on the modified aluminum oxide that was formed after
the reaction of the free amine withN-acetylhomocysteine
thiolactone was determined using Ellman’s reagent (Ell-
man, 1959), and the amount of peptide conjugated to the
aluminum oxide particles was determined by amino acid
analysis using the Waters Picotag HPLC system (Waters
Corp., Milford, MA).
SDS-Polyacrylamide Gel Analysis of Peptomer Prepa-

rations. Peptomer in sample buffer [2% (w/v) sodium
dodecylsulfate, 10% (v/v) glycerol, 20% (v/v) â-mercapto-
ethanol, 0.01% (w/v) bromphenol blue] was denatured for
4 min at 100 °C, loaded (1-1.5 mg/lane) onto tris-tricine
10-20% polyacrylamide gradient/SDS gels, and run for
2 h at 40-50 mA in tris-tricine electrophoresis buffer
(12.1 g/L tris base, 17.9 g/L tricine, 1 g/L sodium dodecyl
sulfate). Gels were fixed for 3.5 h in 10% (v/v) acetic acid
and 30% (v/v) methanol, and silver-stained according to
the method of Oakley et al. (1980).
Circular Dichroism of Peptomer Preparations. CD

spectra of the peptides, peptomers, and N-ε-bromoacet-
ylated peptomers were studied using a Jasco Model
J-500A/DP-501N CD spectropolarimeter with peptides
and peptomers in 10 mM phosphate buffer pH 7.2.
Details were described previously (Robey et al., 1995).
Densitometry. To determine the relative amounts of

individual peptide oligomers in the peptomer prepara-
tions, a photographic reproduction of a silver-stained
peptomer polyacrylamide gradient gel was scanned with
a Microtek Scanmaker III scanner (Microtek Lab Inc.,
Redondo Beach, CA) at 600 × 600 dpi and analyzed with
the NIH Image software package (National Institutes of
Health, Bethesda, MD) after one-dimensional vertical
background subtraction on an Apple Power PC 7100/66
computer (Apple Inc., Cupertino, CA).
Electron Microscopy and Particle Size Determination.

A 5-mg sample of surface-activated aluminum oxide
nanoparticles, amine-modified nanoparticles, or pep-
tomer-conjugated nanoparticles was suspended in 1 mL
of deionized water by agitation and brief sonication (1-2
× 5 s) in a water bath sonicator (Sonorex RK510S,
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Bandelin Electronic, Berlin, FRG). The suspensions were
serially diluted to concentrations of 500, 50, and 5 mg/
mL particles in water, with sonication between each
dilution step.
For transmission electron microscopy (TEM), 10 mL

of each diluted particle suspension was placed on form-
var-coated copper grids, allowed to settle, and dried
overnight. Particles were photographed at 14000× and
31000×magnification in a Philips EM 410 transmission
electron microscope (Philips Electron Optics, Eindhoven,
The Netherlands) using a magnification standard.
For scanning electron microscopy (SEM), a drop of each

particle suspension was placed on a glass slide precoated
with 3 nm of platinum/carbon, allowed to settle, drained,
and air-dried overnight before it was coated with platinum/
carbon at an angle of 65° under continuous rotation of
the sample. The particles were photographed at 6000×
to 60000× magnification in a Hitachi S-5000 field emis-
sion scanning electron microscope (Hitachi Instruments
Inc., San Jose, CA) using a magnification standard.
Particle sizes were determined by measuring the diam-
eters of 125 randomly selected particles of each type on
TEM photographs.
Determination of Nanoparticle Surface Area and Po-

rosity. The specific surface area of the aluminum oxide
nanoparticles was determined by nitrogen adsorption
using the multipoint BET method (Brunauer et al., 1938)
on a Quantachrome Autosorb 1 automated gas sorption
system and by mercury porosimetry on a Quantachrome
Autoscan 60 mercury porosimeter. Pore size, pore vol-
ume, and pore surface area were determined by mercury
porosimetry (mercury intrusion analysis) (Washburn,
1921). Both analyses were performed by Quantachrome
Corp. (Boynton Beach, FL).

RESULTS

Peptomers are polymers composed of head-to-tail linked
synthetic peptides. The peptomer designed for this
candidate HIV vaccine is a homopolymer of 18-mer
oligopeptides comprised by the amino acid sequence:
KIKQIINMWQEVGKAMYAC. The first 17 amino acids
of this sequence motif represent amino acids 419-436
of gp120, the HIV-1MN gp120 precursor protein (Gurgo
et al., 1988). The sequence is a highly conserved linear
epitope in the fourth constant region (C4) of gp120
(between hypervariable regions V4 and V5) (Starcich et
al., 1986). It is an essential part of the CD4 receptor
binding site of gp120 (Lasky et al., 1987), and it was
shown to give rise to virus-neutralizing antibodies (Sun
et al., 1989; Nakamura et al., 1993).
Synthesis of the HIVMN gp120 C4 Domain Pep-

tomer Aluminum Oxide Nanoparticles. The HIVMN
gp120 C4 domain peptomer aluminum oxide nanopar-
ticles were prepared by separately synthesizing the
peptomer antigen and the particulate carrier and conju-
gating both compounds in a terminal step, as outlined
in Schemes 1 and 2. First, the peptide monomer for the
preparation of the peptomer was synthesized as C-
terminal amide on an automated peptide synthesizer. To
allow subsequent head-to-tail polymerization via thio-
ether linkages, an additional cysteine, not present in
HIV-1MN gp120 at this position, was placed at the carboxy
terminal end of the peptide chain. At the amino termi-
nus, a bromoacetyl moiety was introduced by reacting
the N-terminal amine of the immobilized, side-chain-
protected peptide with bromoacetic acid anhydride
(Scheme 1). The entire bifunctional peptide was then
deprotected and released from the resin by anhydrous
hydrogen fluoride, conditions that had been shown previ-
ously not to affect the integrity of the N-R-bromoacetyl

moiety (Robey and Fields, 1989). To prevent premature
polymerization or cyclization after removal of the sulf-
hydryl protecting group, all subsequent steps involving
the monomeric peptide were carried out under acidic
conditions. Typical yields of crude N-R-bromoacetyl-
derivatized cysteine-containing peptide were between 50
and 70%. After preparative HPLC, 30% of the expected
pure peptide was obtained.
Autopolymerization of the N-R-bromoacetyl-deriva-

tized, cysteine-containing peptide was initiated by dis-
solving the purified peptide in aqueous buffer at slightly
alkaline pH (pH 8.0). The reaction was performed at a
high monomer concentration (g10 mg/mL) to minimize
cyclization reactions (Scheme 1). Under such conditions,
the reaction was almost complete after 3 h, at which time
most of the detectable free thiols had been consumed.
However, as longer polymer chains may be formed
preferentially toward the end of the reaction, a prolonged
reaction time of 21 h was allowed. As expected, the

Scheme 1. Synthesis of HIVMN gp120 C4 Domain
Peptomera

a The C4 peptide used here and before (Robey et al., 1995,
1996) has the amino acid sequence, KIKQIINMWQEVGKA-
MYAC-NH2.
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resulting product was not a homogeneous polymer of
distinct molecular weight but rather a mixture of peptide
oligomers of different chain length (Figure 1; Table 1).
This mixture was used for the preparation of the conju-
gate without further size fractionation or enrichment for
a particular oligomer species.
Initial attempts to utilize the N-R-bromoacetyl groups

that were remaining after termination of the autopoly-
merzation reaction for conjugating the peptomer onto the
thiol-modified aluminum oxide nanoparticles were not
successful. To generate reproducible conditions, the
peptomer was therefore end-capped by completely re-
moving the reactive groups at the head and tail of the
polymer chain before it was prepared for “side on”
conjugation by N-ε-bromoacetylation of the lysine side
chains (Scheme 2). Bromoacetylation of the lysines was
carried out with a 3-fold molar excess of ε-amino groups
to N-succinimidyl bromoacetate in order to guarantee
that the labeling occurred statistically in only one out of
the three lysines present in a peptide unit. N-ε-Bro-
moacetylation of the lysines with the activated ester
proceeded smoothly, consuming ∼84% of the derivatiz-
able amine (28% of the total ε-amino groups) within 15
min. The randomly bromoacetylated peptomer was then
used without further purification for reaction with the
thiol-modified particles.
Bromoacetylation of the peptomer did not effect the

amount of R-helix that was in the peptomer as compared
with the non-bromoacetylated peptomer, and the CD
spectrum (Figure 2) of the bromoacetylated peptomer
looked virtually identical to the nonbromoacetylated
peptomer shown in the earlier publication (Robey et al.,
1995). For comparison and as shown before (Robey et
al., 1995), the monomeric peptide CD spectrum is given
as the broken line in Figure 2 and shows that the peptide
itself has very little, if any, helical conformation in the
phosphate buffer, pH 7.2.

The thiol-modified particles were prepared from plain
R-aluminum oxide nanoparticles as depicted in Scheme
2. First, the surface of the corundum powder was cleaned
and activated for subsequent derivatization by treatment
with hot dilute nitric acid. To introduce a primary amino
function onto the surface of the cleaned aluminum oxide
nanoparticles, they were reacted with (3-aminopropyl)-

Scheme 2. Synthesis of HIVMN gp120 C4 Domain
Peptomer Nanoparticles

Figure 1. Gel analysis of the HIVMN gp120 C4 domain
peptomer. Silver stained, reducing 10-20% polyacrylamide/SDS
gel. Lane 1: Peptomer of the large-scale preparation used for
conjugate preparation. Lane 2: Molecular weight standards.

Table 1. Degree of Polymerization of HIVMN gp120 C4
Domain Peptomer

chain length
% product
formeda chain length

% product
formeda

monomer 1.7 octamer 4.7
dimer 22.3 nonamer 3.5
trimer 12.9 decamer 2.7
tetramer 10.8 undecamer 2.2
pentamer 8.0 dodecamer 1.6
hexamer 6.2 >dodecamer 17.7
heptamer 5.7
a Data are derived from a 600 × 600 dpi scan of a silver-stained

SDS-PAA gradient gel. Results are given as means of two
measurements. Individual measurements differed less than 5%
from the given means.

Figure 2. Conformational study of N-ε-bromoacetylated C4
peptide constructs. CD spectra of N-Ac-peptide-(419-436) (- - -)
and N-ε-bromoacetylated peptomer-(419-436) (s).
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triethoxysilane (Scheme 2). Assuming that a surface load
of 2 mmol/m2 is characteristic for a silane monolayer on
a ceramic surface (Larsson, 1983) and the specific surface
area of the aluminum oxide nanoparticles is 12 m2/g
(Table 2), the silanizing reagent was applied in a 175-
fold molar excess. The high particle dispersity [2.5% (v/
v) alumina in solvent], in combination with the vast
excess of silanizing reagent, effectively prevented cross-
linking of the particles as evidenced by the less than 10%
increase of the mean particle diameters from before to
after the silanization (Table 2). After the surface at-
tached (3-aminopropyl)triethoxysilane was sintered onto
the particles, the amount of covalently attached 3-ami-
nopropyl moieties was determined to be 15.9 mmol/g
particles, which is equivalent to 1.3 mmol of amine/m2.
The modification proved to be largely resistant to me-
chanical stress because no significant amine loss could
be detected after a total of 10 min sonication of a particle
suspension in a bath sonicator.
To allow conjugation of the N-ε-bromoacetylated pep-

tomer onto the particles via thioether linkages, the
amine-modified alumina was reacted at pH 10 with a
100-fold molar excess ofN-acetylhomocysteinethiolactone
(Scheme 2). The formation of free thiol groups was
assayed every 15 min with Ellman’s reagent. After 45
min of reaction, the quantity of free thiol no longer
increased and the reaction was terminated. However,
though the kinetics of the derivatization could be moni-
tored, it was impossible to determine the absolute
amount of free thiol formed because part of the 2-nitro-
5-thiobenzoic acid that was released through reaction
with the free thiols was nonspecifically adsorbed to the
particles.
The thiol-derivatized aluminum oxide nanoparticles

then were reacted with the N-ε-lysyl-bromoacetylated
peptomer until no more free sulfhydryl groups were
detectable in the reaction mixture. Due to the high
particle dispersity of 1% (v/v) solids in the reaction
mixture, no cross-linking of the particles was observed.
Instead, the mean particle diameters decreased by 10-
20% when compared to the surface-activated and amine-
modified alumina. We attribute this decrease in particle
size to abrasion or splitting of the alumina because of
mechanical stress during the synthesis. Amino acid
analysis of the final conjugate revealed a 55% coupling
yield for the peptomer leading to a specific antigen load
of 16 mg of peptomer/g of aluminum oxide nanoparticles.
Characterization of the HIVMN gp120 C4 Domain

Peptomer AluminumOxide Nanoparticles. For use
of the peptomer alumina as systemic or mucosal vaccines,
the most important characteristics are particle size,
porosity, and antigen load as well as the chain length of
the attached peptomer and its stable covalent coupling
to the carrier.
Particle shape and size of the surface-activated, amine-

modified, and peptomer-conjugated alumina were ana-

lyzed by electron microscopy (Figure 3). There was no
evident difference in shape or size between the surface-
activated starting material and the final peptomer con-
jugate. However, within each sample, two distinct
particle populations were observed. Most of the particles
were of ellipsoid or cylindrical shape and displayed a
smooth surface texture without sharp corners and edges
(Figure 3A). A minor fraction of particle consisted of
generally smaller, rugged particles, mostly of non-spheri-
cal, irregular shape (Figure 3B, arrows). Because of the
elongated shape of all the particles, the particle size is
reported as minimum and maximum diameters (Table
2). The final product exhibited a mean maximum
diameter of 355 nm and a mean minimum diameter of
113 nm, consistent with the desired size of 300 nm.
The porosity and surface area of the particles was

determined by mercury intrusion and nitrogen adsorp-
tion, respectively. Both techniques require the sample
to be completely dry. To meet that requirement, samples
have to be heated to 300 °C under high vacuum, condi-
tions under which a peptomer or γ-aminopropyl coating
is likely to decompose. As the size, shape, and surface
texture of all samples appeared identical when analyzed

Table 2. Properties of Aluminum Oxide Nanoparticle Conjugates

diametera

maximum diameter minimum diameter surface areab

particle type mean ( SD (nm) range (nm) mean ( SD (nm) range (nm) by MP (m2/g) by BET (m2/g)
conjugate loadc

(µmol/g)

surface-activated 394 ( 140 143-871 131 ( 52 39-358 11.9 11.9 n/a
amino-derivatized 430 ( 154 163-813 125 ( 50 47-325 nd nd 15.9
peptomer-derivatized 355 ( 108 158-675 113 ( 43 42-269 nd nd 7.0

a Particle diameters were determined by transmission electron microscopy. As most particles were of nonspherical shape, the minimum
and maximum diameters and the size ranges are given. b Particle surface area was determined after drying the sample at 300 °C either
by mercury porosimetry (MP) or by nitrogen adsorption/desorption (multipoint BET method). Due to the high drying temperature for
sample preparation, the procedure could not be used for amino- and peptomer-derivatized particles. c Conjugate loads were determined
by ninhydrin assay (amino-derivatized particles) or Picotag amino acid analysis (peptomer-derivatized particles). For the peptomer-
derivatized particles the molar amounts of peptide units on the particles are given. d n/a, not applicable. e nd, not determined.

Figure 3. HIVMN gp120 C4 domain peptomer-derivatized
aluminum oxide nanoparticles. Representative electron micro-
graphs depicting the peptomer-derivatized aluminum oxide
nanoparticles. Scanning electron microscopy (A) at high particle
density reveals the smooth surface texture that most of the
nanoparticles displayed. Transmission electron microscopy (B)
at low particle density demonstrates the predominantly elon-
gated shape of the particles and the existence of a “crystalline”
subpopulation (arrows) with rugged edges. Scale bar, 250 nm.
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by EM, we considered the underivatized, surface-acti-
vated alumina as representative for all particle types in
terms of porosity and surface area. The porosity of the
surface-activated alumina was determined by mercury
intrusion analysis employing the Washburn relationship
(Washburn, 1921) (Figure 4). When applying this tech-
nique, the interparticle voids as well as every concave
surface curvature of the particles, no matter whether it
is a shallow indentation, a deep cavity, or a channel, are
regarded as pores. In the mercury intrusion analysis of
the surface-activated alumina, 40% of the mercury-
occupied interparticle voids (g900 nm) were not included
in the pore size analysis. The remainder intruded into
pores between 12 and 900 nm without revealing any
distinct pore classes. Instead, a nonparametric pore size
distribution was observed with the most frequent pore
diameter being 115 nm. Seventy-eight percent of the
mercury intruded into pores of 76-575 nm and 13% into
pores of 12-66 nm diameter. As the 76-575 nm range
corresponds to the mean sizes of the particles themselves,
these “pores” must be indentations or bulges on the
surface of the alumina rather than true holes or channels
and, therefore, must represent the outer surface of the
particles. They provide 7.2 m2/g or 60% of the total
specific surface area. The pores of 12-66 nm diameter
can be considered true pores or holes representing the
inner surface of the particles. They provide 4.7 m2/g or
40% of the total specific surface area of the particles. This
pore diameter also corresponded well with the size of the
center holes of some donut-shaped particles that were
occasionally observed by EM.
The antigen load of individual particles was not

directly measurable. However, the mean particle diam-
eters, the specific surface area, and the specific peptomer
load were determined experimentally, and with the aid

of these data the antigen load could be estimated. The
estimation is based on the assumption that the mean
particle is of cylindrical shape with hemispherical ends,
a model that is the best possible approximation for the
heterogeneous population of elongated particles which
was observed by EM (Figure 3). For a population of such
particles the specific surface area (SSA) is given by

where F is the density of the alumina as provided by the
manufacturer (3.95 g/cm3) and dmax and dmin are the mean
maximum and minimum particle diameters (Table 2),
respectively. Using eq 1, the specific surface area of the
surface-activated alumina was calculated to be 8.7 ( 3.5
m2/g. This result is in good agreement with the outer
surface area of the particles (7.2 m2/g) as determined by
mercury intrusion analysis, and the total surface area
as determined by nitrogen adsorption or mercury intru-
sion (Table 2) also lies within the margins of error. We
are therefore confident that the assumption of a cylindri-
cal form with hemispheres on each end is an adequate
model for the mean particle shape. Assuming such a
particle shape, the number of peptide epitopes per mean
particle (ne) is given by

where F is the density of the alumina, dmax and dmin are
the mean maximum and minimum diameter, SCL is the
specific conjugate load (Table 2), and NA is the Avogadro
constant (6.023 × 1023 mol-1). With eq 2, ne was
calculated to be 53 000 ( 42 000.
Neither the chain length nor the conformation of the

peptomer could be obtained experimentally when it was
conjugated to the particle surface. These properties can
therefore only be estimated on the basis of the chain
length distribution in the peptomer solutions and the
conformation of theN-ε-bromoacetylated peptomer prior
to conjugation. Assuming that no steric constraints or
differences in reactivity between peptomer molecules of
different chain length exist, the chain length distribution
of the immobilized peptomer would be identical to that
of the soluble peptomer preparation. The soluble parent
peptomer contained polymerization products ranging
from the monomeric starting material to dodecamers and
higher with a median chain length of 5 peptide units,
the monomer made up only 1.7% of that preparation
(Table 1). Even if a preference for smaller molecules
prevailed in the conjugation reaction, the coupling yield
of 55% implies that at least∼97% of the conjugate consist
of dimers and larger molecules.

DISCUSSION

Both systemic and mucosal immunization strategies
are needed to prevent HIV infection. In this paper, we
describe the design, synthesis, and characterization of a
nanoparticulate candidate vaccine against HIV-1 that can
be adapted for mucosal and systemic administration and
that may give rise to broadly cross-reactive, neutralizing
antibodies against the viral envelope glycoprotein gp120.
To obtain a nanoparticle vaccine of defined particle size

and high stability, we chose R-aluminum oxide nano-
particles of 300 nm diameter as antigen carrier. Gel-
type aluminum oxohydroxide adjuvants have been li-
censed for decades for use in humans, and R-aluminum
oxide has an excellent record of biocompatibility and
safety in dentistry and orthopedics (Christel, 1992;

Figure 4. Pore size analysis of the surface activated aluminum
oxide nanoparticles. The differential pore size distribution and
the cumulative surface area were obtained from mercury
porosimetry. The analysis was carried out with intrusion
pressures ranging from 0 to 42 000 N/cm2. The data were
calculated assuming a mercury contact angle of 140° and a
surface tension of 480 erg/cm2. For greater clarity, only every
20th measured point is shown.

SAA )
4dmax

Fdmin(dmax - 1/3dmin)
(1)

ne ) 1/4Fπdmin
2(dmax - 1/3dmin)SCL NA (2)
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Fairhurst, 1992). Inhaled or ingested corundum powder
(R-Al2O3) has been shown to be nontoxic and does not
cause granuloma formation, chronic inflammatory reac-
tions, or cancer as is the case for silica dust (Linden-
schmidt, 1990). The benefit of a tight, preferably cova-
lent, attachment of the antigen to a particulate carrier
was emphasized by the work of Skea and Barber (1993),
who bound influenza virus hemagglutinin by a noncova-
lent antibody bridge to alum gel and achieved a 1500-
fold increase in immunogenicity. Likewise, Kossovsky
et al. (1995) were able to dramatically enhance the
immunogenicity of mussel adhesive protein by coupling
it onto surface-modified diamond nanoparticles. Deriva-
tization of macroparticulate silica by epoxy- or ami-
noalkyl silanes for use as high-performance affinity
chromatography supports is well documented (Sportsman
and Wilson, 1980; Larsson et al., 1983; Anspach et al.,
1988; Huisden et al., 1990), but to date there have been
no reports of a covalent surface modification and biocon-
jugation of Al2O3 nanoparticles. As aluminosilicates like
garnet or zeolithes are very stable compounds and silica
atoms are readily replaced by aluminum in the silicate
crystal lattice, we decided to covalently couple our
antigen onto the surface of the alumina particles by a
(3-aminopropyl)siloxane linker. An amino-derivatization
was preferred over a mercaptopropyl or glycidoxypropyl
silanization to allow the construction of an N-acetylho-
mocysteinylamidopropylsiloxane bridge, which should
facilitate subsequent release of the antigen in the target
cells. The risk of bridging the nanoparticles during
silanization to clusters too big to be phagocytosed was
anticipated, but it was avoided by using a 175-fold excess
of silane and a high particle dispersity throughout the
coupling procedure. The increase in particle diameter
conferred by silanization, though statistically significant
(p < 0.05; one factor ANOVA, Fisher PLSD), was only
10% (data not shown). Thus, the particles still matched
the desired size for M cell uptake and phagocytosis by
antigen presenting cells. As expected, the silanization
product was base-labile but surprisingly sonication/
abrasion-resistant, which facilitated handling and dis-
persion of the particles by sonication. The silanization
yield of 1.3 mmol/m2 was 12 times higher than that which
we obtained previously with (3-mercaptopropyl)trimethoxy-
silane on glass cover slips (Ivanov et al., 1995). Theoreti-
cally, a surface load of 2.4 mmol/m2 is achievable for a
(3-aminopropyl)siloxane coat when allowing free rotation
of the aminopropyl moiety around the Si-C bond (rota-
tion radius: 450 pm). The dramatic increase in deriva-
tization yield as compared to our previous experiments
may be explained either by the use of a different silane
reagent and a glass support or by the oxidative surface
activation and cleaning procedure we applied in this
study.
Though we did not achieve a complete surface coverage

by aminopropylsiloxane, the amine load turned out to
be ample for immobilizing the antigen, as only 0.61 mmol
of HIV-1MN gp120 C4 domain peptide units/m2 bound to
the particle surface. With a median chain length of 5
peptide units/peptomer molecule, the average peptomer
surface load was 0.123 mmol of peptomer/m2, which is
in good correlation with a surface saturation of 0.121
mmol/m2 reported for oligopeptides coupled onto tresyl-
activated glass (Massia and Hubbell, 1990). With regard
to individual peptide units, we therefore achieved a
peptide load five times that of a saturated peptide
monolayer.
The complete coverage of the particles by antigen also

circumvented potential problems associated with the
analysis of the thiol-derivatized alumina. When moni-

toring the thiol derivatization of the amine-modified
alumina with Ellman’s reagent, part of the reaction
product bound to the particles and rendered a quantita-
tive detection of the thiol load impossible. However, in
light of the fact that a complete surface coverage of the
particles with antigen required only 10% of the amine
anchors and that the thiolating N-acetylhomocysteine
thiolactone was applied in a 100-fold molar excess, it is
unlikely that the thiolation reaction was a yield limiting
factor in the conjugation procedure.
The particles also interfered with the Picotag amino

acid analysis of the immobilized peptomer. While the
total antigen load could be determined reliably based on
the absolute aliphatic amino acid contents, all dicarbox-
ylic acids like glutamic acid, aspartic acid, S-carboxy-
methylcysteine, and S-carboxymethylhomocysteine were
underrepresented (data not shown). We attribute this
phenomenon to the release of aluminum cations from the
alumina carrier. Al3+ could have chelated the diacids and
thus prevented their labeling by phenylisothiocyanate or
changed their motility in the subsequent chromato-
graphic analysis. It is well-known that aluminum ions
are able to chelate dicarboxylic acids (Yokel, 1994), but
we did not expect the 6 N hydrochloric acid used in the
conjugate hydrolysis to liberate Al3+ from the calcinated
R-Al2O3, which, in contrast to γ-Al2O3, is considered to
be acid resistant. Since S-carboxymethylcysteine is a
marker for the polymeric nature of the peptomer and
S-carboxymethylhomocysteine is a measure for its cova-
lent coupling to the particle surface, the lack of reliable
values for these amino acids forced us to estimate the
chain length of the immobilized peptomer on the basis
of its soluble unconjugated form.
In our view, the problems in obtaining accurate values

for S-carboxymethylcysteine and -homocysteine were still
outweighed by the biological benefits of the thioether
linker technology. First, peptomers are fully biodegrad-
able and their metabolites are predictable, a feature not
all synthetic antigens can offer. The biodegradability
usually hinges on the nature of the chemical cross-linker.
The S-carboxymethylcysteine/homocysteine cross-linkers
that are formed in the preparation of a peptomer vaccine
are potential substrates for the mercapturic acid pathway
of detoxification in which S-substituted cysteines are
formed from halogenated xenobiotics and glutathione.
The S-substituted cysteine is then N-acetylated to form
a mercapturic acid before it is released into the bile and
the urine (Jacoby et al., 1984). The S-carboxymethyl-
cysteine and/or S-carboxymethylhomocysteine can join in
that pathway before the N-acetylation step and will be
readily excreted. Second, we demonstrated previously
that HIV-1MN gp120 C4 domain peptomers more closely
resemble the native structure of that epitope than
individual peptides do (Robey et al., 1995), a finding
which should be exploited in designing an HIV-1 gp120
C4 domain vaccine.
The polymerization technology also provides addi-

tional, immunological benefits for a vaccine. Small
oligopeptides are poorly immunogenic because they gen-
erally lack repetitive epitopes for T-cell-independent (TI-
2) immune responses, and they are not large enough to
contain additional helper T-cell epitopes that are es-
sential for immunoglobulin class switches and the induc-
tion of immunologic memory. To overcome that problem
without using a carrier protein or attaching a synthetic
T-cell epitope, oligomerization of haptenic peptide anti-

Peptomer Aluminum Oxide Nanoparticle Conjugates Bioconjugate Chem., Vol. 8, No. 3, 1997 431



gens was proposed as a means to enhance their immu-
nogenicity.
For the study reported previously (Robey et al., 1995),

the polymerization of the amphipathic C4 peptide re-
sulted in the peptide assuming an R-helical conformation,
and it allowed for the preparation of antibodies that
appear to be directed toward the helix. In this case,
antibody production may be only B-cell-dependent and
T-cell-independent. Therefore, maintaining the helical
conformation is most important since this sequence of
amino acids is probably in a helical conformation in the
parent protein, and it is the parent protein that we are
targeting with these antibodies. Although modification
of the central W in the C4 peptide (KIKQIINMW-
QEVGKAMYA) resulted in a loss of helix in the pep-
tomer, it appears that modification of the hydrophilic
amino acids in C4 will not influence the ability of C4 to
remain helical. The C4 from HIV-1 as compared with
the C4 from HIV-2 differs on the hydrophilic face of the
helix (Robey et al., 1996), and peptomers from both C4’s
display greater than 50% helical content, a property
necessary for C4 to bind CD4, the cell receptor for HIV
(Robey et al., 1996). It therefore comes as no surprize
that the N-ε-bromoacetylation of the peptomer did not
change the amount of helix in the peptomer since the
bromoacetylation was being performed on the lysine
residues, which are assumed to be on the hydrophilic face
of the amphipathic helix.
Tam (1988) developed the multiple antigenic peptides

(MAPs), which consist of a 4- or 8-branch dendritic lysine
core onto which four or eight oligopeptide antigens are
synthesized colinearly. The MAPs found widespread use
and often outperformed the classical peptide carrier
protein conjugates (Tam, 1988), but a major drawback
of the MAP technology is the limited space on the lysine
core. Steric hindrance can occur during the synthesis of
long peptides (>10-15 aa) on 8-branch MAP cores, and
the tightly packed peptide chains often prevent an
antibody response to the more C-terminal amino acids
toward the center of the MAP (Francis et al., 1991). As
an alternative to the dendritic MAPS, linear head-to-tail
peptide polymers have been described. They consisted
of 20-30 peptide units prepared either by direct carbo-
diimide coupling (Borras-Cuesta et al., 1988) or by
applying the peptomer technology (Hillman et al., 1990).
Both constructs gave rise to antibodies that recognized
the native parent protein and did not require cognate
T-cell help for induction of the class switch to the IgG
isotype. The extent of polymerization that is necessary
to achieve such an immunogenicity remains to be deter-
mined as both constructs were heterogeneous with
respect to their chain length. The studies of Del Giudice
et al. (1986) on polymerized NANP peptides from the
Plasmodium falciparum CS protein indicate that the
immunogenicity of peptide polymers increases with in-
creasing chain length.
In light of that observation, we are confident that our

HIV-1MN gp120 C4 domain peptomer nanoparticle con-
jugate is immunogenic even in the absence of T-cell help
as it combines the benefits of a linear peptide polymer
with the dendritic, collinear peptide organization of a
MAP. A summary of the immunogenicity studies will be
forthcoming in a future publication.
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Peptide Targeting and Delivery across the Blood-Brain Barrier
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As an approach to the development of therapeutically useful peptide pharmaceuticals that can
penetrate the blood-brain barrier, we have designed and demonstrated the application of a carrier-
targeting system. We have developed a prodrug design strategy that is designed to utilize membrane-
bound enzymes whereby release of a bioactive peptide from a highly lipophilic triglyceride peptide-
carrier is achieved in situ, thus attaining high localized concentrations of the bioactive peptide.
Following localization of such a system, normal peptidase and lipase action is utilized to release the
active peptide (deltorphin II) intact and in high concentration. At present, the exact mechanisms are
unclear, but the observed results in which analgesia is observed following peripheral administration
suggest that the active peptide is able to cross the blood-brain barrier and sustain prolonged periods
of analgesia as determined by antinociception tests by release of the bioactive peptide. In vitro tests
of binding and bioactivity by the peptide conjugate show essentially no potency in either target or
control analogues, but potent antinociceptive effects are observed following peripheral administration.

INTRODUCTION

The in vivo site-specific delivery of bioactive analgesic
peptides has been a challenging objective for medicinal
chemists who strive to utilize the ever-increasing data-
base of highly potent/selective opioid peptide sequences.
Ever since the identification of the endogenous enkepha-
lins, numerous successful studies have been reported on
the design of highly potent opioid receptor ligands [the
reader is referred to a few excellent reviews and the
references therein (1-3)]. Very few studies, however,
have been reported where attempts have been made to
specifically site deliver these peptide analgesics. Those
that have been reported have shown varying modest
degrees of success (e.g., refs 4-7).
A major barrier must be overcome before the promise

of these potent and selective ligands can be realized. The
blood-brain barrier (BBB) is a unique membrane barrier
that tightly segregates the brain interstitial fluid bathing
the synapses from the circulating blood. With the
exception of the brain and spinal cord, all organs are
perfused by capillaries lined with endothelial cells that
have small pores for the rapid movement of drugs and
solutes into the organ interstitial fluid from the circula-
tion. However, the capillary endothelium of the mam-
malian brain and spinal cord lack these pores, and
therefore drugs can cross the BBB and enter the brain
only via two principal mechanisms, either by carrier-
mediated, catalyzed transport or by free diffusion. Pep-
tides generally do not cross the BBB well because these
highly polar compounds are not very lipid soluble and
often do not have access to specialized BBB receptor-
mediated transport systems. In principle, a peptide
neuropharmaceutical that does not cross the BBB may
be transported through the BBB by first coupling the
active peptide to a BBB transport vector, i.e., a peptide

or modified plasma protein that is capable of transversing
the BBB via receptor-mediated or absorptive mediated
transcytosis through the brain capillary endothelial cell
cytoplasm (8-11).
The primary aim in any site-specific delivery must be

to ensure a selective deposition of the active species at
the site of interest. This will in itself ensure a decrease
in side effects brought about due to general administra-
tion of the drug, and furthermore, this will also decrease
the overall dose required since general circulatory loss/
absorption will be lower. Other factors that must be
considered in the design of such a species include the
prevention of self loss through self-aggregation or micel-
lar formation. In principle, controlled deposition can be
achieved by masking or prodrug design, so long as the
active molecule remains masked while in circulation, and
deposition is accomplished by release of the prodrug
enzymatically at or near its site of action. Furthermore,
the carrier for such a prodrug complex should have
physicochemical properties that make it unique in its
carrying capacity, in the sense that when bound to the
efficacious component it masks the activity of said
component without itself demonstrating undesired side
effects. Site-specific delivery of such a prodrug carrier
complex is a further complication in the design of such a
species. It is perhaps fortunate that endothelial cell
membranes are heterogeneous with respect to their
content of membrane-bound enzymes distributed around
the body (10, 11). Specifically, endopeptidases are local-
ized with respect to their substrate specificity and also
in their distribution around blood vessels of the brain.
Utilizing the endopeptidase substrate specificity allows
for the design of a targeting principal to be incorporated
into the prodrug carrier complex. Activation of the
complex is accomplished in vivo by removal of a mask
by the endothelial membrane-bound enzymes in the
locality of interest. Thus, the now-activated carrier
complex is available for adsorption into the lipid environ-
ment of the cell in this locality.
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Peptides, both naturally occurring and designed, often
can be highly efficacious and increasingly can be designed
to be highly specific in their actions, with few demon-
strated undesired side effects. The aim of the present
study is to overcome what is probably the one major
drawback of using peptides as drugs, and that is their
poor ability to cross lipid membranes, specifically the
blood-brain barrier. Peptide analgesics that have been
found to be super-agonists when administered intracere-
bro ventricularly (i.c.v.) can show poor activity when
administered intraveinously (i.v.). It is generally thought
that one of the primary reason for this is their poor ability
to cross the BBB even when they are relatively stable to
degradation by peptidases. We believe that if the con-
centration of peptide can be maintained while in circula-
tion, and if the peptide can be delivered into or onto the
cell membranes at or near their desired site of action,
then there is a higher probability that one would see a
greater biological action of the peptide through the simple
property of mass action.
In this present study, we demonstrate the design,

synthesis, and bio-evaluation of a triglyceride peptide
carrier prodrug complex that shows greatly improved
analgesic activity of a heptapeptide deltorphin over
administration of the free peptide.

EXPERIMENTAL PROCEDURES

Mouse Vas Deferens (MVD) and Guinea Pig Il-
eum (GPI) Bioassays. Electrically induced smooth
muscle contraction of MVD and strips of GPI longitudinal
muscle, myenteric plexus, were used as bioassays (12).
In these assays, opioid agonists inhibit the electrically
induced smooth muscle contractions in a dose-related
manner in both smooth muscle systems. Percent inhibi-
tion of electrically induced muscle twitch was calculated
as the average contraction height for 1 min preceding the
addition of the agonist divided by the contraction height
3 min after exposure to the agonist. IC50 values represent
the mean of not less than four tissue samples. IC50
values, relative potency estimates, and their associated
standard errors were determined by fitting the mean data
to the Hill equation with a nonlinear least-squares
method (13).
Radioligand Binding. Membranes were prepared

from whole brains taken from adult male Sprague-
Dawley rats (250-300 g). All radioligand displacement
experiments were run against the 3H-labeled ligands
[pClPhe4]DPDPE and CTOP as previously described (14,
15). A minimum of three experiments were conducted
for each radioligand. Data obtained from independent
measurements were represented as the arithmetic mean
( SEM.
Antinociception Studies. Male ICR mice (20-30 g)

were used throughout these studies. They were housed
in groups of four in Plexiglas boxes, maintained in a light-
and temperature-controlled environment, with food and
water available ad libitum until the time of antinocice-
ptive testing. The peptide carrier complex and controls
were dissolved in a few microliters of methanol and then
diluted into physiological saline for peripheral adminis-
tration via an intraperitoneal (i.p.) route. At the level
of methanol used no toxicity is observed. All testing was
performed in accordance with the recommendations and
policies of the International Association for the Study of
Pain, the National Institutes of Health, and the Univer-
sity of Arizona guidelines for the care and use of labora-
tory animals.
Antinociception was assessed in mice by the hot-plate

assay, an assay known to be mediated by central recep-
tors (16, 17). In the hot-plate assay, mice were placed

on a 55 °C surface, and the mean time to lick the back
paws or escape jump was recorded. Percent antinocice-
ption was calculated as 100% × (test latency - control
latency)/(60 s - control latency), with a cutoff latency of
20 s (baseline).
Data are presented as the mean ( SEM for groups of

10 mice. Regression lines, ED50 and AD50 values, and
their 95% confidence limits were calculated using indi-
vidual data points.
Brain and Serum Stability Incubations. Aliquots

(180 µL) of resuspended, twice washed 15% mouse brain
homogenates or mouse serum were placed into 1.5-mL
centrifuge tubes. The tubes were prepared in triplicate
for each time point (0, 10, 15, 30, 60, 120, and 240 min).
An additional set of triplicate tubes were incubated with
50 mM Tris-HCl (pH 7.4) and served as buffer controls.
Twenty microliters of 1 mM peptide triglyceride complex
dissolved in methanol was added to each tube, which was
agitated briefly by vortex. Incubation was begun im-
mediately at 37 °C in a rolling water-bath incubator.
Enzyme activity was terminated at the end of the each
incubation by adding 200 µL of CH3CN and placing the
tube on ice. Each tube was centrifuged at 3000g, and
300 µL of the supernatent was transferred to a clean 1.5-
mL tube. An equal volume of H2O was added, and the
sample was mixed for HPLC analysis.
Synthetic Methods. Thin layer chromatography

(TLC) was done on silica gel G plates using the following
solvent systems: (A) 1-butanol/acetic acid/pyridine/water
(5:5:1:4); (B) ammonium hydroxide/water/2-propanol (1:
1:3); (C) ethyl acetate/acetic acid/pyridine/water (5:5:1:
4). The compounds were visualized on the TLC plate
using UV light and iodine vapor. Analytical high-
performance liquid chromatography (HPLC) was per-
formed on a Hewlett Packard 1090 II instrument with a
reversed-phase C4 or C18 Vydac column eluted with a
linear gradient 0-90% CH3CN (0.1% TFA) in 50 min.
HPLC k′ ) [(compound retention time- solvent retention
time)/solvent retention time]. 1H and 13C NMR spectra
were recorded on a Varian Gemini 200 or Bruker AM
500 spectrometer in CDCl3 unless otherwise noted. Mass
spectra were obtained on a MALDI Nicolet FT-MS with
a CO2 laser excitation source and hydroxy benzoic acid
as the thermal matrix. Amino acid analysis were per-
formed on a Beckman 7300 amino acid analyzer, after
acid hydrolysis with 4 M methanesulfonic acid for 24 h.
2-Hydroxy-1,3-propan-2-yl Dibenzoate (II). Pro-

pane-1,2,3-triol (I) (2.0 g) was added to benzoyl chloride
(6.6 g) (2.2 equiv) and refluxed for 4 h; after cooling, the
mixture was poured onto ice water (200 mL) whereupon
a white precipitate formed that was filtered and washed
with small portions of ice cold water. The solid was
recrystallized from aqueous ethanol to yield II as long
white needles (5.54 g, 85%); mp, 137.2 °C. MS, m/z
300.09821 found (m/z 300.09976 calcd); C, H, N, 67.96,
5.32, 0.00, (calcd 67.97, 5.33, 0.00); TLC, Rf (a) 0.72, (b)
0.48, (c) 0.31; HPLC, C18 k′ 2.26.
2-Keto-1,3-propanyl Dibenzoate (III). II (5.0 g) was

added slowly to Jones reagent (1 M in acetone:water (1:
1), 20 mL) and stirred for 30 min. Propan-2-ol (50 mL)
was added dropwise, and the reaction was stirred for 30
min. The resulting product was extracted with ethyl
acetate (3 × 50 mL); the combined extracts were washed
with water (3 × 100 mL), saturated NaHCO3 (3 × 100
mL), and saturated NaCl (3 × 100 mL), dried over
MgSO4, and evaporated in vacuo. The resulting solid was
decolorized with activated carbon and recrystallized with
aqueous ethanol to yield III (3.62 g, 73%); mp, 162.6 °C;
MS,m/z 298.08612 found (m/z 298.08411 calcd); C, H,N,
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68.40, 4.67, 0.00 (calcd 68.44, 4.69, 0.00); TLC, Rf (a) 0.53,
(b) 0.68, (c) 0.71; HPLC, C18 k′ 5.82.
2-(N,N-Diisopropylamino)-2-hydroxy-1,3-propan-

2-yl Dibenzoate (IV). III (2.60 g) was dissolved in
freshly distilled dry THF (50 mL) while under an inert
atmosphere. Diisopropylethylamine (0.90 g, gold label,
1 equiv) was added very slowly via syringe pump (12 h).
After a further 12 h of stirring, the mixture was evapo-
rated to dryness in vacuo. The oily residue was purified
by kesulghur distillation under vacuum. The desired
product was obtained at 185-190 °C at 0.1 mmHg, which
upon cooling gave a white waxy solid, to yield IV (1.21
g, 35%); mp, 86.2 °C; MS, m/z 399.20441 found (m/z
399.20455 calcd); C, H, N, 69.10, 7.29, 3.58 (calcd 69.14,
7.26, 3.50); TLC, Rf (a) 0.38, (b) 0.42, (c) 0.56; HPLC, C18
k′ 3.94.
2-(N,N-Diisopropylamino)-1,2,3-propanetriol (V).

IV (1.15 g) dissolved in THF (50 mL) with a few drops of
HCl (12 M) was subjected to hydrogenation over Pd (5%)
on carbon at 30 psi for 4 h. Following safe removal of
the residual hydrogen, the catalyst was filtered and the
solvent was removed in vacuo. The crude product V was
found to be of sufficient purity to proceed with the
following reaction (0.46 g, 84%); mp, 31.5 °C; MS, m/z
191.167124 found (m/z 191.15213 calcd); C, H, N, 56.38,
10.96, 7.29 (calcd 56.40, 10.98, 7.32); TLC, Rf (a) 0.83,
(b) 0.53, (c) 0.46; HPLC, C18 k′ 2.81.
2-(N,N-Diisopropylamino)-1,2,3-propan-2-yl Tris-

(octadecanyl benzoate ester) (VI). V (0.45 g) was
dissolved in dry THF (50 mL) under a nitrogen atmo-
sphere, isobutyl chloroformate (1.0 g, 3.1 equiv) was
added, and the mixture was stirred for 30 min. Octade-
canedioic acid monobenzyl ester XII (2.95 g, 3.1 equiv)
dissolved in dry THF (50 mL) was added via syringe
pump over 12 h. Ice water (100 mL) was added slowly;
the organic layer was extracted with ethyl acetate (3 ×
100 mL); the combined extracts were washed with water
(3 × 100 mL), saturated NaHCO3 (3 × 100 mL), and
saturated NaCl (3 × 100 mL), dried over MgSO4, and
evaporated in vacuo to yield VI as a white waxy solid
that was considered to be of sufficient purity to proceed
with the following reaction (2.26 g, 70%); mp, 75.8 °C;
MS, m/z 1349.99128 found (m/z 1349.99836 calcd); C,
H, N, 74.67, 10.03, 1.02 (calcd 74.66, 10.00, 1.03); TLC,
Rf (a) 0.36, (b) 0.52, (c) 0.61; HPLC, C18 k′ 6.91.
2-(N,N-Diisopropylamino)-1,2,3-propan-2-yl Tris-

(octadecanedioic acid monoester) (VII). VI (1.90 g)
dissolved in THF (50 mL) with a few drops of HCl (12
M) was subjected to hydrogenation over Pd (5%) on
carbon at 30 psi for 4 h. Following safe removal of the
residual hydrogen, the catalyst was filtered and the
solvent was removed in vacuo. The crude product VII
was found to be of sufficient purity to proceed with the
following reaction (1.25 g, 82%); mp, 53.1 °C; MS, m/z
1079.84953 found (m/z 1079.85752 calcd); C, H, N, 70.04,
10.85, 1.33 (calcd 70.00, 10.83, 1.29); TLC, Rf (a) 0.59,
(b) 0.51, (c) 0.41; HPLC, C18 k′ 3.49.
2-(N,N-Diisopropylamino)-1,2,3-propan-2-yl Tris-

(octadecanedioic acid monoamide (arginyl(Nγ-Pm-
c)proline-tert-butyl ester) monoester) (VIII). Argin-
yl(Nγ-Pmc)proline-tert-butyl ester XIII (3.5 g, 6.2 equiv)
was dissolved in acetonitrile (50 mL). VII (1.02 g), BOP
reagent (2.9 g, 6.2 equiv), and DIEA (1.8 g, 9.3 equiv)
were added, and the solution was stirred for 6 h. Water
(50 mL) was added; the organic layer was extracted with
ethyl acetate (3 × 100 mL); the combined extracts were
washed with water (3 × 100 mL), saturated NaHCO3 (3
× 100 mL), and saturated NaCl (3 × 100 mL), dried over
MgSO4, and evaporated in vacuo to yield VIII as a white
waxy solid that was found to be of sufficient purity to

proceed with the following reaction (2.41 g, 91%); mp,
decomp.; MS, m/z 2805.78973 found (m/z 2805.79986
calcd); TLC, Rf (a) 0.27, (b) 0.36, (c) 0.61; C18 k′ 5.91; [R]20D
59.3° (c ) 1.20 MeOH).
2-Amino-1,2,3-propan-2-yl Tris(octadecanedioic

acidmonoamide (arginyl(Nγ-Pmc)proline-tert-butyl
ester) monoester) (IX). VIII (2.10 g) was dissolved in
freshly distilled tetrahydrofuran (50 mL) under an inert
atmosphere at -78 °C. DIBAL-H (1.0 M in THF, 2.8 mL)
was slowly added via a syringe pump over 12 h. The
reaction was stirred for a further 12 h at room temper-
ature. Acetone (20 mL) was slowly added to consume
any unreacted reducing agent. Solvents were removed
in vacuo, and the resulting solid was purified by reversed-
phase HPLC (C18 preparative column, 0-90% acetoni-
trile with 0.1% trifluoroacetic acid in 50 min) to yield IX
as a white waxy solid (1.36, 67%); mp, decomp.; MS,m/z
2721.71643 found (m/z 2721.70597 calcd); TLC, Rf (a)
0.34, (b) 0.42, (c) 0.49; HPLC, C18 k′ 2.94; [R]20D 21.6° (c
) 1.45 MeOH).
(Nr-(tert-Butyloxycarbonyl)tyrosyl(O-tert-butyl)-

D-alanyl-phenylalanyl-glutamyl(γ-tert-butyl)-valinyl-
valinyl-glycinamide)-1,2,3-propan-2-yl Tris(octade-
canedioic acid monoamide (arginyl(Nγ-Pmc)proline-
tert-butyl ester) monoester) (X). IX (1.25 g) was
dissolved in acetonitrile (50 mL). NR-(tert-Butyloxycar-
bonyl)tyrosinyl(O-tert-butyl)-D-alanyl-phenylalanyl-
glutamyl(γ-tert-butyl)-valinyl-valinyl-glycine (XIV) (0.65
g, 1.5 equiv), BOP reagent (0.34 g, 1.5 equiv), and DIEA
(0.24 g, 2.5 equiv) were added, and the reaction was
stirred at room temperature for 15 h. Water (50 mL) was
added, and the organic layer was extracted with ethyl
acetate (3× 100 mL); the combined extracts were washed
with water (3 × 100 mL), saturated NaHCO3 (3 × 100
mL), and saturated NaCl (3 × 100 mL), dried over
MgSO4, and evaporated in vacuo. The crude material
was purified by reversed-phase HPLC (C18 preparative
column, 0-90% acetonitrile with 0.1% trifluoroacetic acid
in 50 min) to yield X as a white waxy solid (1.24 g, 73%);
mp, decomp.; MS,m/z 3699.24697 found (m/z 3699.25330
calcd); TLC, Rf (a) 0.21, (b) 0.39, (c) 0.69; HPLC, C18 k′
4.38; [R]20D 53.6° (c ) 1.31 MeOH).
(Tyrosyl-D-alanyl-phenylalanyl-glutamyl-valinyl-

valinyl-glycinamide)-1,2,3-propan-2-yl Tris(octade-
canedioic acid monoamide (arginylproline) ester)
(XI). X (1.24 g) was dissolved in dichloromethane (50
mL) and trifluoroacetic acid (50 mL) and stirred at
ambient temperature for 1 h. After removal of the
solvents in vacuo, the crude product was purified by
reversed-phase HPLC on a C4 semi-preparative column
eletuted with a gradient of 0-90% acetonitrile in 0.1%
trifluoroacetic acid over 50 min. The corresponding
collected fractions were pooled and lyphilized to yield XI
as a white waxy solid (0.74 g, 88%); mp, decomp.; MS,
m/z 2529.66891 found (m/z 2529.66533 calcd); TLC, Rf
(a) 0.25, (b) 0.42, (c) 0.59; HPLC, C18 k′ 3.91; [R]20D 42.8°
(c ) 1.19 MeOH).
Octadecanedioic Acid Monobenzyl Ester (XII).

Benzyl alcohol (1.03 g) was dissolved in freshly distilled
tetrahydrofuran (50 mL) under an inert atmosphere,
isobutyl chloroformate (1.43 g, 1.1 equiv) was added, and
the mixture stirred for 30 min. Octadecanedioic acid (3.0
g) dissolved in dry THF (20 mL) was added slowly via a
syringe pump over 12 h. Ice water (100 mL) was added,
and the organic layer was extracted with ethyl acetate
(3 × 100 mL); the combined extracts were washed with
water (3 × 100 mL), saturated NaHCO3 (3 × 100 mL),
and saturated NaCl (3× 100 mL), dried over MgSO4, and
evaporated in vacuo. Purification on flash silica (500 g)
using methanol/chloroform (1:3) yielded XII as a white
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waxy solid (3.25 g, 85%); mp, 46.8 °C; MS,m/z 404.30221
found (m/z 404.29363 calcd); C, H, N, 74.28, 9.95, 0.00
(calcd 74.25, 9.90, 0.00); TLC, Rf (a) 0.39, (b) 0.48, (c) 0.62;
HPLC, C18 k′ 2.51.
Arginyl(Nγ-Pmc)proline-tert-butyl Ester (XIII).

Proline-tert-butyl ester hydrochloride (2.0 g) was dis-
solved in acetonitrile (50 mL). NR(Fmoc)Arginine (Nγ-
PMC)-OH (6.0 g, 1.1 equiv), BOP reagent (4.2 g, 1.1
equiv), and DIEA (2.1 g, 3.1 equiv) were added, and the
solution was stirred for 6 h. Water (50 mL) was added;
the organic layer was extracted with ethyl acetate (3 ×
100 mL); the combined extracts were washed with water
(3 × 100 mL), saturated NaHCO3 (3 × 100 mL), and
saturated NaCl (3 × 100 mL), dried over MgSO4, and
evaporated in vacuo to an off white solid that was to be
of sufficient purity to use without further purification.
Piperidine 20% in DMF (50 mL) was added, and the
reaction was stirred for 30 min at room temperature. The
solvents were removed in vacuo. Water (50 mL) was
added and adjusted to pH 8.5 with aqueous ammonia.
The aqueous solution was extracted with ethyl acetate
(3 × 100 mL); the combined extracts were washed with
water (3 × 100 mL), saturated NaHCO3 (3 × 100 mL),
and saturated NaCl (3× 100 mL), dried over MgSO4, and
evaporated in vacuo to yield XIII (3.6 g, 89%); mp, 84.8
°C as a white solid. MS, m/z 727.70221 found (m/z
727.69614 calcd); TLC, Rf (a) 0.50, (b) 0.43, (c) 0.30.
HPLC, C18 k′ 3.10. [R]20D 37.9° (c ) 1.24 MeOH).
Nr-tert-Butoxycarbonyl-tyrosyl(O-tert-butyl)-D-

alanyl-phenylalanyl-glutamyl(γ-tert-butyl)-valinyl-
valinyl-glycine (XIV). Prepared by standard solid-
phase peptide chemistry employing NR-Fmoc protection,
with HBTU/HOBt activation on a super acid labile Rink
resin (18). Cleavage of the protected peptide was achieved
using 2% trifluroacetic acid. The protected peptide was
purified by size exclusion chromatography on a Sephadex
G15 support employing 10% acetic acid in water as the
eluting solvent. Lyophilization of pooled fraction yielded
XIV (0.72 g, 71%); mp, decomp. MS, m/z 992.04596
found (m/z 992.00712 calcd); TLC, Rf (a) 0.52, (b) 0.48,
(c) 0.34. HPLC, C18 k′ 6.91. [R]20D 56.1° (c ) 1.14 MeOH).
2-Amino-1,2,3-propan-2-yl Tris(octadecanyl ben-

zoylate ester) (XV). VI (1.05 g) was dissolved in freshly
distilled tetrahydrofuran (50 mL) under an inert atmo-
sphere at -78 °C. DIBAL-H (1.0 M in THF, 1.4 mL) was
slowly added via a syringe pump over 12 h. The reaction
was stirred for a further 12 h at room temperature.
Acetone (20 mL) was slowly added to consume any
unreacted reducing agent. Solvents were removed in
vacuo, and the resulting solid was purified by reversed-
phase HPLC (C18 preparative column, 0-90% acetoni-
trile with 0.1% trifluoroacetic acid in 50 min) to yield XV
as a white waxy solid (0.68 g, 69%); mp, 56.2 °C; MS,
m/z 1265.89947 found (m/z 1265.90446 calcd); C, H, N,
73.96, 9.72, 1.13 (calcd 73.93, 9.71, 1.10); TLC, Rf (a) 0.45,
(b) 0.38, (c) 0.31; HPLC, C18 k′ 2.68.
(Nr-(tert-Butyloxycarbonyl)tyrosinyl(O-tert-butyl)-

D-alanyl-phenylalanyl-glutamyl(γ-tert-butyl)-valinyl-
valinyl-glycinamide)-1,2,3-propan-2-yl Tris(octade-
canyl benzoylate ester) (XVI). XV (0.62 g) was
dissolved in acetonitrile (50 mL). NR-(tert-butyloxycar-
bonyl)tyrosyl(O-tert-butyl)-D-alanyl-phenylalanyl-glutyl-
(γ-tert-butyrate)-valinyl-valinyl-glycine (XIV) (0.36 g, 1.5
equiv), BOP reagent (0.17 g, 1.5 equiv), and DIEA (0.12
g, 2.5 equiv) were added, and the reaction was stirred at
room temperature for 15 h. Water (50 mL) was added,
and the organic layer was extracted with ethyl acetate
(3 × 100 mL); the combined extracts were washed with
water (3 × 100 mL), saturated NaHCO3 (3 × 100 mL),
and saturated NaCl (3× 100 mL), dried over MgSO4, and

evaporated in vacuo. The crude material was purified
by reversed-phase HPLC (C18 preparative column, 0-90%
acetonitrile with 0.1% trifluroacetic acid in 50 min) to
yield XVI as a white waxy solid, (0.77 g, 71%); mp,
decomp.; MS, m/z 2228.30843 found (m/z 2228.33442
calcd); TLC, Rf (a) 0.21, (b) 0.45, (c) 0.68; C18 k′ 5.94. [R]20D
48.5° (c ) 1.82 MeOH).
2-(Tyrosyl-D-alanyl-phenylalanyl-glutamyl-valinyl-

valinyl-glycinamide)-1,2,3-propan-2-yl tris(octade-
canyl benzoylate ester) (XVII). XVI (0.62 g) was
dissolved in dichloromethane (50 mL) and trifluoroacetic
acid (50 mL) and stirred at ambient temperature for 1
h. After removal of the solvents in vacuo, the crude
product was purified by reversed-phase HPLC on a C4
semi-preparative column eletuted with a gradient of
0-90% acetonitrile in 0.1% trifluoroacetic acid over 50
min. The corresponding collected fractions were pooled
and lyophilized to yield XVII as a white waxy solid (0.49
g, 88%); mp, decomp.; MS, m/z 2040.33948 found (m/z
2040.34459 calcd); TLC, Rf (a) 0.34, (b) 0.39, (c) 0.52;
HPLC, C18 k′ 3.26. [R]20D 47.1° (c ) 1.04 MeOH).
2-(Tyrosyl-D-alanyl-phenylalanyl-glutamyl-valinyl-

valinyl-glycinamide)-1,2,3-propan-2-yl tris(octade-
canedioic acid monoester) (XVIII). XVII (0.45 g)
dissolved in THF (50 mL) with a few drops of HCl (12
M) was subjected to hydrogenation over Pd (5%) on
carbon at 30 psi for 4 h. Following safe removal of the
residual hydrogen, the catalyst was filtered. After
removal of the solvents in vacuo, the crude product was
purified by reversed-phase HPLC on a C4 semi-prepara-
tive column eletuted with a gradient of 0-90% acetoni-
trile in 0.1% trifluoroacetic acid over 50 min. The corre-
sponding collected fractions were pooled and lyophilized
to yield XVIII as a white waxy solid (0.35 g, 90%); mp,
decomp.; MS, m/z 1770.20981 found (m/z 1770.20375
calcd); TLC, Rf (a) 0.41, (b) 0.34, (c) 0.28; HPLC, C18 k′
3.10. [R]20D 51.3° (c ) 1.61 MeOH).
2-(N,N-Diisopropylamino)-1,2,3-propan-2-yl Tris-

(octadecanyl ester) (XIX). V (0.15 g) was dissolved in
dry THF (50 mL) under a nitrogen atmosphere, isobutyl
chloroformate (0.35 g, 3.1 equiv) was added, and the
mixture was stirred for 30 min. Octadecaneoic acid (0.85
g, 3.1 equiv) dissolved in dry THF (50 mL) was added
via syringe pump over 12 h. Ice water (100 mL) was
added slowly, and the organic layer extracted with ethyl
acetate (3× 100 mL); the combined extracts were washed
with water (3 × 100 mL), saturated NaHCO3 (3 × 100
mL), and saturated NaCl (3 × 100 mL), dried over
MgSO4, and evaporated in vacuo to yield XIX as a white
waxy solid that was considered to be of sufficient purity
to proceed with the following reaction (0.50 g, 65%); mp,
74.9 °C; MS,m/z 989.94625 found (m/z 989.93498 calcd);
C, H, N, 76.38, 12.46, 1.41 (calcd 76.36, 12.42, 1.41); TLC,
Rf (a) 0.32, (b) 0.51, (c) 0.64; HPLC, C18 k′ 5.37.
2-Amino-1,2,3-propan-2-yl Tris(octadecanyl ester)

(XX). XIX (0.50 g) was dissolved in freshly distilled
tetrahydrofuran (50 mL) under an inert atmosphere at
-78 °C. DIBAL-H (1.0 M in THF, 0.7 mL) was slowly
added via a syringe pump over 12 h. The reaction was
stirred for a further 12 h at room temperature. Acetone
(20 mL) was slowly added to consume any unreacted
reducing agent. Solvents were removed in vacuo, and
the resulting solid was purified by reversed-phase HPLC
(C18 preparative column, 0-90% acetonitrile with 0.1%
trifluroacetic acid in 50 min) to yield XX as a white waxy
solid (0.25 g, 56%); mp, 89.4 °C; MS,m/z 905.84681 found
(m/z 905.84108 calcd); C, H, N, 75.54, 12.27, 1.56 (calcd
75.50, 12.25, 1.54); HPLC, Rf (a) 0.35, (b) 0.39, (c) 0.42;
HPLC, C18 k′ 3.68.
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(Nr-(tert-Butyloxycarbonyl)tyrosyl(O-tert-butyl)-
D-alanyl-phenylalanyl-glutamyl(γ-tert-butyl)-valinyl-
valinyl-glycinamide)-1,2,3-propan-2-yl Tris(octade-
canyl ester) (XXI). XX (0.25 g) was dissolved in
acetonitrile (50 mL). NR-(tert-butyloxycarbonyl)tyrosyl-
(O-tert-butyl)-D-alanyl-phenylalanyl-glutamyl(γ-tert-bu-
tyl)-valinyl-valinyl-glycine (XIV) (0.13 g, 1.5 equiv), BOP
reagent (0.07 g, 1.5 equiv), and DIEA (0.05 g, 2.5 equiv)
were added, and the reaction was stirred at room
temperature for 15 h. Water (50 mL) was added, and
the organic layer was extracted with ethyl acetate (3 ×
100 mL); the combined extracts were washed with water
(3 × 100 mL), saturated NaHCO3 (3 × 100 mL), and
saturated NaCl (3 × 100 mL), dried over MgSO4, and
evaporated in vacuo. The crude material was purified
by reversed-phase HPLC (C18 preparative column, 0-90%
acetonitrile with 0.1% trifluoroacetic acid in 50 min) to
yield XXI as a white waxy solid (0.37 g, 71%); mp,
decomp.; MS, m/z 1889.42918 found (m/z 1889.43536
calcd); TLC, Rf (a) 0.31, (b) 0.45, (c) 0.56; HPLC, C18 k′
4.29. [R]20D 72.5° (c ) 1.18 MeOH).

2-(Tyrosyl-D-alanyl-phenylalanyl-glutamyl-valinyl-
valinyl-glycinamide)-1,2,3-propan-2-yl Tris(octade-
canyl ester) (XXII). XXI (0.30 g) was dissolved in
dichloromethane (50 mL) and trifluoroacetic acid (50 mL)
and stirred at ambient temperature for 1 h. After
removal of the solvents in vacuo, the crude product was
purified by reversed-phase HPLC on a C4 semi-prepara-
tive column eletuted with a gradient of 0-90% acetoni-
trile in 0.1% trifluoroacetic acid over 50 min. The corre-
sponding collected fractions were pooled and lyophilized
to yield XXII as a white waxy solid (0.20 g, 78%); mp,
decomp.; MS, m/z 1680.29063 found (m/z 1680.28121
calcd); TLC, Rf (a) 0.33, (b) 0.41, (c) 0.47; HPLC, C18 k′
3.82. [R]20D 60.2° (c ) 1.37 MeOH).

RESULTS

The choice of the carrier molecule was based on the
system for which the application was to be made, i.e.,
the mammalian system. Whereas a monoglyceride pep-
tide conjugate might form micelles that would be stable
at mammalian body temperature, thus resulting in a
circulatory loss of the peptide prodrug, a triglyceride
carrier, having a far greater critical micelle concentration
at mammalian body temperature, would minimize such
a loss. Based on these considerations, the proposed
target and control molecules were analyzed by a ret-
rosynthetic process (Figure 1) to arrive at a suitable
starting point for the synthesis.
The masked peptide carrier conjugate was assembled

by fragment condensation of the peptide, the carrier
molecule, and the hydrophilic dipeptide mask. Conden-
sation was achieved by classical solution phase amide
bond formation of suitably protected fragments. The
synthesis of the carrier molecule was accomplished as
depicted in Figure 2, and the control molecules were
accomplished as depicted in Figure 3. Briefly, the
synthesis consisted of a series of protection/deprotection
strategies while forming a quaternary substituted carbon
center suitably functionalized to enable the final frag-
ment condensations to be accomplished under mild
conditions. The lipophilic tethers were attached V f VI
(Figure 2) as part of the synthesis by formation of ester
linkages to mono-protected dicarboxylic fatty acids; this
also acted as part of the protection strategy. The control
carriers were similarly formed from the glycerol template
utilizing monocarboxylic fatty acids, V f XIX (Figure 3).
The free acid triglycerides were protected prior to at-
tachment of the deltorphin peptide. The peptide was
attached to the carrier (IX f X, Figure 2) as a semi-
protected analogue that could be deprotected using mild
conditions. Following selective deprotection of the tri-
glyceride free acids, the preformed semi-protected dipep-

Figure 1. Retrosynthetic analysis of target and control molecules.
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tide was condensed onto the peptide carrier complex. A
further deprotection yielded the desired final target
molecule XI (Figure 2). The protected deltorphin peptide
was synthesized by a solid-phase strategy on a highly
acid labile resin using NR-Fmoc protection; side chain
protection of the tyrosine and glutamic acid residues were

chosen so as to be stable to hydrogenation. The arginyl-
proline dipeptide was synthesized by solution phase
methods; the side chain and C-terminal protection groups
were chosen so as to be removed in the final deprotection
strategy of the whole complex. The target molecule was
purified by reversed-phase high-pressure liquid chroma-

Figure 2. Synthetic route toward the target peptide carrier complex (XI): (a) benzoyl chloride, reflux; (b) Jones reagent, dropwise;
(c) THF/diisopropylamine, N2; (d) 5% Pd/CH2; (e) N2, isobutyl chloroformate, fatty acid; (f) 5% Pd/CH2; (g) Arg-Pro-OtBu/BOP/DIEA;
(h) DIBAL-H, THF, N2; (i) protected peptide/BOP/DIEA; (j) TFA/DCM.

Figure 3. Synthetic route toward the control carrier complexes (XVIII and XXII): (e) N2, isobutyl chloroformate, fatty acid; (k)
DIBAL-H, THF, N2; (l) protected peptide/BOP/DIEA; (m) TFA/DCM; (n) 5% Pd/CH2; (o) N2, isobutyl chloroformate, fatty acid; (p)
DIBAL-H, THF, N2; (q) protected peptide/BOP/DIEA; (r) TFA/DCM.

Peptide Targeting across Blood−Brain Barrier Bioconjugate Chem., Vol. 8, No. 3, 1997 439



tography. The purity and properties of the target mol-
ecule and of the control molecules were assessed by a
combination of high-resolution MALDI mass spectrom-
etry, HPLC, elemental analysis, 1H and 13C NMR, optical
rotation, and amino acid analysis (see Experimental
Procedures).
The peptide carrier complex was evaluated for anal-

gesic efficacy following i.p. administration in the mouse
hot-plate test (Figure 4). This test measures the amount
of time required to react to a standardized noxious
stimulus. Substances that increase the reaction time are
said to display antinociceptive effects, which may be
interpreted as a measure of analgesia. It is important
to note that the peptide carrier complex itself is inactive
in the hot-plate test when given directly into the brain
(not shown) but is highly potent and prolonged acting
when given peripherally (i.p., Figure 4). The results
depicted in Figure 4 show that the peptide carrier
complex mediated analgesia is of very long duration. The
rate of decline for the observed analgesia for the carrier
is much slower than that observed for non-carrier medi-
ated analgesia when deltorphin is given directly into the
brain (not shown).
In vitro binding and bioassays showed little or no

evidence of affinity or efficacy for the peptide carrier
complex XI (Figure 2) with opioid receptors in binding
experiments in rat brain homogenates or in bioassay
experiments using the electrically stimulated mouse vas
deferens and guinea pig ileum assays respectively (>10
mM). The free deltorphin peptide of course is well known
to be highly potent in these systems with values obtained
corresponding well with literature values (19, 20). It is
interesting to note that both control molecules (Figure
3) gave results similar to those of the target molecule in
in vivo studies, but yet when tested for analgesia did not
show any activity.
The stability of the peptide carrier conjugate XI and

the controls XVIII and XXII was determined in mouse
serum (t1/2 ≈ 82, 61, and 63 min, respectively) and in the
mouse brain (t1/2 ≈ 4.5, 5, and 6 h, respectively) by HPLC
analysis. These results show that the masked peptide

carrier conjugate demonstrates greatly improved serum
stability over the control molecules, but the mouse brain
homogenates appear to have a greater degradative effect
upon the masked molecule (compared to the control
molecules), probably due to endopeptidase action upon
the dipeptide. In the mouse brain homogenates, the t1/2
times are of such length that they do not merit problem-
atic effects over the duration of observed analgesia.
Peptidase action upon the active peptide-carrier bond
appears to be far less destructive in the brain homoge-
nates and yet is the primary degradative site in serum.
Analysis of the products generated from these assays
(results not shown) suggest that incubation with mouse
serum initially results in cleavage of the peptide carrier
bond, and only upon further prolonged incubation is the
dipeptide-carrier bond hydrolyzed.

DISCUSSION

The major goal of this study was to develop an
approach by which a CNS efficacious bioactive peptide
could be administered via an intravenous or other
peripheral route and for this peptide to overcome the
problems of enzymatic degradation and inability to cross
the BBB into the brain. The unique approach under-
taken here relied upon utilizing biophysical and physi-
cochemical properties of the mammalian system, together
with fundamental mass action principles.
The fact that the conjugate we designed was not active

in the MVD and GPI assays and has very weak binding
to the δ or µ opioid receptors in rat brain membrane but
had potent analgesic activity when given peripherally
(i.p.) suggests that the approach design has validity. A
basic premise of our design was that first the dipeptide
mask must be removed by protease activity before or
during absorption of the circulating complex at the BBB.
Then this would be followed by hydrolysis of the lipid
bonds by lipases during or after transmission of the
unmasked peptide complex through the BBB. The fact
that both of these degradation reactions must occur
before the bioactive peptide is released in the brain is
consistent with the relatively slow onset of analgesia, and

Figure 4. Antinociception as observed in the hot plate assay.
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perhaps can also account for the prolonged activity that
occurs after peripheral administration. The apparent
serum stability of the complex also suggests that the
conjugates can remain in circulation for long periods of
time to account for the prolonged analgesic activity
observed. Whether the peptide crosses the BBB by active
transport, by transcytosis, or by absorption-elimination
across the lipid bilayer lies outside the scope of this
present study. These questions and a careful evaluation
of the mechanism(s) of release of the bioactive peptide
from the complex will require the preparation and
extensive examination of radiolabeled analogues of these
conjugates. In the meantime, the results reported here
provide an important new opportunity to further explore
approaches to getting peptides or peptide conjugates that
will cross the blood-brain barrier.
Finally, the opioid receptors affected by the deltorphin

peptides are of practical importance to medicine. It has
been hypothesized that, if an effective δ-selective agonist
can be developed, such drugs might produce analgesia
with limited tolarance and addiction liability (1, 21).
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Successful imaging of somatostatin receptor-positive tumors with 111In-DTPA-D-Phe1-octreotide has
stimulated development of peptide radiopharmaceuticals using DTPA as the chelating agent. However,
use of cyclic DTPA dianhydride (cDTPA) resulted in low synthetic yields of DTPA-peptide by either
solution or solid-phase syntheses. This paper reports a novel high-yield synthetic procedure for DTPA-
D-Phe1-octreotide that is applicable to other peptides of interest using a monoreactive DTPA derivative.
A monoreactive DTPA that possesses one free terminal carboxylic acid along with four carboxylates
protected with tert-butyl ester (mDTPA) was synthesized. Fmoc-Thr(tBu)-ol, prepared from Fmoc-
Thr(tBu)-OH, was loaded onto 2-chlorotrityl chloride resin. After construction of the peptide chains
by Fmoc chemistry, mDTPA was coupled to the R amine group of the peptide on the resin in the
presence of 1,3-diisopropylcarbodiimide and 1-hydroxybenzotriazole. Treatment of the mDTPA-
peptide-resin with trifluoroacetic acid-thioanisole removed the protecting groups and liberated
[Cys(Acm)2,7]-octreotide-D-Phe1-DTPA from the resin. Iodine oxidation of the DTPA-peptide, followed
by the reversed-phase HPLC purification, produced DTPA-D-Phe1-octreotide in overall 31.8% yield
based on the starting Fmoc-Thr(tBu)-ol-resin. The final product gave a single peak on analytical HPLC,
and amino acid analysis and mass spectrometry confirmed the integrity of the product. 111In
radiolabeling of the product provided 111In-DTPA-D-Phe1-octreotide with >95% radiochemical yield,
as confirmed by analytical reversed-phase HPLC, TLC, and CAE. These findings indicated that use
of mDTPA during solid-phase peptide synthesis greatly increased the synthetic yield of DTPA-D-
Phe1-octreotide, due to the absence of nonselective reactions that are unavoidable when cDTPA is
used. These results also suggested that mDTPA would be a versatile reagent to introduce DTPA
with high yield into peptides of interest.

INTRODUCTION

Low molecular weight peptides such as octreotide (1,
2), chemotactic peptides (3, 4), RGD-peptides (5, 6), and
vasoactive intestinal peptide (7, 8) have attracted strong
attention as new vehicles to deliver radioactivity to target
tissues in diagnostic nuclear medicine, due to their
reduced immunogenicity and rapid distribution pharma-
cokinetics when compared with murine antibodies. Since
localization of these peptides involves specific binding to
receptors expressed on the target cells, these peptides
should be radiolabeled at high specific activities for
clinical application (4). Radiolabeling of these peptides
with metallic radionuclides such as technetium-99m
(99mTc) and indium-111 (111In) is important for clinical
application of radiopharmaceuticals.

For radiolabeling with 111In, diethylenetriamine-
pentaacetic acid (DTPA) is usually attached to peptide
molecules to provide an 111In chelating site. The resulting
111In-labeled peptides possess specific activities and in
vivo stabilities sufficient for clinical application (2).
Indeed, recent clinical studies have demonstrated high
target-to-nontarget ratios of radioactivity even at early
postinjection times (9, 10). Furthermore, attachment of
hydrophilic 111In-DTPA chelate to peptides altered the
excretion pathway from hepatobiliary to urinary excre-
tion, which reduced abdominal radioactivity levels, as has
been successfully observed with 111In-DTPA-D-Phe1-oct-
reotide (Figure 1) (1, 9, 11). These findings indicate that
DTPA would be a suitable chelating agent for 111In
radiolabeling of peptides for receptor scintigraphy.
For incorporation of a DTPA chelating site into pep-

tides, cyclic DTPA dianhydride (cDTPA; Figure 2A) is
used as the bifunctional chelating agent of choice, due
to its simple conjugation reactions with peptides and
ready availability from commercial sources. However,
since cDTPA possesses two anhydride groups, formations
of inter- and intramolecular cross-linkings are inevitable
in its conjugation reactions with peptides (2, 3). Forma-
tion of ester bonds between DTPA and tyrosine residues
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of peptides has also been reported (12). Such undesirable
side reactions along with a requirement of repeated
purification result in low synthetic yield of DTPA-
conjugated peptides when cDTPA is used as the bifunc-
tional chelating agent. Since radiolabeling of peptides
with 111In-DTPA is useful not only for diagnostic applica-
tions but also for screening peptides for use in nuclear
medicine, new synthetic procedures are warranted for
preparation of DTPA-conjugated peptides with high
synthetic yields.
Recently, we developed a monocarboxylic acid deriva-

tive of DTPA, with the rest of the four carboxylates being
protected with acid-removable tert-butyl esters (mDTPA)
as illustrated in Figure 2B (13). Since mDTPA possesses
only one free carboxylic acid, formation of inter- and
intramolecular cross-linking would be prevented during
conjugation reactions with peptides. mDTPA also pro-
vides a coordination geometry similar to that of cDTPA
when cDTPA is conjugated with peptides without any
side reactions. The high solubilities of mDTPA in various
organic solvents make this reagent versatile for either
liquid- or solid-phase syntheses. In the present study, a
simple and high-yield synthetic procedure for DTPA-
conjugated peptides was designed with mDTPA using an
octapeptide, octreotide, as a model.

MATERIALS AND METHODS

General. Amino acid analyses were performed with
a Hitachi L8500 amino acid analyzer (Hitachi Co. Ltd.,
Tokyo, Japan) utilizing postcolumn ninhydrin detection.
Optical rotations were measured with SEPA-300 (Horiba
Co. Ltd., Kyoto, Japan). Analytical HPLC characteriza-
tion of DTPA-conjugated peptides was performed on a
YMC AM302 column (4.6 × 150 mm; YMC Co. Ltd.,
Kyoto, Japan), eluted with a linear gradient of aceto-
nitrile (20-80%, 30 min) in 0.1% aqueous trifluoroacetic
acid (TFA) at a flow rate of 0.9 mL/min. The eluent was
monitored by measuring the UV absorption at both 230
and 254 nm. FPLC (Pharmacia, Uppsala, Sweden) was
carried out with a YMC ODS-AQ300 column (1.5 × 50
cm) eluted with a linear gradient of 60% acetonitrile-
0.1% aqueous TFA (0-100%, 400 min) in 0.1% aqueous
TFA at a flow rate of 3 mL/min. The eluent was
monitored by measuring the UV absorption at 254 nm.

Preparative HPLC purification was carried out on a YMC
SH-343-5AM column (20 × 250 mm), which was eluted
with a linear gradient of acetonitrile (20-80%, 60 min)
in 0.1% aqueous TFA at a flow rate of 5 mL/min. The
eluent was monitored by measuring the UV absorption
at 254 nm. Fast atom bombardment mass spectra (FAB-
MS) were obtained on a JMS-HX110 spectrometer
equipped with a JMA-DA5000 (JEOL Ltd., Tokyo, Ja-
pan). Proton nuclear magnetic resonance (1H-NMR)
spectra were recorded on an AC 300 (300 MHz) spec-
trometer (Bruker), and the chemical shifts are reported
in parts per million downfield from an internal tetra-
methylsilane standard. Melting points are reported
uncorrected. Analytical HPLC characterization of 111In-
DTPA-D-Phe1-octreotide was performed on a Cosmosil
5C18-MS column (4.6 × 150 mm, Nacalai Tesque, Kyoto,
Japan), eluted with a linear gradient of 40-80% MeOH
in 0.05 M acetate buffer (pH 5.5) in 20 min at a flow rate
of 1 mL/min. The final solvent composition was main-
tained for another 5 min, as reported (2). Radiochemical
purities of 111In-DTPA-D-Phe1-octreotide were also deter-
mined by TLC and cellulose acetate electrophoresis
(CAE). TLC (Merck Art. 5553) was developed with a 10%
aqueous solution of ammonium chloride-methyl alcohol
(1:1), while CAE was run at an electrostatic field of 0.8
mA/cm for 40 min in veronal buffer (I ) 0.06, pH 8.6).
9-Fluorenylmethoxycarbonyl (Fmoc) amino acid de-

rivatives and 2-chlorotrityl chloride resin were purchased
from Nova Biochem (Läufelfingen, Switzerland). 111InCl3
was supplied by Nihon Medi-Physics Co. Ltd. (Tokyo,
Japan).
Preparation of mDTPA. mDTPA was synthesized

as reported previously (13). Briefly, one terminal amine
of diethylenetriamine was trifluoroacetylated with ethyl
trifluoroacetate, and the unprotected amines were alky-
lated with tert-butyl bromoacetate. After alkylation of
amide nitrogen by tert-butyl bromoacetate in the presence
of sodium hydride, the trifluoroacetyl protecting group
was removed with anhydrous hydrazine in tert-butyl
alcohol. The resulting secondary amine was alkylated
with benzyl bromoacetate in the presence of N,N-diiso-
propylethylamine. mDTPA was then obtained in an
almost quantitative yield by catalytic hydrogenation with
Pd/C in ethyl acetate.
Fmoc-Thr(tBu)-ol. This compound was synthesized

according to the procedure of Rodriguez et al. (14). To a
chilled (-15 °C) solution of Fmoc-Thr(tBu)-OH (1.99 g, 5
mmol) in 5 mL of ethylene glycol dimethyl ether were
added N-methylmorpholine (0.56 mL, 5 mmol) and iso-
butyl chloroformate (0.65 mL, 5 mmol) while the reaction
temperature was maintained. After 1 min of stirring,
the precipitate was removed, and a suspension of NaBH4
(0.57 g, 15 mmol) in 15 mL of water was added at the
same temperature. After 30 s, 125 mL of water was then
added. The reaction solution was extracted with ethyl
acetate (50 mL × 3), and the combined organic layers
were washed with 5% aqueous NaHCO3, followed by
brine. The combined organic layers were dried over
anhydrous Na2SO4, and the solvent was removed in
vacuo. Fmoc-Thr(tBu)-ol was obtained as a white solid
(1.36 g, 70.9%) with a mp of 42-45 °C after column
chromatography on silica gel using chloroform as an
eluent: 1H-NMR (CDCl3) δ 1.16 (3H, d, J ) 6.2 Hz,
CHCH3), 1.20 (9H, s, tBu), 2.88 (1H, broad, OH), 3.61 (1H,
broad, CHCH2OH), 3.66 (2H, broad, CHCH2OH), 3.94
(1H, m, CHCH3), 4.22 (1H, t, J ) 6.8 Hz, CHCH2CO),
4.40 (2H, m, CHCH2CO), 5.28 (1H, d, J ) 7.5 Hz, NH),
7.30 (2H, d, J ) 7.4 Hz, aromatics), 7.38 (2H, t, J ) 7.2
Hz, aromatics), 7.59 (2H, d, J ) 7.4 Hz, aromatics), 7.74
(2H, d, J ) 7.4 Hz, aromatics); FAB-MAS calcd for C23H29-

Figure 1. Chemical structure of DTPA-D-Phe1-octreotide.

Figure 2. Chemical structures of cyclic DTPA dianhydride (A)
and mDTPA (B).
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NO4 [M + H]+ m/z 384.2175, found 384.2159; [R]D
26 )

+0.017 (5.08 mg/mL, CH3OH).
Loading of 2-Chlorotrityl Chloride Resin with

Fmoc-Thr(tBu)-ol. Fmoc-Thr(tBu)-ol was linked to
2-chlorotrityl chloride resin as described (15). 2-Chloro-
trityl chloride resin (393 mg, 1.5 mmol/g), Fmoc-Thr(tBu)-
ol (679 mg, 1.77 mmol), and pyridine (0.286 mL, 3.54
mmol) were stirred for 21 h in a mixed solution of
dichloromethane (2.89 mL) and dimethylformamide (DMF,
2.89 mL). After the resin was washed with DMF,
methanol (5 mL) was added and the mixture was stirred
for 30 min to remove any remaining reactive chloro
functionality. The loaded resin was successively washed
with DMF and dichloromethane and desiccated to provide
a substitution level of 0.287 mmol/g of resin as deter-
mined according to the method of Meienhofer (16).
Elongation. All amino acids were protected with NR-

Fmoc. Side-chain protecting groups were Cys(Acm),
Lys(Boc), Thr(tBu) (where Acm is acetamidomethyl). The
peptide chain was constructed manually according to the
published cycle consisting of (I) 20 min of deprotection
with 20% piperidine-DMF and (II) 2 h of coupling of the
Fmoc amino acid derivative (2.5 equiv) with 1,3-diiso-
propylcarbodiimide (DIPCDI, 2.5 equiv) and 1-hydroxy-
benzotriazole hydrate (HOBt, 2.5 equiv) in DMF (17). The
coupling reaction was repeated when the resin became
positive to the Kaiser test (18). The satisfactory incor-
poration of the respective amino acids was further
confirmed by amino acid analysis after acid hydrolysis
of the assembled peptide resin.
mDTPA Conjugation. After construction of the

peptide chain on the resin, the Fmoc protecting group
was removed by treating with 20% piperidine-DMF, and
a mixture of mDTPA, DIPCDI, and HOBt (2.5 equiv each)
in DMF was added and reacted for 2 h, as described
above.
Cleavage of Peptide from the Resin and Depro-

tection. Thioanisole (0.5 mL) and TFA (5 mL) were
added to fully protected peptide resin [mDTPA-D-Phe-
Cys(Acm)-Phe-D-Trp-Lys(Boc)-Thr(tBu)-Cys(Acm)-Thr-
(tBu)-ol-resin, 200 mg] at 0 °C, and the mixture was
stirred at room temperature for 2 h. After the mixture
had cooled to 0 °C, dry ether was then added to precipi-
tate crude peptide, and the peptide was extracted with 6
M aqueous guanidine hydrochloride (5 mL). After the
resin was removed by filtration, the crude product was
purified by FPLC. Fractions containing the peptide were
collected, and the solvent was removed by lyophilization
to afford 51.89 mg [58.8% from Fmoc-Thr(tBu)-ol-resin]
of DTPA-D-Phe-Cys(Acm)-Phe-D-Trp-Lys-Thr-Cys(Acm)-
Thr-ol as a white powder. The purified peptide gave a
single peak at a retention time of 11.95 min on HPLC,
as shown in Figure 3. Amino acid ratios of the peptide
after 6 N HCl hydrolysis: Thr × 1, 0.90; Phe × 2, 2.00;
Lys × 1, 1.07; FAB-MAS calcd for C69H100N15O21S2 [M +
H]+, m/z 1538.6660, found 1538.6713.

Disulfide Bond Formation. The S-protected peptide
(10 mg, 6.5 µmol) was dissolved in 80% aqueous methanol
(10 mL). To this solution was added 217.6 µL of 20%
iodine in methanol in one portion, and the mixture was
stirred at room temperature for 1 h. The excess iodine
was reduced with 1 M ascorbic acid in water. This
solution was subjected to FPLC and HPLC purifications,
and fractions containing the desired product were col-
lected and lyophilized to afford 4.90 mg (54.1%) of DTPA-
D-Phe1-octreotide as a white powder. This peptide showed
a single peak at a retention time of 12.50 min on HPLC,
as shown in Figure 4. Amino acid ratios after 6 N HCl
hydrolysis: Thr × 1, 0.87; Phe × 2, 2.00; Lys × 1, 1.15;
FAB-MAS calcd for C63H88N13O19S2 [M + H]+, m/z
1394.5761, found 1394.5789.
Radiolabeling of DTPA-D-Phe1-octreotide with

111In. 111In radiolabeling of DTPA-D-Phe1-octreotide was
performed according to the procedure of Bakker (2) with
slight modifications as follows: To 20 µL of DTPA-D-Phe1-
octreotide (0.05 mg/mL) in 0.1 M acetic acid was added
58 µL of a solution of 111InCl3 (74 MBq/mL) in 0.02 M
HCl. The reaction mixture was then incubated at room
temperature for 30 min.

RESULTS AND DISCUSSION

DTPA-D-Phe1-octreotide was originally synthesized by
protecting the Nε-amine group of the lysine residue of
octreotide with a Boc group, followed by condensation of
the unprotected NR-amine group with cDTPA (2). How-
ever, the synthetic yield of the final product was rather
low, which had been caused by the nonselective reaction
procedure. Since the reaction of octreotide with (Boc)2O
forms a mixture of NR-Boc-, Nε-Boc-, and NR,Nε-di-Boc-
octreotide as well as unreactive octreotide (19), separation
of the desired Nε-protected product from the mixture was
required before conjugation reaction with cDTPA. Fur-
thermore, since cDTPA possesses two anhydride moieties,
formation of intermolecular cross-linking is unavoidable
during the conjugation reaction, as also observed with
cDTPA conjugation of chemotactic peptides (3).
Recently, Edwards et al. used solid-phase peptide

synthesis to prepare DTPA-D-Phe1-octreotide (20). They
reacted cDTPA with protected octreotide precursor on
resin before aminolysis with threoninol, followed by
deprotection of Boc groups of D-Trp4, Lys5, and tBu group
of Thr with TFA. The overall synthetic yield of DTPA-
D-Phe1-octreotide by this protocol was 5%, although this
procedure excluded one of the two nonselective reactions
(Boc protection reaction) of the original procedure. They
concluded that the rather low synthetic yield of the final
product, DTPA-D-Phe1-octreotide, is attributed to forma-
tions of intermolecular cross-linking during the cDTPA
conjugation reaction.
These findings strongly suggested that DTPA-D-Phe1-

octreotide would be synthesized in higher yields if the

Figure 3. Analytical HPLC profile of DTPA-D-Phe-Cys(Acm)-
Phe-D-Trp-Lys-Thr-Cys(Acm)-Thr-ol.

Figure 4. Analytical HPLC profile of DTPA-D-Phe1-octreotide.
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DTPA conjugation reaction could be performed without
inducing intermolecular cross-linking. Thus, we designed
a new synthetic procedure for DTPA-conjugated peptides
using a monoreactive derivative of DTPA, mDTPA, as
outlined in Scheme 1. Fmoc-Thr(tBu)-ol, prepared ac-
cording to the method of Rodriguez (14), was loaded on
the 2-chlorotrityl chloride resin with a substitution level
of 0.29 mmol/g of resin. After the remaining chloride
function was inactivated with MeOH, the combination
of piperidine treatment and DIPCDI plus HOBt proce-
dure (17) served to elongate the peptide chain manually
to prepare D-Phe-Cys(Acm)-Phe-D-Trp-Lys(Boc)-Thr(tBu)-
Cys(Acm)-Thr(tBu)-ol-resin. mDTPA was then coupled
to the NR-amine group of the peptide in the presence of
HOBt and DIPCDI, and mDTPA-conjugated peptide-
resin was treated with TFA-thioanisole to liberate the
peptide from the resin. During this treatment, the Boc
and tBu protecting groups of the peptide and DTPA were
simultaneously removed. After HPLC purification, DTPA-
D-Phe-Cys(Acm)-Phe-D-Trp-Lys-Thr-Cys(Acm)-Thr-ol was
obtained as a white solid with an overall yield of 58.8%
based on the starting Fmoc-Thr(tBu)-ol-resin. The prod-
uct gave a single peak on analytical HPLC (Figure 3).
Integrity of the purified product was further determined
by amino acid analyses and FAB-MS.
Formation of disulfide bonds in the S-protected DTPA-

peptide was then performed in the presence of iodine.
After the reaction was quenched with ascorbic acid,
DTPA-D-Phe1-octreotide was obtained with a yield of
54.1% after FPLC and HPLC purifications. The final
product showed a single peak on analytical HPLC (Figure
4). Although DTPA-D-Phe1-octreotide had a retention
time very close to that of its precursor, DTPA-D-Phe-Cys-
(Acm)-Phe-D-Trp-Lys-Thr-Cys(Acm)-Thr-ol, on the ana-
lytical HPLC (12.50 vs 11.95 min), as shown in Figures
3 and 4, coelution of the two compounds indicated two
separated peaks on the same HPLC system (data not
shown). A similar phenomenon was observed in the
previous study (21). Amino acid analyses and FAB-MS
further confirmed the integrity of the final product. The
low synthetic yield in this step might have been due to
the interference of Trp residue during the formation of
the intramolecular disulfide bonds (20). Despite this, the
overall synthetic yield of DTPA-D-Phe1-octreotide based
on the starting Fmoc-Thr(tBu)-ol-resin was 31.8%, which
is much higher than those of previously reported proce-
dures. The integrity of the DTPA chelating group of
DTPA-D-Phe1-octreotide was confirmed by the 111In ra-

diolabeling of DTPA-D-Phe1-octreotide, where 111In-DTPA-
D-Phe1-octreotide was obtained with >95% radiochemical
yield at a specific activity of 4.3 MBq/µg when analyzed
by HPLC, TLC, and CAE (Figure 5).

CONCLUSIONS

The findings of this study indicated that an application
of mDTPA to solid-phase peptide synthesis of octreotide
provides DTPA-D-Phe1-octreotide with a high overall
synthetic yield, due to the absence of nonselective reac-

Scheme 1. Synthetic Procedure for DTPA-D-Phe1-octreotide Using a Monoreactive DTPA Derivative, mDTPA

Figure 5. Radioactivity profiles of 111In-DTPA-D-Phe1-oct-
reotide on analytical HPLC (A), TLC (B), and CAE (C).
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tions during synthesis. Furthermore, the present pro-
cedure can be applied to the incorporation of a DTPA
chelating moiety into various peptides of interest. Thus,
use of mDTPA during solid-phase peptide syntheses is a
convenient method for preparing DTPA-conjugated pep-
tides in high yield.
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Heterobifunctional Cross-Linkers Containing
4,9-Dioxa-1,12-dodecanediamine Spacers
Gary M. Johnson,*,† James P. Albarella,† and Christoph Petry‡

Organic Chemistry Group, Bayer Corporation, P.O. Box 70, Elkhart, Indiana 46515, and Bayer AG ZF-FDM,
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A series of heterobifunctional linker arms has been prepared by functionalization of (tert-butoxycar-
bonyl)-4,9-dioxa-1,12-dodecanediamine [tBOC-HN(CH2)3O(CH2)4O(CH2)3NH2] with anhydrides or acid
chloride.

INTRODUCTION

Heterobifunctional cross-linkers are commonly used in
bioconjugation technologies to prepare antibody-enzyme
conjugates for use in enzyme immunoassays. Possible
drawbacks can include instability and incomplete,
oligomeric, and polymeric reactions, which frequently
occur with commercially available cross-linkers. As part
of a program to develop new reagents with enhanced
stability and reactivity, 4,9-dioxa-1,12-dodecanediamine
[H2N(CH2)3O(CH2)4O(CH2)3NH2] heterobifunctional cross-
linkers were synthesized. This (3,4,3) extended spacer
was readily available and inexpensive and had good
water solubility. It has been postulated that extended
length cross-linkers would reduce steric crowding be-
tween the enzyme and antibody and increase stability
and may provide enhanced biochemical properties rela-
tive to those presently being used.

CHEMISTRY

Synthesis of the cross-linkers began by coupling the
known1 (tert-butoxycarbonyl)-4,9-dioxa-1,12-dodecanedi-
amine [tBOC(343)NH2] to anhydrides2 1-3 or acid chlo-
ride 4, providing carboxy-functionalized intermediates
5-8 in near quantitative yields (see Scheme 1 and Table
1). Treatment with trimethylsilyl iodide (TMSI)3 in
CHCl3 followed by methanol quench furnished quantita-
tive crude yields of amino acids 9 and 11-13. In the case
of intermediate 6, the cyclic imide analog 10was obtained
via intramolecular cyclization. Compound 13 was ob-
tained in 92% yield by treatment of 8 with NaOH in
aqueous ethanol. Coupling of amino acids 9 and 11-13
with succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-
carboxylate (SMCC)4 in dimethylformamide/triethy-
lamine (DMF/TEA) provided the heterobifunctional cross-
linkers (14-17) in 67, 7, 32, and 30% yields,5 respectively.
N-Succinimidyl 3-(2-pyridyldithio)propionate (SPDP)

analogs4 were also developed as thiol-functionalized
cross-linkers. These were prepared by treating an amino
acid with SPDP in DMF/TEA, as shown by the example

in Scheme 2 where intermediate 5 was converted into
cross-linker 18 in 17% yield5 via amino acid 9.
The linkers were activated as N-hydroxysuccinimidyl

(NHS) esters before coupling to alkaline phosphatase,
which in turn was then coupled to 2-iminothiolane (2IT)-
activated antibody.4 Activation was performed in situ
with NHS in DMF/TEA as the resultant esters were
unstable. In the case of linkers 10 and 14, intramolecular
cyclizations to imides were determined to be significant
side reactions.
To overcome these problems, heterobifunctional linker

17 was modified to the very stable hydrazide 19, shown
in Scheme 3. This modification used (tert-butoxycarbo-
nyl)hydrazine (tBOCNHNH2) and dicyclohexylcarbodi-
imide (DCC) in DMF (61%), followed by trifluoroacetic
acid (TFA) for 2 h (31% yield).5 This stable, crystalline
cross-linkers binds covalently to aldehyde sites on the
antibody.

RESULTS AND DISCUSSION

A high-performance liquid chromatography (HPLC)
profile of the crude reaction mixture, prepared with linker
19, of a polyclonal anti-myoglobin antibody conjugated
to alkaline phosphatase (AP) is shown in Figure 1. The
new conjugate (overall yield of ∼60%) was exchanged for
and tested using the same procedure and conditions as
the anti-myoglobin-AP conjugate normally used in the
Technicon IMMUNO 1 myoglobin assay (product T01-
3653-51) commercialized by Bayer Corp.
In that assay, magnetic particles carrying antibodies

against fluorescein, a fluoresceinated monoclonal anti-
myoglobin antibody, and an alkaline phosphatase-labeled
polyclonal anti-myoglobin antibody are incubated for 15
min together with 3 µL of a sample containing an
unknown amount of myoglobin. During the course of the
incubation, the two different antibody conjugates form a
sandwich complex with the myoglobin-antigen. This
complex is captured by the magnetic particles via the
fluorescein moiety on the monoclonal antibody. The
supermolecule thus formed is then precipitated by an
external magnetic field and washed. Any antibody-AP
conjugate present in the mixture is removed unless bound
to the immobilized supermolecule. The amount of anti-
body-AP conjugate remaining in the assay is directly
proportional to the amount of myoglobin in the sample.
The kinetics of p-nitrophenyl phosphate hydrolysis is

† Bayer Corp.
‡ Bayer AG ZF-FDM.
X Abstract published in Advance ACS Abstracts, April 15,

1997.
1 Reference 1a was used to prepare tBOC(343)NH2. Patent

references 1b-d give other preparations and some uses of this
linker.

2 Anhydride 2 from ref 2a. Anhydride 3 from ref 2b.
3 As described in ref 3.
4 These reagents were purchased from Pierce Co. (P.O. Box

17, Rockford, IL, 61105). General procedures other than those
listed herein, additional examples, and relevant references may
be found in their catalogs.

5 All isolated products exhibited spectrascopic (IR, MS, 1H
NMR, and 13C/D NMR) and analytical data which are fully
consistent with the assigned structures. Yields are unoptimized
in that good recoveries of crude product were generally obtained,
but due to expediency, the preparative thin layer chromatog-
raphy (TLC) plate purification method employed sacrificed
quantity for purity.
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measured to quantify the antibody-AP conjugate present
and hence the amount of myoglobin in the sample.
The new antibody-AP conjugate synthesized with

linker 19 was tested in the assay after substitution for
the standard antibody-AP conjugate, and all other
parameters and buffers remained unchanged (Technicon
IMMUNO 1, protocol 5; fluoresceinated conjugate, 2.6 µg/
mL, 65 µL of solution; antibody-AP conjugate, 6.5 µg/
mL, 65 µL of solution; magnetic particles, 10 µL of
suspension; sample volume, 3 µL, 15 min of simultaneous
incubation, four washes).

The activity of the enzyme in the antibody-AP conju-
gate was measured as follows. One tablet of p-nitrophe-
nyl phosphate (Sigma N2640) was dissolved into 15 mL
of glycine buffer (1.88 g of glycine/L, pH 9.6). The
antibody-AP conjugate was diluted to a concentration
of 2.5 µg/mL in AP reaction buffer (1.88 g of glycine, 0.2
g of magnesium chloride, 13 mg of zinc chloride, and 100
mL of glycerine). Five microliters of the diluted conju-
gate, 0.5 mL of a 0.05 M magnesium chloride solution,
and 2.5 mL of a substrate solution were then mixed in a

Scheme 1

Table 1

Scheme 2

Scheme 3
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cuvette with a 1 cm path length, and the absorption
increase of the solution was monitored at 25 °C and
400 nm.
A typical enzyme activity for an antibody-AP conju-

gate was 580 units/mg, where 1 unit of alkaline phos-
phatase digests 1 µmol of substrate per second, and the
extinction coefficient of p-nitrophenolate at 400 nm is
18.7 cm2/µmol. Conjugates prepared by procedures using
shorter linkers directed against amino groups had typical
enzyme activities of 400-650 units/mg, depending on the
amount of NH-derivatizing agent used.
Figure 2 shows a dose-response curve of the myoglobin

assay using linker 19 on the Technicon IMMUNO 1

assay. The dose-response curve depicted (using a six-
point cubic-fit-through-zero calculation) was nearly iden-
tical with the optimized standard curve obtained using
the regular antibody-AP conjugate. The instrument was
calibrated using six myoglobin investigational calibrators
having concentrations of 0, 63, 186, 619, 1552, and 3193
ng/mL. The reaction rates measured on the Technicon
IMMUNO 1 assay for the calibrators were 3.5, 29.0, 78.0,
254.0, 638.6, and 1238.2 mA/min, respectively, and the
dose-response curve using a six-point cubic-fit-through-
zero calculation was constructed. As controls, three
serum pools with assigned concentrations of 15, 75, and
667 ng/mL were run. Using this calibration, the controls

Figure 1. HPLC profile of the crude reaction mixture, prepared with linker 19, of a polyclonal anti-myoglobin antibody conjugated
to alkaline phosphatase.

Figure 2. Dose-response curve of the myoglobin assay using linker 19.
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(reaction rates of 9.2, 33.7, and 284.3 mA/min) were
recovered as 14.4 (-4%), 76.2 (+1.5%), and 691.6 (+3.7%),
showing the versatility of the newly prepared reagent.

SUMMARY

This paper describes the synthesis and preliminary
testing of heterobifunctional linkers containing an ex-
tended spacer unit. A new enzyme-antibody conjugate
prepared in acceptable yield with highly stable linker 19
demonstrates that new linkers of this type can be used
as versatile agents to prepare fully functional antibody-
AP conjugates. Linker 19 is particularly useful in that
coupling can be performed in the presence of the protein’s
surface amino groups.

MATERIALS AND METHODS

IR spectra were recorded on a Perkin-Elmer 710B
spectrophotometer. NMR spectra were recorded on a GE
300 MHz spectrometer. Mass spectra were determined
by fast atom bombardment (FAB) on a HP 5985A
apparatus, FAB source with direct introduction. Thin
layer chromatography was carried out on Merck GF 254
silica plates. HPLC separations were performed with a
Pharmacia FPLC system on Pharmacia Superdex 200
columns. Protein concentrations were determined on a
HP 8452A diode array spectrophotometer by measuring
the absorbance at 280 nm. Performance testing was done
on a Technicon IMMUNO 1 immunoanalyzer. All iso-
lated products exhibited spectrascopic data (IR, MS, 1H
NMR, 13C NMR, and 13CD NMR) and analytical data
which are fully consistent with the assigned structures.

EXPERIMENTAL PROCEDURES

Preparation (1a) of tBOC-HN(CH2)3O(CH2)4-
O(CH2)3NH2. To tert-butyl S-(4,6-dimethylpyrimidin-2-
yl)thiocarbonate (35.3 g, 0.147 mmol, 0.6 equiv) in 1,4-
dioxane (100.0 mL) under argon was added dropwise via
cannula a solution of H2N(CH2)3O(CH2)4O(CH2)3NH2
(50.0 g, 0.245 mmol) in 1,4-dioxane (200.0 mL) over 60
min. The reaction mixture was stirred for 24 h and was
filtered of precipitated solid, and the crude product
solution was concentrated in vacuo under high vacuum
in a water bath at about 50 °C. The compound was
purified via flash chromatography (7.5 × 60 cm column,
800 g of 230-400 mesh silica gel-60), eluting with 100
mL fractions of 90/20/2 CHCl3/CH3OH/NH4OH. TLC in
90/20/2 CHCl3/CH3OH/NH4OH revealed an orange-
colored product spot after iodine spray solution with an
Rf value of about 0.35. Product fractions were combined
and concentrated in vacuo at about 45 °C and then
dissolved into CHCl3/ether (1/1, 300 mL). The organics
were washed with 50 mL of water, separated, and dried
with granular MgSO4. The solution was filtered and
concentrated in vacuo to a pale yellow product oil (∼14-
18 g, 40-60%).

1H NMR (300 MHz, CD3OD, ppm): 1.42 (s, 9H), 1.62
(m, 4H), 1.72 (m, 4H), 1.75 (t, 2H), 3.12 (t, 2H), 3.46 (m,
8H).
General Synthetic Method for Preparation of

Intermediates 5-7. Triethylamine (TEA, 5.34 mmol,
1.3 equiv) was added in one portion to a solution of tBOC-
(343)NH2 (4.11 mmol, 1 equiv) in DMF (anhydrous, 10
mL, 2.5 equiv) under argon. A solution of anhydride, or
acid chloride (5.0 mmol, 1.2 equiv), in dimethylformamide
(DMF, anhydrous, 2.0 mL) was added to the flask
dropwise via syringe over 5 min. The reaction mixture
was stirred under argon for 24 h. A white TEA‚HCl
precipitate was then removed by filtration, and the
resultant solution was concentrated in vacuo under high

vacuum at about 50 °C. The crude material was then
purified by flash column chromatography to provide the
clean product.
5. 1H NMR (300 MHz, DMSO-d6, ppm): 1.36 (s, 9H),

1.5 (m, 4H), 1.6 (m, 4H), 2.95 (qrt, 2H), 3.15 (qrt, 2H),
3.35 (m, 8H), 3.78 (s, 2H), 3.88 (s, 2H), 6.75 (NH). 13C
NMR (75 MHz, DMSO-d6, ppm): 26.1, 28.3 (tBOC), 29.4,
29.8, 35.7, 37.3, 67.7, 67.9, 69.9, 71.3, 71.5, 77.4, 155.6,
169.8, 172.9. EI-DIP/MS: 347 (M - tBOC:73, 2.7), 301
(5.5), 264 (18.5), 246 (14.1), 231 (16.2), 190 (43.3), 174
(73.4), 156 (83.6), 146 (base), 130 (17.5), 114 (25.7), 102
(37.8), 74 (65.6), 57 (34.4). IR (neat, cm-1): 3700-3000,
1710, 1690, 1650, 1580, 1530, 1450, 1420, 1270, 1170.
6. 1H NMR (300MHz, CD3OD, ppm): 1.42 (s, 9H), 1.61

(m, 4H), 1.65-1.81 (m, 4H), 2.78 (s, 3H), 3.1 (t, 2H), 3.31-
3.5 (m, 10H), 3.58 (s, 2H), 3.76 (s, 2H). 13CD NMR (75
MHz, CD3OD, ppm): 27.5 (methylenes), 28.8 (methyls,
tBOC), 30.4 (methylene), 31.0 (methylene), 37.9 (meth-
ylene), 38.9 (methylene), 43.1 (quat, tBOC), 42.9 (N-
methyl), 58.7 (methylene), 59.6 (methylene), 69.3 (me-
thylene), 69.5 (methylene), 71.7 (methylene), 71.8
(methylene), 167.9 (CdO), 170.9 (CdO). FAB/MS: 334
[(M + H) - tBOC]. IR (neat, cm-1): 3700-3130, 3130-
2600, 1800-1600, 1550, 1530, 1390, 1250, 1175.
7. 1H NMR (300 MHz, CD3OD, ppm): 1.36 (brs, 9H),

1.58 (m, 4H), 1.65 (qnt, 2H), 1.75 (qnt, 2H), 3.05 (s, 2H),
3.28 (m, 2H), 3.4 (m, 8H), 3.71 (m, 4H), 3.95 (m, 4H). 13C
NMR (75 MHz, CD3OD, ppm): 27.5, 28.8, 30.5, 37.9, 38.9,
69.2, 69.6, 69.9, 71.2, 71.4, 71.8, 71.9, 71.93, 79.4. FAB/
MS: 365 [(M + H) - tBOC]. IR (neat, cm-1): 3350, 2940,
1710, 1670, 1535, 1450, 1275.
Preparation of Intermediate 8. Pyridine (10.0

mmol, 2.0 equiv) was added in one portion to a solution
of tBOC-4,9-dioxa-1,12-dodecanediamine (1a), tBOC(343)-
NH2 (5.0 mmol, 1 equiv), in CH2Cl2 (20 mL, 4 equiv)
under argon at 0 °C. A solution of acid chloride (5.0
mmol, 1.0 equiv) in CH2Cl2 (5 mL, 1 equiv) was added to
the flask, dropwise via cannula over 5 min. The reaction
mixture was allowed to warm to room temperature over
2 h and stirred under argon for 24 h. The resultant
solution was diluted with CH2Cl2 (50 mL) and then
washed consecutively with saturated NaHCO3, 1 M HCl,
brine, and water (50 mL each). The organic phase was
then dried and concentrated in vacuo under high vacuum
at about 35 °C. The clean crude product was then used
directly in the next step.
8. 1H NMR (300 MHz, CD3OD, ppm): 1.21 (t, 3H), 1.32

(m, 4H), 1.41 (s, 9H), 1.6 (m, 8H), 1.72 (m, 4H), 2.16 (t,
2H), 2.3 (t, 2H), 3.11 (m, 2H), 3.22 (m, 2H), 3.42 (m, 6H),
4.1 (qrt, 2H), 6.5 (NH). 13C NMR (75 MHz, CD3OD,
ppm): 14.5, 25.9, 26.8, 27.5, 28.3, 29.4, 29.8, 29.9, 30.6,
31.0, 35.0, 37.1, 37.8, 38.9, 61.4, 69.5, 71.77, 71.8, 158.4,
175.5, 176.1. FAB/MS: 389 [(M + H) - tBOC:73], 242
(base). IR (neat, cm-1): 2945, 1735, 1720, 1650, 1540,
1460, 1255, 1175.
General Synthetic Method for Preparation of

Amino Acids 9 and 11-13. To R-(343)tBOC (5-8, 1.00
g, 2.05 mmol) in a solution of CDCl3 (15 mL, 7.5 equiv)
under argon was added TMSI (7.2 mmol, ∼3.5 equiv).
The reaction mixture was stirred for 20 min and then
the reaction quenched with CD3OD (1.5 mL), stirring 2
min. The reaction mixture was then concentrated in
vacuo. The residue in the flask was then taken up in a
4.0 mL solution of water/acetic acid/ethyl ether (1.7/0.3/
2.0); the organic phase were separated, and the aqueous
phase was extracted with ethyl ether (three times). The
combined organic phase was washed once with 2.0 mL
of aqueous acetic acid (1.7/0.3), dried, and concentrated
in vacuo. The crude product (quantitative yield) was
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used directly in the next step, or it was used after
preparative TLC plate purification.
9. 1H NMR (300 MHz, CD3OD, ppm): 1.60 (m, 4H),

1.75 (qnt, 2H), 1.88 (qnt, 2H), 3.0 (t, 2H), 3.31 (t, 2H),
3.45 (m, 6H), 3.55 (t, 2H), 4.03 (brs, 2H), 4.22 (brs, 2H).
13CD NMR (75 MHz, CD3OD, ppm): 27.5 (two Cs), 28.5,
30.4, 37.7, 39.4, 69.1, 69.3, 69.7, 71.5, 72.1, 71.78.
EI-DIP/MS: 303 (M - OH), 261 (M - CH2CO2H), 145
(base). IR (neat, cm-1): 3700-2700, 1740, 1645, 1555,
1440, 1380, 1245.
11. 1H NMR (300 MHz, CD3OD, ppm): 1.62 (m, 4H),

1.78 (qnt, 2H), 1.9 (qnt, 2H), 3.05 (t, 2H), 3.36 (m, 2H),
3.4-3.55 (m, 6H), 3.57 (t, 2H), 3.71 (m, 2H), 3.73 (s, 2H),
3.98 (m, 2H), 4.01 (s, 2H). 13CD NMR (75 MHz, CD3OD,
ppm): 27.5 (two CH2s), 28.5, 30.5, 37.8, 39.5, 69.2, 69.3,
69.6, 69.7, 71.2, 71.3, 71.8, 72.1. FAB/MS: 365 (M + H),
173 (base). IR (neat, cm-1): 3600-2700, 1710, 1640,
1450, 1375.
12. 1H NMR (300 MHz, CD3OD, ppm): 1.21 (t, 3H),

1.33 (m, 4H), 1.6 (m, 8H), 1.74 (qnt, 2H), 1.9 (qnt, 2H),
2.16 (t, 2H), 2.3 (m, 2H), 3.02 (t, 2H), 3.22 (t, 2H), 3.45
(m, 6H), 3.55 (t, 2H), 4.1 (qrt, 2H). 13C NMR (75 MHz,
CD3OD, ppm): 14.5, 25.9, 26.8, 27.5, 28.5, 29.8, 29.9, 30.6,
35.0, 37.0, 37.8, 39.5, 61.4 (quat), 69.3, 69.4, 71.8, 72.1.
FAB/MS: 389 (M + H, base). IR (neat, cm-1): 3300,
2940, 1735, 1640, 1555, 1465, 1280.
13. 1H NMR (300 MHz,CD3OD, ppm): 1.33 (m, 4H),

1.6 (m, 8H), 1.75 (qnt, 2H), 1.9 (qnt, 2H), 3.03 (t, 2H),
3.21 (t, 2H), 3.42 (m, 6H), 3.55 (t, 2H). 13C NMR (75
MHz, CD3OD, ppm): 25.9, 26.9, 27.5 (two Cs), 28.6, 29.9
(two Cs), 30.6, 34.7, 37.1, 37.8, 39.5, 69.3, 69.4, 71.8, 72.1,
176 (CdO). FAB/MS: 361 (M + H), 228 (base). IR (neat,
cm-1): 3700-3200, 3200-3000, 1730, 1630, 1550, 1450,
1370.
General Synthetic Method for Preparation of

Cross-Linkers 14-18. TEA (1-1.3 equiv) was added
in one portion to a solution of amino acid (1.5 mmol, 1
equiv) in DMF (anhydrous, 10 mL,∼7 equiv) under argon
at 0 °C. SMCC or SPDP (1.5 mmol, 1.2 equiv) was added
in one portion, and the reaction mixture was stirred
under argon for 3-24 h, until complete via TLC monitor-
ing. The reaction mixture was allowed to warm to room
temperature if it was stirred for more than 6 h. The
solution was then concentrated in vacuo under high
vacuum at about 50 °C. The crude product was purified
on preparative TLC plates to provide the desired cross-
linker in 7-67% unoptimized5 yields.
14. 1H NMR (300 MHz, CD3OD, ppm): 1.0 (m, 4H),

1.4 (m, 4H), 1.62 (m, 4H), 1.75 (m, 6H), 2.1 (m, 2H), 3.22
(t, 2H), 3.35 (t, 2H), 3.45 (m, 4H), 3.5 (t, 2H), 4.04 (s, 2H),
4.22 (s, 2H), 6.8 (s, 2H), 7.75 (NH), 7.85 (NH). 13CD NMR
(75 MHz, CD3OD, ppm): 27.5 (methylenes), 30.0 (meth-
ylenes), 30.5 (methylenes), 30.96 (methylenes), 37.8 (me-
thylenes), 44.5 (methylene), 45.6 (methine), 46.2 (me-
thine), 69.1 (methylene), 69.6 (methylene), 69.9
(methylene), 71.5 (methylene), 71.8 (methylene), 71.9
(methylene), 135.2 (methines). FAB/MS: 617 (MNH4

+

+ Na + K), 579 (MNH4
+ + Na), 557 (MNH4

+ base). IR
(neat, cm-1): 3440, 3010, 1740, 1705, 1670, 1535, 1450,
1370, 1220.
15. 1H NMR (300 MHz, CD3OD, ppm): 1.0 (m, 4H),

1.4 (m, 4H), 1.6 (m, 4H), 1.7-1.9 (m, 10H), 2.1 (dt, 2H),
3.25 (m, 4H), 3.5 (m, 8H), 3.71 (m, 4H), 3.95 (s, 2H), 4.19
(s, 2H), 6.8 (s, 2H), 7.75 (NH), 7.88 (NH). 13CD NMR (75
MHz, CD3OD, ppm): 27.6 (methylenes), 30.1 (methyl-
enes), 30.5 (methylenes), 31.0 (methylene), 37.7 (meth-
ylene), 37.84 (methylene), 44.5 (methylene), 46.2 (me-
thines), 69.1 (methylene), 69.6 (methylene), 69.8
(methylene), 71.2 (methylene), 71.8 (methylene), 71.9

(methylene), 135.2 (methines). FAB/MS: 602 [(M + H
+ HOH) or M + H, OH addition with ring opening of
maleimide], 307 (base, matrix).
16. 1H NMR (300 MHz, CD3OD, ppm): 0.99 (m, 4H),

1.21 (t, 3H), 1.21-1.5 (m, 8H), 1.5-1.95 (m, 14H), 2.05-
2.1 (dt, 2H), 2.1-2.35 (m, 4H), 3.25 (m, 4H), 3.45 (m, 8H),
4.1 (qrt, 2H), 6.8 (s, 2H), 7.75 (NH), 7.85 (NH). 13CD
NMR (75 MHz, CD3OD, ppm): 14.2 (methyl), 25.9
(methylene), 26.9 (methylene), 27.6 (methylenes), 29.9
(methylenes), 30.1 (methylenes), 30.6 (methylene), 31.0
(methylene), 35.0 (methylene), 37.1 (methylene), 37.8
(methylenes), 44.5 (methylene), 46.2 (methines), 61.4
(methylenes), 69.5 (methylene), 69.6 (methylene), 71.8
(methylenes), 135.3 (methines). FAB/MS: 608 (M + H),
115 (base). IR (neat, cm-1): 3500-3300, 3020, 1710,
1645, 1520, 1450, 1370, 1280.
17. 1H NMR (300 MHz, CD3OD, ppm): 1.0 (m, 4H),

1.32 (m, 4H), 1.4 (m, 4H), 1.6 (m, 8H), 1.73 (m, 6H), 2.05-
2.11 (dt, 2H), 2.15-2.25 (dt, 2H), 3.22 (m, 4H), 3.63 (m,
8H), 6.79 (s, 2H). 13CD NMR (75 MHz, CD3OD, ppm):
26.3 (methylene), 26.9 (methylene), 27.6 (methylenes),
29.99 (methylene), 30.1 (methylene), 30.6 (methylene),
31.0 (methylene), 35.9 (methylene), 37.1 (methylene),
37.8 (methylene), 37.9 (methylene), 44.5 (methylene),
46.2 (methines), 69.6 (methylenes), 71.8 (methylenes),
135.3 (methines). FAB/MS: 602 (M + Na), 580 (M + H),
154 (base, matrix). IR (neat, cm-1): 3300, 3100, 1725,
1640, 1550, 1450, 1370.
18. 1H NMR (300 MHz, CD3OD, ppm): 1.62 (m, 4H),

1.78 (m, 4H), 2.6 (t, 2H), 3.1 (t, 2H), 3.2-3.6 (m, 12H),
4.02 (s, 2H), 4.21 (s, 2H), 7.22 (m, 1H), 7.82 (m, 2H), 8.4
(m, 1H). 13CD NMR (75 MHz, CD3OD, ppm): 27.6
(methylenes), 30.4 (methylene), 30.5 (methylene), 35.5
(methylene), 36.1 (methylene), 37.9 (methylenes), 69.2
(methylene), 69.4 (methylene), 69.9 (methylene), 71.5
(methylene), 71.8 (methylenes), 71.9 (methylene), 121.2
(methine), 122.4 (methine), 139.1 (methine), 150.4 (me-
thine). FAB/MS: 573 (MNH4

+ + K), 557 (MNH4
+ + Na),

535 (MNH4
+). IR (neat, cm-1): 3310, 3080, 1750, 1665,

1540, 1420, 1370.
Preparation of Hydrazide 19. Compound 17 (300

mg, 0.518 mmol) was stirred in CH2Cl2 (5.0 mL) with
DCC (107 mg, 1 equiv) and tBOC hydrazide (68.4 mg, 1
equiv) at 0 °C for 1 h and then allowed to warm to room
temperature, stirring for a total of ∼20 h. The precipi-
tated urea was removed by filtration; the reaction
products were concentrated in vacuo and purified on a
preparative TLC plate (1 mm), eluting with 9/1 CHCl3/
MeOH, providing 220 mg (61%) of intermediate product.
To this material (185 mg, 0.267 mmol) in CH2Cl2 (2.0 mL)
was added TFA (2.5 mL), and the reaction mixture was
stirred at room temperature, for 3 h. The reaction
mixture was diluted with CH2Cl2 (50.0 mL), neutralized
with NaHCO3, and the organic phase was separated,
dried, and concentrated in vacuo. The crude reaction
mixture was placed on a preparative TLC plate (1 mm),
eluting with 90/10/1 CHCl3/MeOH/NH4OH to provide 49
mg of compound 19 in a 31% unoptimized yield.
19. 1H NMR (300 MHz, CD3OD, ppm): 1.1 (m, 4H),

1.4 (m, 8H), 1.65 (m, 8H), 1.77 (m, 6H), 2.15-2.21 (m,
4H), 3.2 (m, 4H), 3.51 (m, 8H), 6.85 (s, 2H), 7.85 (NH),
7.95 (NH). 13C NMR (75 MHz, CD3OD, ppm): 26.7, 26.9,
27.6, 29.9, 30.1, 30.6, 31.0, 34.9, 37.1, 37.8, 37.9, 44.5,
46.2, 69.5, 69.6, 71.8, 135.3. FAB/MS: 634 (M + K), 616
(M + Na), 594 (M + H), 154 (base, matrix). IR (neat,
cm-1): 3700-3150, 3000-2850, 1710, 1650, 1540, 1410,
1370.
Preparation of NHS-Activated Cross-Linkers.

About 5 mg of maleimido carboxylic acid was dissolved
in 50 µL of dry DMF. In a thoroughly dried glass flask,
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a 3-fold excess of dicyclohexylcarbodiimide (DCC) in 25
µL of dry DMF was added followed by N-hydroxysuccin-
imide (NHS, 3-fold excess). The mixture was stirred
overnight and was then filtered through a piece of tissue
paper (ca. 4 mm2) placed into a Pasteur pipette. The
product formed was detected by TLC (CHCl3/MeOH, 9/1,
visualized with iodine vapor). The Rf value of the
compounds investigated is about 0.9 and can be easily
distinguished from those of the starting materials (car-
boxylic acids, ca. 0.3-0.6, NHS near the baseline with
excessive tailing).
Preparation of Antibody-AP Conjugates. The

antibody was activated with Traut’s reagent in trietha-
nolamine buffer following Pierce’s Technical Bulletin
26101X (P.O. Box 117, Rockford, IL 61105). The acti-
vated antibody was purified on a Pharmacia PD 10
column in pH 7.3 buffer and stored at 4 °C prior to use.
A solution of alkaline phosphatase (12 mg/mL) in

glycerol/water (1/1) was incubated with the 10-fold sto-
ichiometric excess of the crude activated cross-linker
(14-17). After 25 min at 25 °C, a 1000-fold stoichiomet-
ric excess of 1 M glycine solution was added. The
activated protein was purified on a Pharmacia PD 10
column with pH 7.3 buffer and stored at 4 °C prior to
use. The two solutions of activated proteins were mixed
in stoichiometric amounts (1/1) and kept at 25 °C for at
least 3 h. The conjugate mixture obtained was fraction-
ated by gel permeation chromatography.6

Preparation of the Antibody-AP Conjugate Us-
ing Linker 19. The enzyme was activated as described
above. A solution of the antibody in 100 mM acetate
buffer, (pH 5, 6 mg/mL) was incubated with a 1000-fold
excess of sodium perchlorate in water (0.1 M, 1 h, 25 °C,
darkness). The oxidation was then stopped by adding
0.3 M ethylene glycol solution in a 100-fold excess over
perchlorate. After 5 min at room temperature, the
mixture was buffer exchanged (100 mmol of acetate
buffer at pH 5) and adjusted to 5 mg/mL. Cross-linker
19 was dissolved in DMF (20 mM) and added to the
oxidized antibody in a 70-fold excess. The mixture was
incubated for 3.5 h at room temperature. The activated
antibody was buffer exchanged into the pH 7.3 conjuga-
tion buffer.
Stoichiometric amounts (1/1) of the activated antibody

and the activated enzyme were incubated overnight. The
conjugate mixture obtained was fractionated by gel
permeation chromatography.6
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CORRECTIONS

Volume 8, Number 3, May/June 1997.

Gary M. Johnson,* James P. Albarella, and
Christoph Petry

HETEROBIFUNCTIONAL CROSS-LINKERS
CONTAINING 4,9-DIOXA-1,12-DODECANE-
DIAMINE SPACERS

Page 448. Structure 3 in Table 1 was incorrectly
depicted and should be shown as the structure below:

Page 450. The description of the preparation of 1a
should read as follows. tert-Butyl-S-(4,6-dimethylpyrim-
idin-2-yl)thiocarbonate (35.3 g, 0.147 mmol, 0.6 equiv) in
1,4-dioxane (100.0 mL) under argon was added dropwise
via cannula to a solution of H2N(CH2)3O(CH2)4O(CH2)3NH2

(50.0 g, 0.245 mmol) in 1,4-dioxane (200.0 mL) over 60
min.
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ARTICLES

Synthesis and Characterization of the New Cytostatic Complex
cis-Diammineplatinum(II)-Chlorocholylglycinate

Julio J. Criado,*,† Rocio I. R. Macias,‡ Manuel Medarde,§ Maria J. Monte,‡ Maria A. Serrano,| and
Jose J. G. Marin*,‡

Departments of Inorganic Chemistry, Physiology and Pharmacology, Organic Chemistry, and Biochemistry and
Molecular Biology, University of Salamanca, 37007 Salamanca, Spain. Received October 30, 1996X

Owing to the high efficiency of hepatocytes to take up bile acids, these endogenous compounds or
their analogues can be considered as potential shuttles for delivering drugs to the liver. With the
aim of using this strategy to target platinum(II)-related cytostatic drugs toward the hepatobiliary
system, a cholylglycinate (CG) derivative of cis-diammineplatinum(II) has been synthesized by
treatment of cis-diammineplatinum(II) dichloride with sodium cholylglycinate. The complex, named
Bamet-R2, was characterized by spectroscopy and elemental analysis. Results obtained in these studies
together with conductivity measurements, which pointed to nonelectrolyte behavior, allowed the
structure of the complex to be identified as C26H48N3O6ClPt. The compound was found to be soluble
(up to 3 mM) in water and was highly soluble (more than 10 mM) in ethanol, methanol, and dimethyl
sulfoxide. Its stability in solution was monitored by HPLC analysis. In deionized water, the compound
remains >90% pure in solution for up to 7 days and >80% for up to 28 days. However, in 150 mM
NaCl it remains as >90% pure compound in solution for only 1 day. By contrast with the parent
compound CG, Bamet-R2 was found to significantly inhibit the growth of rat hepatocytes in primary
culture and L1210 murine leukemia cells, although in a less marked way than that observed for
cisplatin. The cytostatic effect of Bamet-R2 was particularly strong against human colon adenocar-
cinoma LS174T cells. The results point to the potential usefulness of Bamet-R2 in the antitumoral
therapy of enterohepatic-derived neoplasias.

INTRODUCTION

Considerable efforts have been devoted to the search
for new chemotherapeutic agents with antitumoral activ-

ity. However, for several reasons such efforts have been
only partially successful. The main drawbacks of cur-
rently available chemotherapy are toxicity for extratu-
moral tissues and the pre-existing or developed resistance
of cancer cells to cytostatic agents. Several attempts
have been made to circumvent resistance (1) and to
improve the vectoriality of such drugs (2). In this sense,
the marked organotropism of bile acids toward the
hepatobiliary system has been proposed as an interesting
characteristic for use of these endogenous compounds or
their analogues as shuttles for delivering drugs to the
liver. Some examples of this approach are the binding
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of inhibitors of hydroxymethylglutaryl CoA (HMG-CoA)
reductase (3) or the cytostatic compound chlorambucyl
(4) to bile acids.
Since its introduction into clinical trials in 1972, the

widespread success of cis-diamminedichloroplatinum(II)
(cisplatin) and its analogues in the treatment of a variety
of solid tumors (5) has encouraged the search for new
cisplatin derivatives with a view to reducing its dose-
limiting side effects, namely nephrotoxicity, myelotoxy-
city, neurotoxicity, nausea, and vomiting (6). Although
many different cisplatin analogues have been synthe-
sized, few of them are currently used in clinical practice
(6). This is probably because the achieved reductions in
extratumoral toxicity are only partial and are often
accompanied by a loss of tumoricidal activity. Two
interesting second-generation cisplatin analogues are cis-
diammine(1,1-cyclobutanedicarboxylate)platinum(II) (car-
boplatin) and 1,2-cyclohexanediammineplatinum(II)
(DACH-Pt) and their derivatives. These are not orga-
notropic compounds, although changes in the physical-
chemical properties of the resulting molecules do enhance
their excretion. They are less nephrotoxic than cisplatin,
although other side effects, such as myelotoxicity and
neurotoxicity, have been reported to be similar or even
greater than that of the parent drug (7). On the basis of
the amphipathic properties of these steroids (8), previous
DACH-Pt complexes with bile acids have been synthe-
sized in attempts to obtain derivatives with both lipo-
philicity and water miscibility (9, 10). However, although
promising results regarding the antitumoral activity of
these complexes have emerged, no further investigations
in this direction have been undertaken. Perhaps the
large size of the complexes, containing a DACH-Pt moiety
together with two bile acid molecules, excludes the
possibility of their being transported by carrier proteins
located in the basolateral and canalicular membrane of
hepatocytes. These proteins are responsible for the
selective and efficient clearance of bile acids from sys-
temic blood, where these compounds are maintained at
very low concentrations (11). The rationale of the present
work was that cisplatin analogues with molecular struc-
tures closer to that of a natural bile acid might be
recognized by transmembrane bile acid carrier proteins,
which would enhance their vectoriality toward the hepa-
tobiliary system. With this aim, cis-diammineplatinum-
(II) chlorocholylglycinate was synthesized and charac-
terized. Preliminary results on the liver organo-
tropism and in vivo antitumoral activity of this
compoundsnamed Bamet-R2shave been reported else-
where (12, 13).

MATERIALS AND METHODS

Chemicals. cis-Diammineplatinum(II) dichloride [Pt-
(NH3)2Cl2] was purchased from Fluka Quimica (Madrid,
Spain). Sodium cholylglycinate (NaCG; >95% by thin-
layer chromatography) and 3R-hydroxysteroid dehydro-
genase were obtained from Sigma Quimica (Madrid,
Spain). All other reagents were of high purity and were
used as purchased without any further purification.
Analytical Methods. 3R-Hydroxysteroid concentra-

tions were measured according to the classic method of
Talalay (14). Chemical analyses for C, H, and N were
performed on a Perkin-Elmer 2400 elemental analyzer
(Perkin-Elmer Hispania SA, Madrid, Spain). Platinum
was determined by atomic absorption in a flameless
graphite furnace spectrophotometer Z-8100 Hitachi (Hi-
tachi, Tokyo, Japan), set at a wavelength of 265.9 nm
and using the following temperature program: 90 °C (20
s), 100 °C (20 s), 800 °C (20 s), 1600 °C (30 s), 2800 °C (5
s), and 3000 °C (4 s). Infrared (IR) spectra were recorded

in the 4000-200 cm-1 range on a Perkin-Elmer FT-IR
17300 instrument coupled to a Perkin-Elmer 3600 data
station. KBr pellets and spectrophotometric grade Nujol
(Fluka, Quimica) or polyethylene (Aldrich, Madrid, Spain)
disks were used to record spectra above and below 400
cm-1, respectively. Mass spectrometry studies were
carried out on a VG-Autospec (Universidad Autonoma,
Madrid, Spain), using L-SIMS ionization in the FAB+

mode (Cs ion emission) and m-NBA as matrix. Electrical
conductivity in solution was measured using a CDM2e
conductimeter (Radiometer, Copenhagen, Denmark), with
a CDC104 immersion cell. Temperature was controlled
in a Unitherm water bath (Selecta, Barcelona, Spain)
with a precision of (0.01 °C. Nuclear magnetic reso-
nance (NMR) spectra of 1H (400 MHz) and 13C (102.6
MHz) were obtained in CD3OD solutions, with TMS as
internal standard using a Bruker DX400 instrument
(Karlsruhe, Germany). Carbon resonances were distin-
guished in DEPT-90 and DEPT-135 experiments.
Synthesis. The platinum complex, named Bamet-R2

[Pt(NH3)2CGCl], was obtained according to the following
procedure: A 3 mM Pt(NH3)2Cl2 solution in water (100
mL) was prepared at room temperature and filtered onto
paper. Then, an aqueous solution of NaCG (1.5 mM, 100
mL) was added. To prevent physicochemical effects due
to the presence of bile acid micelles in the reaction
mixture, attempts were made to keep the concentrations
of free NaCG in the reaction mixture below the critical
micellar concentration (cmc) for this bile acid. The NaCG
solution was therefore added dropwise (1 mL/min) by
means of a peristaltic pump to the continuously stirred
Pt(NH3)2Cl2 solution, which was maintained in the dark
at 80 °C. This procedure takes about 1.5 h. The final
pH was 6.0. The reaction mixture was allowed to reach
room temperature for approximately 2 h, before undergo-
ing solid-liquid extraction. The final product was ob-
tained as a yellow solid after evaporation to dryness in a
desiccator containing P4O10.
Purification. Reaction products were separated from

the excess of unreacted platinum by solid-liquid extrac-
tion in octadecylsilane cartridges (C18, Sep-Pak, Waters
Cromatografia SA, Madrid, Spain) following a classical
procedure (15). The retained compounds were recovered
from the cartridges with methanol. The extract was then
concentrated for thin-layer chromatography (TLC) on
silica gel plates (60 F254, Merk, Darmstadt, Germany)
using butyl acetate/methanol 30:70 (v/v) as the solvent
system. Two major bands, one of them corresponding to
unreacted CG (Rf ) 0.71) and the other corresponding
to Bamet-R2 (Rf ) 0.36) were obtained. The latter band
was scraped off and extracted with methanol. The
resulting solution was further purified by semiprepara-
tive high-performance liquid chromatography (HPLC) in
reversed phase, using a Waters C18 RCM column (5 µm,
10 mm × 25 cm) with a gradient pump module (Model
126, Beckman, Madrid, Spain) and a photodiode array
detector (Model 168, Beckman) set simultaneously at 205
and 250 nm. The system was controlled by an IBM
computer (Model 30286, IBM Corp., Portsmouth, U.K.)
using System Gold software from Beckman. The column
was equilibrated with 10 mM KH2PO4/methanol 25:75
(v/v), pH 7.02 (solvent A), and eluted with an isocratic
system with solvent A for 5 min and then with a linear
gradient from 100% solvent A to 20% solvent A and 80%
methanol over 15 min. The solvent rate was 10 mL/min.
In this HPLC system the retention time for CG was 4.8
min and that for Bamet-R2 was 11.2 min. During the
semipreparative HPLC, fractions were collected auto-
matically every 0.5 min. Those corresponding to the
Bamet-R2 elution time, taking into account a 1 min time
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lapse between the detector and the fraction collector,
were pooled together and dried. The result was desalted
by methanolic extraction in C18 cartridges and dried
again. With this procedure, highly pure (>95%) Bamet-
R2 was obtained as a yellowish solid in 40% yield from
the starting NaCG. The results of purity control by
analytical HPLC (column, Beckman Ultrasphere C18
ODS, 5 µm, 4.6 mm × 250 mm; flow, 1 mL/min) carried
out at the end of the purification process are shown in
Figure 1. In this HPLC system the Bamet-R2 retention
time was 9 min.
Stability in Solution. Bamet-R2 was dissolved (100

µM) in ultrapure deionized water or in saline solution
(150 mMNaCl). These solutions were maintained in the
dark at 4 °C. After vigorous stirring, samples were
collected periodically for immediate analysis by HPLC
according to the analytical adaptation of the semi-
preparative procedure described above. The concentra-
tion of Bamet-R2 in solution was calculated from the
height of the absorbance peak (250 nm wavelength)
eluted at 9 min (Figure 2).
In Vitro Cytostatic Studies. The complex was

evaluated for in vitro cytostatic activity against murine
lymphocytic leukemia L1210 and human colon adeno-
carcinoma LS174T cells, obtained from the American
Type Culture Collection (ATCC, Rockville, MD), and rat
hepatocytes in primary culture, obtained by an adapta-
tion of the two-step collagenase perfusion method (16).
Cells were grown in a humidified atmosphere of 95% air/
5% CO2 at 37 °C using minimum essential medium Eagle
(MEM, Sigma, for LS174T cells) or Dulbecco’s modified
Eagle’s medium (DMEM, Sigma, for L1210 cells) supple-
mented with 2 mM glutamine, 26.2 mMNaHCO3, 25 mM

Hepes, and 10% horse (L1210 cells) or fetal bovine
(LS174T cells) serum in the culture of cell lines and
serum-free Williams’ Medium E (Sigma) supplemented
with 26.2 mMNaHCO3, 10 mMHepes, 100 nM Na2SeO3,
30 nM dexamethasone, 100 nM insulin, 5 nM EGF, 11.1
mM galactose, 1 µM ethanolamine, 5 µg/mL transferrin,
5 µg/mL linoleic acid, 5 µg/mL albumin, 10 mM nicotin-
amide, and 6 mM ornithine in the culture of rat hepa-
tocytes. On the basis of preliminary studies on the time
course of cell growth, the following protocols were carried
out for testing purposes. LS174T and L1210 cells were
harvested during the exponential growth phase, diluted
1/20 with culture medium, seeded into 3 cm diameter cell
culture dishes, and exposed to the tested compound for
72 h. Hepatocytes were allowed to become attached to
the dish and start proliferation. The compounds were
added to the culture at 24 h, and the liver cells were
exposed for up to 72 h of culture. Studies comparing the
cytostatic activity of cisplatin and Bamet-R2 were carried
out using eight different concentrations (from 0.063 to
100 or 200 µM) of the desired compound in the culture
medium. At the end of the culture period, the culture
medium and cell debris were removed and attached cells
were washed and digested using Lowry solution (100 mM
NaOH and 189 mM Na2CO3), after which DNA was
determined fluorometrically using Hoechst-33258 (17).
The trypan blue exclusion test performed on some dishes
that were not subjected to digestion confirmed that the
viability of remaining cells in the culture dishes was close
to 100%.
Statistical Analysis. Results are expressed as means

( SE. To calculate the statistical significance of differ-
ences among the groups, the Bonferroni method of
multiple-range testing was used. Comparison between
two means was carried out by Student t-test. Values for
IC50 were calculated from nonlinear regression analysis
using Ultrafit software (Biosoft, Cambridge, U.K.). Sta-
tistical analysis was performed on a Macintosh LC-III
computer (Apple Computer, Inc., Cupertino, CA) with
programs supplied by Apple Computer, Inc.

RESULTS AND DISCUSSION

Chemical Characterization. The pure complex
[named Bamet-R2 (Ba stands for bile acid and -met
stands for metal)] is a solid that has a melting point with

Figure 1. Reversed phase HPLC of purified Bamet-R2 as
recorded by using photodiode array detector in scan mode from
190 to 500 nm wavelength (upper panel) and at 250 nm
wavelength (lower panel). Inset represents the results of flame-
less atomic absorption spectroscopy measurement of platinum
contents in samples collected every 0.5 min during HPLC of pure
Bamet-R2. The delay from the detector to the fraction collector
was approximately 1 min.

Figure 2. Time-course of Bamet-R2 stability in water or saline
(150 mM NaCl) solution. Bamet-R2 solution (100 µM) was
maintained in the dark at 4 °C. After vigorous stirring, samples
were collected at the indicated times for immediate HPLC
analysis. Bamet-R2 concentrations were calculated from the
height of the absorbance peak (250 nm wavelength) eluted at 9
min.
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decomposition at 189 °C. The compound was found to
be soluble (up to 3 mM) in water and was highly soluble
(more than 10 mM) in ethanol, methanol, and dimethyl
sulfoxide (DMSO). Its stability in solution was measured
by HPLC analysis. In deionized water the compound
remained >90% pure in solution for up to 7 days and
>80% for up to 28 days. However, in 150 mM NaCl it
remains in solution as >90% pure compound for only 1
day (Figure 2).
Bamet-R2 elemental analysis (EA) revealed a 1:1 ratio

between the cholylglycinate residue and platinum in the
complex, in agreement with the molecular formula
C26H48N3O6ClPt, ruling out other combinations contain-
ing higher or lower numbers of nitrogen atoms and
cholylglycine residues (calcd: C, 42.82; H, 6.63; N, 5.76;
Pt, 26.75. Found by EA: C, 43.01; H, 6.59; N, 5.80; Pt,
26.68).
The stoichiometry of the bile acid moieties and plati-

num atoms was also assessed by enzymatically measur-
ing concentrations of 3R-hydroxysteroid groups (3R-HS)
in a pure solution of Bamet-R2 using the 3R-hydroxys-
teroid dehydrogenase assay. Platinum concentrations
were measured in the same solution by flameless atomic
absorption. The result also indicated a 3R-HS-to-
platinum ratio of 1:1.
The complex was characterized by a combination of

spectroscopic methods. These allowed us to propose its
structure in the absence of X-ray diffraction studies. The
latter were not carried out because it was not possible to
crystallize the compound under any of the large list of
solvents and conditions assayed (data not shown).
In the IR spectrum there are no great differences

between the cholylglycine ligand and the complex. Both
showed the stretching vibrational modes of NH and OH
bonds as a broad band with a maximum at 3408 cm-1 in
the ligand and as a split band in the complex, with a
maximum at 3434 cm-1, a small peak at 3521 cm-1, and
a shoulder at 3311 cm-1. Major differences are expected
to appear in the part of the ligand nearest to the metal
or directly bonded to it. Thus, the carboxylate in the free
CG shows characteristic bands at 1603 cm-1 (υas) and
1400 cm-1 (υas). By contrast, in the complex, the asym-
metric vibration band appears at 1638 cm-1, with an
increase of 35 cm-1 (18, 19). The remaining absorption
peaks appear without changes in the complex because
they are related to unmodified skeletal vibrations (20,
21). Finally, in the far infrared the pronounced sharp
absorption at 320 cm-1 of the vibration ν(Pt-Cl) appears
at the same wavelength, although with much lower
intensity than that observed in the case of pure cisplatin
(22).
In the mass spectrum the molecular ion was not

observed. Instead, a group of ions aroundm/z 693.3 had
the highest value. These can be interpreted as [M - Cl]+
produced by the ions containing different platinum
isotopes, as suggested by their intensities, which match
the natural abundance of platinum ions and the pattern
displayed in a computer simulation of [M - Cl]+ (m/z
693.3 calcd). The loss of Cl- from this type of complex
when it is analyzed by this technique is well documented
(23). Other ions found at m/z 413, 289, and 176 can be
considered as the result of typical fragmentation of the
cholylglycinate moiety (24, 25).
Nuclear magnetic resonance (NMR) spectra of the

complex confirmed the presence of only one type of
cholylglycinate residue, which in comparison with the
spectra of the free ligand is slightly modified in some of
its signals by the effect of the association around the
metal ion. The presence of the metal, two ammonia
ligands, and the chlorine produces variations in the

signals of closer atoms: hydrogen atoms at position 25
and the glycinate methylene, in the 1H NMR spectrum,
and C-24 to C-26 in the 13C NMR spectrum. The
observed values are shown in Table 1 in comparison with
the chemical shifts of the NaCG free ligand (26-28).
All these data are in agreement with the presence of

only one type of cholylglycinate ligand in the complex,
because the simultaneous existence of a monodentate and
a bidentate ligand would produce duplicate sets of signals
in the NMR spectra. Furthermore, the elemental analy-
sis and mass spectrum clearly support the presence of
two amino, one chloride, and one cholylglycinate ligand
in the complex.
The conductivity measurements carried out in water

and methanol are consistent with the rest of the data
obtained from Bamet-R2. In water, the Bamet-R2 con-
centration used was 0.87 mM and the observed conduc-
tivity was ΛM ) 50.5 Ω-1 cm2 mol-1. In methanol, the
conductivity displayed by a 0.85 mM Bamet-R2 solution
was ΛM )33.17 Ω-1 cm2 mol-1. These results confirmed
the absence of ions in both solutions, further supporting
the structure proposed for this complex. Therefore, the
isolated Bamet-R2 is assumed to be a neutral complex,
the platinum charge being compensated by both a
cholylglycinate and a chloride, carrying two additional
ammonia ligands to complete the coordination sphere,
as represented below. The geometry of the complex

presumably is of the planar-quadrate type usually dis-
played by this kind of Pt(II) derivative.
Cytostatic Activity. According to the results of

previous in vivo studies (29), we have reported that
unlike the taurine-amidated cholic acid and similarly to

Table 1. NMR Analysis of 13C and 1H for NaCG and
Bamet-R2 in CD3ODa

C NaCG Bamet-R2 H NaCG Bamet-R2

1 36.5 36.5 18 0.71 s 0.71 s
2 31.3 31.3
3 72.9 72.9 19 0.92 s 0.91 s
4 40.5 40.6
5 43.0 43.0 21 1.03 d 1.04 s
6 35.9 35.9
7 69.1 69.1 other 1.30-2.35 m 1.25-2.35 m
8 41.1 41.1
9 27.7 27.7 3 3.38 m 3.38 m
10 35.9 35.9
11 29.6 29.6 25 3.74 s 4.05 s
12 74.0 74.1
13 47.5 47.6
14 43.2 43.3 7 3.80 bs 3.79 bs
15 24.2 24.2
16 28.7 28.7 12 3.95 bs 3.94 bs
17 48.1 47.7
18 13.0 13.0
19 23.2 23.2
20 37.0 37.3
21 17.6 18.0
22 34.2 *
23 33.1 33.1
24 176.3 182.7
25 44.6 56.0
26 176.5 189.4

a Numbering of the positions for C is the usual one for a bile
acid structure of cholanoic acid type. Numbering of H is that of
the carbon to which H is bound. *, no signal found masked by
others in the spectrum.
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other different glycine-conjugated bile acids, NaCG does
not seem to be able to affect the rate of liver cell
proliferation. The present work confirms this point for
rat hepatocytes in primary cultures (Figure 3). A similar
absence of effect of NaGC on L1210 and LS174T cells
was found (Figure 3). Cisplatin, which presumably
enters the cells through a nonspecific pathway (probably
by diffusion through the plasma membrane), was found
to exert cytostatic activity against all of the cell types
studied (Figure 3). Growth of the culture, as measured
by the amount of DNA in the dishes at the end of the
exposure period (72 h), was significantly reduced by
incubation in the presence of cisplatin. Calculation of
the concentration required to reduce the cell population
by 50%, or inhibitory concentration 50 (IC50), indicated
that the sensitivity to cisplatin was higher for tumoral
cell lines (L1210, IC50 ) 18 ( 3 µM; LS174T, IC50 ) 3.3
( 0.5 µM) than for rat hepatocytes (IC50 ) 56 ( 7 µM).

Conversely, hepatocytes were more sensitive to Bamet-
R2 (IC50 ) 131 ( 20 µM) than L1210 (IC50 ) 170 ( 20
µM). This difference makes sense because hepatocytes,
but not L1210 cells, were expected to be able to take up
Bamet-R2 more efficiently than cisplatin, provided that
this bile acid derivative is indeed transported across the
plasma membrane by the specific carrier proteins re-
sponsible for liver bile acid uptake (11). Efficient bile
acid intestinal absorption, mainly in the ileum, also
occurs via both passive and active transport processes,
the latter involving specific carrier proteins located at
the basal and apical membranes of ileocytes. Although
there are no available data on the ability of LS174T cells
to take up these compounds, this possibility cannot be
ruled out and thus, very interestingly, we found that this
human colon cancer-derived cell line was highly sensitive
to Bamet-R2 (IC50 ) 17 ( 2 µM). In summary, these
results show a strong cytostatic ability of Bamet-R2 on
rat hepatocytes in primary culture and L1210 cells, which
was significantly higher (p < 0.05) against LS174T cells.
Moreover, they suggest that the potential interest of this
new complex would be based on a combination of its
cytostatic ability, which is lower than that of cisplatin,
and the markedly enhanced enterohepatic organotropism
as compared with cisplatin, which has been reported in
preliminary studies (12, 13).
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A fluorescent analog of human recombinant interferon-γ (IFN-γ) was prepared for the first time. The
recovered pyrene-labeled IFN-γ (py-IFN-γ), with an estimated seven pyrene molecules per IFN-γ,
retained over half of its original biological activity. Binding of py-IFN-γ to human amnion WISH
cells showed appreciable enhancement in fluorescence polarization from 0.055 to 0.215 and in
fluorescence lifetime from 56 to 80 ns. The ratio of the vibronic peaks did not change, indicating that
the pyrene molecules remained in water environment even after binding. Py-IFN-γ provides a novel
tool for unraveling the mechanism of the initial interaction between this antiproliferative lymphokine
and its target, cancer cell membrane receptors. Its fluorescence could provide the means to follow
receptor recycling when it occurs.

INTRODUCTION

IFN-γ1 is a glycoprotein, produced by T lymphocytes
after stimulation with mitogens or antigens, which exerts
pleiotropic biological effects. In addition to its antiviral
properties, it has antiproliferative, differentiating, and
immunoregulatory activities (De Maeyer and De Maeyer-
Guignard, 1988; Kalvakolanu and Borden, 1996). Of
great interest is the antiproliferative activity of IFN-γ,
which has been shown to be more potent than that of
other interferons in blocking the growth of several tumor
cells in vivo and in vitro (Rubin and Gupta, 1980). Two
IFN-γ polypeptides self-associate to form noncovalent
antiparallel homodimers with an apparent molecular
mass of 34 kDa (Ealick, 1991).
To elicit cell responses, the initial interaction between

IFN-γ and the target cell occurs at specific membranal
receptors (Farrar and Schreiber, 1993). The functionally
active IFN-γ receptor is composed of at least two species-
specific components, a ligand binding subunit, R chain,
and an additional subunit, â chain, that were cloned
(Hemmi et al., 1994; Soh et al., 1994; Lundell and Narula,
1994).
Ligand binding provokes increased phosphorylation on

serines, threonine (Mao et al., 1990), and tyrosine of the
receptor chains and regulates the association of the R and
â receptor subunits with the tyrosine kinases JAK-1 and
JAK-2 (Igarashi et al., 1994; Darnell et al., 1994; Kaplan
et al., 1996) and the transcription factor p91 (Greenlund
et al., 1994). The role of the JAK-STAT pathway in the
signaling mechanism of IFN-γ was described (Heim et
al., 1995).
Although progress was made in the study of the signal

transduction cascade, operating after ligand binding, the
mechanism underlying the initial step of interaction

between IFN-γ and target cell membranes is not yet
clear. Thus, association of the two receptor subunits
upon exposure to the ligand was recently described, but
the detailed initial cell surface events that initiate
signaling are still unresolved (Marsters et al., 1995).
IFN-γ labeled with radioactive iodine (125I) was used

to study binding to its receptor in intact human cells
(Rubinstein et al., 1987; Branca and Baglioni, 1981;
Finbloom et al., 1985). The number of binding sites per
WISH cell was shown to be 50 000-70 000 with a Kd
value of 7.3 × 10-9 M at 4 °C (Sarkar and Gupta, 1984).
We thought that fluorescent-labeled IFN-γ would be a
promising tool for studying these initial steps. It,
together with other lipid specific membranal probes,
would report on dynamical responses of various mem-
brane components and provide an opportunity to study
lipid-lipid and lipid-protein interactions in the IFN-γ
activated membrane (Parola, 1993). In particular, IFN-
γ, which is labeled by a microenvironmentally sensitive
fluorescent probe, should be able to report both on its
immediate surroundings and on dynamical changes in
the receptor after binding IFN-γ (e.g. receptor recycling
through the membrane). Such information cannot be
obtained by radioactive reporters. To this end we have
prepared a fluorescent-labeled IFN-γ and characterized
its specific interaction with membranal receptors, using
both steady-state and dynamic fluorescence. The label
was a pyrene derivative, having a relatively long lifetime
and vibronic peaks sensitive to its environment.

MATERIALS AND METHODS

Preparation of Pyrene-Labeled IFN-γ. Recombi-
nant IFN-γ, 108 units/mg (Mory et al., 1986; Novick et
al., 1982), was graciously donated by D. Novick, The
Weizmann Institute of Science, Rehovot, Israel. In a
typical labeling experiment, 2.4 × 105 units of IFN-γ in
0.1 M bicarbonate buffer, pH 9.2, was mixed with
pyrenesulfonyl chloride (3.12× 10-4 M) in ethylene glycol
at a 3:1 ratio. This mixture was incubated for 3 h with
stirring at room temperature. The reaction was termi-
nated by incubation with 0.2 M lysine for 30 min at room
temperature. Excess free label was removed on a Sepha-
dex G-25 column, with PBS containing 0.1% gelatin as
an elution buffer. The fluorescent-labeled fractions of
IFN-γ (py-IFN-γ) were collected. For preparation of py-
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IFN-γ for amino acid analysis the labeling procedure had
the following modifications in the final stage of purifica-
tion: (1) Excess free lysine and pyrenesulfonyl chloride
were removed by ultrafiltration, using a Centricon filter
with 10 000 molecular mass cutoff. (2) Alternatively, to
avoid the presence of residual lysine, ethanolamine was
used for termination of the pyrenesulfonyl chloride
labeling of IFN-γ. Excess ethanolamine, free and bound
to the fluorescent label, was removed either by repetitive
extractions or by precipitation with TCA. Aqueous
solutions of labeled and control IFN-γ were lyophilized
and redissolved in 70 µL of sodium citrate buffer, pH 2.2,
at room temperature. Fifty microliters was injected to
the amino acid analyzer.
Amino Acid Analysis. Amino acid analyses of un-

labeled and pyrenesulfonyl chloride labeled IFN-γ were
carried out on Dionex Bio LC at the Weizmann Institute
of Science, Rehovot, Israel.
Protein Assay. Protein was determined according to

the Bio-Rad method; absorption at 595 nm was read on
a Gilford spectrophotometer (Sedmak and Grossberg,
1977).
IFN-γ Assay. Antiviral activity was determined in

duplicates with a microtiter inhibition-of-cytopathic-effect
assay against VSV on monolayers of WISH cells. Titers
are reported as antiviral units, based on the National
Institute of Health Human IFN-γ reference reagent Go-
23-901-530 (Eppstein et al., 1985).
SDS-PAGE. Special steps were undertaken in the

preparation procedure of py-IFN-γ to be able to detect
its band(s) on the SDS-PAGE. Higher initial concentra-
tion of protein (Reprogene, Rehovot), 0.5 µg/µL, was used
in the labeling step. To avoid the dilution encountered
by gel filtration, py-IFN-γ was either loaded on 2 mL
Sephadex G-25 columns, and the void volume collected
following centrifugation (1400g, 2 min) or directly ana-
lyzed by 15% SDS-PAGE, following boiling in Laemmli
buffer.
FluorescenceMeasurements. Fluorescence spectra

were taken on a Perkin-Elmer MPF-44 spectrofluorom-
eter. Steady-state fluorescence polarization was mea-
sured on MPF-44, SLM 4800, and Gregg-MM spectro-
fluorometers (Parola, 1993). Unless otherwise indicated,
all measurements were carried out at 4 °C. Fluorescence
lifetime was measured on the SLM 4800 (Lakowicz et al.,
1979) or the Gregg-MM (an ISS upgrade of the SLM
4800). Data obtained on the SLM 4800 were analyzed
in terms of two lifetimes; both lifetime and differential
phase studies were carried out on the Gregg-MM system
as described in detail before (Porat et al., 1988; Parola et
al., 1994). The data were analyzed using the ISS187
decay analysis software.
Membrane Purification. WISH cell cultures (hu-

man amnion cell line), grown inMEMmedium containing
10% fetal calf serum, were collected by scrapping with a
rubber policeman on ice and centrifuged twice at 800g
for 7 min at room temperature, and the pellet was
washed twice with Hank’s buffer (Ip and Cooper, 1980).
The cells were resuspended in HEPES (2 mM) buffer, pH
7.2, containing 0.25 M sucrose (106 cells/mL). The cells
were subjected to homogenization (7 s, setting of 5-6,
10 times) by Polytron (Kinematica GndH), and Na2EDTA
(0.5 mM) was added. The suspension was centrifuged
twice at 5500g for 15 min at 4 °C. The supernatants were
subsequently pelleted at 100000g for 60 min at 4 °C. This
membrane-enriched fraction was resuspended in 0.3 mL
of HEPES buffer, pH 7.2, containing 25% sucrose and
kept frozen at -70 °C.
Binding of Py-IFN-γ to Membranes. WISH cell

membranes (10 mg/mL) were washed with PBS, sus-

pended in 0.5 mL of PBS, and then incubated for 1 h with
py-IFN-γ (6000 units) in the presence of BSA, 3 mg/mL.
Control membranes incubated without interferon and
membranes labeled in the presence of large excess (500
times) of unlabeled IFN-γ were similarly set in parallel.
The latter sample served to determine nonspecific label-
ing of membranes by py-IFN-γ. Following incubation,
the samples were centrifuged at 100000g for 30 min and
the supernatants collected. The membranes were washed
with PBS and finally suspended in 0.5 mL of PBS.
Binding of Py-IFN-γ to WISH Cells. WISH cells,

harvested at confluency, were suspended in 0.3 mL of
buffer, 1 × 107 cells/mL, and incubated for 1 h at 4 °C
with py-IFN-γ (5000 units) in the presence of BSA, 3 mg/
mL. The extent of nonspecific binding was determined
by incubating the cells in the presence of an excess (500
times) of unlabeled IFN-γ . At the end of the incubation,
cells were centrifuged at 1000g for 5 min. Cells were
washed twice with PBS and resuspended in 1 mL of PBS
containing 1% NP-40.

RESULTS

Labeled IFN-γ. a. Preparation and Biological Activ-
ity. The reaction of pyrenesulfonyl chloride with IFN-γ
requires basic pH. At these conditions IFN-γ retains
most of its biological activity. The reaction started at
pH 9.2 and dropped to 8.5 at the end. Optimal incubation
temperature and time were employed. Excess label was
treated with lysine to prevent reaction with gelatin,
which was used to prevent the adsorption of IFN-γ to
the Sephadex G-25 column. The activity yields were
checked during the labeling procedure. Optimal recovery
results indicated 33% loss in activity at the end of the
labeling, after the addition of lysine. Another 13% loss
was noticed after the separation of labeled IFN-γ on the
Sephadex G-25 column, resulting in a total activity loss
of 46%. A similar loss in activity was encountered by
IFN-γ subjected to the same labeling conditions in the
absence of label molecules. Since there is no change in
the amount of protein during the labeling step, the only
protein loss could occur at the separation step, due to
the trapping of IFN-γ molecules in the column. If this
is true, the loss in activity resulting from IFN-γ inactiva-
tion is only 33%.
Figure 1 shows good correlation between the fluores-

cence emission and the biological activity of the eluted
fractions of pyrene-labeled IFN-γ. The insert in Figure
1 shows good separation of the labeled IFN-γ from free
pyrenesulfonyl chloride bound to lysine. Gel electro-
phoresis analysis of the labeled as compared with the
unlabeled IFN-γ on SDS-PAGE resulted in a single band
of both labeled and unlabeled IFN-γ (Figure 2). A single
band was obtained when excess py-IFN-γ was removed
either by Sephadex G-25 columns or by the 15% SDS-
polyacrylamide gel. This result indicates a rather ho-
mogeneous population of labeled protein. It excludes the
presence of two kinds of protein molecules, labeled and
unlabeled, which should render two separate bands; in
the case of hetetogeneous labeling, band broadening
shoud have resulted.
b. Fluorescence Characteristics. The emission spectra

of diluted pyrene solutions depend on the nature of the
solvent. Comparison between polar and nonpolar sol-
vents shows a relative rise in the emission intensity of
the symmetry forbidden vibronic transitions, which
results in remarkably altered fluorescence emission
profiles of the pyrene moiety (Lianos and Georghiou,
1979a).
To verify this phenomenon in pyrenesulfonyl chloride,

we studied its spectra in various solvents. Marked
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differences in the vibronic profile of the fluorescence
emission of pyrenesulfonyl chloride are noted (Figure 3).
Table 1 shows a summary of all the solvents studied,
indicating both spectral shifts and changes in the two
major emission peaks ratio. While spectral maxima
slightly shifted, the ratio among the three major vibronic
peaks varied markedly in the solvents. In THF, the
major vibronic band appears at 420 nm; in ethylene
glycol, ethanol, and water, the major bands are at 377
and 395 nm. The ratio among these peaks generally
increases in more polar solvents, yet other factors, e.g.,
solvent basicity (hydroxyl nature), may contribute to this
ratio too. In American white oil, which is used to
estimate the viscosity of biomembranes, the ratio be-
tween the first two vibronic modes of pyrene is 1.25,
although the dielectric constant is very low. The range
between the ratio of 1.25 in American white oil and 1.98
in water is wide enough to report on environmental
changes upon binding to membrane receptors. Py-IFN-γ

in PBS containing 0.1% gelatin shows a fluorescence
spectrum similar to that of pyrenesulfonyl chloride
dissolved in water, with a peak ratio of 1.77 (Figure 4),
which is remarkably different from that obtained for
pyrenesulfonyl chloride in ethylene glycol (see Table 1).
Excimer emission at 480 nm, with an intensity of 8.5%
of the major monomer emission at 376 nm, is noted (not
shown). Steady-state fluorescence polarization (Table 2)

Figure 1. Elution profile of pyrene-labeled IFN-γ on Sephadex
G-25 column (0.8 × 14 cm). Elution buffer consisted of 0.1%
gelatin in PBS. Fractions containing 0.5 mL were collected at a
flow rate of 6 mL/h. Fluorescence was measured at λmax(ex) )
346 nm; λmax(em) ) 376 nm. IFN-γ activity was measured as
described under Materials and Methods. Insert shows separa-
tion of free excess label from py-IFN-γ.

Figure 2. SDS-PAGE analysis of py-IFN-γ. Recombinant
IFN-γ was labeled with pyrenesulfonyl chloride as described
under Materials and Methods. For comparison, IFN-γ was
treated similarly without label molecules. IFN-γ was separated
on 15% SDS-polyacrylamide gel and stained with Coomassie
blue. Lane a, Mr markers; lanes b-d, unlabeled IFN-γ; lanes
e-g, py-IFN-γ: lanes b and e, 6 µg; lanes c and f, 2 µg; lanes d
and g, 1 µg of protein.

Figure 3. Fluorescence emission spectra of py-SO2Cl (1 × 10-6

M) in various solvents: A, water (- - -), ethylene glycol (s),
tetrahydrofuran (- ‚ -); B, water (- - -), ethanol/water 1:1 ratio
(s), ethanol (- ‚ -); insert, American white oil. All uncorrected
spectra were taken on the same MPF-44 spectrofluorometer.
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revealed increased polarization values upon binding to
IFN-γ.
Amino Acid Analysis. Py-IFN-γ for amino acid

analysis was carefully purified from excess pyrenesulfo-
nyl chloride and, in addition, ethanolamine was substi-
tuted for lysine in the termination step of the reaction,
as described under Materials and Methods. Amino acid
hydrolysis profiles obtained by HPLC, for both unlabeled
and pyrenesulfonyl chloride labeled IFN-γ, revealed the
content of each amino acid in nanomoles. The nanomoles
of each residue analyzed was normalized to that of either
alanine or glycine, and the ratios between labeled and
unlabeled samples were determined. The comparison
among three repeats of such data, obtained for labeled

and unlabeled IFN-γ, revealed that pyrenesulfonyl chlo-
ride labeling resulted in the elimination of 7 of the 21
lysine residues. No other amino acid residue was af-
fected.
Binding of Py-IFN-γ to Purified WISH Cell Mem-

branes and Intact WISH Cells. The fluorescence of
py-IFN-γ after binding to purified WISH cell membranes
is shown in Figure 5. Binding specificity is evident from
binding studies of py-IFN-γ in the presence of excess
unlabeled IFN-γ. The specificity of binding averaged at
77.1 ( 5.5%. Figure 6 shows the same experiment with
whole cells. Because of increased scattering, the fluo-
rescence spectra had to be taken after extraction with
NP-40. Again, binding specificity was proved.
Table 2 shows fluorescence properties of py-IFN-γ after

binding to the membranes. Fluorescence polarization
increased 4-fold relative to free py-IFN-γ, indicating
immobilization. Figure 7 is a representative phase and
modulation lifetime analysis for py-IFN-γ in buffer,
assuming a three-lifetime model. The long lifetime
component, 56.3 ns, is the major contributor (R ) 0.56)
and should be considered the most relevant in data
analysis, since unlabeled cells have autofluorescence with
two-lifetime components which coincide with the short
and middle lifetime values of pyrene, i.e. 10.8 ns (R )
0.55) and 1.5 ns (R ) 0.45). The increased pyrene
fluorescence lifetime, in accord with Perrin’s formula,
supports our assignment of the rise in fluorescence
polarization to the immobilization of py-IFN-γ. Rota-
tional correlation times show the same trend (Table 2):
Binding of py-IFN-γ to its receptor lengthens rotational
correlation times.

DISCUSSION

The present work was aimed at obtaining a biologically
active fluorescent lymphokine, e.g. IFN-γ, which would
be used to study the dynamical consequences of binding
to its receptor on target cells. Fluorescently tagged IFN-γ
would shed light both on the initiation of the signaling
process at the membrane level and on the phenomenon
of receptor recycling, when it occurs (Uzgiris et al., 1982).
Others reported on internalization and translocation of
IFN-γ, even into the nucleus (Bader and Wietzerbin,
1994). Fluorescently tagged IFN-γ would reveal such
phenomena by reporting the change in the receptor’s
rotational correlation time. A prerequisite is the prepa-
ration of a fluorescently modified but still selectively
binding and biologically active IFN-γ. To the best of our
knowledge, this was not hitherto reported in the litera-
ture.
Pyrenesulfonyl chloride was chosen as a suitable probe

for the following reasons: (1) It has a relatively long
fluorescence lifetime (>20 ns). (2) The excitation maxi-
mum of pyrene (346 nm) is beyond the range of tryp-
tophan excitation (280-290 nm). (3) Pyrene has a
relatively high quantum yield, 0.7-0.8 (Turro, 1978), and
a relatively large absorptivity coefficient (40 000 M-1

cm-1) (Knopp and Weber, 1967), allowing its detection
even at very low concentrations (10-8 M). (4) It has a
large Stokes shift, which is particularly important for
scattering biological systems. (5) The pyrene molecule
has an appreciable environmental sensitivity, which is
expressed in the variability of fluorescence lifetime and
in the variable ratio of the vibrational emission bands
(Lianos and Georghiou, 1979a,b; Lianos et al., 1980). (6)
The pyrene moiety is known for its excimer emission,
which enables determination of adjacent pyrene labeling
sites on proteins. Thus, while in py-SS-ADA with 1:1
molar ratio of pyrene to protein no excimer emission was
observed (Porat et al., 1988), in py-IFN-γ with seven

Table 1. Vibronic Fluorescence Structure of Py-SO2Cl in
Various Solvents: Comparison with Free and
Membrane-Bound Py-IFN-γ

solvent
dielectric
constant

ratio of major
emission peaks of
pyrene-SO2-Xa

λmax1/λmax2 b
(nm)

American white oilc ∼2-2.40 1.25 377/398
1.21d 377/398

THF 2.95 0.16 380/430
0.93 380/395

ethylene glycol 32.00 0.76 386/402
ethanol 24.30 0.85 377/395
ethanol/water 1:1 1.04 377/395
water 81.00 1.98 377/392
py-IFN-γ in buffer ND 1.77 376/395
py-IFN-γ bound to
membranes

ND 1.75 376/395

py-SS-ADA ND 1.70 377/395
aX is Cl for free label in various solvents and IFN-γ. b Usually

(and as shown in Figure 2), pyrene exhibits three vibronic peaks:
(1) at ∼380, (2) at ∼395, and (3) at ∼420; (1) and (2) denote the
first ones. c Range of values for various alkanes with C8-C12.
d Obtained on the Gregg-MM; all other values were recorded on
the MPF-44 spectrofluorometer.

Figure 4. Emission spectra of py-IFN-γ (s) in PBS containing
0.1% gelatin, py-SO2Cl in ethylene glycol (- - -), and unlabeled
IFN-γ (- ‚ -) in PBS. Fluorescence intensity was measured at
λmax(ex) ) 346 nm. Excitation and emission slits were 2 and 4
nm, respectively.
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pyrene moieties bound to one protein (see below) the
excimer emission is seen.
The reaction between pyrenesulfonyl chloride and an

amine moiety (e.g. lysine side chain) yields a sulfonamide
bond, which is stable in both acidic and basic conditions
(Porat et al., 1988). The amino acid sequence of IFN-γ
(Gray et al., 1982; Rinderknecht et al., 1984) shows
numerous NH2 moieties, potentially capable of binding
pyrenesulfonyl chloride. Amino acid analysis indicated
that seven lysine residues of IFN-γ were covalently bound
to the labels. We attempted to verify the number of
pyrenesulfonyl chloride molecules bound to IFN-γ by
spectroscopic measurements. The difficulty in estimating
this number arises from the low quantity of IFN-γ
available, even at high level of activity. We could not
detect either the protein or the attached pyrene in py-
IFN-γ in the UV absorbance spectrum of the finally

labeled product, which was further diluted in the last step
of column separation. Accordingly, the number of pyrene
moieties was estimated by comparing the relative pyrene
fluorescence of the labeled IFN-γ with that of pyrene-
labeled adenosine deaminase of a similar, 45 000, mo-
lecular mass. The calculation is based on the assumption
of similar fluorescence quantum yields of pyrene, when
attached to either one of these proteins (in both proteins,
pyrene fluorescence emission had similar lifetimes and
emission profiles). On the basis of the molar extinction
coefficient of the pyrene-labeled adenosine deaminase, ε
) 40 000 M-1 cm-1 (Knopp and Weber, 1967) at λex(max)
) 346 nm, and the protein assay, the number of pyrene
molecules attached to adenosine deaminase was experi-
mentally determined. From the relative fluorescence of
the two pyrene-labeled proteins and the ratio of protein
concentration (calculated for IFN-γ from its specific
activity after labeling), we estimated that about eight

Table 2. Fluorescence Parameters of Free and Membrane-Bound Py-IFN-γa

sample polarization lifetimes (ns) ø2
rotational correlation

time (ns) ø2

py-SO2Cl in ethylene glycolb 0.000 τ1 ) 18.50 R1 ) 0.95 NDc ND ND
τ2 ) 5.00 R2 ) 0.05

py-SO2Cl in American white oil 0.025 ( 0.001 τ1 ) 30.89 ( 1.49 R1 ) 0.891 ( 0.006 5.4 5.00 ( 0.33c 1.7
τ2 ) 5.17 ( 1.20 R2 ) 0.061 ( 0.007
τ3 ) 1.14 ( 0.26 R3 ) 0.048 ( 0.006

py-IFN-γ in buffer 0.055 ( 0.010 τ1 ) 56.35 ( 1.07 R1 ) 0.561 ( 0.002 0.6 8.24 ( 0.35 1.5
τ2 ) 13.88 ( 0.30 R2 ) 0.323 ( 0.002
τ3 ) 1.95 ( 0.06 R3 ) 0.116 ( 0.002

py-IFN-γ bound to membranes 0.215 ( 0.110 τ1 ) 80.40 ( 5.22 R1 ) 0.327 ( 0.009 2.3 44.97 ( 13.25c,d 2.2
τ2 ) 16.16 ( 1.07 R2 ) 0.308 ( 0.011
τ3 ) 1.94 ( 0.10 R3 ) 0.365 ( 0.009

a All measurements, except b, were done on the upgraded Gregg-MM multifrequency phase modulation spectrofluorometer, using He-
Cd laser [λmax(ex) ) 325 nm], L shape, and two Pyrex filters in the emission; the polarization results are the mean of at least four
independent measurements; the results of lifetime and rotational correlation time are of at least eight frequencies, exceptd, which represents
the analysis of only four frequencies; analysis was based on σphase ) 0.400 and σmod ) 0.008, except c, for which σphase ) 0.600; lifetime
was measured using the magic angle against POPOP as a reference; rotational correlation time was determined by analysis of phase
only, using the long lifetime and a linear combination of the two shorter lifetimes. Standard deviation is shown. b Polarization was
measured on the MPF-44 Perkin-Elmer spectrofluorometer; lifetime was measured on the SLM 4800 phase modulation spectrofluorometer
using a combination of two filters: bandpass and Pyrex, at the excitation and emission maxima. c ND, not determined.

Figure 5. Binding of pyrene-labeled IFN-γ to WISH cell
membranes: total binding of py-IFN-γ (s); nonspecific binding
done in the presence of excess IFN-γ (- - -); unlabeled mem-
branes (- ‚ -). Fluorescence intensity was measured at λmax(ex)
) 346 nm.

Figure 6. Binding of pyrene-labeled IFN-γ to WISH cells: total
binding of py-IFN-γ (s); nonspecific binding done in the pres-
ence of excess IFN-γ (- - -); unlabeled cells (- ‚ -). Fluorescence
intensity was measured at λmax(ex) ) 346 nm.
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pyrene moieties were attached to each IFN-γ molecule,
in agreement with the amino acid analysis. Obviously,
this number is based on gross assumptions. The binding
of seven to eight pyrene moieties to each molecule of
IFN-γ accounts for our ability to detect the fluorescence
of IFN-γ even at the very low protein level. In spite of
the large molar ratio of pyrene per IFN-γ, over 50% of
its activity is retained. A similar loss in activity was
encountered by IFN-γ subjected to the same labeling
conditions in the absence of label molecules, indicating
that the labeling per se did not cause the loss in activity.
Statistically, it is inconceivable that half of the protein
was labeled by 14 pyrene moieties while the other half,
which remained unlabeled, is the one responsible for the
observed 54% remaining activity. This was further
verified by the SDS-PAGE studies exhibiting only a
single band for both the labeled and the unlabeled IFN-
γ.
Excessive labeling was avoided because it resulted in

reduced IFN-γ activity; the activity of py-IFN-γ with a
3-fold increase in fluorescence intensity was about 25%
of the activity of py-IFN-γ labeled by “only” seven to eight
probe molecules. With about seven pyrene molecules
attached to each IFN-γ, the observed excimer emission
at 480 nm is caused by intramolecular interaction
between pyrene molecules attached to adjacent lysine
residues: there are at least 10 loci of two to four adjacent
lysine residues in each IFN-γ molecule (Rinderknecht et
al., 1984).
Py-IFN-γ binding to its membranal receptors has two

consequences: (I) specificity and (II) a high degree of py-
IFN-γ immobilization. We found that pyrene-labeled
IFN-γ specifically binds to its receptor on membranes
purified fromWISH cells. Competition experiments with
excess (500-fold) unlabeled IFN-γ indicated 77.1 ( 5.5%
specific binding (Figure 5). Thus, the fluorescent modi-
fication of IFN-γ did not alter its ability to recognize
specifically its binding site on both membrane prepara-
tion as well as intact WISH cells (Figure 6). While
additional quantitative binding studies would further
characterize this fluorescently labeled IFN-γ, its spec-
troscopic potential is already evident. Binding of labeled
IFN-γ to the receptor is also reflected in its spectroscopic
characteristics. Steady-state fluorescence polarization
increased 4-fold when compared to free py-IFN-γ (Table
2), indicating reduction in rotational motion. Differential
phase studies revealed longer rotational correlation times
in bound py-IFN-γ. The enlarged pyrene fluorescence

lifetime supports the assignment of enhanced fluores-
cence polarization and rotational correlation times to
immobilization.
As indicated in Table 2 and already shown by others

(Lianos and Georghiou, 1979a), pyrene lifetime depends
strongly on the polarity, hydroxylic nature, and viscosity
of the solvent. Thus, pyrenesulfonyl chloride in the more
viscous (resulting in reduced diffusional quenching),
nonhydroxylic, and apolar American white oil has longer
lifetimes than in the more polar, less viscous, and
hydroxylic ethylene glycol: τ1 ) 30 and 18.5 ns, respec-
tively. When bound to IFN-γ, τ1 rises to 56.4 ns,
indicative of the pyrene being buried in the protein in a
hydrophobic enclave. The binding of py-IFN-γ to the cell
membrane receptors results in a further increase in
fluorescence lifetime to τ1 ) 80 ns, presumably reflecting
its location in a collision-free environment. The observa-
tion of the dramatic rise in steady-state polarization from
0.06 to 0.22, the rise in the rotational correlation time
from 8 to 45 ns, and the longer lifetime are all indicative
of intimate, tight binding of py-IFN-γ to a hydrophobic
enclave of the membrane receptor.
The vibronic peak ratio was, however, nearly equal in

py-IFN-γ in buffer solution and when bound to mem-
branes. It thus lacks environmental sensitivity, probably
because of the heterogeneity in the pyrene-labeled sites.
It is possible that the pyrene moieties were in touch with
water even after py-IFN-γ was bound to the receptor.
Change in the vibronic ratio might occur on sinking from
the initial water phospholipids-head-group interface into
the hydrophobic core of the lipid bilayer. The preparation
of a homogeneous py-IFN-γ with a 1:1 molar ratio of
pyrene to IFN-γ would have been advantageous in
detecting its immediate environment through the vi-
bronic peak ratio. To detect it at the minute concentra-
tions involved in biological activity, laser excitation would
be required and irreversible photobleaching might result.
In summary, py-IFN-γ shows specific binding and

immobilization and seems to meet the expected require-
ments essential for examining the dynamics of IFN-γ and
its complex with the receptor, for which it was designed.
This can be done by monitoring fluorescence polarization
and lifetime following the interaction of target cell with
IFN-γ. It is still anticipated that receptor recycling,
which is associated with its sinking from the initial water
phosposlipids-head-group interface into the hydrophobic
core of the lipid bilayer, would be detected through the
expected change in the vibronic peak ratio.
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A simple and economical procedure for the attachment of reducing sugars to aminated solid supports
has been developed. Reaction of the amino groups on the solid support with p-nitrophenyl
chloroformate, followed by 1,6-hexanediamine, yields a chain-extended amine to which reducing sugars
can be attached while remaining accessible to macromolecules. Immobilization of the reducing sugars
involves a simple incubation followed by trapping of the resulting glycosylamine with acetic anhydride
and recovery of the unreacted sugar by filtration. This technique was used to immobilize lactose and
sialyllactose onto silylaminated Chromosorb P, producing solid supports that effectively neutralized
the activity of cholera toxin from Vibrio cholerae and heat-labile enterotoxin of enterotoxigenic
Escherichia coli. The general applicability of such solid supports for toxin neutralization was further
demonstrated by immobilization of the enzymatically synthesized RGal(1-3)âGal(1-4)Glc trisaccha-
ride, which produced a support that efficiently neutralized toxin A of Clostridium difficile. The results
from this study suggest that these solid supports have the potential to serve as inexpensive therapeutics
for bacterial toxin-mediated diarrheal diseases.

INTRODUCTION

The recognition of oligosaccharide receptors on host
cells by pathogenic microorganisms or their toxins is a
crucial event in causing disease in humans (1). One
potential therapeutic approach to prevent disease in
humans is to inhibit the attachment of the pathogens or
their toxins to carbohydrate receptors on host cells using
oligosaccharide receptor analogs that have the capability
of binding bacteria or toxin. This approach has been
utilized in two gastroenteric applications in which syn-
thetic oligosaccharide sequences were immobilized onto
a nondegradable diatomaceous earth, silylaminated Chro-
mosorb P (2). These glycosylated solid supports possess
the ability to bind shiga-like toxin produced by entero-
hemorrhagic Escherichia coli (the causative agent of
hemorrhagic colitis and hemolytic-uremic syndrome), as
well as toxin A from Clostridium difficile, which plays a
major role in causing antibiotic-associated diarrhea (3-
5). While these affinity supports were efficient at toxin
neutralization, their preparation involves multistep chemi-
cal synthesis of 8-(methoxycarbonyl)octyl glycosides fol-
lowed by their immobilization using coupling procedures
that are very labor intensive. If potential therapeutics
for third-world diseases such as cholera are being con-
sidered, the solid supports become prohibitively expen-
sive.
This paper describes a simple and economical proce-

dure for immobilization of commercially available reduc-
ing oligosaccharides onto an inert matrix to produce solid
supports (termed SYNSORB’s), for use as toxin binding
agents. Commercial Chromosorb P was conventionally
silylaminated using 3-(triethoxysilyl)propylamine (2).
Reducing oligosaccharides were then coupled to the
silylaminated Chromosorb P via a chain-extended gly-
cosylamide linkage using inexpensive reagents and simple
chemistry. The resulting solid supports were then

screened for their ability to bind cholera toxin (CT) from
Vibrio cholerae, heat-labile enterotoxin (LT) from entero-
toxigenic Escherichia coli, a common cause of bacteria-
induced traveler’s diarrhea, and toxin A from C. difficile.
The oligosaccharides used in this investigation represent
components of the pentasaccharide ganglioside GM1

structure, the primary receptor for both CT and LT (6),
and the trisaccharide recognized by toxin A of C. difficile,
RGal(1-3)âGal(1-4)Glc (5). The RGal(1-3)âGal(1-4)-
Glc trisaccharide was obtained by enzymatic glycosyla-
tion of lactose using calf thymus R(1-3)-galactosyltrans-
ferase.

EXPERIMENTAL PROCEDURES

Materials. Calf thymus was obtained from Pel-Freeze
Biologicals, UDP-Gal and alkaline phosphatase were
from the Sigma Chemical Co., and E. coli â-galactosidase
was from Boehringer Mannheim. AG 1 X8 and Bio-Gel
P-2 were obtained from Bio-Rad. R(1-3)-Galactosyl-
transferase was isolated from calf thymus glands by
extraction and chromatography on a UDP-hexanolamine
Sepharose column as described by Blanken and van den
Eijnden (7) using sodium cacodylate buffer instead of
Tris-maleate buffer. After chromatography, the enzyme
was concentrated by ultrafiltration, dialyzed against 30
mM sodium cacodylate buffer, pH 6.5, containing 20 mM
MnCl2 and 0.1% Triton X-100, and stored at 4 °C.
Galactosyltransferase activity was monitored by incuba-
tion with 540 µM âGal(1-4)âGlcNAcO(CH2)8COOCH3, 1
mM UDP-Gal, 35 000 dpm UDP-[3H]-Gal, 1 mg/mL
bovine serum albumin, 0.8% Triton X-100, 50 mMMnCl2,
and 100 mM sodium cacodylate buffer, pH 6.1, in a total
volume of 20 µL. After reaction for 30 min at 37 °C,
products were isolated on a reversed phase C18 cartridge
as previously described (8).
Typical Procedure for Immobilizing Reducing

Sugars on Silylaminated Chromosorb P. To silyl-
aminated Chromosorb P (20 g) and p-nitrophenyl chlo-
roformate (15 g, 75 mmol) in dry tetrahydrofuran (80 mL)
and dry dichloromethane (80 mL) was added diisopro-
pylethylamine (13.1 mL, 75 mmol). The mixture was
shaken occasionally for 3 h, after which time the resulting
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resin was filtered, washed with dichloromethane/tetrahy-
drofuran (1:1, 5 × 100 mL), and dried under vacuum. To
the resulting dried resin was added 1,6-hexanediamine
(8.7 g, 75 mmol) in dry dimethylformamide (200 mL)
containing triethylamine (10.5 mL, 75 mmol). The reac-
tion was allowed to proceed for 90 min with occasional
shaking. The resin was then removed by filtration,
washed successively with water (3 × 300 mL), dimeth-
ylformamide (3 × 300 mL), and dichloromethane/tet-
rahydrofuran (1:1, 5 × 100 mL), and dried under vacuum
to give 22 g of resin. A portion of the resin (2.0 g), lactose
(27.4 mg, 80 µmol), and acetic acid (40 µL) in dry
methanol (6.5 mL) were heated to 60 °C in a sealed flask
for 47 h. The mixture was then cooled on ice (∼5 °C)
and acetic anhydride (2.1 mL) was added. The mixture
was shaken occasionally for 12 h, and the resin was
recovered by filtration and then washed with water (3 ×
50 mL) and methanol (3 × 50 mL). Fine particles were
removed by suspending the resin in methanol and
decanting the supernatant until it became clear. Drying
the resin under vacuum gave 1.95 g of SYNSORB 260.
Analysis of the product according to the phenol-sulfuric
acid assay indicated an oligosaccharide incorporation of
1.24 µmol/g of resin (9).
Synthesis of rGal(1-3)âGal(1-4)Glc. A reaction

mixture containing lactose (50 mg), UDP-Gal (20 mg),
R(1-3)-galactosyltransferase (60 milliunits), alkaline
phosphatase (20 units), 20 mM MnCl2, and 0.1% Triton
X-100 in 50 mM sodium cacodylate buffer (3 mL) at pH
6.5 was incubated at 37 °C. Additional UDP-Gal was
added to the mixture after 24 h (20 mg) and 48 h (50
mg). After 120 h, fresh R(1-3)-galactosyltransferase (20
milliunits) and UDP-Gal (10 mg) were added to the
mixture, which was incubated for an additional 72 h, at
which point very little unreacted lactose remained as
estimated by TLC [SiO2, 0.1 M sodium borate/2-propanol
1:4, Rf(lactose) ) 0.60, Rf[RGal(1-3)âGal(1-4)Glc] )

0.51]. The reaction mixture was filtered through a 0.2
µmNalgene nylon filter, the filtrate was applied to a Bio-
Rad AG 1X8 column (Cl- form, 2.5 × 20 cm, 0.6 mL/min),
and the column was eluted with water. Saccharide
fractions were combined and lyophilized. The dry residue
was dissolved in 50 mM potassium phosphate buffer, pH
7.5, â-galactosidase (150 milliunits) was added to the
mixture to destroy unreacted lactose, and the sample was
left at ambient temperature (24 °C) for 18 h. The mixture
was boiled for 2 min, filtered though a 0.2 µm filter, and
divided into three portions, each of which was loaded onto
a C18 silica gel column (20 g). The columns were washed
with water (200 mL), and the aqueous eluents were
concentrated to dryness under reduced pressure. The
residue was dissolved in water (5 mL) and applied to a
Bio-Gel P-2 column (2.5 × 100 cm, H2O, 0.2 mL/min).
Fractions that contained the trisaccharide were combined
and lyophilized, to give 10.5 mg of RGal(1-3)âGal(1-4)-
Glc trisaccharide: 1H NMR (500 MHz, D2O) δ 5.22 (d,
0.36 H, J ) 3.6 Hz, H-1R), 5.14 (d, 1 H, J ) 3.0 Hz, H-1′′),
4.66 (d, 0.64 H, J ) 8.0 Hz, H-1â), 4.51 (d, 1 H, J ) 8.0
Hz, H-1′).
Assay of Toxin Activity Using Tissue Culture

Cells. The cytotonic activity of CT and LT was measured
by using Chinese hamster ovary cells (CHO) maintained
in Hams F12 medium supplemented with 10% fetal
bovine serum (FBS) in an atmosphere of 5% CO2 at 37
°C. Toxin samples were diluted 1:5 in Hams media and
filter sterilized through 0.22 µm syringe filters, the
sterilized samples were serially 5-fold diluted in media,
and 100 µL of each dilution was added to wells with
confluent monolayers of CHO cells and incubated for 24
h at 37 °C/5% CO2. Each sample was analyzed two times.
Cytotonic effects were readily visible after 24 h of
incubation by comparing wells with controls that did not
contain toxin. After 24 h, the cells were fixed with 95%
methanol and stained with Geimsa stain. Toxin-contain-

Scheme 1. Comparison of Traditional Organic Synthesis and Direct Coupling of Reducing Oligosaccharides to
an Aminated Solid Support Using Lactose as the Example

a Reagents: (a) Ac2O, NaOAc; (b) SnCl4, HO(CH2)8COOEt; (c) NaOMe/MeOH; (d) H2NNH2; (e) HONO, H2Nssolid support; (f)
iMeOH, H2Nssolid support, 60 °C; (g) Ac2O.
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ing samples from neutralization experiments were treated
in an analogous fashion except that the percent neutral-
ization was determined by comparing the endpoint dilu-
tions of samples with and without SYNSORB.

Screening of Immobilized Lactose, Sialyllactose,
Maltose, and Cellobiose for the Ability To Neutral-
ize CT and LT Activity. A solution containing purified
CT or LT (Sigma, 2 µg in 1 mL of PBS) was added to

Table 1. SYNSORB Derivatives Used in Toxin Neutralization Experiments
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various SYNSORB derivatives (20 mg, SYNSORBs 16
and 89 were provided by D. Rafter, SYNSORB Biotech.
Inc., Calgary, AB, Canada) in 1.5 mL microcentrifuge
tubes and incubated at room temperature for 1 h on an
end-over-end rotator. After incubation, the SYNSORB
was allowed to settle to the bottom of the tubes and the
supernatants were carefully removed by aspiration.
Serial 5-fold dilutions of the supernatants were prepared
and the cytotonic endpoints determined as described
above. The extent of reduction in the endpoint in the
presence of SYNSORB was determined by comparing
with controls in which SYNSORB was not added.
C. difficile Toxin A SYNSORB Neutralization

Assays. Toxin A was purified from a toxin producing
strain of C. difficile (ATCC 43255, VPI strain 10463) as
described (10). Solutions containing purified toxin A (1
mL) were added to 20 mg samples of either SYNSORB
364 (prepared by chemical and enzymatic synthesis), 374,
376, or 90 (provided by D. Rafter, SYNSORB Biotech.
Inc.) in 1.5 mL microcentrifuge tubes and processed as
described for CT and LT.
Hemagglutination Assays Using Rabbit Erythro-

cytes. Fresh rabbit erythrocytes were washed once in
phosphate-buffered saline (PBS) and resuspended at a
concentration of 2% (v/v) in cold PBS. Serial 2-fold
dilutions (50 µL) of toxin A containing solutions were
made in cold PBS in U-shaped microtiter wells. An equal
volume (50 µL) of rabbit erythrocytes was then added to
each well, and the microtiter plate was mixed gently.
After the plate had been incubated for 4 h at 4 °C, the
hemagglutination titer was assessed visually. All assays
were done in duplicate.

RESULTS AND DISCUSSION

The broad application of immobilized oligosaccharides
as bacterial toxin binding agents is hampered by the
requirement of labor-intensive synthesis to produce
complex oligosaccharides carrying a functionalized spacer
arm that is suitable for coupling to a solid support.
Immobilization of a synthetic lactoside typically involves
five chemical reaction steps (11), even beginning with the
commercially available inexpensive disaccharide (Scheme
1). Blomberg et al. (12) have, however, described an
attractive alternative involving the coupling of reducing
sugars to immobilize amines via a glycosylamine linkage
to yield a stable glycosylamide.
To determine the feasibility of the immobilization

strategy based on reducing sugars to form materials
suitable for use in gastroenteric applications, lactose was
immobilized onto silylaminated Chromosorb P. The
procedure, adapted from that of Blomberg et al., involves
simply incubating the resin with a methanolic solution
of lactose at 60 °C for 2 days. Addition of acetic
anhydride, followed by filtration, then yielded the corre-
sponding lactosyl acetamide (SYNSORB 343, Table 1).
The resulting lactose conjugate was compared with
SYNSORB 16, which carries lactose coupled via a chemi-
cally synthesized 8-(methoxycarbonyl)octyl linker, for the
ability to neutralize CT and LT activity (13). SYNSORB
16 was used as the control, since we have previously
demonstrated CT and LT binding to this support (un-
published results). The results from these experiments
(Figure 1) indicate that lactose immobilized directly onto
silylaminated Chromosorb P (SYNSORB 343) provided
poor inhibitors of CT and LT binding as compared to
SYNSORB 16. This is probably due to the close proxim-
ity of the sugar with the support, making it less accessible
for toxin binding. To increase the accessibility of the
sugar, an extended spacer carrying a primary amine at

the distal end was therefore introduced onto the silyl-
aminated Chromosorb P as shown in Scheme 2 (14).
Silylaminated Chromosorb P (1) was treated with

p-nitrophenyl chloroformate to give the Chromosorb P
(2) activated as a p-nitrophenyl urethane. This activated
Chromosorb P (2) was then treated with 1,6-hexanedi-
amine to give the Chromosorb P (3) carrying a primary
amine on an extended spacer. Oligosaccharides were
immobilized on this derivatized Chromosorb P (3) by
simply stirring the reducing sugar and silylaminated
Chromosorb P in methanol containing 0.6% acetic acid
at 60 °C and then trapping the glycosyl amine as a
glycosyl acetamide (4) with acetic anhydride. The pres-
ence of acetic acid significantly increased the incorpora-
tion yield of the reducing sugar when compared to the
original procedure (12). The amount of reducing sugar
in the immobilization step had to exceed 40 µmol of
oligosaccharide/g of 3 to give a high incorporation of
oligosaccharide. The excess reducing sugar could easily
be recovered after removal of the resin by filtration and
concentration of the mother liquor. Using this method,
several commercially available oligosaccharides (Table 1)
that resemble components of the ganglioside GM1 struc-
ture were immobilized onto silylaminated Chromosorb
P, giving incorporation yields ranging from 0.37 to 2.4
µmol of sugar/g of Chromosorb P.

Figure 1. Neutralization of purified heat-labile toxin (A) and
cholera toxin (B) cytotonic activity using a panel of SYNSORB
derivatives shown in Table 1.
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The results from the toxin neutralization experiments
(Figure 1) indicated that the extent of neutralization with
SYNSORBs 260, 366, 368, and 370 (Table 1) were
comparable with control SYNSORBs 16 and 89. The
maltose and cellobiose containing SYNSORBs (374 and
376) were not efficient at neutralizing either CT or LT,
indicating carbohydrate-specific recognition. The conclu-
sions from the toxin neutralization experiments are that
the 8-(methoxycarbonyl)octyl linker arm can be replaced
with a much more cost-effective alternative. In addition,
simple commercially available oligosaccharides readily
isolated from natural sources can serve as receptor
analogs that effectively bind CT and LT activity.
To further demonstrate the generality of this method,

it was applied to toxin A from C. difficile, which is
unrelated to LT and CT. Toxin A from C. difficile
recognizes the trisaccharide RGal(1-3)âGal(1-4)Glc (5)
which, unlike lactose, is not readily available from
natural sources. We chose to enzymatically galactosylate
lactose in one step using calf thymus R(1-3)-galactosyl-
transferase to yield the reducing trisaccharide RGal(1-
3)âGal(1-4)Glc on a 10 mg scale. Immobilization of this
trisaccharide as described for lactose then gave SYN-
SORB 364 (Table 1). SYNSORB 364 neutralized the

hemagglutination of rabbit erythrocytes by toxin A from
C. difficile (Figure 2) as efficiently as SYNSORB 90
[carrying the RGal(1-3)âGal(1-4)Glc trisaccharide syn-

Scheme 2a

a (a) p-Nitrophenyl chloroformate, diisopropylethylamine, THF, CH2Cl2; (b) 1,6-hexanediamine, Et3N, DMF; (c) MeOH, AcOH,
lactose, 60 °C; (d) Ac2O.

Figure 2. Neutralization of purified toxin C. difficile A
hemagglutination activity using SYNSORBs 364 and 90 (n )
5). SYNSORBs 374 (maltose) and 376 (cellobiose) did not
neutralize toxin A activity.
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thesized in a traditional manner and linked via a
8-(methoxycarbonyl)octyl spacer]. Neither SYNSORB
carrying maltose (374) nor SYNSORB carrying cellobiose
(376) neutralized the hemagglutination activity of toxin
A of C. difficile (data not shown).
The results from this study suggest that immobiliza-

tion of simple oligosaccharides on a chain-extended inert
support using inexpensive reagents provide cost-effective
SYNSORB alternatives that could serve as potential
therapeutics for diarrheal diseases that affect third-world
countries. Additional investigations are underway to
further refine the production of these toxin binding
agents to a point where cost of production would be
favorable for developing therapeutics for diseases such
as cholera.
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Nicotinic Acetylcholine Receptor Labeled with a Tritiated,
Photoactivatable Agonist: A New Tool for Investigating the
Functional, Activated State†
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Upon agonist activation, the nicotinic acetylcholine receptor undergoes allosteric transitions leading
to channel opening and sodium ion influx. The molecular structure of the agonist binding site has
been mapped previously by photoaffinity labeling, but most photosensitive probes used for this purpose
interact only with closed receptor states (resting or desensitized). We have synthesized two novel
photoactivatable 4-diazocyclohexa-2,5-dienone derivatives as cholinergic agonist candidates, with the
objective of identifying structural changes at the acetylcholine binding site associated with receptor
activation. One of these ligands, 9b, is a functional agonist at muscle acetylcholine receptors in human
TE 671 cells. In photolabeling experiments with 9b, up to 35% inactivation of agonist binding sites
was observed at Torpedo acetylcholine receptors. Tritiated 9b was synthesized, and photolabeling
was found to occur mainly on the R-subunit in a partially protectable manner. This novel radiolabeled
photoprobe appears to be suitable for future investigation of the molecular dynamics of allosteric
transitions occurring at the active acetylcholine receptor binding site.

INTRODUCTION

Using a fluorescent agonist (Dns-C6-Cho),1 it was
shown that the activated nicotinic acetylcholine receptor
(AChR) cycles between at least four discrete intercon-
vertible conformational states [resting, R; active, A;
intermediate, I; and desensitized, D (Heidmann and
Changeux, 1979; Heidmann et al., 1983)]. Channel
opening rapidly follows agonist binding (R to A state,
microsecond to millisecond time scale) with slower suc-
cessive transitions toward the intermediate (millisecond
to second time scale) and the desensitized states (second
to minute time scale).
The molecular structure of the acetylcholine (ACh)

binding site has been probed by site-directed labels and
by mutagenesis. For instance, residues contributing to
the ACh binding site of Torpedo AChR were topographi-

cally mapped (Dennis et al., 1988; Galzi et al., 1990) to
three different loops (loop A, Trp-86 and Tyr-93; loop B,
Trp-149 and Tyr-151; and loop C, Tyr-190, Cys-192, Cys-
193, and Tyr-198) on the R-subunit NH2-terminal domain
using the photosensitive antagonist [3H]DDF [[p-(N,N-
dimethylamino)benzene]diazonium fluoroborate]. DDF
and other photosensitive antagonist labels have also
provided information on the ACh binding site in closed
states of AChR (Galzi et al., 1991; Kotzyba-Hibert et al.,
1995). As the transition from the resting (R) to the active
state (A) takes place on a millisecond time scale, photo-
sensitive agonists that have high quantum yields and
generate reactive species with short lifetimes are re-
quired in order to label specifically the functional state
(A) of the AChR.
The previously described dynamic mapping of the ACh

binding site by the agonist [3H]nicotine (Middleton and
Cohen, 1991) suffers from extremely low labeling ef-
ficiency (around 1%) following an undefined photocou-
pling process. Therefore, we developed a new set of
photoactivatable ligands displaying agonist activity at the
AChR that allowed very efficient labeling of Torpedo
marmorata AChR (Chatrenet et al., 1992). These aryl-
diazonium salts photogenerated a highly reactive species,
the aryl cation, having a t1/2 of <10-10 s (Gasper et al.,
1995) and being able to react with any amino acid side
chains defining a given binding site. However, the size
and flexibility of the probe (14.5 Å in the extended
conformation) did expand the labeling area beyond the
ACh binding site.
Thus, in order to address the molecular changes

occurring at the cholinergic agonist binding site during
functional activation and upon desensitization, we re-
cently developed a novel family of photosensitive agonists
of adapted size and reactivity (Kotzyba-Hibert et al.,
1996) designed to incorporate instantaneously and co-
valently, upon irradiation, in surrounding residues. One
of these photoactivatable ligands (1), carrying a highly
photosensitive 4-diazocyclohexa-2,5-dienone moiety (Ar-
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1 Abbreviations: Dns-C6-Cho, dansyl-C6-choline; AChR, nico-
tinic acetylcholine receptor; ACh, acetylcholine; DDF, [p-(N,N-
dimethylamino)benzene]diazonium fluoroborate; NCB, noncom-
petitive blocker; R-BuTX, R-bungarotoxin; PCP, phencyclidine;
Carb, carbamylcholine; Rf, retention frontal; tR, retention time;
PBS, phosphate-buffered saline; t1/2, half-life; λmax, maximum
absorbance wavelength; εmax, molar extinction coefficient; Mp,
melting point; Kp, protection constant; Ki, inhibition constant;
d-Tubo, d-tubocurarine; ET, energy transfer; EtOAc, ethyl
acetate.
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nold et al., 1992) in addition to the quaternary am-
monium group necessary for cholinergic recognition
(Scheme 1), was shown to be a functional agonist
(Kotzyba-Hibert et al., 1996). However, we did not
succeed in isolating the corresponding radiolabeled ana-
log of 1 because of its instability.
We describe here the synthesis of two novel ligands of

this family, 9a and 9b, including the radioactive analog
[3H]-9b, and their binding properties at Torpedo AChR.
One of these compounds, 9b, was found to be a functional
agonist in patch-clamp experiments, and in photolabeling
experiments, [3H]-9b was predominantly incorporated
into the R-subunit.

EXPERIMENTAL PROCEDURES

Materials. Bungarus [125I]-R-bungarotoxin (R-BuTX)
and [3H]-phencyclidine (PCP) were purchased from NEN,
and carbamylcholine (Carb) was from Sigma and proad-
ifen from SKF. Naja nigricollis [3H]-R-neurotoxin was a
generous gift from Prof. A. Ménez. Live T. marmorata
specimens were purchased from the Station Biologique
de Roscoff (France). All other commercial reagents were
of the highest purity available. All solvents used were
reagents of HPLC grade. 3-(2-Hydroxyphenyl)-1-propi-
onic acid and 3-(3-hydroxyphenyl)-1-propionic acid were
purchased from Aldrich. Literature procedures were
used to prepare 3-(2-hydroxyphenyl)-1-propanol and 3-(3-
hydroxyphenyl)-1-propanol (Smith, 1965).

3H-NMR spectra were recorded at 250 MHz on a
Bruker WM 250 spectrometer with tetramethylsilane as
the internal standard. NMR spectra were recorded for
a CDCl3 solution except when indicated with a Bruker
WM 250 or a AC300 spectrometer. Chemical shifts (δ
in parts per million) are reported for 1H at 250 and 300
MHz and for 13C at 61 and 75 MHz. Coupling constants
are given in hertz. Mass spectra were acquired on a VG
7035E spectrometer, unless otherwise stated, by direct
introduction and electron impact (EI) mode (reference )
perfluorokerosene). Melting points were determined on
a Kofler system. Tritium determinations were made in
a SL 3000 Intertechnique liquid scintillation counter. The
automatic gas transfer unit used for catalytic tritiation
has been previously described (Morgat et al., 1975).
Carrier-free tritium gas was obtained from Commissariat
à l’Energie Atomique (France).
Synthesis of p-Diazocyclohexadienones 9a and 9b

(Scheme 2). General Procedure for the Synthesis
of Precursors 8a and 8b. Alcohols 2a and 2b were
synthesized as previously described (Smith, 1965) (90 and
84% overall yield, respectively).
4-[[4-Hydroxy-3-(3-hydroxypropyl)phenyl]azo]benzoic

Acid Methyl Ester 3a and 4-[4-Hydroxy-2-(3-hydroxypro-
pyl)phenyl]azo]benzoic Acid Methyl Ester 3b. A diazo-

nium coupling was achieved on phenols 2a and 2b (34
mM solution) with p-(methoxycarbonyl)phenyldiazonium
in sodium tetraborate buffer (93 mM, pH 10.3) at 0 °C,
in the dark. The azo compounds were precipitated at
acidic pH (addition of aqueous HCl), filtered, and recrys-
tallized in MeOH/H2O. The yields of orange powders
were 90 and 88%, respectively. 3a: Rf ) 0.29 in 95:5
CH2Cl2/MeOH. 3b: Rf ) 0.17 in 96:4 CH2Cl2/MeOH.
3a. Mp ) 183 °C. 1H-NMR (acetone-d6): δ 1.86-1.94

(m, 2H), 2.82 (t, J ) 8.1 Hz, 2H), 3.63 (t, J ) 6.3 Hz,
2H), 3.92 (s, 3H), 7.04 (d, J ) 8.5 Hz, 1H), 7.75 (dd, J1 )
8.5 Hz, J2 ) 2.4 Hz, 1H), 7.83 (d, J ) 2.4 Hz, 1H), 7.92
(dd, J1 ) 6.8 Hz, J2 ) 2.0 Hz, 2H), 8.16 (dd, J1 ) 6.8 Hz,
J2 ) 2.0 Hz, 2H). 13C-NMR (DMSO-d6): δ 26.5, 32.6,
52.7, 60.8, 115.8, 122.5, 124.1, 124.7, 129.9, 130.6, 130.8,
145.6, 155.2, 160.2, 166.1. MS (high-resolution): m/z )
314.1222 (M)+ corresponds to C17H18N2O4 (314.1264).
3b. Mp ) 162 °C. 1H-NMR (acetone-d6): δ 1.86-1.93

(m, 2H), 2.91 (sbroad, 1H), 3.22 (t, J ) 8.8 Hz, 2H), 3.62 (t,
J ) 5.9 Hz, 2H), 3.91 (s, 3H), 6.81 (dd, J1 ) 8.9 Hz, J2 )
2.6 Hz, 1H), 6.92 (d, J ) 2.6 Hz), 7.75 (d, J ) 8.9 Hz,
1H), 7.95 (d, J ) 8.5 Hz, 2H), 8.15 (d, J ) 8.5 Hz, 2H),
9.15 (sbroad, 1H). 13C-NMR (DMSO-d6): δ 27.9, 35.3, 52.6,
60.7, 114.6, 116.7, 117.3, 122.6, 130.6, 130.7, 143.2, 146.6,
155.5, 162.1, 166.1. MS (high-resolution): m/z ) 314.1279
(M)+ corresponds to C17H18N2O4 (314.1264).
[4-Hydroxy-3-(3-hydroxypropyl)phenyl]carbamic Acid

tert-Butyl Ester 4a and [4-Hydroxy-2-(3-hydroxypropyl)-
phenyl]carbamic Acid tert-Butyl Ester 4b. The azo
compounds 3a and 3b were reduced (H2, 4 bar) over PtO2
(10% w/w) in methanol, in the presence of di-tert-butyl
dicarbonate (1.1 equiv) overnight. The carbamates thus
obtained were purified by silica gel chromatography using
5:5 hexane/EtOAc and obtained in 99 and 97% yields,
respectively, as colorless oils. 4a: Rf ) 0.22. 4b: Rf )
0.16 in 6:4 hexane/EtOAc.

Scheme 1. Structure of Photoactivatable Ligands 1,
9a, and 9b and Derived Compounds 10 and 11

Scheme 2. Syntheses of Diazo Compounds 9a and 9ba

a (i) CH3CO2C6H4N2
+/borate buffer at pH 10.3; yields, 90%

3a, 88% 3b. (ii) H2, PtO2/MeOH-BOC2O; yields, 99% 4a, 97%
4b. (iii) NaH/DMF-BOC2O; yields, 94% 5a, 75% 5b. (iv)
CH3SO2Cl/Et3N/THF. (v) NaI/acetone; yields in two steps, 85%
6a, 89% 6b. (vi) Et3N (saturated/toluene; yields, 89% 7a, 97%
7b. (vii) TFA. (viii) Isoamylnitrite/CH3COOH. (ix) Physiologi-
cal pH of 7.2; yields in three steps, 62% 9a, 80% 9b.
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4a. 1H-NMR: δ 1.49 (s, 9H), 1.73-1.79 (m, 2H), 2.63
(t, J ) 7.3 Hz, 2H), 3.52 (t, J ) 6.6 Hz, 2H), 6.65 (d, J )
8.5 Hz, 1H), 6.70 (d, J ) 1.9 Hz, 1H), 6.93 (dd, J1 ) 8.5
Hz, J2 ) 1.9 Hz, 1H), 7.06 (sbroad, 1H). 13C-NMR: δ 25.4,
28.3, 32.1, 60.8, 80.3, 116.1, 119.2, 122.2, 128.1, 130.6,
150.8, 153.8. MS (high-resolution): m/z ) 267.1496 (M)+
corresponds to C14H21NO4 (267.1468).
4b. 1H-NMR: δ 1.45 (s, 9H), 1.65-1.70 (m, 2H), 2.49

(t, J ) 7.2 Hz, 2H), 3.45 (t, J ) 6.0 Hz, 2H), 4.01 (sbroad,
1H), 6.53 (m, 2H), 6.97 (sbroad, 1H), 7.11 (d, J ) 8.8 Hz,
1H), 8.37 (sbroad, 1H). 13C-NMR: δ 26.8, 28.2, 31.9, 60.9,
80.1, 113.5, 115.9, 127.0, 127.3, 137.0, 154.1, 155.4. MS
(high-resolution): m/z ) 267.1475 (M)+ corresponds to
C14H21NO4 (267.1468).
Carbonic Acid 4-[(tert-Butoxycarbonyl)amino]-2-(3-hy-

droxypropyl)phenyl Ester tert-Butyl Ester 5a and Car-
bonic Acid 4-[(tert-Butoxycarbonyl)amino]-3-(3-hydroxy-
propyl)phenyl Ester tert-Butyl Ester 5b. Phenols 4a and
4b were reacted with NaH (1 equiv) in dry DMF and
protected with di-tert-butyl dicarbonate (1.1 equiv) to give
carbonates 5a and 5b, which were chromatographed on
silica using 7:3 hexane/EtOAc. The respective yields
were 94 and 75%. 5awas a white solid and 5b a colorless
oil 5a: Rf ) 0.42 in 6:4 hexane/EtOAc. 5b: Rf ) 0.55 in
5:5 hexane/EtOAc.
5a. Mp ) 126 °C. 1H-NMR: δ 1.45 (s, 9H), 1.49 (s,

9H), 1.72-1.80 (m, 2H), 2.55 (t, J ) 7.2 Hz, 2H), 2.71
(sbroad, 1H), 3.54 (t, J ) 6.3 Hz, 2H), 6.93 (d, J ) 8.7 Hz,
1H), 7.10 (d, J ) 3.2 Hz, 1H), 7.12 (dd, J1 ) 8.7 Hz, J2 )
3.2 Hz, 1H), 7.26 (sbroad, 1H). 13C-NMR: δ 26.0, 27.5, 28.1,
32.4, 61.4, 76.5, 77.0, 77.5, 80.1, 83.3, 117.1, 120.0, 122.1,
134.0, 136.3, 144.3, 152.1, 152.9. MS (low-resolution):
m/z ) 367 (M)+ and m/z ) 267 (M - Boc + H)+. MS
(high-resolution): m/z ) 267.1428 (M - Boc + H)+
corresponds to C14H21NO4 (276.1468).
5b. 1H-NMR: δ 1.49 (s, 9H), 1.54 (s, 9H), 1.74-1.85

(m, 2H), 2.67 (t, J ) 7.1 Hz, 2H), 3.52 (t, J ) 5.4
Hz, 2H), 6.96 (d, J ) 2.6 Hz, 1H), 6.97 (dd, J1 ) 8.2
Hz, J2 ) 2.6 Hz, 1H), 7.41 (sbroad, 1H), 7.67 (d, J )
8.2 Hz, 1H). 13C-NMR: δ 26.4, 27.5, 28.2, 31.9, 60.2,
80.1, 83.2, 119.1, 121.8, 123.6, 133.5, 133.9, 147.1, 151.8,
153.8. MS (low-resolution): m/z ) 367 (M)+ and m/z )
267 (M - Boc + H)+. MS (high-resolution): m/z )
267.1462 (M - Boc + H)+ corresponds to C14H21NO4
(267.1468).
Carbonic Acid 4-(tert-Butoxycarbonyl)amino-2-(3-iodo-

propyl)phenyl Ester tert-Butyl Ester 6a and Carbonic
Acid 4-(tert-Butoxycarbonyl)amino-3-(3-iodopropyl)phenyl
Ester tert-Butyl Ester 6b. The remaining alcohols 5a and
5b were then mesylated in dry THF with methanesulfo-
nyl chloride (1.5 equiv) in the presence of Et3N (1.5
equiv). The nucleophilic displacement of the mesylate
by the iodide ion (NaI, 10 equiv) in refluxing acetone for
2 h afforded the iodides which were purified by chroma-
tography on silica using 9:1 hexane/EtOAc. The overall
respective yields were 85 and 89% as white powders.
6a: Rf ) 0.33 in 9:1 hexane/EtOAc. 6b: Rf ) 0.22 in
hexane/EtOAc.
6a. Mp ) 83 °C. 1H-NMR: δ 1.50 (s, 9H), 1.55 (s, 9H),

2.04-2.13 (m, 2H), 2.63 (t, J ) 7.1 Hz, 2H), 3.16 (t, J )
6.7 Hz, 2H), 6.72 (s, 1H), 6.98 (d, J ) 8.7 Hz, 1H), 7.14
(dd, J1 ) 8.7 Hz, J2 ) 2.9 Hz, 1H), 7.31 (d, J ) 2.9 Hz,
1H). 13C-NMR: δ 6.0, 27.6, 28.2, 31.0, 33.4, 80.4, 83.3,
117.4, 120.0, 122.5, 132.9, 136.2, 144.4, 152.1, 152.7.
Elemental analysis in percent (theoretical): C, 47.93
(47.80); H, 5.94 (5.91); N, 2.72 (2.93); O, 16.61 (16.76).
MS (low-resolution): m/z ) 377 (M - Boc + H)+ andm/z
) 277 (M - 2Boc + 2H)+. MS (high-resolution): m/z )
377.0443 (M - Boc + H)+ corresponds to C14H20INO3
(377.0488).

6b. Mp ) 91 °C. 1H-NMR: δ 1.51 (s, 9H), 1.55 (s, 9H),
2.03-2.15 (m, 2H), 2.69 (t, J ) 7.1 Hz, 2H), 3.22 (t, J )
6.5 Hz, 2H), 6.31 (sbroad, 1H), 6.99 (d, J ) 2.7 Hz, 1H),
7.02 (dd, J1 ) 8.5 Hz, J2 ) 2.7 Hz, 1H), 7.70 (d, J ) 8.5
Hz, 1H). 13C-NMR: δ 6.3, 27.7, 28.3, 31.6, 32.9, 80.6,
83.4, 119.8, 122.0, 124.0, 132.4, 133.3, 147.4, 151.8, 153.4.
Elemental analysis in percent (theoretical): C, 47.61
(47.80); H, 5.84 (5.91); N, 2.69 (2.93); O, 16.58 (16.76).
MS (low-resolution): m/z ) 377 (M - Boc + H)+ andm/z
) 277 (M - 2Boc + 2H)+. MS (high-resolution): m/z )
377.0484 (M - Boc + H)+ corresponds to C14H20INO3
(377.0488).
[3-[5-[(tert-Butoxycarbonyl)amino]-2-[(tert-butoxycarbo-

nyl)oxy]phenyl]propyl]trimethylammonium 7a and [3-[2-
[(tert-Butoxycarbonyl)amino]-5-[(tert-butoxycarbonyl)oxy]-
phenyl]propyl]trimethylammonium 7b. Finally, the
trimethylammonium was obtained by substitution of the
iodide in a saturated solution of trimethylamine in dry
toluene. After 1 day at room temperature, the white pre-
cipitate was centrifuged, washed with dry toluene, and
dried under reduced pressure to give the diazo precursors
7a and 7b, with 89 and 97% yields, respectively.
7a. Mp ) 184 °C (dec). 1H-NMR: δ 1.40 (s, 9H), 1.45

(s, 9H), 2.02-2.15 (m, 2H), 2.57 (t, J ) 7.4 Hz, 2H), 3.24
(s, 9H), 3.51 (t, J ) 8.2 Hz, 2H), 6.96 (d, J ) 8.7 Hz, 1H),
7.36 (dd, J1 ) 8.7 Hz, J2 ) 2.3 Hz, 1H), 7.45 (d, J )
2.3 Hz, 1H). 13C-NMR: δ 23.5, 26.6, 27.5, 28.2, 53.6,
66.4, 80.2, 84.0, 118.1, 120.2, 123.0, 133.0, 138.0, 144.7,
152.7, 153.9. Elemental analysis in percent (theoreti-
cal): C, 49.05 (49.25); H, 6.92 (6.95); N, 5.07 (5.22); O,
14.75 (14.91). MS (electrospray) (low-resolution): m/z )
409.02 (M)+.
7b. Mp ) 150 °C. 1H-NMR (CD3OD): δ 1.53 (s, 9H),

1.55 (s, 9H), 2.04-2.10 (m, 2H), 2.70 (t, J ) 7.5 Hz, 2H),
3.14 (s, 9H), 3.43 (t, J ) 8.3 Hz, 2H), 7.03 (dd, J1 ) 8.7
Hz, J2 ) 2.5 Hz, 1H), 7.19 (d, J ) 2.5 Hz, 1H), 7.37 (d, J
) 8.7 Hz, 1H). 13C-NMR (CD3OD): δ 23.1, 26.9, 27.3,
27.7, 52.8, 65.9, 80.1, 83.5, 119.9, 122.3, 133.6, 136.9,
148.9, 152.4, 155.6. MS (electrospray) (low-resolution):
m/z ) 409.08 (M)+.
3-(3-Diazo-6-oxocyclohexa-1,4-dienyl)propyl]trimeth-

ylammonium 9a and 3-(3-Diazo-6-oxocyclohexa-1,4-di-
enyl)propyl]trimethyl-ammonium 9b. The diazotization
step was performed as follows. The tert-butoxycarbonyl
protecting groups of compounds 7a and 7b (20-50 µmol)
were removed by stirring for 30 min in TFA at room
temperature. After removal of TFA, the aminophenols
were solubilized in acetic acid and 1.1 equiv of isoamylni-
trite was added in small amounts in the dark at room
temperature, over a period of 30 min. Diazonium salts
8a and 8b were purified by HPLC (C18 µBondapack
semipreparative column; flow rate, 3 mL/min; solvent A,
0.03% TFA in H2O; solvent B, CH3CN; isocratic 0% B for
5 min, linear gradient from 0 to 50% B over 15 min, and
then from 50 to 100% B over 8 min) and characterized
by their retention time (tR ) 6 min) and their 1H- and
13C-NMR spectra. Diazo derivatives 9a and 9b were
obtained from 8a and 8b by raising the pH to physiologi-
cal conditions (pH 7.2; PBS) and were characterized by
their UV spectra. For 9a, λmax ) 355 nm and εmax )
36 500 M-1 cm-1. For 9b, λmax ) 349 nm and εmax )
26 500 M-1 cm-1. In the absence of light, derivatives 9a
and 9b were stable in PBS for days (t1/2 ) 333 h for 9b
at 15 °C). They were also characterized by their HPLC
retention times with the same gradient as that for 8a
and 8b (tR ) 14 min).
9a. 1H-NMR (D2O, reference ) tert-BuOH): δ 1.98-

2.12 (m, 2H), 2.63 (t, J ) 7.4 Hz, 2H), 3.08 (s, 9H), 3.33
(t, J ) 8.4 Hz, 2H), 6.75 (d, J ) 9.2 Hz, 1H), 7.95 (d, J )
2.7 Hz, 1H), 8.0 (dd, J1 ) 9.2 Hz, J2 ) 2.7 Hz, 1H). 13C-
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NMR (D2O, reference ) tert-BuOH): δ 23.1, 27.9, 54.3,
71.2, 88.6, 123.3, 133.8, 135.2, 135.4, 178.7.
9b. 1H-NMR (D2O, reference ) tert-BuOH): δ 2.16-

2.26 (m, 2H), 2.86 (t, J ) 7.6 Hz, 2H), 3.13 (s, 9H), 3.43
(t, J ) 8.3 Hz, 2H), 6.71-6.78 (m, 2H), 8.07 (dd, J1 ) 9.9
Hz, J2 ) 1.1 Hz, 1H). 13C-NMR (D2O, reference )
tert-BuOH): δ 24.4, 32.6, 56.0, 67.8, 89.7, 125.1, 129.6,
137.9, 152.7, 188.2.
Photolysis of 8b. Synthesis of 10 and 11 (Scheme

3). For the synthesis of 10, 8b (53.5 mg, 150 µmol) was
photolyzed in a pyrex reactor (3 mM in H2O, pH 3, 125
W Phillips lamp, 4 min). The photolyzed derivative was
collected, concentrated, and purified by HPLC (C18 300
× 7.5 Bondasorb column). The column was eluted at 3
mL/min with isocratic 100% A (0.1% TFA in H2O) for 5
min, a linear gradient from 0 to 100% B (CH3CN) for 25
min, and isocratic 100% B for 5 min. Hydroquinone 10
was characterized by a tR of 13 min, a λmax of 290 nm,
and an εmax of 3100 M-1 cm-1 and stored as a solid under
nitrogen below -20 °C (38.5 mg, 79% yield).
The oxidation of 10 to 11 occurs spontaneously by

stirring an aqueous solution of hydroquinone 10 (38.5 mg,
119 µmol) in 1 mL of H2O at room temperature for a few
hours. The mixture was purified by HPLC (same condi-
tions as for 10), and 11 was identified by a tR of 16 min,
a λmax of 250 nm, and an εmax of 8500 M-1 cm-1 (18.8 mg,
50% yield). 1H-NMR (acetone-d6): δ 2.08-2.28 (m, 2H),
2.40-2.60 (m, 2H), 3.55-3.75 (m, 2H), 6.70 (d, J ) 10.3
Hz, 2H), 6.78 (sbroad, 1H).
Synthesis of 16, the Precursor of [3H]-8b (Scheme

4). 3-(3-Hydroxypropyl)-4-nitrosophenol 12. Diol 2b (5
g, 33 mmol) was dissolved in 150 mL of HCl (7.5 N) at 5
°C, and 1.1 equiv of NaNO2 (2.75 g, 36.3 mmol) was added

during 20 min and stirred for 30 min. After extraction
with EtOAc, the mixture was separated by chromatog-
raphy on silica using 8:2 hexane/EtOAc to yield the
nitrosophenol 12 (3 g, 50% yield, Rf ) 0.30 in 95:5 CH2-
Cl2/MeOH). Mp ) 90-92 °C. 1H-NMR: δ 1.85-1.93 (m,
2H), 2.72 (t, J ) 8.7 Hz, 2H), 3.69 (t, J ) 7.4 Hz, 2H),
6.37 (d, J ) 1.5 Hz, 1H), 6.46 (dd, J1 ) 8.5 Hz, J2 ) 1.5
Hz, 1H), 7.80 (d, J1 ) 8.5 Hz, 1H).
3-(3-Hydroxypropyl)-2,6-diiodo-4-nitrophenol 13. Con-

centrated HNO3 (54 mL) was added with care to nitros-
ophenol 12 (3 g, 16.7 mmol) in 70 mL of MeOH at room
temperature until the solution turned red (30 min). The
reaction was followed by TLC (95:5 CH2Cl2/MeOH). After
reaction, the mixture was diluted with 100 mL of H2O
and solid Na2CO3 was added to reach pH 12. The
reaction mixture was then concentrated under vacuum
to a final volume of 100 mL (caution: do not evaporate
to dryness since the residues might be explosive). The
obtained nitrophenol solution was directly iodinated by
addition of ICl (2 mL, 36.7 mmol, 2.2 equiv) in 20 mL of
MeOH. After 5 min, the unreacted excess of ICl was
destroyed by addition of sodium thiosulfate and 10% citric
acid. The solid diiodonitrophenol 13 was obtained after
extraction with EtOAc and concentrated under vacuum
(5.6 g, quantitative yield, Rf ) 0.30 in 9:1 CH2Cl2/MeOH).
Mp ) 90 °C. 1H-NMR: δ 1.87-1.90 (m, 2H), 2.73 (t, J )
7.1 Hz, 2H), 3.65-3.69 (m, 2H), 7.21 (s, 1H).
[4-Hydroxy-2-(3-hydroxypropyl)-3,5-diiodophenyl]car-

bamic Acid tert-Butyl Ester 14. Diiodonitrophenol 13 (5.6
g, 16.7 mmol) was reduced in the presence of Na2S2O4
(23 g, 132 mmol) in 100 mL of 10 N NaOH, 200 mL of
MeOH, and 400 mL of H2O at room temperature. After
15 min, the pH was lowered to 7.4 by addition of
concentrated HCl. Di-tert-butyl dicarbonate (7.2 g, 31.7
mmol, 1.9 equiv) was added in 200 mL of MeOH/THF
(1:1) and refluxed for 12 h. The mixture was chromato-
graphed on silica using 8:2 hexane/EtOAc to yield the
NHBoc-protected diiodoaminophenol 14 (4 g, 46% yield,
Rf ) 0.33 in 7:3 hexane/EtOAc). Mp ) 133 °C. 1H-
NMR: δ 1.49 (s, 9H), 1.85-1.89 (m, 2H), 2.94 (t, J ) 6.9
Hz, 2H), 3.57 (t, J ) 5.6 Hz, 2H), 5.77 (sbroad, 1H), 7.83
(s, 1H), 8.04 (s, 1H).
[4-Hydroxy-2-(3-iodopropyl)-3,5-diiodophenyl]carbam-

ic Acid tert-Butyl Ester 15. Triphenylphosphine (758 mg,
2.89 mmol, 3 equiv) and imidazole (197 mg, 2.89 mmol,
3 equiv) were dissolved at 0 °C in 13 mL of 8:2 Et2O/
MeCN under argon. Iodine (733 mg, 2.89 mmol, 3 equiv)
was added rapidly. A solution of compound 14 (500 mg,
0.96 mmol, 1 equiv) in 3 mL of MeCN was then added
very slowly at 0 °C. The reaction was followed by TLC
with the eluent 8:2 hexane/EtOAc. After addition, the
mixture was left at room temperature for 2 h and
chromatographed on silica gel (7:3 hexane/EtOAc). The
diiodo-protected aminophenol 15 was obtained (360 mg,
60% yield, Rf ) 0.34 in 8:2 hexane/EtOAc). Mp ) 144
°C. 1H-NMR: δ 1.52 (s, 9H), 1.98-2.03 (m, 2H), 2.91 (t,
J ) 5.5 Hz, 2H), 3.30 (t, J ) 6.5 Hz, 2H), 5.84 (sbroad,
1H), 6.29 (sbroad, 1H), 7.94 (s, 1H). 13C-NMR: δ 6.4, 28.5,
31.9, 38.0, 81.1, 89.8, 129.6, 135.2, 142.5, 151.6, 153.9.
Elemental analysis in percent (theoretical): C, 26.72
(26.73); H, 2.97 (2.88); N, 2.21 (2.22). MS (low-resolu-
tion): m/z ) 629 (M)+, m/z ) 573 (M - tert-Bu + H)+,
and m/z ) 529 (M - Boc + H)+. MS (high-resolution):
m/z ) 572.7792 (M - tert-Bu + H)+ corresponds to
C10H10I3NO3 (572.7798).
[4-Hydroxy-2-[3-(trimethylammonio)propyl]-3,5-di-

iodophenyl]carbamic Acid tert-Butyl Ester 16. Compound
15 (8.6 mg) dissolved in 1 mL of toluene was added to a
saturated solution of gaseous trimethylamine in anhy-
drous toluene. After 24 h at room temperature, the

Scheme 3. Syntheses of 8b Derivatives 10 and 11a

a (i) Photolysis in H2O; yield, 79%. (ii) H2O, room tempera-
ture, 24 h, yield, 50%.

Scheme 4. Synthesis of Radiolabeled Probe [3H]-9ba

a (i) NaNO2/7.5 N HCl; yield, 50%. (ii) HNO3/MeOH. (iii) ICl/
MeOH/H2O at pH 12, two-step quantitative yield. (iv) Na2S2O4/
10 N NaOH. (v) BOC2O/HCl/MeOH/H2O; yield in two steps,
46%. (vi) Triphenylphosphine/imidazole/I2; yield, 60%. (vii)
Me3N/toluene, quantitative yield. (viii) T2/PdO/Et3N. (ix) TFA.
(x) Isoamylnitrite/CH3COOH; yield in three steps, 69%. (xi)
PBS, quantitative yield.
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mixture was centrifuged at 4000 rpm and the precipitate
was washed with anhydrous toluene and dried under
vacuum to yield 8 mg of a white solid identified as 16. It
was purified on a C18 reversed-phase column (Hyper-
bond, 300× 3.9) equilibrated with 100% solvent A (0.01%
TFA in H2O) and eluted at 1.5 mL/min with isocratic
100% A for 5 min, a linear gradient from 0 to 100% B
(CH3CN) for 55 min, and isocratic 100% B for 5 min (8
mg, quantitative yield, tR ) 30 min, Rf ) 0.50 in 6:2:1
EtOAc/CH3COCH3/H2O/acetic acid). Mp ) 136 °C. 1H-
NMR (acetone-d6): δ 1.47 (s, 9H), 2.15-2.18 (m, 2H), 2.94
(t, J ) 7.9 Hz, 2H), 3.42 (s, 9H), 3.73 (t, J ) 8.3 Hz, 2H),
7.71 (s, 1H), 7.71 (s, 1H). 13C-NMR (acetone-d6): δ 22.4,
27.9, 33.7, 52.9, 65.9, 79.2, 93.1, 137.8, 140.7, 154.9.
FABMS+ (thioglycerol): m/z 561 (M + H+, 90%), 505 [M+

- C(CH3)3, 100%], 435 (M + H+ - I, 30%), 379 [M + H+

- I - C(CH3)3, 40%].
Synthesis of [3H]-9b (Scheme 4). PdO (20 mg, 163.4

µmol) was added to a solution of 16 (4 mg, 5.8 µmol) in 1
mL of CH3OH and 4 mL of Et3N. The vial was connected
to the tritiation apparatus. The solution was frozen in
liquid N2. Carrier-free tritium gas was introduced and
compressed to 2.4 bar. After thawing, the reaction
mixture was kept at 20 °C and stirred for 30 min. Labile
tritium atoms were exchanged by successive flash evapo-
rations with 150 mL of MeOH. Crude product 17 was
dissolved in 4 mL of MeOH (total radioactivity of 110
mCi) and analyzed by reverse-phase HPLC as for 16 (tR
) 23 min, Rf ) 0.20 in 6:2:1:1 EtOAc/CH3COCH3/H2O/
acetic acid). 1H-NMR (CD3OD): δ 1.50 (s, 9H), 2.03-
2.13 (m, 2H), 2.65 (t, J ) 7.4 Hz, 2H), 3.1 (s, 9H), 3.29-
3.34 (m, 2H), 7.03 (d, J ) 9 Hz, 1H). 3H-NMR (CD3OD):
δ 6.63 (dd, J1 ) 2.7 Hz, J2 ) 8.4 Hz, 13H), 6.69 (d, J )
2.7 Hz, 13H).
The diazotization step was performed as follows. Six

and six-tenths micromoles of radioactive precursors (1
µmol of 17, 24 Ci/mmol, mixed with 5.6 µmol of nonra-
dioactive 7b) was deprotected from the tert-butoxycar-
bonyl moiety by stirring with 300 µL of TFA for 40 min
at room temperature, under N2. After removal of TFA
and one-step freeze-drying (200 µL of H2O added to the
residue), the obtained aminophenol was dissolved in 300
µL of acetic acid and diazotized by adding in one step
7.4 µmol of isoamylnitrite (1.2 equiv) under N2 at room
temperature. After 30 min at room temperature, acetic
acid was evaporated under reduced pressure, freeze-dried
twice (300 µL of H2O added to the residue), and purified
by reverse-phase HPLC (Hyberbond 300 × 3.9 C18

reversed-phase column equilibrated with 100% solvent
A and 0.1% TFA). The column was eluted at 1.5 mL/
min [isocratic 100% A for 5 min, a linear gradient from
0 to 100% B (CH3CN) for 45 min, and isocratic 100% B
for 5 min], and [3H]-8b was characterized by a tR of 6
min. The fractions containing the diazonium salt (UV
characterization, λmax ) 313 nm) were collected, and
radioactivity was counted (Figure 2). Compound [3H]-
8b (4.5 µmol, 69% yield, 3.7 Ci/mmol) was obtained and
stored at -80 °C in H2O (1 mM, pH 2) for several months
without degradation. One byproduct formed during the
diazotization step was isolated and identified as the
tritiated analog of quinone 11 (0.32 µmol, 4.8% yield, 4.4
Ci/mmol, tR ) 15 min, λmax ) 250 nm). The diazo
derivative [3H]-9b was obtained from [3H]-8b by raising
the pH to 7.2 in PBS for binding and photolabeling
experiments (Figure 1A).
Binding Experiments. AChR-rich membrane frag-

ments from T. marmorata were prepared (Saitoh and
Changeux, 1980), and the concentration of ACh binding
sites was measured at equilibrium by [125I]-R-BuTX
binding (Schmidt and Raftery, 1973). Ligand dissociation
constants at the agonist binding site (Table 1) were
determined (Weber and Changeux, 1974a,b) in the dark

Figure 1. (a) Diazocyclohexadienone [3H]-9b was obtained
with a quantitative yield from [3H]-8b by raising the pH to 7.2
(PBS). (B) Hypothetical mechanism for rapid coupling of
photogenerated carbene from diazocyclohexadienone [3H]-9b
with AChR. The carbonyl group and the charged quaternary
ammonium mimic the pharmacophore, assuring cholinergic
recognition. X-H represents any amino acid belonging to the
ACh binding site.

Figure 2. Reverse-phase HPLC analysis of [3H]-8b with UV
(229 nm) (A) and radioactivity detection (B). Forty microliters
of the diazotation crude reaction mixture was injected on the
C18 column and eluted at 1.5 mL/min with the following
gradient (isocratic 100% H2O, 0.1% TFA for 5 min, linear
gradient from 0 to 100% CH3CN for 45 min, isocratic 100% CH3-
CN for 5 min). Fractions (1.5 mL) were collected and counted
(2 µL aliquots) for radioactivity. Ten injections were needed to
purify the total amount of crude product. Fractions 6-9 were
pooled together to give 4.5 µmol of pure diazonium [3H]-8b (3.7
Ci/mmol), and fractions 15 were pooled to obtain 0.32 µmol of
quinone [3H]-11 (3.7 Ci/mmol).
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from the decrease in the initial binding rate of N.
nigricollis [3H]-R-neurotoxin to AChRs (2-4 nM [125I]-R-
BuTX binding sites), in both their native and desensitized
forms (≈90% D; pretreatment with 15 µM proadifen).
Following simultaneous addition of [3H]-R-neurotoxin (1
nM) and ligand (0.5 µM to 1 mM), 0.3 mL aliquots were
rapidly filtered (Millipore HAWP) at different times and
counted. Dissociation constants of ligands for the NCB
binding site (Table 1) were calculated (Eldefrawi et al.,
1982) from competition experiments between [3H]PCP (1
nM) and ligand (10 µM to 4 mM) at equilibrium using
AChR-rich membranes (68 nM [125I]-R-BuTX binding
sites). The suspensions were filtered (Whatman GF/B)
and counted.
Photochemical Properties of 9a and 9b. The

photosensitivity of 9a and 9bwas examined by sequential
irradiation in PBS at 290 nm, in the presence of AChR
(0.5 µM [125I]-R-BuTX binding sites) and an incident light
energy of 50 µV. The stability of the probe in the dark
was determined by hourly sequential UV measurement
over 10 h in PBS (20 °C) and calculated using A ) A0e-kt

(where A0 is the initial absorbance at λmax of the probe
and A the absorbance measured at time t). The half-life
of ligands 9a and 9b was obtained from t1/2 ) ln 2/k.
Photochemical Labeling of AChR with 9b and

[3H]-9b. A monochromatic light beam from a 1000 W
Xe-Hg lamp (Hanovia) was focused on a quartz cell (1
cm path length) to form a spot that was 10 mm high and
2 mm wide. Irradiation experiments were carried out
at 290 nm for energy transfer (ET) conditions (Goeldner
and Hirth, 1980) under magnetic stirring. Aliquots (600
µL) of AChR-rich Torpedomembranes (280 pmol of [125I]-
R-BuTX binding sites) in PBS degassed with N2 were
mixed with probes [3H]-9b (0.1-20 µM) after incubation
with 15 µM proadifen (50 min at room temperature) and
irradiated at 290 nm (incident intensity of 50 µV for 45
min at 10 °C). Protection experiments were carried out
with prior addition of d-tubocurarine (10 µM, 30 min at
room temperature). Dithiothreitol (10 mM final concen-
tration) was added after AChR photocoupling for 30 min
at 30 °C to prevent protein aggregation. Before electro-
phoresis analysis, the amount of protein was determined
using the microbradford assay (Bradford, 1976) which
revealed that more than 50% (62% in the experiments
described here) of the starting material was lost, probably
due to nonspecific adsorption of alkylated proteins on

tubes. An aliquot of the remaining photolabeled AChR
was solubilized and analyzed on 10% SDS-PAGE (Laem-
mli, 1970). The radioactivity incorporated into each
polypeptide chain was quantified after gel slicing, diges-
tion, and counting (Langenbuch-Cachat et al., 1988).
Electrophysiology. Conventional patch-clamp re-

cordings were made and analyzed as described recently
(Kotzyba-Hibert et al., 1996) on human TE 671 cells
which express the embryonic form of peripheral (muscle-
like) nicotinic AChR (Schoepfer et al., 1988; Sine, 1988;
Luther et al., 1989). The bath solution contained (in mil-
limolar) 140 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES,
and 11 glucose at pH 7.3 with NaOH. Cell-attached re-
cordings were made with the external solution (in some
cases, with 1 mMCsCl) in the pipette and various concen-
trations of drugs. The pipette solution for whole-cell
recording contained (in millimolar) 140 CsCl, 2 MgCl2, 1
CaCl2, 11 EGTA, and 20 HEPES at pH 7.3 with CsOH.
Drugs were locally applied with puffer pipettes. Photo-
sensitive compounds were protected from ambient light.
Experiments were carried out at room temperature.

RESULTS AND DISCUSSION

Synthesis and Properties of Photosensitive Probes
9a and 9b. The synthesis of probes 9a and 9b is
summarized in Scheme 2 and used usual transformations
characterized by satisfactory overall reaction yields (35
and 37%, respectively). The diazocyclohexadienone moi-
eties were generated by diazotization of the p-aminophe-
nol precursors and subsequent neutralization of the
obtained diazonium salts.
[3H]-9b required the synthesis of iodinated precursor

16 (Scheme 4) using a synthetic pathway different from
the general procedure (Scheme 2). The formation of the
triiodide 15 was best achieved by the phosphine method
(Lange and Gottardo, 1990). The diazotization of 17 gave
[3H]-8b, and the diazo [3H]-9b was obtained by raising
the pH to physiological conditions (Figure 1A).
All of the tested 4-diazocyclohexa-2,5-dienone deriva-

tives (Scheme 1) are fairly stable in the dark under
physiological conditions (t1/2 > 1 day, pH 7.2) (Kessler et
al., 1990) and show spectral characteristics that are ap-
propriate for energy transfer photoactivation (Goeldner
and Hirth, 1980).
Binding Properties of 4-Diazocyclohexa-2,5-di-

enones. Ligands 9a and 9b have micromolar affinities
for the ACh binding site in the D state (after proadifen
preincubation) with a 10-fold decrease in affinity for the
native form, as expected for cholinergic ligands (Table
1). These affinities are similar to those reported previ-
ously for 1 (Kp was 6 µM for both 1 and 9b; see Table 1).
The probes are highly selective for the ACh binding site
compared to the NCB site (Table 1), showing a difference
in their respective affinities of ≈2 orders of magnitude
(D state). It was not possible to test the affinity of the
hydroquinone 10 as oxidation to 11 occurs rapidly,
especially in diluted solutions, even at low temperatures.
However, 11 was stable and shared an affinity for the
ACh binding site, similar to that of 9a and 9b (the Kp
value for 11 was 6.5 µM). From these data, it appears
that the quaternary ammonium and the quinonoid-like
ring constitute the pharmacophore necessary for cholin-
ergic binding.
Photolabeling of the ACh Binding Site with

[3H]-9b. The diazo photoprobes are stable in the absence
of light and generate upon irradiation extremely reactive
carbenic species that should be able to react efficiently
with the nonactivated C-H bond of the ACh binding
site, as schematically represented in Figure 1. We
have previously described this interaction of carbenes

Table 1. Protection (Kp) and Inhibition (Ki) Constants of
Compounds 1, 9a, 9b, and 11 for the ACh and
Noncompetitive Blocker (NCB) Binding Sitesa

agonist binding site
Kp (µM)b

NCB binding site
Ki (µM)c

compound native form with proadifen with Carb

1 44 ( 6 6.0 ( 0.6 500 ( 70
9a 44 ( 2.5 6.0 ( 1.0 190 ( 40
9b 70 ( 10 6.0 ( 0.9 850 ( 150
11 70 ( 8 6.5 ( 0.5 nd

a All photosensitive ligands were fairly stable under the experi-
mental binding conditions with a half-time of longer than 40 h.
b For the agonist binding site, AChR-rich Torpedo membranes (4
nM R-BuTX binding site) were incubated with various concentra-
tions of each compound (0.5 µM to 1 mM) and N. nigricollis [3H]-
R-neurotoxin (2 nM). The Kp values of the ligands reflect the
ligand protection against the association of R-neurotoxin to its
specific binding site. Native (75% R) and mostly desensitized (90%
D; preincubation with 15 µM proadifen) AChRs were used. c For
the NCB binding site, Ki values were determined at equilibrium
(45 min preincubation), using [3H]-PCP (1 nM) and ligand (10 µM
at 4 mM) on desensitized AChRs (64 nM R-BuTX binding sites,
30 min preincubation with 0.1 mM Carb at 25 °C). Values shown
are mean ( SEM from two to four experiments.
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generated from 4-diazocyclohexa-2,5-dienones (Alcaraz et
al., 1996).
In the dark, 9b is very stable, while upon irradiation,

it is very photosensitive, leading to efficient photodecom-
position as described previously for similar compounds
(Alcaraz et al., 1996). Photolysis of [3H]-9bwith Torpedo
AChR under ET conditions allowed us to quantify the
radioactivity incorporated specifically into the different
subunits. As for DDF (Langenbuch-Cachat et al., 1988),
the R-subunits were predominantly labeled (Figure 3),
with minor contributions of the other subunits (less than
8% for â, γ, or δ). The yield of photoincorporation into
the R-subunits using 1 µM [3H]-9b was 6.6% of the total
amount of ACh binding sites [6.6%; i.e. 1 pmol alkylated
(8700 dpm) per 16 pmol of ACh binding sites loaded on
SDS-PAGE per lane]. This 6.6% value is in fact largely
underestimated if one takes into account the actual
binding site occupancy (14%) in the used experimental
conditions (Bayley, 1983). A series of controls were
performed to ensure that the observed radioactivity
pattern was due to the photolabeling of [3H]-9b; no
affinity labeling (identical experimental conditions but
in the absence of irradiation) was detected on gels with
[3H]-9b, and photoaffinity labeling was negligible with
the quinone [3H]-11, showing that covalent labeling is
due to diazo coupling and not radical photoreaction from
the quinone. Partial protection was observed with 10 µM
d-tubocurarine (50% with 1 µM [3H]-9b, n ) 2, Figure
3). A maximum of 34.5% of the ACh binding sites
involved in the photocoupling were labeled specifically
with 20 µM [3H]-9b (Figure 4). Higher probe concentra-
tions lead to increased nonspecific labeling. The limited
photoincorporation might be due to a protector effect of
quinone 11 which is formed during irradiation experi-
ments (by oxidation of 10) and which shows a good
affinity for the ACh binding site (Kp values of 6.5 and 6
µM for 11 and 9b, respectively).
Electrophysiology. ACh-activated single-channel

and whole-cell currents in TE 671 cells have been
recently described by Kotzyba-Hibert et al. (1996), and
our data are in agreement with previous reports (Sine,
1988; Luther et al., 1989). Briefly, single-channel cur-
rents observed with 50-500 nM ACh had a mean
elementary conductance γ of 31.3 ( 1.9 pS (n ) 8) and a

mean open time τ of 4.8 ( 0.4 ms (n ) 4). The
interpolated zero-current potential was close to 0 mV, as
expected for a nonselective cationic channel (Grassi et
al., 1993). For desensitizing ACh concentrations (>1
µM), characteristic clusters of burst-like single-channel
openings separated by long-duration closures (Sakmann
et al., 1980) were observed, and whole-cell inward cur-
rents showed rapid decay (Feltz and Trautmann, 1980)
during maintained agonist exposure (not shown).
9b Is a Functional Cholinergic Agonist. Single-

channel currents having characteristics essentially simi-
lar to those found for ACh were recorded from cell-
attached patches on TE 671 cells when 9b was included
in the pipette at both 6.5 µM (n ) 7, Figure 5A) and 65
µM (n ) 5, Figure 5B). A full dose-response relationship
was not established, but clearly, the threshold 9b con-
centration for noticeable channel activity was higher (g1
µM) compared to that for ACh. No channel activity was
observed in the absence of agonist. The current-voltage
relationship for 9b was linear (Figure 5C), with an
average slope conductance of 30.5 ( 1.7 pS (n ) 5), again
with an interpolated reversal potential near 0 mV. In
the whole-cell recording configuration, macroscopic in-
ward currents were obtained for 15 s applications of 65
µM 9b (n ) 5, Figure 6A). Such inward currents were
maintained throughout the application of 65 µM 9b,
showing little or no signs of desensitization, unlike the
rapid decay observed during exposure to high ACh
concentrations (Kotzyba-Hibert et al., 1996). A complete
block of macroscopic currents to 65 µM 9b was produced
within 1-2 min following bath application of 50 µM
d-tubocurarine, with recovery after a 5 min washout (n
) 5, Figure 6B).
The R-substituted compound 9a was also tested at 50

µM in TE 671 cells. No single-channel activity was
observed in cell-attached patches (n ) 10, not shown).
Similarly, macroscopic, inward whole-cell currents were
not elicited by 15 s applications of 50 µM 9a (n ) 10, not
shown). Thus, the position of the ammonium-methylene
side chain relative to the carbonyl moiety, going from the
R-position in 9a to the â-position in 9b, appears to be
determinant for agonist activity, with only the â-substi-
tuted ligand 9b being a functional agonist. This was also
observed with the first cyclohexadienone series (Kotzyba-
Hibert et al., 1996).
Several characteristics of 9b-activated channels (linear

current-voltage, reversal potential, and single-channel

Figure 3. Photoincorporation of [3H]-9b into the different
subunits (R, â, γ, and δ) of the desensitized Torpedo AChR.
Receptor-rich membranes (220 pmol) were irradiated at 290 nm
for 45 min, in the presence of 1 µM [3H]-9b (3.7 Ci/mmol) and
15 µM proadifen (to obtain the desensitized AChR state).
Sixteen picomoles of solubilized photoalkylated AChR was
loaded per well and analyzed on 10% SDS-PAGE. Distribution
of the radioactivity in the four subunits was measured after gel
slicing, digestion, and counting. Photoincorporation was deter-
mined without and with a protecting ligand (10 µM d-tub-
ocurarine).

Figure 4. Concentration dependence of [3H]-9b photoincor-
poration (0.1-20 µM) into the R-subunits without and with 10
µM d-tubocurarine expressed in disintegrations per minute per
mole of AChR loaded on the gel.
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conductance) are quite close to those found for ACh. A
notable difference was the apparent lack of desensitiza-
tion for whole-cell currents during maintained (15 s)
applications of 65 µM 9b. Nevertheless, the block of 9b-
induced whole-cell current by d-tubocurarine together
with the single-channel data is highly consistent with 9b
activating AChRs on TE 671 cells.

CONCLUSION

From both the binding and photolabeling data obtained
on Torpedo AChR and the electrophysiological studies on
TE 671 cells, we conclude that [3H]-9b is a good candi-
date for exploring the active state of AChR at the
molecular level. [3H]-9b acts as a functional agonist of
AChR that irreversibly labels the ACh binding site with
efficiency. In photolabeling experiments, over 60% of the
radioactivity was located on the R-subunit, as previously
found for [3H]DDF (Langenbuch-Cachat et al., 1988).
The uncharged photosensitive part of 9b seems not to

be critical for cholinergic recognition, unlike [3H]DDF
(Langenbuch-Cachat et al., 1988; Dennis et al., 1988;
Galzi et al., 1990). Thus, covalent labeling with 9bmight
occur in different molecular regions of the ACh binding
site, thereby providing new insight into the structural
basis underlying the functional, activated state of AChR.
Along these lines, on the basis of mutations of the δAsp-
180 and γAsp-174 residues (which are thought to be at
an appropriate distance from RCys-192/193 to interact
electrostatically with the positively charged ammonium
of cholinergic ligands during agonist binding), it was
recently concluded that these residues are involved in

the conformational changes whereby receptor subunits
move closer to bound agonist in the activated (A) state
(Martin et al., 1996). Structural transitions associated
with ACh binding have also been described using analysis
of electron images of crystallized Torpedo AChR (Unwin,
1995). Upon binding, a cavity (thought to represent the
ACh binding site) in the Rδ-subunit (R-subunit in contact
with δ) disappears in the activated structure, while the
â-subunit moves away from the Rδ-subunit toward the
Rγ-subunit. This coordination of structural responses of
the two R-subunits is proposed to be central to the
cooperative mechanism responsible for channel opening
(Unwin, 1995). Also, new information obtained with 9b
should allow us to better understand how the transition
between the active (A) and desensitized (D) states occurs
at the molecular level. From labeling studies with DDF,
it was shown that upon desensitization the contribution
to the agonist binding site was increased for the δ-subunit
and decreased for the γ-subunit (Galzi et al., 1991).
Functionally, 9b activates currents through AChR as

does ACh, with the exception that essentially no desen-
sitization of whole-cell currents was observed at 65 µM
9b, similar to our recently reported results for 1 (Kotzyba-
Hibert et al., 1996). This should be useful for photo-
labeling the open channel A state of AChR with adapted
flash-photolysis techniques. Because 9b seems to modify
the allosteric pathway for AChR reactivation, and given
that desensitization is kinetically limiting (minute time
range), photocoupling of 9b to the A state of AChR may
be greatly increased, and thus, very rapid photolabeling
may be unnecessary.
We intend to use [3H]-9b in photolabeling experiments

to characterize the radiolabeled amino acids after puri-
fication and sequencing. This molecular investigation of
the ACh binding site will first be carried out on the
desensitized (D) state. Such characterization of the open
channel A state will then be attempted by labeling the
receptor using rapid mixing techniques. A more precise
molecular understanding of conformational changes un-

Figure 5. Single-channel currents activated by 9b at 6.5 µM
(A) and 65 µM (B) recorded from cell-attached patches of TE
671 cells. The pipette potential was 70 mV. The dashed lines
indicate current segments shown below on a faster time scale.
Data were filtered at 1 kHz. Inward currents are downward.
(C) Current-voltage relationship for 9b-activated single-channel
currents from a cell-attached patch. The voltage axis is plotted
as -Vpipette.

Figure 6. Macroscopic 9b-activated inward currents from TE
671 cells obtained in the whole-cell recording configuration. (A)
The current evoked by 65 µM 9b was maintained during a 15 s
application, showing negligible signs of desensitization. 9b was
locally microperfused using a pressurized puffer pipette. The
holding potential was -70 mV. (B) Block of 9b-activated
current by bath application of 50 µM d-tubocurarine and partial
recovery after a 5 min washout. The holding potential was -70
mV.
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derlying the dynamic structural processes regulating
cholinergic neurotransmission should be possible by
comparing the topography of the ACh binding site before,
during, and after AChR activation.
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Strasbourg) for providing the TE 671 cell line, and E.
Krempp for technical support. Financial support was
from CNRS (Centre National de la Recherche Scienti-
fique), AFM (Association Française contre les Myopa-
thies), and Naturalia and Biologia.

LITERATURE CITED

Alcaraz, M. L., Peng, L., Klotz, P., and Goeldner, M. (1996)
Synthesis and properties of photoactivatable phospholipid
derivatives designed to probe the membrane-associated do-
mains of proteins. J. Org. Chem. 61, 192-201.

Arnold, B. R., Sciaiano, J. C., Bucher, G. F., and Sander, W. W.
(1992) Laser flash photolysis studies on 4-oxocyclohexa-2,5-
dienylidenes. J. Org. Chem. 57, 6469-6474.

Bayley, H. (1983) in Photogenerated reagents in biochemistry
and molecular biology (T. S. Work and R. H. Burdon, Eds.) p
97, Elsevier, Amsterdam.

Bradford, M. M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72, 248-
254.

Chatrenet, B., Kotzyba-Hibert, F., Mulle, C., Changeux, J.-P.,
Goeldner, M. P., and Hirth, C. (1992) Photoactivatable agonist
of the nicotinic acetylcholine receptor: potential probe to
characterize the structural transitions of the acetylcholine
binding site in different states of the receptor. Mol. Phar-
macol. 41, 1100-1106.

Dennis, M., Giraudat, J., Kotzyba-Hibert, F., Goeldner, M.,
Hirth, C., Chang, J. Y., Lazure, C., Chrétien, M., and
Changeux, J.-P. (1988) Amino acids of the Torpedo marmo-
rata acetylcholine receptor R-subunit labeled by a photoaf-
finity ligand for the acetylcholine binding site. Biochemistry
27, 2346-2357.

Eldefrawi, A. T., Miller, E. R., Murphy, D. L., and Eldefrawi,
M. E. (1982) [3H]Phencyclidine interactions with the nicotinic
acetylcholine receptor channel and its inhibition by psycho-
tropic, antipsychotic, opiate, antidepressant, antibiotic, an-
tiviral and antiarrhythmic drugs. Mol. Pharmacol. 22, 72-
81.

Feltz, A., and Trautmann, A. (1982) Desensitization at the frog
neuromuscular junction: a biphasic process. J. Physiol.
(London) 331, 257-272.

Galzi, J.-L., Revah, F., Black, D., Goeldner, M., Hirth, C., and
Changeux, J.-P. (1990) Identification of a novel amino acid
R-Tyr 93 within the cholinergic ligands-binding sites of the
acetylcholine receptor by photoaffinity labeling: additional
evidence for a three-loop model of the cholinergic ligands-
binding sites. J. Biol. Chem. 265, 10430-10437.

Galzi, J.-L., Revah, F., Bouet, F., Ménez, A., Goeldner, M., Hirth,
C., and Changeux, J.-P. (1991) Allosteric transitions of the
acetylcholine receptor probed at the amino acid level with a
photolabile cholinergic ligand. Proc. Natl. Acad. Sci. U.S.A.
91, 5051-5056.

Gasper, S. M., Devadoss, C., and Schuster, G. B. (1995)
Photolysis of substituted benzenediazonium salts: spin-
selective reactivity of aryl cations. J. Am. Chem. Soc. 117,
5206-5211.

Goeldner, M. P., and Hirth, C. G. (1980) Specific photoaffinity
labeling induced by energy transfer: application to irrevers-
ible inhibition of acetylcholinesterase. Proc. Natl. Acad. Sci.
U.S.A. 77, 6439-6442.

Grassi, F., Giovannelli, A., Fucile, S., Mattei, E., and Eusebi,
F. (1993) Cholinergic responses in cloned human TE 671/RD
tumour cells. Pfluegers Arch. 425, 117-125.

Heidmann, T., and Changeux, J.-P. (1979) Fast kinetic studies
on the interaction of a fluorescent agonist with the membrane-

bound acetylcholine receptor from Torpedo marmorata. Eur.
J. Biochem. 94, 255-279.

Heidmann, T., Bernhardt, J., Newmann, E., and Changeux, J.-
P. (1983) Rapid kinetics of agonist binding and permeability
response analyzed in parallel on acetylcholine receptor rich
membranes from Torpedo marmorata. Biochemistry 22,
5452-5459.

Kessler, P., Ehret-Sabatier, L., Goeldner, M., and Hirth, C.
(1990) 4-Diazocyclohexa-2,5-dienones as photoaffinity re-
agents for proteins. Tetrahedron Lett. 31, 1275-1278.

Kotzyba-Hibert, F., Kapfer, I., and Goeldner, M. (1995) Recent
trends in photoaffinity labeling. Angew. Chem., Int. Ed. Engl.
34, 1296-1312.

Kotzyba-Hibert, F., Kessler, P., Zerbib, V., Bogen, C., Snetkov,
V., Takeda, K., Goeldner, M., and Hirth, C. (1996) Novel
photoactivatable agonist of the nicotinic acetylcholine receptor
of potential use for exploring the functional, activated state.
J. Neurochem. 67, 2557-2565.

Laemmli, U. K. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 277,
680-685.

Lange, G. L., and Gottardo, C. (1990) Facile conversion of
primary and secondary alcohols to alkyl iodides. Synth.
Commun., 1473-1479.

Langenbuch-Cachat, J., Bon, C., Mulle, C., Goeldner, M., Hirth,
C., and Changeux, J.-P. (1988) Photoaffinity labeling of the
acetylcholine binding sites on the nicotinic receptor by an
aryldiazonium derivative. Biochemistry 27, 2337-2345.

Luther, M., Schoepfer, R., Whiting, P., Casey, B., Blatt, Y.,
Montal, M. S., Montal, M., and Lindstrom, J. (1989) A muscle
acetylcholine receptor is expressed in the human cerebellar
medulloblastoma cell line TE 671. J.Neurosci. 9, 1082-1096.

Martin, M., Czajkowski, C., and Karlin, A. (1996) The contribu-
tion of aspartyl residues in the acetylcholine receptor γ and
δ subunits to the binding of the agonists and competitive
antagonists. J. Biol. Chem. 271, 13497-13503.

Middleton, R. E., and Cohen, J. B. (1991) Mapping of the
acetylcholine binding site of the nicotinic acetylcholine recep-
tor: [3H]nicotine as an agonist photoaffinity label. Biochem-
istry 30, 6987-6997.

Morgat, J.-L., Demares, J., and Cornu, M. (1975) Dispositif
automatique de transfert de gaz (tritium, deutérium, hydro-
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for Increased Cellular Uptake
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DNA therapeutics show great potential for gene-specific, nontoxic therapy of a wide variety of diseases.
The deoxyribose phosphate backbone of DNA has been modified in a number of ways to improve
nuclease stability and cell membrane permeability. Recently, a new DNA derivative with an amide
backbone instead of a deoxyribose phosphate backbone, peptide nucleic acid (PNA), has shown
tremendous potential as an antisense agent. Although PNAs hybridize very strongly and specifically
to RNA and DNA, they are taken up by cells very poorly, limiting their potential as nucleic acid
binding agents. To improve cellular uptake of a PNA sequence, it was conjugated to a D-amino acid
analog of insulin-like growth factor 1 (IGF1), which binds selectively to the cell surface receptor for
insulin-like growth factor 1 (IGF1R). The IGF1 D-peptide analog was assembled on (4-methylben-
zhydryl)amine resin, and then the PNA was extended as a continuation of the peptide. The conjugate
and control sequences were radiolabeled with 14C or fluorescently labeled with fluorescein isothiocy-
anate. Cellular uptake of the PNA-peptide conjugate, a control with two alanines in the peptide,
and a control PNA without the peptide segment were studied in murine BALB/c 3T3 cells, which
express low levels of murine IGF1R, in p6 cells, which are BALB/c 3T3 cells which overexpress a
transfected human IGF1R gene, and in human Jurkat cells, which do not express IGF1R, as a negative
control. The specific PNA-peptide conjugate displayed much higher uptake than the control PNA,
but only in cells expressing IGF1R. This approach may allow cell-specific and tissue-specific application
of PNAs as gene-regulating agents in vivo.

INTRODUCTION

Targeting oligonucleotides to a particular gene, or
messenger RNA of the gene, to specifically inhibit the
expression of that gene has developed into an attractive
therapeutic strategy in recent years, especially for treat-
ing cancers and viral diseases (1-3). Novel oligonucle-
otide analogs have been synthesized to act as antisense/
antigene agents, to improve the biological stability,
solubility, cellular uptake, and ease of synthesis. One
of the recent additions to this group of modified oligo-
nucleotide analogs is the peptide nucleic acid (PNA)1
(Figure 1) (4). In these compounds, the entire deoxyri-
bose phosphate backbone has been replaced with a
structurally homomorphous polyamide (peptide) back-
bone composed of (2-aminoethyl)glycine units, leaving the
oligomer uncharged. This synthetic DNAmimic exhibits
enhanced affinity and specificity for its complementary
nucleic acid target sequence.

The PNAs have clear advantages over a variety of
oligonucleotide analogs in several properties that are
critical for antigene/antisense activity. Compared with
other oligonucleotide derivatives, PNAs display the high-
est Tm values for duplexes formed with single-stranded
DNA or RNA (5). PNAs are also resistant to both
proteases and nucleases (6). Another major advantage
is that PNAs can strand-invade duplex DNA, resulting
in the formation of D-loops (7). This characteristic may
make it possible to manipulate gene expression at the
level of transcription. These complexes mediate the
antigene/antisense effects of PNAs by steric hindrance
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1 Abbreviations: Boc, tert-butyloxycarbonyl; Bzl, benzyl;
DMEM, Dulbecco’s modified Eagle’s medium; FITC, fluorescein
isothiocyanate; Fmoc, fluorenylmethoxycarbonyl; HPLC, high-
performance liquid chromatography; IGF1, insulin-like growth
factor; IGF1R, insulin-like growth factor 1 receptor; Mob,
4-methoxybenzyl; PNA, peptide nucleic acid; SDS, sodium
dodecyl sulfate; SEM, standard error of the means; Tm, melting
temperature; Z, benzyloxycarbonyl.

Figure 1. Structure of PNA and DNA. PNAs are peptide-based
analogs of DNA in which the phosphate sugar backbone is
replaced by (2-aminoethyl)glycine.
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of enzyme complexes responsible for DNA transcription,
cDNA synthesis, and RNA translation.
PNA activity as an antisense agent has been demon-

strated in vitro and by microinjecting individual cells in
culture (8). Microinjection of PNAs into cells was neces-
sary because of poor cellular uptake (9) which was found
to be 10 times less efficient than uptake of phospho-
rothioates in a variety of mammalian cells (10). One of
the primary requirements for an oligonucleotide analog
to be successful as an antigene/antisense agent is for it
to be taken up by the cells in reasonable quantity so that
it can reach its target in sufficient concentration. Since
the PNAs suffer from poor cellular uptake, they have not
been developed as an antigene/antisense therapeutic
agent. To alleviate this situation, a strategy was devel-
oped to improve cellular uptake as well as to target the
PNAs to specific cell types. A previous attempt was made
to deliver PNA specifically through the blood-brain
barrier (BBB) by binding a biotinylated PNA to strepta-
vidin conjugated to a monoclonal antibody against trans-
ferrin receptor (11), to take advantage of the relatively
high level of transferrin receptor at the BBB. The
strategy was to have the PNAs cross the BBB via
transferrin receptor mediated endocytosis. Though ac-
cumulation of the intravenously administered PNA-
biotin-streptavidin-antibody inside the brain was 28-
fold greater than accumulation of unmodified control
PNA, no evidence was presented for cellular uptake of
these large, complex conjugates.
Recent investigations have revealed that the insulin-

like growth factor 1/insulin-like growth factor 1 receptor
(IGF1/IGF1R) system plays major regulatory roles in
development, cell cycle progression, and the early phase
of tumorigenicity (12). Small peptides have been de-
signed by molecular modeling as analogs of natural IGF1.
The most effective peptide analog, JB3, D-Cys-Ser-Lys-
Ala-Pro-Lys-Leu-Pro-Ala-Ala-Tyr-Cys, inhibits growth of
certain cancer cell lines and competes with the natural
ligand for binding to the IGF1R (13). Thus, we hypoth-
esized that conjugation of the D-peptide analog with an
antisense PNA against an effective target sequence of
IGF1RmRNA (14) would provide cell-type specificity, and
increased cellular uptake, by those cells overexpressing
IGF1R. The rationale behind this strategy is the predic-
tion that the peptide moiety would specifically bind the
cell surface receptor, in this case IGF1R, to concentrate
the conjugates on the specific cells, and then the conju-
gate would get taken up by receptor mediated endocytosis
(15). In the case of PNAs, a study of cellular uptake
demonstrated active endocytosis, with 13% of the inter-
nalized radiolabel localized to the nuclei after 8 h (10).
No toxicity was evident over 24 h of observation. Once
inside the cell, some fraction of internalized PNA may
then interact with its target nucleic acid in the cytoplasm
or nucleus.
The JB3 peptide has two Cys residues, one at each

terminus, which are disulfide linked to form a loop with
limited flexibility, favoring a conformation for binding to
the receptor. The use of D-amino acids gave the peptide
stability against cellular proteases. A reverse sequence
was synthesized with respect to the normal L-amino acid
sequence to account for the reversal of chirality (13). To
reduce the complexity of the synthesis, a smaller version
of JB3, called JB9, D-Cys-Ser-Lys-Cys, was selected for
conjugation with the PNA. The peptide segment was
synthesized automatically using standard Fmoc coupling,
after which the PNA moiety was extended from the N
terminus of the peptide by manual Boc coupling (16).
Cellular uptake of the PNA-peptide conjugate, a

control with two D-Ala residues in the peptide in place

of D-Ser-Lys, and a control PNA without a peptide adduct
were studied in murine BALB/c 3T3 cells, which express
low levels of murine IGF1R, in p6 cells, which are BALB/c
3T3 cells, which overexpress a transfected human IGF1R
gene (13), and in human Jurkat cells, which do not
express IGF1R (17), as a negative control. In cells
expressing IGF1R, the specific PNA-peptide conjugate
displayed significantly higher uptake than the control
PNA or the control PNA-peptide. This approach may
allow cell-specific and tissue-specific application of PNAs
as gene-regulating agents in vivo.

MATERIALS AND METHODS

Assembly of PNA-Peptide Conjugates. The
IGF1R-targeted PNA-peptide (PNAP1) synthesized was
H-Gly-CCGCTTCCTTTC-Gly4-Cys-Ser-Lys-Cys-NH2 (Fig-
ure 2). The PNA dodecamer, CCGCTTCCTTTC, is
complementary to nucleotides 2251-2262, codons 706-
709, of human IGF1R mRNA, corresponding to the
putative precursor processing site (18). The four glycines
at the N terminus of the peptide adduct serve as a spacer
between the peptide and the PNA moieties to minimize
mutual interference, as these two segments by design
have independent functions.
The peptide portion of the conjugate was synthesized

automatically on p-methylbenzhydrylamine-HCl (1%
divinyl polystyrene cross-linked) resin on an Applied
Biosystems 331 peptide synthesizer at 0.10 mmol scale
(250 mg) with a standard HBTU coupling protocol using
Fmoc-D-Cys (Mob)-OH (Bachem Biosciences, Inc., King
of Prussia, PA), Fmoc-D-Ser (Bzl)-OH (Bachem Bio-
sciences), Fmoc-D-Lys (Z)-OH (Novabiochem, San Diego,
CA), and Fmoc-Gly-OH (Applied Biosystems, Foster City,
CA). After assembly of the complete peptide, the N-
terminal Fmoc group was removed. Thus, the amino
terminus became available for assembling the PNA chain
as a continuation of the protected D-peptide segment,
H2N-Gly-Gly-Gly-Gly-D-Cys(Mob)-D-Ser(Bzl)-D-Lys (Z)-D-

Figure 2. Synthetic scheme for assembly of PNA-peptide
conjugates.

482 Bioconjugate Chem., Vol. 8, No. 4, 1997 Basu and Wickstrom



Cys(Mob)-resin. The Boc-protected PNA monomers
(PerSeptive Biosystems, Framingham, MA) were coupled
manually essentially as described (16).
In short, 1.5 mL solutions of 0.10 M Boc-protected

monomer (0.15 mmol) were preactivated for 2 min with
0.08 M HBTU and 0.20 M DIEA (base) in pyridine/DMF
(1:1 v/v) and then coupled to 0.040 mmol (200 mg) of
H-Gly-Gly-Gly-Gly-D-Cys(Mob)-D-Ser(Bzl)-D-Lys(Z)-D-Cys-
(Mob)-resin for 20 min. Qualitative ninhydrin analysis
was conducted on an aliquot of the growing Boc-PNA-
peptide-resin to determine the presence of free amines
(19). The resin was washed twice with 3 mL of pyridine
for 2 min. The free amines were capped with a mixture
of acetic anhydride/pyridine/CH2Cl2 (10:12:78, v/v/v) for
5 min. Any acetyl esters formed by the capping step were
removed by treatment with 3 mL of piperidine/CH2Cl2
for 5 min. The resin was then washed three times with
3 mL of DMF/CH2Cl2 (1:1, v/v), followed by washing three
times with 3 mL of neat CH2Cl2, three times, for 2 min
per wash step. The terminal Boc group was removed by
treating the resin twice with TFA/m-cresol (95:5, v/v) for
2 min. The PNA-peptide-resin was washed three times
with DMF/CH2Cl2 (1:1, v/v) for 2 min each, followed by
two washes with neat pyridine for 2 min each. The
coupling/deprotection cycle with Boc-PNAmonomers was
repeated until the entire PNA sequence was assembled.
Ninhydrin analysis was repeated and proved to be
negative. The completed PNA-peptide conjugate was
deprotected and cleaved from the resin with anhydrous
HF/anisole at 0 °C for 45 min. A control PNA (PNA1)
without a peptide, Gly-CCGCTTCCTTTC-CONH2, and a
peptide sequence control (PNAP2), Gly-CCGCTTCCTTTC-
CONH-Gly4-Cys-Ala-Ala-Cys-CO2H, were custom syn-
thesized by PerSeptive Biosystems.
Purification of PNA-Peptide Conjugates. The

two cysteine side chains in the peptide were cyclized by
dissolving the conjugate in 0.01 M NaHCO3, pH 8.5, at
5.0 g/L, and stirring for 24 h at room temperature in the
presence of atmospheric oxygen to allow formation of
disulfide linkages. The lyophilized conjugate was as-
sayed for free sulfhydryl groups by Ellman’s reagent
(DTNB assay) (20). The cyclized crude product was
purified by HPLC on a 10 × 250 mm C18 Econosil column
(Alltech Associates, Deerfield, IL) eluted over 40 min from
10% to 80% acetonitrile in water containing 0.1% TFA,
at 4 mL/min, on a Waters 600 multisolvent delivery
system coupled with a temperature controller maintain-
ing the column at 50 °C and a Waters 486E variable-
wavelength detector, monitoring eluent absorbance at
260 nm.
Characterization of PNA-Peptide Conjugates by

Mass Spectroscopy. The conjugate was also character-
ized by MALDI-TOF mass spectroscopy (21) on a Hewlett-
Packard 1700 LDI calibrated with a standard peptide
mixture supplied by the manufacturer. Equal volumes
of a 0.5 mM solution of the conjugate in 20% methanol,
80% water, and a solution of sinapinic acid (3,5-dimethoxy-
4-hydroxycinnamic acid; Aldrich, Milwaukee, WI) were
mixed well. Then, 1 µL of the solution was placed on
the tip of the probe, and the sample was allowed to
crystallize under vacuum and then analyzed to obtain
the mass of the conjugate. A PNA1 sample was similarly
analyzed.
Characterization of PNA-Peptide Conjugates by

SDS-Polyacrylamide Gel Electrophoresis. The
PNA-peptide conjugate was also characterized by SDS-
polyacrylamide gel electrophoresis. The samples were
electrophoresed on 4-20% acrylamide gradient gels (Bio-
Rad, Hercules, CA), on a Bio-Rad Mini-Protean II Cell
apparatus. Gel electrophoresis was conducted at 100 V,

in Laemmli buffer, pH 8.3 (22), calibrated with low-range
prestained protein molecular mass standards, 3-43 kDa
(Life Technologies, Gaithersburg, MD). The gels were
stained with Coomassie brilliant blue to visualize the
bands.
Synthesis of [14C]PNA-Peptide and [14C]PNA

Conjugates. PNA1, PNAP1, and PNAP2 were radioac-
tively labeled by reductive methylation with [14C]form-
aldehyde as described (10, 23). Briefly, PNA and PNA-
peptides (100 nmol) were dissolved in 0.1 mL of 0.2 M
Na2HPO4, pH 7.5 (to minimize lysine methylation), with
500 nmol of [14C]formaldehyde (NEC-039H, 40-60 Ci/
mol, New England Nuclear, Boston, MA) and incubated
for 2 h at room temperature with periodic vortexing.
Sodium cyanoborohydride (0.1 mL of a fresh 100 mM
solution) was then added to the mixture to reduce the
Schiff base, and the incubation was continued for an
additional 4 h with periodic vortexing. The [14C]PNA
derivatives were purified by gel filtration on NAP10 G-25
Sephadex columns (17-0854-01, Pharmacia Biotech Inc.,
Piscataway, NJ). Homogeneity was evaluated by TLC
of a small aliquot on cellulose plates (1366061, Eastman
Kodak, Rochester, NY) developed with n-butanol/glacial
acetic acid/H2O (4:1:5). Specific activities of the labeled
PNAs were estimated by measuring concentrations from
A260 in UV-absorbing TLC bands extracted with water
and 14C radioactivity using liquid scintillation counting
at 75% counting efficiency. The specific activities of
several preparations ranged from 5.3 to 11 Ci/mol.
Synthesis of PNA-Peptide-Fluorescein and

PNA-Fluorescein Conjugates. Purified PNAP1 and
PNA1 were fluoresceinated with a 20-fold excess of FITC
in 0.2 M Na2HPO4 buffer, pH 8.5 (to minimize lysine
fluoresceinylation), for 2 h with constant stirring. The
products were purified from free FITC by preparative
chromatography on a NAP10 G-25 Sephadex column and
further purified on a G-50 Sephadex column (Pharmacia
Biotech Inc.). Fluorescein conjugates were then analyzed
by SDS-polyacrylamide gel electrophoresis as above.
Thermal Denaturation of PNA-DNA Duplexes.

Thermal denaturation profiles of an equimolar mixture
of the purified PNAP1 conjugate or PNA1 control, and
their complementary DNA target, were performed in 10
mM Tris-HCl, pH 8.0, 100 mM NaCl, on a Cary 3E
spectrophotometer equipped with a multicell holder and
a temperature controller (Varian, Palo Alto, CA). The
rate of increase of the temperature was 1 °C/min, from
10 to 90 °C. All Tm values were calculated from the first
derivative of the melting curve, and the reported values
are the average of three experiments.
Serum Stability of the PNA-Peptide Conjugate.

An aliquot of PNAP1 conjugate was incubated in 10%
fetal bovine serum/PBS for 12 and 24 h at 37 °C. After
incubation, 1 volume of acetonitrile was added to each
sample to precipitate serum proteins, which were pelleted
by centrifugation (24). Free conjugate in the supernatant
was evaporated in vacuo. It was then analyzed by
reversed phase HPLC as described above.
Cellular Uptake Studies with [14C]PNA and [14C]-

PNA-Peptide Conjugates. Cellular uptake studies
with radiolabeled PNA derivatives were carried out as
described previously (10). p6 cells, which are murine
BALB/c 3T3 cells transfected with human IGF1R gene,
and nontransfected murine BALB/c 3T3 cells were plated
in DMEM with 10% FBS in 12.5 cm2 flasks and then
allowed to attach and grow for 2 days in a humidified
cell incubator with 5% CO2 at 37 °C, reaching 50-80%
confluence, on the order of 106 cells per flask. The
medium was then removed and replaced with fresh
medium containing 1 µM of the various [14C]PNA deriva-
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tives, prewarmed to 37 °C; background cells received
medium with no [14C]PNA derivatives. After incubation
for various times, attached cells were washed directly in
the flasks using four washes: once with fresh medium,
once with PBS, once with 1.0 M NaCl/0.4 M NaOAc, pH
3.3, and once with PBS. This procedure had the advan-
tage of removing both noninternalized oligomer and any
dead cells, which can accumulate large amounts of
labeled oligomer and thereby skew any uptake measure-
ments (10). Human Jurkat cells, which lack IGF1R (17),
were used as a negative control. They were grown in
suspension in RPMI 1640 with 10% FBS in a humidified
cell incubator with 5% CO2 at 37 °C. The Jurkat cells
were treated in the same manner as the attached cells,
except that they were incubated and washed in centrifuge
tubes, rather than on plates, because they grow in
suspension.
After the final wash, the cells were lysed in 1 mL of

1% SDS in H2O, and the samples were processed for total
protein measurement and liquid scintillation counting as
described before (10). Fifty microliters of the lysate was
allocated for total protein measurement, and 14C activity
in the remaining lysate was measured by liquid scintil-
lation counting, from which background counts were
subtracted. Background samples from control lysates not
treated with [14C]PNA derivatives typically yielded 12-
15 cpm, corresponding to <1 pmol even at 10 Ci/mol or
0.2 pmol at a typical specific activity of 40 Ci/mol. Thus,
an experimental sample with twice the background
counts per mimute would contain 0.2-1 pmol, depending
on the specific activity, which may be considered the limit
of detection.
Control samples of varying confluence were trypsinized

following the last wash, resuspended in PBS for cell
counting, and then lysed to obtain total protein values.
This allowed the generation of a standard curve corre-
sponding to total protein vs cell number. The curve was
used to estimate cell counts from the total protein
measurements of treated cells, and [14C]PNA counts were
used to calculate picomoles of oligomer using the specific
activity of each labeled preparation. Values for cell
number and picomoles of cell-associated oligomer were
therefore obtained for each treated sample. Estimates
of cell volume were obtained by microscopic evaluation
of cell diameters using a micrometer and subsequent
calculation of an average cell volumes, as described (10).
Cellular Uptake Studies with PNA-Fluorescein

and PNA-Peptide-Fluorescein Conjugates. Cel-
lular uptake studies with fluorescein conjugates of PNA1
and PNAP1 were conducted with p6 cells and Jurkat
cells. P6 cells were plated on LAB TEK 8 well tissue
culture Chamber Slides (Nunc, Naperville, IL) in DMEM
with 10% FBS at a concentration of 20 000 cells/chamber.
The cells were allowed to attach and grow for 24 h in a
humidified cell incubator with 5% CO2 at 37 °C. The
attached cells were then washed with serum-free DMEM
and PBS. The cells were incubated for 4 h at 37 °C with
1 µM of the fluoresceinated PNAP1 in PBS. Human
Jurkat cells, the negative control, were treated in the
same manner as the p6 cells, except that they were
incubated and washed in centrifuge tubes rather than
on plates, because they grow in suspension. At the
conclusion of the incubation period the cells were washed
with serum-free DMEM once followed by three washings
with PBS. Then the cells were fixed with 1% paraform-
aldehyde/PBS for 1 h and washed once with buffer from
an ANTI-FADE kit (Molecular Probes, Eugene, OR). The
chambers were removed and excess liquid drained off.
One drop of the ANTI-FADE reagent was sufficient to
cover the cells on the slides, which were covered with

coverslips and sealed. The fixed slides were examined
on a Bio-Rad MRC-600 laser scanning confocal micro-
scope, interfaced to a Zeiss Axiovert 100 with a Plan-
Apo 63X 1.40NA oil-immersion lens, using fluorescence
microscopy and phase contrast microscopy to observe
cellular uptake of the fluorescent oligomers.

RESULTS

Assembly, Chromatography, and Mass Spectros-
copy of the PNA-Peptide Conjugate. The PNA-
peptide conjugate PNAP1, 5′-CCGCTTCCTTTC-3′-N-
(Gly)4-D-(Cys-Ser-Lys-Cys)-C, was synthesized on a solid
phase support with a blend of automatic and manual
syntheses (Figure 2). The conjugate was deprotected and
cleaved from the solid support, yielding 140 mg (0.0364
mmol) of crude linear product, a 91% yield by mass,
which could be an overestimate, due to the potential
inclusion of nonpeptide impurities. Analytical HPLC
displayed a main product peak including almost 90% of
the total area under the peaks. Thus, the product of 91%
crude yield with 90% full-length product in that material
gives a maximum estimated yield of 82%. The linear
PNAP1 was then cyclized and purified by reversed phase
HPLC. Analytical HPLC after purification (Figure 3A)
displayed a single peak. This is the first demonstration
of a partially automated synthesis of a PNA-peptide

Figure 3. Analytical HPLC of purified, cyclized PNA-peptide
conjugate PNAP1, on 4.6 × 250 mm Econosil C18 column eluted
over 40 min from 12% to 76% acetonitrile in water containing
0.1% TFA, at 1 mL/min, at 50 °C: (A) following purification;
(B) extracted from serum after 24 h of incubation. Eluent
absorbance was monitored at 260 nm.

Figure 4. SDS-PAGE of the PNA-peptide conjugate: lanes
1 (0.5 nmol), 3 (0.75 nmol), and 4 (1.5 nmol) are the conjugate;
lane 2 contains the molecular mass markers. The gel was
stained with Coomassie brilliant blue. The conjugate (3.85 kDa)
migrates between the 6.2 and the 3.0 kDa markers.
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conjugate. Two different coupling chemistries were
utilized: the more widely used Fmoc coupling for the
peptide segment and Boc coupling for the PNA segment.
The purified cyclized PNAP1 peak provided a MALDI-
TOF mass spectrum with a prominent peak at 3854.5
amu, close to the calculated mass (3850.7 amu) of the
intended PNAP1 conjugate. A negative result from the
DTNB assay of purified, cyclized PNAP1 implied absence
of free sulfhydryl groups, confirming the completeness
of disulfide cyclization. A single peak in the HPLC
chromatogram, as well as a single peak in the mass
spectrum corresponding to the monomeric mass of

PNAP1-peptide, indicated that the peptide portion was
indeed cyclized, rather than dimerized or oligomerized.
PNA1 was assembled, purified by HPLC, and analyzed
by mass spectrum in the same fashion. PNAP2 from
PerSeptive Biosystems was also homogeneous after cy-
clization and purification.
Electrophoretic Analysis of the PNA-Peptide

Conjugate. To further characterize the conjugate, it was
analyzed by denaturing SDS-polyacrylamide gel elec-
trophoresis (22), used regularly for sizing of polypeptides.
Previously, it has been possible to analyze complexes of
PNAs hybridized to charged nucleic acids by nondena-
turing gel electrophoresis (5). However, free PNAs have
not been analyzed previously by gel electrophoresis, due
to their lack of charge. The SDS-denatured conjugate
migrated as predicted according to its molecular mass,
compared to the standard peptide molecular mass mark-
ers (Figure 4). This is the first demonstration that PNA-
peptide conjugates could be analyzed for their homoge-
neity and molecular mass by denaturing gel elec-
trophoresis. Fluorescein conjugates were also analyzed
by SDS-polyacrylamide gel electrophoresis and dis-
played single bands of lower mobility (not shown).
Thermal Denaturation of PNA-DNA Duplexes.

The PNA-peptide conjugate includes a Gly4 spacer
between the dodecamer PNA segment and the tetrapep-
tide IGF1 analog. Despite the presence of the spacer
section, it is plausible that the peptide might interfere
with PNA hybridization to a complementary target.
Therefore, a thermal denaturation study was undertaken
to determine whether the peptide moiety might lower the
Tm of the PNA/DNA hybrid. The two melting curves were
identical, yielding a Tm of 60 ( 1 °C. These results imply
that the peptide moiety on the C terminus of the PNA

Figure 5. Cellular uptake of radiolabeled PNA and PNA-
peptides by mammalian cells as a function of incubation time
at 37 °C: (A) BALB/c 3T3 cells; (B) p6 cells; (C) Jurkat cells.
Cells were incubated in the presence of 1 µM [14C]PNA1 (b),
[14C]PNAP1 (]), and [14C]PNAP2 (O) for varying lengths of time
and processed for measurement of cell-associated radioactivity.
Data are presented in terms of picomoles of oligonucleotide per
106 cells. Each data point in (A) and (B) represents the mean (
SEM of three replicates. Each data point in (C) represents the
mean ( variance of two replicates.

Figure 6. Confocal microscopy of mammalian cells incubated with 1 µM fluorescein derivatives for 4 h at 37 °C: (A) p6 cells incubated
with fluorescein alone; (B) p6 cells incubated with fluoresceinated PNA1; (C) p6 cells incubated with fluoresceinated PNAP1 peptide
conjugate; (D) Jurkat cells incubated with fluoresceinated PNAP1 peptide conjugate. The right-hand side is the fluorescence image,
and the left-hand side is the phase contrast image of the same field.
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sequence did not adversely affect the hybridization
efficiency of the PNAmolecule to its complementary DNA
target, in agreement with previous findings (25, 26).
Serum Stability of the PNA-Peptide Conjugate.

The conjugate was designed to be resistant to both
proteases and nucleases, as the PNAs are not degraded
by either the proteases or the nucleases (6), and D-
peptides are also resistant to proteases (13). Samples of
PNAP1 incubated in serum were extracted at various
times and analyzed by HPLC. As hypothesized in the
design of PNAP1, the 24 h chromatogram displayed no
detectable degradation (Figure 3B).
Cellular Uptake Studies with [14C]PNA and [14C]-

PNA-Peptide Conjugates. The rationale behind the
construction of the conjugate was that the peptide part
would bind to IGF1R, a cell surface receptor which is
overexpressed in a variety of oncogenic cell lines, and that
would lead to internalization of the molecule via an
endocytotic mechanism. Once inside the cells, the PNA
may then find its target nucleic acid and hybridize.
Therefore, cellular uptake of PNA-peptide conjugates
was compared among nontransfected BALB/c 3T3 murine
cells, which express modest levels of murine IGF1R, p6
cells, which are BALB/c 3T3 murine cells that overex-
press human IGF1R (14), and human Jurkat cells, which
display very low expression of IGF1R (17), as a negative
control. BALB/c 3T3 cells, the parental line from which
p6 cells were derived, displayed low uptake of [14C]-
PNAP1, which was still 4-fold more than BALB/c 3T3
uptake of [14C]PNAP2 and [14C]PNA1 controls (Figure
5A). Uptake measurements with p6 cells showed much
greater uptake than observed with BALB/c 3T3 cells,
with 5-fold greater uptake of [14C]PNAP1 than of [14C]-
PNAP2 or [14C]PNA1 controls (Figure 5B). In contrast,
uptake experiments with Jurkat cells, which express
virtually no IGF1R, displayed low uptake, with little
preferential uptake of [14C]PNAP1 relative to the controls
(Figure 5C).
Cellular Uptake Studies with PNA-Fluorescein

and PNA-Peptide-Fluorescein Conjugates. When
the PNAP1 conjugate and the control PNA1 sequence
were fluoresceinated, cellular uptake could be studied by
fluorescence under a laser confocal microscope. The
fields observed for fluorescence signals were also observed
under phase contrast settings. Confocal microscopy
allowed observation of different planar sections of the
cells, which distinguished between intracellular fluores-
cence and cell surface fluorescence. This constitutes a
significant advantage over conventional fluorescence
microscopy, which cannot differentiate between signals
inside vs outside the cells. Incubation of p6 cells with
fluorescein (hydrolyzed FITC) alone (Figure 6A) or with
fluoresceinated PNA1 (Figure 6B) showed only very weak
cell-associated fluorescence, demonstrating that these
molecules were negligibly taken up by p6 cells. This
observation implies that uptake was not mediated by the
fluorescein moiety. In contrast, incubation of p6 cells
with fluoresceinated PNAP1 conjugate showed bright
fluorescence signals associated with intracellular struc-
tures, including the nuclei (Figure 6C). Since the ob-
served field was a planar section from inside of the cells,
the PNAP1 conjugate was presumed to have been inter-
nalized. Finally, when Jurkat cells were exposed to the
fluoresceinated PNA-peptide conjugate, negligible cell-
associated fluorescence signals were observed (Figure
6D), consistent with the hypothesis that the uptake of
the PNA-peptide conjugate PNAP1 would be mediated
by the JB9 peptide moiety. Figure 7 shows the fluores-
cence image from the right side of Figure 6C cells
superimposed upon the phase contrast image from the

left side of Figure 6C, illustrating that the fluorescein
signals came from compartments within the cells them-
selves.

DISCUSSION

The potential of antisense/antigene oligonucleotides as
a novel class of therapeutic agents lies in the predict-
ability and specificity of the complementary binding
between the intracellular target RNA or DNA and the
exogenously applied oligonucleotides by hydrogen bond-
ing. The development of antisense/antigene oligonucle-
otides as therapeutic agents has focused on chemically
modifying the oligonucleotides with the aim of enhancing
biological stability and intracellular uptake, without
compromising the hybridization efficiency or the binding
specificity.
The JB9 peptide moiety, modeled to imitate an IGF1R

binding domain of IGF1 (13), was hypothesized to enable
cell specific targeting of an oligonucleotide, followed by
receptor-mediated endocytosis, for the purpose of signifi-
cantly increasing internalization. Previously, this ratio-
nale led us to synthesize a phosphorothioate DNA-JB3
conjugate (27). However, PNAs fit the criteria for
therapeutic oligonucleotides better than phosphorothio-
ates, with the exception of poor cellular uptake (9, 10).
To solve this problem, a PNA-IGF1 analog conjugate
was synthesized, which resulted in targeted and elevated
cellular uptake.
For therapeutic application of oligonucleotide based

agents, it is essential to develop an automated synthetic
protocol. PNAs are typically synthesized on polystyrene-
based solid supports, utilizing Boc protection, similar to
what was developed for normal peptide synthesis (16, 28).
Alternatively, a PNA synthesis has been reported utiliz-
ing Fmoc protection (29). Manual assembly of a PNA-
peptide conjugate on a solid support has been described
before, utilizing Boc protection for both segments (25).

Figure 7. Confocal microscopy of p6 cells incubated with
fluoresceinated PNAP1 peptide conjugate. The fluorescence
image and the phase contrast image of the same fields shown
in Figure 6C are superimposed to illustrate the location of the
fluorescence signals within the cellular boundaries. Nuclei are
indicated by arrows.
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The peptide segment, containing naturally occurring
L-amino acids, was designed to be a substrate for protein
kinase A, which phosphorylates the serine residue. Since
PNAs have potential for application as antigene/anti-
sense agents against many genetic targets, and PNA-
peptide conjugates might overcome the problem of poor
cellular uptake, it would be much more efficient to
synthesize them automatically.
As a significant step in that direction a semiautomated

synthesis protocol has been developed. The synthesis of
the conjugate was achieved by integration of Fmoc
chemistry to assemble the peptide moiety on a solid
support and then Boc chemistry to extend the PNA
segment. The other significant improvement was the use
of D-amino acids for the peptide section, so that the IGF1
D-analog domain of the conjugate would be as resistant
to degradation as the PNA segment, for optimum bio-
availability.
The key problem in achieving solid phase synthesis of

a biologically stable conjugate was finding the right
combinations of protecting groups, so that the two
synthetic strategies would be compatible. This task was
made more difficult by the inclusion of D-amino acids, as
commercially available choices for them are narrow.
Utilization of Mob, Bzl, and Z protecting groups was
found to be mutually compatible for synthesis of the two
segments, resulting in an excellent yield of deprotected,
cyclized conjugate. A cyclized peptide domain is essential
in the conjugate to limit the flexibility of the JB9
segment, optimizing binding to the cell surface IGF1
receptor. The presence of the cyclized PNA-peptide
conjugate was demonstrated by the negative DTNB
assay, a homogeneous peak in the analytical HPLC
chromatogram, a single peak of predicted molecular mass
in the MALDI-TOF mass spectrum, and a single band
on a denaturing SDS-polyacrylamide gel, used for the
first time to characterize a PNA-peptide conjugate.
Measurements of cellular uptake and compartmental-

ization demonstrated specificity for the IGF1 analog, and
elevated uptake of the PNA-IGF1 analog conjugate was
dependent on the level of IGF1R expression. The con-
jugate was stable in serum over 24 h, which is essential
for bioavailability. Furthermore, the peptide adduct did
not inhibit hybridization of the PNA segment to comple-
mentary DNA. Finally, neither the radiolabeled nor the
fluorescent conjugates were toxic to the cell lines tested.
This is the first effective demonstration of cell specific
targeting and delivery of PNAs.
For oligonucleotides to be applied successfully as

antisense/antigene therapeutics, intracellular delivery is
essential. Among the available assortment of modified
oligonucleotide analogs, PNAs look very promising due
to their favorable hybridization characteristics and bio-
logical stability. The successful delivery of the PNA-
peptide conjugate inside cells without the need for
microinjection opens up the opportunity for developing
these oligonucleotide analogs as therapeutic agents. The
next logical step is to evaluate their antisense efficacy
in cell culture. This delivery strategy may be further
improved with more potent ligands to achieve better
cellular uptake, and other disease-related or tissue-
specific cell surface receptors may be targeted in the
future to concentrate PNA conjugates into other cell and
tissue types.
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Cyclopentadienyl Iron Dicarbonyl (η1-N-Phthalimidato) Complexes
Containing an Isothiocyanate Function: Synthesis and Application
to Protein Side-Chain Selective Labeling

Anna Kazimierczak,† Janusz Zakrzewski,*,† Michèle Salmain,‡ and Gérard Jaouen*,‡
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The two first transition metal carbonyl isothiocyanates were prepared in high yield within two steps
from photolysis of CpFe(CO)2I and 3- or 4-aminophthalimide in the presence of diisopropylamine
followed by reaction with thiophosgene/triethylamine. Their reaction with a model amino acid, i.e.
â-alanine, was performed and led to the expected thioureas. When reacted with bovine serum albumin
in aqueous medium, conjugates bearing 6-10 iron-carbonyl fragments were obtained and character-
ized by Fourier transform infrared spectroscopy, thus demonstrating the usefulness of these reagents
for the selective and covalent labeling of proteins.

INTRODUCTION

Organotransition metal complexes having substituents
able to react selectively at functional groups present in
biomolecules currently attract a great deal of attention
as labeling reagents (Furuya et al., 1988; Carver et al.,
1993; Wang et al., 1993; Anson et al., 1994; Dalla Riva
Toma et al., 1994; Krämer, 1996). During the past few
years, we have focused our interest on the use of
transition metal carbonyl complexes as reporter groups
for the labeling of biologically active molecules (Jaouen
et al., 1993). These complexes can be detected in a
sensitive and univoque manner by mid-IR1 spectroscopy
thanks to their νCO vibration modes that appear in the
1800-2150 cm-1 spectral region. Owing to the fact that
quantities of complex in the order of magnitude of the
picomole (10-12 mol) can be routinely detected and
quantified by current FT spectrometers (Salmain et al.,
1991), a new competitive immunological method, coined
carbonyl metallo immunoassay (CMIA) has been elabo-
rated for hapten assay (Salmain et al., 1992; Philomin
et al., 1994; Varenne et al., 1995).
The labeling of high molecular weight antigens or

antibodies, which is a prerequisite to the extension of
CMIA to proteic antigens, poses new problems as com-
pared to the labeling of haptens, owing to the polyfunc-
tional character of proteins and their tendency to dena-
turation. These problems have been solved by preparing
a series of metal carbonyl complexes containing an
N-hydroxysuccinimide (NHS) ester function, which reacts
with amino groups at the N-terminal position and the
lysine residues of proteins (Varenne et al., 1993; Salmain
et al., 1994; Gorfti et al., 1996). Other studies dealt with
organometallic reagents containing a pyrylium group
(Salmain et al., 1994; Malisza et al., 1995), reactive

toward amino groups. Recently, an organometallic com-
plex containing an N-maleimide function, CpFe(CO)2(η1-
N-maleimidato), has been synthesized (Rudolf and
Zakrzewski, 1994). Although it is believed that this
function reacts selectively with sulfhydryl groups (cys-
teines), it has been demonstrated that this complex can
also react with amino groups or imidazole rings (his-
tidines) (Rudolf and Zakrzewski, 1996). However, the
coupling selectivity can be tuned by changing the reaction
conditions (pH) (unpublished work).
Isothiocyanates have found numerous applications in

peptide and protein chemistry to date (Wong, 1991). The
best known examples include the Edman method of
protein amino acid sequence determination by means of
phenyl isothiocyanate (Cohen and Strydom, 1988) and
the use of fluoresceine isothiocyanate (FITC) for fluores-
cent labeling of proteins [see, for example, Oshita and
Katunuma (1993) and references cited therein]. Fer-
rocene-methyl isothiocyanate was also used to prepare
immunogens so as to eventually produce anti-ferrocene
polyclonal antibodies (Gill and Mann, 1966).
In this paper, we report the synthesis of two iron

carbonyl complexes containing an isothiocyanate func-
tion. Their reactivity toward amino groups was checked
using â-alanine and a model protein, bovine serum
albumin (BSA), which we had previously chosen for NHS
esters and pyrylium salt reactivity studies. Their prepa-
ration took advantage of the photochemical approach to
the synthesis of CpFe(CO)2(η1-N-imidato) complexes (Cp
) η5-cyclopentadienyl) (Zakrzewski, 1989). The idea was
to synthesize complexes containing a phthalimidato
ligand substituted by an amino function at the aromatic
ring and then convert this amino group into an isothio-
cyanate function.

EXPERIMENTAL PROCEDURES

Materials. All chemical reactions were carried out
under argon. Column chromatographies were performed
with silica gel 60 (230-400 mesh ASTM, Merck). Ben-
zene was distilled over sodium/benzophenone, and dichlo-
romethane and chloroform were distilled over calcium
hydride. Diisopropylamine and triethylamine (Aldrich)
were stored over KOH. Other analytical grade solvents
were used without purification. CpFe(CO)2I was syn-
thesized according to a published procedure (King, 1965).
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‡ Ecole Nationale Supérieure de Chimie.
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1 Abbreviations: BSA, bovine serum albumin; Cp, η5-cyclo-

pentadienyl; CR, coupling ratio; DMF, dimethylformamide; ESI-
MS, electrospray ionization spectroscopy; FT-IR, Fourier trans-
form infrared; mid-IR, mid-infrared; NHS,N-hydroxysuccinimide;
TLC, thin-layer chromatography; TMS, tetramethylsilane; TNBS,
trinitrobenzenesulfonic acid.
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Aminophthalimides (Kodak), thiophosgene, and â-alanine
(Aldrich) were used as received. Photolyses were carried
out by illuminating the solutions with visible light
produced by four 150 W domestic tungsten lamps and
simultaneous external cooling with a mixture of ice and
water. Borate and phosphate buffers were prepared from
demineralized water. Protein conjugations were per-
formed with undistilled solvents at room temperature.

1H NMR spectra were recorded on a Gemini 200BB
apparatus (200 MHz for 1H, Varian) and were referenced
to the internal standard TMS (0.00 ppm). Mass spectra
were recorded in the electronic impact mode at 15 eV
with a 2091 GCMS spectrometer (LKB). Qualitative IR
characterizations were performed on a 75IR spectrometer
(Specord). Quantitative IR analyses were performed by
depositing 10 µL samples on 9 mm diameter nitrocel-
lulose membranes (Alltech), and spectra were recorded
on a MB-100 FT spectrometer (Bomem) equipped with a
liquid nitrogen-cooled InSb detector as described (Sal-
main et al., 1993). UV-vis spectra were recorded on a
UV-mc2 spectrometer (Safas).
Methods. CpFe(CO)2[η1-(N - 1)(3-aminophthalimid-

ato] (1a). A mixture of CpFe(CO)2I (1.2g, 3.9 mmol),
3-aminophthalimide (0.52 g, 3.2 mmol), and diisopropyl-
amine (4 mL) in benzene (50 mL) was photolyzed for 12
h. The black color turned yellow during the photolysis.
The reaction course was followed by TLC using chloroform/
methanol 95:5 as eluent. The solid was filtered off, and
the filtrate was concentrated to ca. one-fourth of its
original volume. After addition of pentane (50 mL) and
cooling to -5 °C, the solid formed was filtered off and
dried, and 1a was purified by column chromatography,
eluted by chloroform, and crystallized from dichloro-
methane/pentane: yield 0.99 g (91%); 1H NMR (CDCl3)
δ 7.20 (t, J ) 7 Hz, partially obscured by the solvent
signal, 1H, H-5), 6.95 (d, J ) 7.0 Hz, 1H, H-4), 6.67 (d, J
) 7.0 Hz, 1H, H-6), 5.11 (s, 5H, Cp) , 5.06 (bs, 2H, NH2);
IR (CHCl3) ν (in cm-1) 3360, 3270 (NH2), 2055, 1990 (Fe-
CO), 1640 (imide CO); MS,m/e (assignment) (% intensity)
338 (M) (7), 310 (M - CO) (4), 282 (M - 2CO) (9), 186
(ferrocene?) (100). Anal. Calcd for C15H10N2O4Fe: C,
53.25; H, 2.96; N, 8.28. Found: C, 52.98; H, 2.82; N, 8.43.
CpFe(CO)2(η1-(N - 1)(4-aminophthalimidato) (1b). The

procedure was similar to the synthesis of 1a. After the
photolysis, pentane (50 mL) was added to the photolyte,
and after cooling to -5 °C, the solid was filtered off,
washed with pentane, triturated with 10% aqueous Na2-
CO3 (5 mL) and then with water, and dried. The crude
product was purified by column chromatography, and 1b
was eluted by chloroform and crystallized from dichloro-
methane/ether: yield 0.71 g (71%); 1H NMR (CDCl3) δ
7.38 (d, J ) 6.9 Hz, 1H, H-6), 6.87 (d, J ) 1.2 Hz , 1H,
H-3) and 6.64 (d,d, J ) 6.9 Hz, J ) 1.2 Hz, 1H, H-5),
5.09 (s, 5H, Cp), 4.16 (bs, 2H, NH2); IR (CHCl3) ν (in cm-1)
3410, 3360 (NH2), 2055, 2000 (Fe-CO), 1665, 1635 (imide
CO); MS,m/e (assignment) (% intensity) 338 (M) (1), 310
(M - CO) (4), 282 (M - 2CO) (9), 186 (ferrocene?) (100).
Anal. Calcd for C15H10N2O4Fe: C, 53.25; H, 2.96; N, 8.28.
Found: C, 53.29; H, 2.98; N, 8.17.
CpFe(CO)2(η1-(N - 1)(3-isothiocyanatophthalimidato)

(2a). A magnetically stirred solution of 1a (700 mg, 2.07
mmol) and triethylamine (0.4 mL) in dichloromethane
(33 mL) was treated with thiophosgene (0.207 mL, 2.71
mmol) at room temperature. After 1.5 h, the solvent was
evaporated and the residue chromatographed on a short
column. 2a was eluted by chloroform and crystallized
from dichloromethane/pentane: yield 630 mg (80%); dec
130-140 °C; 1H NMR (CDCl3) δ 7.4-7.55 (m, 3H,
aromatic ring protons), 5.12 (s, 5H, Cp); IR (CHCl3) ν (in
cm-1) 2100 (br) (NCS), 2050, 2005 (Fe-CO), 1655 (imide

CO); UV-vis (ethanol) λmax (in nm) (ε) 275 (15070), 320
(4170); MS, m/e (assignment) (% intensity) 380 (M) (4),
352 (M - CO) (5), 324 (M - 2CO) (100). Anal. Calcd for
C16H8N2O4SFe: C, 50.53; H, 2.11; N, 7.37; S, 8.42.
Found: C, 50.22; H, 2.03; N, 7.36; S, 8.47.
CpFe(CO)2(η1-(N - 1)(4-isothiocyanatophthalimidato)

(2b). A magnetically stirred solution of 1b (850 mg, 2.51
mmol) and triethylamine (0.5 mL) in dichloromethane
(40 mL) was treated with thiophosgene (0.25 mL, 3.28
mmol) at room temperature. After 1.5 h, the solvent was
evaporated and the residue chromatographed on a short
column. 2b was eluted by chloroform and crystallized
from dichloromethane/ether: yield 880 mg (92%); dec
150-160 °C; 1H NMR (CDCl3) δ 7.42 (d, J ) 1.6 Hz, 1H,
H-3), 7.57 (d, J ) 6.5 Hz, 1H, H-6), 7.29 (dd, J ) 6.5 Hz,
J ) 1.6 Hz, 1H, H-5), 5.12 (s, 5H, Cp); IR (CHCl3) ν (in
cm-1) 2120 (br) (NCS), 2055, 2005 (Fe-CO), 1660 (imide
CO); UV-vis (ethanol) λmax (in nm) (ε) 264 (18160), 290
(18960); MS, m/e (assignment) (% intensity) 380 (M) (5),
352 (M - CO) (4), 324 (M - 2CO) (100). Anal. Calcd for
C16H8N2O4SFe: C, 50.53; H, 2.11; N, 7.37; S, 8.42.
Found: C, 50.50; H, 2.10; N, 7.29; S, 8.11.
Reaction of 2a with â-Alanine. 2a (60 mg, 0.16 mmol)

and â-alanine (60 mg, 0.67 mmol) were dissolved in
pyridine (2 mL). To this solutionn were added 10%
aqueous Na2CO3 (5 mL) and some water to obtain a
homogeneous solution and pH 9-10. This solution was
allowed to stand at room temperature in the dark for 24
h. The solvents were evaporated to dryness, and the
residue was dissolved in water (5 mL) and extracted three
times with dichloromethane. Then the water layer was
acidified with HCl to pH 3-4. The precipitated yellow
solid 3a was filtered off, washed with water, and dried
under vacuum: yield 64.5 mg (86% calculated from 2a);
dec 148 °C; 1H NMR (CDCl3) δ 10.14 (bs, 1H, COOH),
9.32 (d, J ) 8.3 Hz, 1H, NH), 8.61 (bs, 1H, NH), 7.45-
7.30 (m, 3H, benzene ring H’s), 5.10 (s, 5H, Cp), 4.03 (m,
2H, CH2), and 3.00 (m, 2H, CH2); IR (CDCl3) ν (in cm-1)
2055, 1990 (Fe-CO), 1720 (COOH), 1640 (imide CO);
UV-vis (ethanol) λmax (in nm) (ε) 255 (23020), 275
(18900), 355 (5250). Anal. Calcd for C19H15N3O6SFe: C,
48.63; H, 3.23; N, 8.95; S, 6.83. Found: C, 48.34; H, 3.45;
N, 9.15; S, 7.08.
Reaction of 2b with â-Alanine. The same procedure

as in the preceeding reaction was applied. However, after
acidification, the product 3b did not crystallize. Instead,
it was extracted with dichloromethane: yield 33.7 mg
(45%); dec 165-170 °C; 1H NMR (CDCl3) δ 10.31 (bs, 1H,
COOH), 8.6 (bs, 1H, NH), 7.7-7.3 (m, 3H benzene ring
H’s), 7.2 (bs, 1H, NH), 5.11 (s,5H, Cp), 3.95 (m, 2H, CH2),
and 2.78 (m, 2H, CH2); IR (CDCl3) ν (in cm-1) 2050, 1990
(Fe-CO), 1720 (COOH), 1635 (imide CO); UV-vis (metha-
nol) λmax (in nm) (ε) 275 (15070), 320 (4170). Anal. Calcd
for C19H15N3O6SFe: C, 48.63; H, 3.23; N, 8.95; S, 6.83.
Found: C, 48.60; H, 3.50; N, 8.82; S, 6.88.
Reaction of 2a,b with BSA. To 2.7 mL of a 50 µMBSA

solution in borate buffer pH 9.5 was added 0.3 mL of a
27 mM 2a,b solution in DMF (i.e. 60 molar equiv).
Partial precipitation of the organometallic reagent was
noticed as soon as both solutions were mixed. The
suspension was stirred for one night at room tempera-
ture. After centrifugation at 4000 rpm for 15 min, the
supernatant was chromatographed on a prepacked gel
filtration column (Econopac 10DG, Bio-Rad). Ten 1-mL
fractions were collected and spectrophotometrically ana-
lyzed. The first four fractions were pooled. The concen-
tration of protein [P] was measured according to the
Coomassie blue method (Bradford, 1978) and by UV
spectrophotometry at 280 nm (ε280 ) 35700), after sub-
traction of the contribution of the label to the total
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absorbance. The concentration of CpFe(CO)2 groups [M]
was measured by UV spectroscopy at 350 nm [ε350 (3a)
) 5250; ε350 (3b) ) 3780] and by IR spectroscopy on
nitrocellulose membranes (k ) 18.2) as described (Sal-
main et al., 1993). The concentration of free protein
amino groups was measured according to the TNBS
method (Snyder and Sobocinski, 1975).

RESULTS

We had earlier reported that irradiation with visible
light of CpFe(CO)2I (Cp ) η5-C5H5) in the presence of
phthalimide and diisopropylamine in benzene led to the
efficient substitution of iodide by the phthalimide anion
(Figure 1) (Zakrzewski, 1989; Bukowska-Strzyzewska et
al., 1994). Other “N-H acidic” compounds such as
pyrrole, indole (Zakrzewski, 1987; Zakrzewski and Gi-
anotti, 1990), and uracils (Zakrzewski et al., 1995) react
similarly.
In this paper, we used this photochemical reaction for

synthesis of 3- and 4-amino derivatives of CpFe(CO)2(η1-
N-phthalimidato). We found that CpFe(CO)2I reacted
with 3- or 4-aminophthalimide and diisopropylamine in
benzene, under irradiation with visible light, and yielded
the yellow, air-stable complexes 1a,b (Figure 2).
However, due to rather poor solubility of the starting

aminophthalimides in the reaction medium (and their
anticipated lower N-H acidity in comparison to the
parent, unsubstituted phthalimide), these reactions re-
quired much longer photolysis times than the reaction
with phthalimide (12 h vs 2 h). Nevertheless, the yields
of isolated compounds 1a,b were relatively high (91 and
71% for 1a and 1b, respectively), and no other reaction

products were detected in the photolytes by TLC. The
presence of the amino substituents on the aromatic ring
of phthalimide did not impair the photochemical reaction
with the CpFe(CO)2I/diisopropylamine/hν system, which
invariably involves coordination of the CpFe(CO)2 moiety
to the deprotonated imide nitrogen.
The IR spectra of 1a,b displayed two bands in the

region of the stretching N-H vibrations, which confirmed
the presence of the primary amino function (NH2 sym-
metric and antisymmetric vibrations). The imide carbo-
nyl stretching frequencies were shifted toward lower
wavenumbers (ca. 70-80 cm-1) in comparison to the
parent N-H imides. The same shift was observed on
going from phthalimide to CpFe(CO)2(η1-N-phthalimid-
ato), suggesting the same coordination mode of the
deprotonated phthalimide ligand to the CpFe(CO)2 moi-
ety.
Aromatic amines are versatile starting materials for

the synthesis of aromatic isothiocyanates (Rifai and
Wong, 1989). We found that 1a,b react with thiophos-
gene in the presence of triethylamine at room tempera-
ture to afford the corresponding isothiocyanates 2a,b
(Figure 2). These complexes were isolated in 80% (2a)
and 92% (2b) yields as yellow, air-stable crystalline
solids, readily obtained in the pure form by chromatog-
raphy and crystallization from CH2Cl2/pentane or CH2-
Cl2/diethyl ether mixtures. Their structure was con-
firmed by IR spectroscopy. No absorption in the region
of the N-H stretching vibrations was noticed, whereas
a relatively strong broad band at ca. 2100 cm-1 (NCS
stretching vibration mode) was detected for both com-
pounds.
The reactivity of 2a,b toward an amine was checked

using â-alanine. Coupling reactions were performed at
room temperature for 24 h, in the pyridine/H2O/K2CO3
system. We obtained the expected thioureas 3a,b in 86
and 45% yields, respectively (Figure 2). Interestingly,
their formation was ascertained by the disappearing of
the νNCS band at ca. 2100 cm-1.
Having demonstrated the reactivity of both isothiocy-

anates with a model amino acid, we tried to label a model
protein, i.e., bovine serum albumin (BSA), which is a
well-characterized, low-cost protein. The primary se-
quence of BSA contains 60 amino groups, i.e., 60 potential
sites of conjugation for isothiocyanates.
Conjugation of BSA was carried out in the presence of

60 molar equiv of isothiocyanates 2a,b, in pH 9.5 borate
buffer containing 10% of DMF so as to improve solubility
of the iron-carbonyl reagents in the reaction medium.
After one night at room temperature, the excess reagent
was separated from the protein by centrifugation and gel
filtration chromatography. Figure 3 shows the chro-
matograms obtained by plotting the absorbance of each
fraction at 350 nm vs the elution volume. Each chro-
matogram presents two peaks at ca. 2-3 and 6-7 mL.
The first eluted peak was readily assigned to the labeled
protein, whereas the second was assigned to the unbound
label. The whole-range IR spectrum of one of the protein
conjugates was recorded and compared to the IR spec-
trum of native BSA (Figure 4). While the main features
are conserved for the conjugate, two new bands are
clearly detected in the νCO region (at 2048 and 2002 cm-1)
and assigned to the stretching vibration modes of the
metal-carbonyl graft. As for the â-alanine conjugate,
effective conjugation can be ascertained by the absence
of the νNCS band at 2100 cm-1.
To characterize both labeled protein samples, we

measured the number of coupled CpFe(CO)2 entities per
protein molecule, CR, with CR ) [M]/[P], where [M] is
the concentration of CpFe(CO)2 entities and [P] the

Figure 1. Synthetic scheme of CpFe(CO)2-(η1-N-phthalimid-
ato) complexes. B ) diisopropylamine.

Figure 2. Synthetic route to compounds 1a,b, 2a,b, and 3a,b:
(a) 3-isomer, (b) 4-isomer; (i) diisopropylamine/hν; (ii) CSCl2/
triethylamine; (iii) â-alanine/pH 9-10.
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concentration of protein. Numerous methods have been
described to date. The oldest one takes advantage of the
UV-vis absorption properties of the introduced chro-
mophore (Erlanger, 1980). More recently, the TNBS
assay was used for titration of unreacted protein amino
functions (Sashidhar et al., 1994). The most recent and
widely applicable method exploits the change of molec-
ular mass resulting from the conjugation of several
haptens, which can be accurately detected by electrospray
ionization mass spectroscopy (ESI-MS) (Adamczyk et al.,
1996).
For simplicity reasons, we selected three classical

methods further described. The first one is based on the
indirect titration of free amino groups according to the
TNBS assay. The two others take advantage of the

spectroscopic properties of the metal-carbonyl graft.
Indeed, compounds 3a,b absorb above 300 nm (Figure
5). It was then expected that protein conjugates would
also absorb in the same range. This allowed us to
quantify the concentration of metal carbonyl haptens [M]
by direct absorbance measurement at 350 nm. Protein
concentration [P] was then deduced by differential spec-
troscopy at 280 nm. On the other hand, it was also
possible to measure [M] by IR spectroscopy according to
a previously described method (Salmain et al., 1993).
Concentration [P] was this time measured according to
a classical colorimetric method (Bradford, 1978). Results
are gathered in Table 1.
It appears that the coupling ratios calculated from IR

spectroscopic measurements are very close to the number
of modified amino groups assayed by TNBS titration.
Both are in the range of 6-10. This indicates in turn
that [M] and [P] are overestimated by UV spectropho-
tometry.

DISCUSSION

Isothiocyanates are useful reagents for the selective
modification of protein amino groups. When reacted at
basic pH, thiourea bonds are formed, which are stable
under normal physiological conditions. Examples of
isothiocyanates among organometallic compounds are

Figure 3. Gel filtration chromatography of BSA-[CpFe(CO)2]n
conjugates: (9) reagent ) 2a; (2) reagent ) 2b.

Figure 4. (A) IR spectrum of BSA; 13-mm KBr pellet of
lyophilized protein. (B) IR spectrum of BSA-3b conjugate; 13-
mm KBr pellet of lyophilized protein.

Figure 5. Comparison of the UV-vis spectra of BSA-[CpFe-
(CO)2]n conjugates (dotted line) with thioureas 3a and 3b (solid
line): (A) 3-isomer; (B) 4-isomer.
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rare and nonexistent in the transition metal-carbonyl
series. Two examples of cyclopentadienyl iron dicarbonyl
isothiocyanates have been presented herein. Their syn-
thesis took advantage of the easy photolytically induced
substitution of iodide and addition of 3- or 4-amino-
phthalimide anion, then transformation of the amine into
an isothiocyanate. Both isomers reacted with an amino
acid to form the expected isothioureas. Similarly, they
reacted with a model protein to give conjugates bearing
several iron-carbonyl moieties per protein molecule.
Quantitation of the number of conjugated entities was

performed according to several spectroscopic methods. IR
spectroscopy and titration of the free amino groups by
TNBS assay gave corroborating results. However, UV
spectrophotometry gave overestimated measurements
even if 3a,b were chosen as standards for [M] determi-
nation as they were supposed to best mimic the organo-
metallic label structure bound to the protein.
Indeed, a careful comparison between the UV spectra

of compounds 3a,b and their protein counterparts in the
250-400 nm region is necessary at this point (Figure 5).
In the 3-substituted derivative series, both 3a and the
protein conjugate present a maximum at 355 nm but the
protein conjugate does not show any maximum at 255
nm. In the 4-substituted derivative series, the protein
conjugate presents a shoulder at 320 nm, while 3b shows
a shoulder at 290 nm. We then conclude that iron
carbonyl entities and protein concentrations are inac-
curately measured by UV spectrometry because 3a,b are
not appropriate standards. Such a discrepancy had been
previously reported in the literature for studies dealing
with the characterization of hapten-protein conjugates
(i.e. immunogens) (Sashidhar et al., 1994). Very recently,
ESI-MS appeared as a reference method, obviating the
need of choosing standards, to perform accurate mea-
surements of the degree of conjugation of hapten-protein
conjugates (Adamczyk et al., 1996). Thanks to the
particular nature of the reporter group, IR spectroscopy
of νCO bands also appears as an accurate analytical tool
for quantitation of conjugated metal-carbonyl species as
νCO band intensities are relatively insensitive to chemical
structural changes (Salmain et al., 1991).
Under identical reaction conditions, metal-carbonyl

NHS esters give slightly higher coupling ratios, ranging
from 13 to 30 (Varenne et al., 1992; Salmain et al., 1993;
Gorfti et al., 1996). The slightly lower reactivity of
isothiocyanates could be explained by their much lower
solubility in aqueous medium. Isothiocyanates would
eventually require a higher percentage of organic cosol-
vent (here 10% DMF) to be fully reactive, but one should
keep in mind that this could lead to protein denaturation.

Finally, it bears noticing that while assay sensitivities
using such reporter groups are theoretically proportional
to the number of conjugated species, too high incorpora-
tion could be detrimental to the conservation of a high
affinity of the conjugates toward their biological target
(for example, in antibody-antigen reactions). Thus, by
giving less conjugated proteins, metal carbonyl isothio-
cyanates could be an interesting alternative to NHS
esters.
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Krämer, R. (1996) Application of π-arene-ruthenium complexes
in peptide labeling and peptide synthesis. Angew. Chem., Int.
Ed. Engl. 35, 1197-1199.

Malisza, K. L., Top, S., Vaissermann, J., Caro, B., Sénéchal-
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Practical Method for the Multigram Separation of the 5- and
6-Isomers of Carboxyfluorescein

Francis M. Rossi† and Joseph P. Y. Kao*
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An efficient preparative method for separating 5- and 6-carboxyfluorescein is presented. 6-Carboxy-
fluorescein dipivalate is isolated as its diisopropylamine salt, which can be converted to the free acid
or used directly in coupling reactions. The 5-isomer is isolated from the acidified mother liquor.
Isomerically pure carboxyfluoresceins are prepared by hydrolysis of the corresponding dipivalates.

Fluorescently labeled biologically active molecules have
many important analytical and biochemical applications
(1-5). Carboxyfluorescein is a useful reagent for the
preparation of hydrolytically stable fluorescent conju-
gates and is a useful starting material for the synthesis
of other fluorescein-derived reagents (1, 4-7). It is
prepared as a mixture of roughly equal amounts of the
5- and 6-isomers by the reaction of benzene tricarboxylic
acid anhydride with resorcinol and zinc chloride (8, 9).
Although these isomers have nearly identical properties,
when conjugated to other molecules, differences have
been observed in conjugate polarity, internal fluorescence
quenching, and, for the case of a related rhodamine
labeling reagent, labeling specificity (10, 11). Moreover,
multistep synthetic preparations of fluorescein deriva-
tives require isomerically pure starting material so that
reaction products can be easily purified and identified.
Although isomerically pure carboxyfluorescein is com-
mercially available in milligram quantities (12), we are
aware of no published method for the separation of these
isomers that is simple and does not require extensive
chromatography.
With this in mind, we set out to develop a practical

method for separating 5- and 6-isomers of carboxyfluo-
rescein as shown in Scheme 1.1 The poor solubility of
fluorescein derivatives and their existence as either
lactone or free acid tautomers complicate isomeric sepa-
ration. Both of the problems were circumvented by
heating carboxyfluorescein in pivalic anhydride to give
a crude mixture of dipivalates. When this mixture was
dissolved in ethanol and treated with various amines, an
insoluble salt selectively formed between the 6-isomer
and hindered amines such as diisopropylamine and
diisopropylethylamine. When other solvents were ex-

amined, e.g. methanol, isopropyl alcohol, acetonitrile, and
acetone, no precipitate formed. NMR analysis of the
diisopropylamine salt (1) indicated that the isomeric
purity was >95%. The 5-isomer of carboxyfluorescein
dipivalate (2) was crystallized from a nitromethane
solution of the acidified mother liquor left from the
preparation of 1. NMR analysis showed that it also had
an isomeric purity >95%. Attempts to apply this method
to separate the isomers of carboxyfluorescein diacetate
failed to give an isomerically pure precipitate in all
examined combinations of amines and solvents.
From the separated dipivalates, the corresponding

carboxyfluoresceins (3 and 4) were prepared as shown
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† Present address: Department of Chemistry, Santa Clara
University, Santa Clara, CA 95053 (e-mail frossi@scuacc.scu.edu).

X Abstract published in Advance ACS Abstracts, June 15,
1997.

1 Two numbering schemes for fluorescein coexist in the
literature. The numbering convention adopted here is based
on the lactone form of fluorescein (see Scheme 1), with the spiro
carbon being position 1. An alternate numbering convention
is based on the ring-opened free acid form of fluorescein, with
the point of attachment of the phenyl ring to the xanthene
chromophore being position 1. In the latter convention, 4- and
5-carboxyfluorescein, respectively, correspond to 5- and 6-car-
boxyfluorescein in the lactone convention used here.

Scheme 1
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in Scheme 1. To assess the effectiveness of the separation
procedure more quantitatively, we analyzed the resulting
5- and 6-carboxyfluoresceins by HPLC. The results are
shown in Figure 1. Peak integration revealed that the
5-carboxyfluorescein sample contained 1.4% 6-carboxy-
fluorescein, whereas the 6-carboxyfluorescein sample
contained 4.6% 5-carboxyfluorescein. The percentages
given are based on total carboxyfluorescein in each
sample and are not relative percentages. Thus, HPLC
analysis confirmed that the procedure we have described
is quite efficient for separating the two positional isomers
of carboxyfluorescein.
Carboxyfluorescein dipivalates are useful synthetic

intermediates in themselves (1), in addition to being
precursors to carboxyfluoresceins 3 and 4. For example,
the diisopropylamine salt (1) was converted to the car-
boxylic acid (5) by treatment with HCl or was used
directly in reactions that normally require an equivalent
of base, as shown in Scheme 2. Thus, when salt 1 was
treated with bis(2-oxo-3-oxazolidinyl)phospinic chloride
(BOP-Cl) and glycine methyl ester hydrochloride, amide
conjugate 6 was isolated.

EXPERIMENTAL PROCEDURES

General. Reagents and solvents used were of ACS or
HPLC grade and used as received from Aldrich or Fisher.
All oxygen and water-sensitive reactions were performed
under a dry argon atmosphere. For water-sensitive
reactions, glassware was dried at 130 °C for at least 3 h
and cooled under a stream of argon gas or in a desiccator
prior to use. Silica gel 60 (230-400 mesh, E. Merck) was
used for compounds purified by chromatography. Melt-
ing points were recorded on a Melt-temp II (Laboratory
Devices) apparatus coupled to an Omega (Omega Engi-
neering) HH23 digital thermometer and are uncorrected.
The structures of all purified products were established
by NMR spectral analysis. Spectra were recorded on a

General Electric QE-300 (300 MHz) NMR spectrometer.
Samples were dissolved in CDCl3 (0.03% TMS), unless
otherwise stated, and were referenced to tetramethylsi-
lane (TMS). Samples dissolved in solvents other than
CDCl3 were referenced to the residual solvent peak.
High-resolution mass spectral analysis was performed at
the University of Maryland, College Park, on a Model
VG707E spectrometer (VG Analytical).
HPLC Analyses. HPLC analyses were performed on

a Waters chromatograph (Waters Corp.) consisting of a
Model 600E multisolvent delivery system coupled to a
Model 996 photodiode array detector. An Inertsil ODS-2
column (250 × 4.6 mm, 5 µm particle size; MetaChem
Technologies, Inc.) was used for analytical separations.
The mobile phase for isocratic elution was an 8:2 mixture
of 10 mM sodium phosphate (pH 7.05) and methanol. All
elutions were performed at a flow rate of 1 mL‚min-1, at
room temperature. Millenium 2010 software (Waters
Corp.) was used for data acquisition and analysis. All
samples were made by mixing 1 mg of carboxyfluorescein
with 2 equiv of 1 M NaOH and diluting the mixture with
10 mM sodium phosphate buffer (pH 7.05) to yield 10
mM carboxyfluorescein. Aliquots of 2.5-5 µL were
injected for analysis.
Preparation of 6-Carboxyfluorescein Dipivalate

Diisopropylamine Salt (1). 5(6)-Carboxyfluorescein
(5.00 g, 13 mmol) was refluxed in trimethylacetic anhy-
dride (10 mL, 49 mmol) for 2 h. The reaction mixture
was cooled to room temperature and diluted with tet-
rahydrofuran (THF; 10 mL) and water (10 mL). After 2
h of vigorous stirring, ether (50 mL) was added and the
aqueous layer was removed. The organic layer was
washed with phosphate buffer (3 × 25 mL, 1.4 M, pH
7.0), aqueous HCl (50 mL, 1 M), and saturated NaCl and
dried with MgSO4. The solvent was removed by evapo-
ration, and the resulting yellow syrup was taken up in
absolute ethanol (50 mL). Diisopropylamine (5.0 mL, 36
mmol) was added, and the solution was cooled to -20
°C. The resulting solid was removed by filtration and
washed with cold ethanol and acetone to give 2.39 g (28%)
of 1, which had an isomeric purity >95% as determined
by proton NMR analysis: 1H NMR δ 1.23 (d, J ) 6.35
Hz, 12 H), 1.35 (s, 18 H), 3.21 (a quintet, J ) 6.35 Hz, 2
H), 6.75 (dd, J ) 1.95, 8.79 Hz, 2 H), 6.84 (d, J ) 8.79
Hz, 2 H), 7.03 (d, J ) 1.95 Hz, 2 H), 7.69 (s, 1 H), 7.99 (d,
J ) 7.81 Hz, 1 H), 8.26 (d, J ) 7.81 Hz, 1 H); 13C NMR
δ 19.0, 27.0, 39.1, 46.3, 110.1, 116.3, 117.6, 124.3, 124.5,
126.7, 129.0, 131.1, 145.5, 151.4, 152.4, 152.9, 169.2,
169.8, 176.5; FABMS (M + H+) 646; HRMS(EI) calcd for
C31H29O9 (carboxylate + 2H+) 545.1812, observed 545.1835.

Figure 1. HPLC analysis of 5- and 6-carboxyfluoresceins as
shown by elution profiles of 5- and 6-carboxyfluoresceins,
prepared according to the method of Scheme 1, and the parent
isomeric mixture, prepared as previously described (8, 9). Mobile
phase for isocratic elution was an 8:2 mixture of 10 mM sodium
phosphate (pH 7.05) and methanol. Approximately 25-50 nmol
of sample was injected for each run. Samples were prepared as
described under Experimental Procedures.

Scheme 2
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Preparation of 5-Carboxyfluorescein Dipivalate
(2). The solvent was evaporated from the filtrate ob-
tained in the preparation of 1. The resulting syrup was
diluted with ether (50 mL) and extracted with water (4
× 25 mL) and aqueous HCl (1 M, 25 mL). The organic
layer was dried with MgSO4, and the solvent was
evaporated. The resulting foam was dissolved in ni-
tromethane (10 mL) and cooled to -20 °C. A solid formed
and was isolated by filtration and washed with a small
amount of cold nitromethane to give 1.39 g (19%) of 2
that was isomerically pure by proton NMR analysis: mp
220-222 °C; 1H NMR δ 1.36, (s, 18 H), 6.82, (s, 4 H),
7.08 (s, 2 H), 7.30 (d, J ) 8.3 Hz, 1 H), 8.41 (d, J ) 8.8
Hz, 1 H), 8.78 (s, 1H); 13C NMR δ 27.0, 39.1, 110.5, 115.3,
117.9, 124.4, 126.6, 127.6, 128.7, 131.7, 136.7, 151.4,
152.8, 157.5, 168.0, 169.7, 176.5; HRMS(CI) calcd for
C31H29O9 (M + H+) 545.1812, obsd 545.1804.
Preparation of 6-Carboxyfluorescein (3). Sodium

hydroxide (1 M, 1.5 mL, 1.5 mmol) was added to a
solution of pivalate 1 (0.161 g, 0.25 mmol) in methanol
(3 mL). The colorless solution became orange on addition
of the base. After 30 min of stirring, the solvent was
evaporated, and the residue was dissolved in water and
acidified with HCl (1 M, 1.5 mL, 1.5 mmol). The
resulting solid was isolated by filtration and washed with
water and ether to give 0.071 g (75%) of 3: purity 95.4%
by HPLC; mp 352-356 °C; 1H NMR (NaOD/D2O) δ 6.50
(m, 4 H), 7.18 (d, J ) 9.8 Hz, 2 H), 7.83 (d, J ) 1.5 Hz,
1 H), 7.86 (d, J ) 8.3 Hz, 1 H), 8.09 (dd, J ) 1.5, 7.8 Hz,
1 H); 13C NMR δ 106.1, 114.4, 125.2, 130.4, 132.1, 132.9,
133.3, 133.4, 133.7, 139.6, 144.4, 159.9, 160.6, 176.8,
177.4; HRMS(CI) calcd for C21H13O7 (M + H+) 377.0661,
obsd 377.0648.
Preparation of 5-Carboxyfluorescein (4). Sodium

hydroxide (1 M, 3 mL, 3 mmol) was added to a solution
of 2 (0.272 g, 0.50 mmol) in THF (3 mL). After 15 min,
the solvent was evaporated and the resulting foamy
residue was dissolved in water. The solution was acidi-
fied with concentrated HCl, giving a precipitate that was
isolated by filtration, washed with water, and air-dried
to give 0.185 g (98%) of 4 as an orange solid: purity 98.6%
by HPLC; mp 368-372 °C; 1H NMR (NaOD/D2O) δ 6.46
(d, J ) 1.96 Hz, 2 H), 6.52 (dd, J ) 1.96, 9.27 Hz, 2 H),
7.05 (d, J ) 9.28 Hz, 2 H), 7.11 (d, J ) 8.30 Hz, 1 H),
7.93 (d, J ) 9.28 Hz, 1 H), 8.16 (s, 1 H); 13C NMR δ 106.3,
114.3, 125.4, 130.9, 131.8, 132.5, 133.6, 136.3, 139.8,
142.2, 160.38, 160.39, 176.9, 177.2, 183.0; HRMS(EI)
calcd for C21H12O7 (M+) 376.0583, obsd 376.0590.
Preparation of 6-Carboxyfluorescein Dipivalate

(5). Carboxyfluorescein salt 1 (1.50 g, 2.32 mmol) was
dissolved in dichloromethane (25 mL) and extracted with
aqueous HCl (1 M, 2 × 25 mL). The organic layer was
dried with MgSO4, and the solvent was evaporated to give
1.20 g (95%) of 5: mp 198-200 °C; 1H NMR δ 1.36 (s, 18
H), 6.79 (s, 4 H), 7.08 (s, 2 H), 7.86 (s, 1 H), 8.13 (d, J )
7.81 Hz, 1 H), 8.35 (d, J ) 7.81 Hz, 1 H); 13C NMR δ
27.0, 39.1, 110.4, 115.3, 117.8, 125.4, 125.8, 128.6, 130.1,
131.7, 135.8, 151.5, 152.7, 153.1, 168.1, 169.2, 176.4;
HRMS(CI) calcd for C31H29O9 (M + H+) 545.1812, obsd
545.1784.
Preparation of N-(Dipivaloylfluorescein-6-ylcar-

bonyl)glycineMethyl Ester (6). BOP-Cl (0.280 g, 1.10
mmol) was added to a suspension of fluorescein salt 1

(0.323 g, 0.50 mmol) in dichloromethane (3 mL). After
10 min, glycine methyl ester hydrochloride (0.138 g, 1.10
mmol) was added followed by triethylamine (0.17 mL,
1.10 mmol). The reaction mixture was stirred overnight,
taken up in ethyl acetate (25 mL), and extracted with
water and 1 M HCl. The organic layer was dried with
MgSO4, and the solvent was evaporated. The resulting
solid was chromatographed with hexane/ethyl acetate (1:
1) to give 0.169 g (55%) of 6: 1H NMR δ 1.36 (s, 18 H),
3.71 (s, 3 H), 4.19 (d, J ) 4.9 Hz, 2 H), 6.68 (br s, 1 H),
6.80 (s, 4 H), 7.07 (s, 2 H), 7.52 (s, 1 H), 8.10 (s, 2 H); 13C
NMR δ 27.0, 39.1, 41.7, 52.4, 110.4, 115.4, 117.8, 122.5,
125.6, 128.4, 128.8, 129.5, 140.3, 151.4, 152.7, 153.4,
165.6, 168.2, 169.9, 176.5; HRMS(CI) calcd for C34H34-
NO10 (M + H+) 616.2183, obsd 616.2164.
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Sonolysis Promotes Indirect Co-C Bond Cleavage of
Alkylcob(III)alamin Bioconjugates

W. Allen Howard, Jr.,†,§ Ashraf Bayomi,§ Ettaya Natarajan,§ Mohsen A. Aziza,‡ Omar El-Ahmady,‡
Charles B. Grissom,*,§ and Frederick G. West*,§
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Sonolysis of aqueous solutions produces H‚ and HO‚ that lead to Co-C bond cleavage in methylcob-
(III)alamin (CH3-CblIII) and 2-[4-[4′-[bis(2-chloroethyl)amino]phenyl]butyroxy]ethylcob(III)alamin (Chl-
HE-CblIII). Under anaerobic conditions, H‚ reduces CH3-CblIII to the unstable 19 e- CH3-CblII that
dissociates to the alkane and CblII. Under aerobic conditions, O2 scavenges H‚ and Co-C bond cleavage
occurs via a HO‚-mediated process along with modification of the corrin ring by HO‚. When H‚ and
HO‚ are scavenged, there is no evidence of Co-C bond cleavage. This suggests no direct sonolysis of
the Co-C bond occurs, in spite of the fact that the Co-C bond is 80 kcal/mol weaker than the H-OH
bond. A bioconjugate of cob(III)alamin and the alkylating agent chlorambucil has been synthesized
to give 2-[4-[4′-[bis(2-chloroethyl)amino]phenyl]butyroxy]ethylcob(III)alamin. The chlorambucil-
cobalamin complex also undergoes Co-C bond cleavage in a manner similar to that of methylcob-
(III)alamin. Sonorelease of an active alkylating agent from the bioconjugate may provide a newmethod
for the selective release of anticancer drugs and thus potentially reduce systemic toxicity.

The Co-C bond dissociation energies of adenosylcob-
(III)alamin and methylcob(III)alamin (CH3-CblIII) are
about 31 and 37 kcal/mol, respectively (1-3), making this
bond one of the weakest covalent linkages that is kineti-
cally stable in aqueous solution (4, 5). Homolytic cleav-
age of the Co-C bond can be promoted by photolysis,
thermolysis, or reducing conditions to produce cob(II)-
alamin and the corresponding alkyl radical or closed-shell
alkane (1-5). Herein, we report the use of ultrasound
to cleave the Co-C bond of alkylcob(III)alamins by an
indirect process that is mediated by H‚ and HO‚. As an
example of the possible utility of ultrasound-induced
cleavage of alkylcob(III)alamins, we have tethered
chlorambucil, a bisalkylating nitrogen mustard, to cob-
(III)alamin. Sonolysis of aqueous 2-[4-[4′-[bis(2-chloro-
ethyl)amino]phenyl]butyroxy]ethylcob(III)alamin (Chl-
HE-CblIII) produces aquocob(III)alamin and 2-[4-[4′-[bis(2-
chloroethyl)amino]phenyl]butyroxy]ethan-1-al or 2-[4-
[4′-[bis(2-chloroethyl)amino]phenyl]butyroxy]ethane,
depending on reaction conditions.
High-frequency sound waves (20 kHz-10 MHz) pro-

duce extreme conditions of high temperature (>5000 °C)
and pressure (>500 atm) as they initiate bubble forma-
tion (cavitation) and collapse in solution (6, 7). In the
transient gas phase of these bubbles, water dissociates
into hydroxyl radicals (HO‚) and hydrogen atoms (H‚), as
shown in eq 1 (8). The bubbles collapse quickly, but the
radicals persist. Since hydrogen atoms exist in equilib-
rium with solvated electrons in alkaline solution (eq 2),
all sonolysis experiments reported herein were carried
out under neutral or slightly acidic conditions to prevent
direct reduction of alkylcob(III)alamin by the solvated

electron.

Even the low-intensity and high-frequency conditions
of diagnostic ultrasound can produce radical species (9,
10). The ESR spectrum of a spin-trapped radical that is
generated by ultrasound is consistent with the products
of eq 1 and H2O2 that is a product of HO‚ dimerization
(11). Under aerobic conditions, O2 scavenges H‚, and all
reactions occur via oxidative processes. Under anaerobic
conditions in the presence of an organic compound with
abstractable hydrogen atoms, HO‚ is depleted and all
reactions occur through reductive pathways that are
initiated by H‚.
In this paper, we show that sonolysis of anaerobic

solutions of CH3-CblIII generates sufficient [H‚] to reduce
CH3-CblIII to the unstable 19 e- CH3-CblII species, fol-
lowed by loss of the alkyl ligand to return the system to
the more stable 18 e- CblII species (eqs 3 and 4).
Reductive Co-C bond scission is irreversible because a
closed-shell alkane is produced (eq 5). This is in contrast
to photochemically or thermally induced Co-C bond
cleavage that leads to the formation of a radical pair that
can undergo recombination (eq 6).

To demonstrate the possible utility of ultrasound to
trigger ligand release from a cobalamin bioconjugate in
vivo, the nitrogen mustard chlorambucil was attached to
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cobalamin through a hydroxyethyl linker and the prod-
ucts of sonochemical release have been characterized.

EXPERIMENTAL PROCEDURES

Preparation of 1-Bromo-2-[4-[4′-[bis(2-chloro-
ethyl)amino]phenyl]butyroxy]ethane (Scheme 1).
Twenty-five milliliters of freshly distilled CH2Cl2, 0.343
g of dicyclohexylcarbodiimide (1.66 mmol), 0.305 g of
4-(dimethylamino)pyridine (2.5 mmol), and 0.263 g of
4-(dimethylamino)pyridinium chloride (1.66 mmol) were
added to a flame-dried 50 mL round bottom flask
equipped with a stir bar, reflux condenser, and Ar inlet
(12). The solution was purged with argon and brought
to reflux.
While refluxing, a solution of 0.304 g of chlorambucil

(1.0 mmol) and 0.125 g of 2-bromoethanol (1.0 mmol) in
5 mL of CH2Cl2 (purged under argon for 30 min) was
transferred via cannula to the refluxing solution over a
period of 30 min. After addition was complete, the
reaction mixture was stirred for 2 h at room temperature.
Precipitated dicyclohexylurea was removed by filtration,
and the solution was concentrated by rotary evaporation.
The resulting residue was taken up in CH2Cl2, filtered,
and purified by flash silica column chromatography. The
desired product was eluted using 1:9 ethyl acetate/
hexanes (v/v) to give 0.374 g of a yellow oil in 91% yield:
1H NMR (CDCl3, 300 MHz) δ 7.06 (d, 2 H, J ) 8.4 Hz),
6.60 (d, 2 H, J ) 8.7 Hz), 4.35 (t, 2 H, J ) 6.2 Hz), 3.56-
3.72 (m, 8 H), 3.48 (t, 2H, J ) 6.2 Hz), 2.56 (t, 2H, J )
7.7 Hz), 2.35 (t, 2 H, J ) 7.4 Hz), 1.91 (quintet, 2 H, J )
7.6 Hz); 13C NMR (CDCl3, 75 MHz 1H decoupled) δ
173.05, 144.35, 130.37, 129.75 (2), 112.12 (2), 63.68, 53.55
(2), 40.60 (2), 33.94, 33.41, 29.05, 26.72.
Preparation of 2-[4-[4′-[Bis(2-chloroethyl)amino]-

phenyl]butyroxy]ethylcob(III)alamin (Chl-HE-
CblIII). Two hundred milligrams of hydroxocob(III)-
alamin (0.15 mmol) was dissolved in 10 mL of water and
purged with Ar under stirring (13). The exiting gas was
conducted in sequence through (1) a flask containing
0.025 g of NaBH4 (0.66 mmol), (2) a flask containing 5
mL of H2O, and (3) a flask containing 0.226 g of ester
(0.55 mmol) in 5 mL of CH3OH. After deaerating for 1
h, 0.5 mL of the water from flask 2 was transferred to
flask 1 containing NaBH4 via cannula and swirled to
promote dissolution. This solution was transferred via
cannula to the aqueous cobalamin solution. Reduction

was allowed to proceed for 20 min, after which time the
chlorambucil bromoethyl ester was added to the solution.
The reaction mixture was allowed to stir for an additional
5 min and then 0.2 mL of acetone was added to destroy
the excess borohydride. All of the subsequent purifica-
tion steps were carried out at 4 °C in a cold room. The
solution was concentrated to approximately 2 mL by
lyophylization, and the resulting solution was applied to
a 2.5 × 30 cm column of Amberlite XAD-2 resin. The
column was washed with 1 L of H2O to desalt, and the
cobalamin was eluted with 50% aqueous acetonitrile (v/
v). The eluent was reduced to approximately 2 mL by
rotary evaporation, and the solution was applied to a 1
× 40 cm column of SP-Sephadex C25 (Na+ form). Elution
with water removed the major red band, which was
reduced to a minimal volume. Acetone was added until
faint turbidity persisted after swirling. The solution was
allowed to stand for 1 h at 0 °C, and excess acetone was
added to promote further crystallization. The crystals
were collected by vacuum filtration and dried in vacuo.
Chl-HE-CblIII was obtained as red crystals (122.5 mg)
with a yield of 53%: MS (FAB+) calcd for C78H111N14O16-
CoPCl2, 1661.6; found 1663.6.
Sonolysis. Sonolysis was carried out with a Branson

ultrasonic bath (Model 3200) operating at 47 kHz. The
correct placement of the reaction vessel at a focal point
of high-intensity ultrasound was determined by the
oxidation of iodide to iodine in the presence of starch (14),
and the temperature of the bath was maintained at 21
°C by a constant-temperature circulator. Aerobic sonoly-
sis was typically carried out in a test tube or Erlenmeyer
flask, whereas anaerobic sonolysis was carried out in a
closed reaction vessel fitted with a sidearm and quartz
cuvette. Anaerobic conditions were produced by sparging
with Ar for 30 min prior to sonolysis. The role of the
dissolved inert gas (argon vs nitrogen) was determined
by comparing the results of sonolysis under air (80% N2/
20% O2) to an artificial mixture of 80% Ar/20% O2. The
efficiency of sonolysis under 100% O2 was also examined.
In some experiments, the pH was buffered by the use of
100 mM phosphate (aerobic experiments) or 100 mM
N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonate (Hepes)
(anaerobic experiments), as specified. All procedures
were carried out in the absence of light to prevent
photolytic cleavage of the Co-C bond.

Scheme 1
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Identification of Sonolysis Products. Absorption
spectra were recorded on a diode array spectrophotometer
(HP 8452A). The solutions were transferred to a quartz
cuvette with a 1 cm light path for all optical measure-
ments, and care was exercised to ensure that insignifi-
cant photolysis occured during the 1 s measurement time.
The products released by exhaustive sonolysis of Chl-HE-
CblIII were isolated by reversed-phase HPLC (Rainin
Microsorb C18). Elution and separation of the sonolysis
products were carried out with an increasing gradient
of acetonitrile (A) and 0.05 M phosphoric acid that was
adjusted to pH 3.0 by the addition of NH4OH (B). A
mixture of 5:95 A/B was maintained for 2 min following
injection, followed by a linear increase to 30:70 A/B over
10 min, maintained for an additional 2 min, and followed
by a linear increase to 70:30 A/B over the next 10 min
(15). The solvent was removed from each fraction, and
the products were extracted with CH2Cl2 and character-
ized by 1H and 13C NMR.

RESULTS AND DISCUSSION

Sonolysis of Methylcob(III)alamin. Sequential ab-
sorption spectra of aqueous CH3-CblIII as a function of
anaerobic sonolysis (pH 7.4, 100 mM Hepes, saturating
Ar) are shown in Figure 1A. The absorbance value at
340, 374, and 520 nm decreases linearly as a function of
sonolysis time, and the absorbance value at 316 and 420
nm increases linearly, thereby indicating the reaction is
zero order in substrate concentration. The isosbestic
points at 336, 390, and 585 nm are in agreement with
those obtained through anaerobic photolysis of CH3-CblIII.
Under the conditions of anaerobic sonolysis, an additional
isosbestic point occurs at 476 nm, rather than at 486 nm,
as typically observed in the course of photolysis. This
slight shift in the isosbestic point is caused by a minor

product that has an absorbance maximum near 490 nm.
This may be cob(I)alamin that has a sufficient lifetime
(τ1/2 ) 22 min at pH 6) to be observed spectrophotometri-
cally. The absorption band at 374 nm is characteristic
of a C-Co bond, and its disappearance unambiguously
indicates displacement of the axial carbon ligand.
Under aerobic conditions, molecular oxygen scavenges

H‚ and prevents the reduction of CH3-CblIII via eq 3. In
the absence of an organic buffer with abstractable
hydrogen atoms, reaction via HO‚ remains to be a viable
process.

Figure 1B shows the change in absorbance spectra
following aerobic sonolysis (air; 80% N2/20% O2) in the
absence of organic buffer. The decrease in absorbance
at 340 and 374 nm is linear with increasing sonolysis
time, indicating the reaction is zero order in substrate
concentration, but the unexpected decrease in absorbance
at 520 nm indicates the stable product of cobalamin
sonolysis is not hydroxocob(III)alamin, as would be
expected if molecular oxygen were to reoxidize cob(II)-
alamin to cob(III)alamin. This difference suggests that
HO‚ is able to displace the alkyl ligand from CoIII, but
other HO‚ reactions also occur (perhaps through the
secondary products HOO‚ and ‚O2

-) to oxidize the corrin
ring. Similar absorbance spectra are obtained from
sonolysis of an aerated aqueous solution containing 100
mM phosphate buffer. The spectral changes produced
are the same, but the rate of change in absorbance is
higher in the artificial gas mixture of 80% Ar/20% O2 or
100% O2 owing to the greater efficiency of sonolysis and
higher temperature of the collapsing bubble that is
produced following cavitation (16).
Pulse radiolysis of aqueous CH3-CblIII produces similar

spectral changes that are attributed to reaction by H‚ and
HO‚ (17). The reducing species H‚ reacts to produce the
same spectral changes shown in Figure 1A. Multiple
oxidizing species (HOO‚ and ‚O2

-) can react with CH3-
CblIII to cleave the Co-C bond, but these species also lead
to irreversible degradation of the corrin ring, as evidenced
by spectral changes that are strikingly similar to those
seen in Figure 1B. A precedent for irreversible oxidation
of the corrin ring also exists in the photooxygenolysis of
alkylcobalamins by singlet oxygen (18).
Aerobic sonolysis of solutions containing 100 mM

Hepes or 100 mM tert-butyl alcohol produces no change
in the absorption spectra over comparable time (see
Supporting Information). This is because molecular
oxygen quenches the H‚ reaction pathway, and tert-butyl
alcohol quenches the HO‚ reaction pathway. Although
Hepes has not previously been reported to be a scavenger
of HO‚, many studies indicate that organic solute mol-
ecules, such as formate, can inhibit the reaction of HO‚

(19). The absence of any spectral changes under these
conditions (see Supporting Information) suggests that
direct sonolysis of the Co-C bond is not an important
reaction pathway.
Sonolysis of 2-[4-[4′-[Bis(2-chloroethyl)amino]-

phenyl]butyroxy]ethylcob(III)alamin. Sequential ab-
sorption spectra of aqueous Chl-HE-CblIII as a function
of anaerobic sonolysis at pH 7.4, 100 mM Hepes, and
saturating Ar, are shown in Figure 2A. The absorbance
values at 374 and 520 nm decrease linearly as a function
of sonolysis time, and the absorbance values at 316 and
420 nm increase linearly, thereby indicating the reaction
is zero order in substrate concentration. The isosbestic
points at 336, 390, 486, and 585 nm are in agreement
with those obtained through anaerobic photolysis of CH3-
HE-CblIII.

Figure 1. Sequential absorbance spectra of methylcob(III)-
alamin as a function of sonolysis time: (A) anaerobic conditions
(100 mM Hepes, pH 7.4, 0.164 mM CH3-CblIII, 21 °C, 6.5 h; the
absorbance at 316 and 420 nm increases linearly with respect
to sonolysis time); (B) aerobic conditions (pH 7.0, 0.164 mMCH3-
CblIII, 21 °C, 6 h).

O2 + H‚ f ‚OOH (7)
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The absorption band at 374 nm is characteristic of a
Co-C bond, and its disappearance unambiguously indi-
cates displacement of the axial carbon ligand.
Figure 2B shows the change in absorbance spectra

following aerobic sonolysis of a Chl-HE-CblIII solution
containing phosphate buffer. Different stable products
are obtained under aerobic conditions. Because of the
presence of molecular oxygen, the released product was
shown by NMR to be 2-[4-[4′-[bis(2-chloroethyl)amino]-
phenyl]butyroxy]ethan-1-al: 1H NMR (CDCl3, 300 MHz)
δ 9.59 (s, 1 H), 7.08 (d, 2 H, J ) 2.9 Hz), 6.62 (d, 2 H, J
) 2.9 Hz), 4.67 (s, 2 H), 3.73-3.59 (m, 8 H), 2.60 (t, 2 H,
J ) 7.5 Hz), 2.45 (t, 2 H, J ) 7.4 Hz), 1.95 (quintet, 2H,
J ) 7.4); 13C NMR (CDCl3, 75 MHz 1H decoupled) δ
195.85, 173.09, 144.54, 130.43, 129.92 (2), 112.29 (2),
68.73, 53.74 (2), 40.69 (2), 33.99, 33.13, 26.79. The
decrease in absorbance at 374 nm is linear with increas-
ing sonolysis time, indicating the reaction is zero order
in substrate concentration.
The Co-C bond of CH3-CblIII can be cleaved by sonoly-

sis in aqueous solutions to produce the alkane and cob-
(II)alamin under anaerobic conditions or to produce the
aldehyde and hydroxocob(III)alamin under aerobic condi-
tions. Unlike photolysis and thermolysis that lead to
direct Co-C bond cleavage, the predominant pathway
for Co-C bond cleavage by sonolysis is through H‚-
mediated reduction of CH3-CblIII to the labile 19 e- CH3-
CblII- species followed by dissociation to the closed-shell
alkane and CblII, as shown in eqs 4 and 5, or through
the reaction of HO‚ with CH3-CblIII that leads to forma-
tion of hydroxocob(III)alamin as well as degradation of
the corrin ring.
A parallel exists between the reactions of alkylcob(III)-

alamin under the conditions of sonolysis and pulse
radiolysis (17), but without the need for expensive
equipment. Although the violent cavitation during sonol-
ysis has sufficient energy to break the Co-C bond to
produce the {R‚ CblII} radical pair by a dissociative
pathway analogous to the photolysis of CH3-CblIII (20-
22), alkylcob(III)alamins are not sufficiently volatile to

be found in the extreme environment of the collapsing
bubbles. Therefore, direct Co-C bond cleavage by sonol-
ysis is not possible in spite of the >80 kcal/mol difference
in bond dissociation energy between Co-C and H-OH.
Anaerobic sonolysis of the Co-C bond is irreversible
because a closed-shell alkane is formed, as shown by eqs
4 and 5. Under aerobic conditions, the rate of H‚ reaction
with O2 is on the same order of magnitude as the reaction
of H‚ with CH3

‚, thereby suggesting the closed-shell
alkane, CH4, should be one of the end products of CH3-
CblIII sonolysis (23, 24). In contrast, Co-C bond cleavage
of CH3-CblIII, via anaerobic photolysis, is reversible from
the {CH3

‚ CblII} radical pair.
In summary, the ability to form cob(II)alamin and the

closed-shell alkane without the use of chemical reduc-
tants and without the use of electrochemical, photochemi-
cal, or pulse radiolysis equipment may be a useful method
to promote activation of drug-cobalamin complexes in
vivo.
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Fluorescein-Conjugated Lysine Monomers for Solid Phase Synthesis
of Fluorescent Peptides and PNA Oligomers
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Fluorescein ethyl ester, I, was used to prepare the fluorescent mixed ester/ether 6-O-(carboxymethyl)-
fluorescein ethyl ester, III. Conjugation of III to the ε-amino group of R-N-Boc-L-lysine, via the
N-hydroxysuccinimde ester, IV, gave the Boc-protected fluorescein-conjugated lysine monomer V.
Removal of the Boc group, followed by reaction with Fmoc chloride, gave the Fmoc-protected monomer,
VI (Figure 1). These Boc- and Fmoc-protected fluorescein-conjugated lysines were readily incorporated
into peptides and PNA oligomers during solid phase synthesis to give fluorescent products. Mass
spectroscopy and UV studies showed that the fluorophore remains unchanged during solid phase
synthesis. In contrast to fluorescein, the photophysical properties of these derivatives are pH
independent from pH 3 to 8, with a molar absorption coefficient, εmax 456, of 2.9 × 104 M-1 cm-1 and
fluorescence quantum yield, φf, of 0.18.

INTRODUCTION

Merrifield solid phase synthesis (1, 2) is an area of
increasing importance in organic chemistry. While orig-
inally developed for the synthesis of peptides from tert-
butoxycarbonyl, Boc (2), or fluoren-9-yl-methoxycarbonyl,
Fmoc (3), protected amino acids, it has since found many
new applications. These include combinatorial libraries,
peptidomimetics, and the peptide-based DNA analogue
PNA, peptide nucleic acids (4). PNA has attracted much
attention due to its high DNA and RNA affinity (5).
Resistance toward enzymatic digestion (6) and its ability
to efficiently and sequence specifically inhibit translation
and translation in vitro (7) further make PNA oligomers
prime candidates for antisense and antigene experi-
ments. Fluorescence is a powerful and nondestructive
method to study cell membrane penetration of PNA
oligomers or other biologically active compounds, and
fluorescent PNA oligomers have been prepared and used
in photophysical experiments to elucidate PNA-DNA
binding and structure (8).
It thus appeared desirable to prepare fluorescent Boc-

and Fmoc-protected monomers that could be incorporated
into PNA oligomers, peptides, and other compounds
during solid phase synthesis. To our knowledge, such
compounds have not previously been described in the
literature, nor are they commercially available. Herein
we describe the preparation of two such fluorescein
monomers and their successful incorporation into PNA
oligomers and peptides to produce fluorescent products.

EXPERIMENTAL PROCEDURES

Materials andMethods. Fluorescein (98%) was from
Aldrich; R-N-(tert-butoxycarbonyl)-ε-N-(2-chlorobenzyl-
oxycarbonyl)-L-lysine, N-hydroxybenzotriazole uronium
salt (HBTU), and MBHA and RINC resins were from
Biochem; N-[2-(tert-butoxycarbonylamino)ethyl]glycine

ethyl ester was from Millipore; other reagents were from
Sigma. Anhydrous HPLC grade solvents were from
Labscan.
NMR spectra were recorded in DMSO-d6 on a Varian

400 MHz Unity spectrometer, FAB mass spectra on a
JEOLHX 110/110 mass spectrometer, MALDI-TOFmass
spectra on a Kratos Compact Maldi II spectrometer, and
UV-vis spectra on a Hewlett-Packard 8452 A spectro-
photometer. Elementary analyses were performed by the
Microanalysis Department of this Institute. Fluorescence
emission and corrected excitation spectra were recorded
at room temperature using a Perkin-Elmer LS-50B
luminescence spectrometer.
Fluorescein Ethyl Ester, I [CAS Registry No.

72616-76-3]1 (Figure 1). Fluorescein (16.6 g, 50 mmol)
and concentrated H2SO4 (10 mL) were refluxed at 160-
65 °C in diethyl oxalate (80 mL) for 80 min. Upon
cooling, the reaction mixture was taken up in a mixture
of CHCl3 (500 mL) and MeOH (100 mL) and extracted
with saturated NaHCO3 (300 mL). The solvents were
removed on a rotary evaporator, and the crude product
was precipitated by addition of EtOH (25 mL) and ethyl
acetate (275 mL). The precipitate was dissolved in
boiling 96% EtOH (400 mL), and with boiling the volume
was reduced to approximately 100 mL, whereby crystal-
lization set in. Standing overnight at -20 °C gave 9.1 g
(51%) of fluorescein ethyl ester, red-brown crystals with
green luster: mp 241-242 °C [lit. (9) 242 °C); 1H NMR
δ 0.83 (3 H, t), 3.94 (2 H, quart), 6.5-6.6 (3 H, overlap-
ping m), 6.77 (1 H, s), 6.83 (1 H, s), 7.47 (1 H, dd), 7.7-
7.9 (2 H, overlapping m), 8.16 (1 H, dd); 13C NMR δ 13.4,
60.96, 103.39, 114.82, 130.14, 130.16, 130.64, 130.72,
133.03, 133.67, 150.56, 156.15, 165.11; FAB+MS 361.2
HM+ . Anal. Calcd for C22H16O5: C, 73.32; H, 4.48.
Found: C, 73.21; H, 4.47.
6-O-(tert-Butoxycarbonylmethyl)fluorescein Eth-

yl Ester, II. Fluorescein ethyl ester (5.8 g, 16 mmol)
and bromoacetic acid tert-butyl ester (3.9 g, 20 mmol) in
a mixture of DMF (20 mL) and diisopropylethylamine (10
mL) were refluxed at 100 °C for 1 h. The reaction
mixture was taken up in ethyl acetate (100 mL) and
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extracted with saturated NaHCO3 (100 mL), 10% sodium
citrate (pH 4.5, 100 mL), saturated NaHCO3 (100 mL),
and finally water (2 × 100 mL). The organic phase was
dried over MgSO4, evaporated to a dark red tar, and
dissolved in warm diethyl ether (15 mL). After 2 h at
-20 °C, the orange crystals (II) that had formed were
filtered off and washed with ether/petroleum ether: yield
5.9 g (78%); mp 131-134 °C; 1H NMR δ 0.87 (3 H, t),
1.49 (9 H, s), 4.00 (2 H, d quart), 4.86 (2 H, s), 6.24 (1 H,
d), 6.38 (1 H, dd), 6.8-6.9 (3 H, overlapping m), 7.19 (1
H, d), 7.50 (1 H, dd), 7.8 (2 H, overlapping m), 8.18 (1 H,
dd); 13C NMR δ 13.38, 27.74, 60.93, 65.48, 81.88, 101.49,
104.72, 113.56, 114.90, 117.10, 129.01, 130.05, 130.46,
130.64, 130.76, 133.10, 133.49, 149.76, 153.32, 158.34,
162.23, 164.98, 167.13, 183.95; FAB+MS 475.2 (HM+).
Anal. Calcd for C28H26O7: C, 70.87; H, 5.52. Found: C,
70.68; H, 5.70.
6-O-(Carboxymethyl)fluorescein Ethyl Ester, III.

II (7.8 g 16 mmol), in trifluoroacetic acid (40 mL), was
refluxed at 75 °C for 40 min. Most of the trifluoroacetic

acid was removed under reduced pressure, and a trifluo-
roacetate of the product was precipitated with diethyl
ether and filtered off. It was dissolved in boiling 96%
EtOH (350 mL), and with boiling the volume was reduced
to 110 mL, whereby crystallization started. Overnight
standing at -20 °C produced orange crystals, which were
filtered off, washed with a little ethanol, and dried at 100
°C: yield 5.1 g (76%); mp 231-232 °C; (Note: This
compound and to some extent V and VI produced very
broad NMR lines; to obtain good 1H spectra, very dilute
(0.1%), solutions had to be used) 1H NMR δ 0.87 (3 H, t),
3.97 (2 H, m), 4.90 (2 H, s), 6.27 (1 H, s), 6.41 (1 H, d),
6.77-6.97 (3 H, overlapping m), 7.20 (1 H, s), 7.50 (d, 1
H), 7.79 (1 H, dd), 7.84 (1 H, dd), 8.19 (1 H, dd), 13.2 (1
H, br s); 13C NMR δ 13.41, 60.98, 65.09, 101.35, 104.54,
113.68, 117.04, 130.65, 133.14, 169.5; FAB+MS 419.2
(HM+). Anal. Calcd for C24H18O7‚H2O: C, 66.05; H, 5.52.
Found: C, 65.67; H, 4.40.
6-O-[(1-Succinimidyl)oxycarbonylmethyl]-

fluorescein Ethyl Ester, IV. III (6.3 g, 15 mmol),
dicyclohexylcarbodiimide (3.7 g, 18 mmol), and N-hy-
droxysuccinimide (2.1 g, 18 mmol) in anhydrous DMF (40
mL) were stirred overnight at 40 °C in a stoppered flask
under N2. The reaction flask was placed for 3 h at -20
°C, and the precipitated dicyclohexylurea was filtered off
with suction and washed with 10 mL of anhydrous
acetonitrile. Diethyl ether (100 mL) and petroleum ether
[bp 60-80 °C (70 mL)] were added to the filtrate, and
after approximately 15 min of vigorous stirring under N2,
the phases combined under precipitation of the product.
It was washed with 1:1 ether/petroleum ether (3 × 50
mL) and dried in vacuo, 0.1 mmHg . Yield was 5.7 g
(74%) of IV, an orange powder. The product was con-
taminated with approximately 5% DMF (NMR and poor
elemental analysis with low C/N ratio) and did not
produce a sharp melting point. It is rapidly hydrolyzed
when exposed to moisture and was prepared freshly for
the subsequent reaction. 1H NMR δ 0.87 (3 H, t), 2.82
(4 H, s), 3.95 (2 H, m), 5.54 (2 H, s), 6.24 (1 H, s), 6.38 (1
H, dd), 6.80 (1 H, dd), 6.87 (1 H, dd), 6.96 (1 H, dd), 7.31
(1 H, dd), 7.50 (1 H, d), 7.77 (1 H, dd), 7.84 (1 H, dd),
8.18 (1 H, d); 13C NMR δ 13.42, 25.58, (weak signals at
30.84 and 35.84 from DMF), 61.01, 63.51, 101.71, 104.81,
113.79, 115.46, 117.47, 129.11, 129.73, 130.13, 130.53,
130.68, 130.81, 133.16, 133.46, 149.64, 153.24, 158.35,
161.27, 162.38, 164.99, 169.96, 184.06; FAB MS 516.3
(HM+). Elem Anal. Calcd for C28H21NO9: C, 65.24; H,
4.11; N, 2.71. Found: C, 63.30; H, 4.48; N, 3.63.
6-O-[N-(5-Boc-amino-5-carboxypentyl)carbamoyl-

methyl]fluorescein Ethyl Ester, V. R-N-(tert-Butoxy-
carbonyl)-ε-N-(2-chlorobenzyloxycarbonyl)-L-lysine (7.8 g,
18 mmol) was dissolved in MeOH (50 mL), and 10% Pd/C
(1.5 g) was added. The mixture was hydrogenated under
atmospheric pressure for 4 h, consuming 430 mL (18
mmol) of H2. The solution was filtered through Celite to
remove Pd/C and evaporated to dryness. The residue was
taken up in anhydrous acetonitrile (50 mL) and again
evaporated to form a white foam of R-N-Boc-L-lysine,
which was used without further purification. It was
taken up in dry acetonitrile (100 mL), and IV (5.8 g, 11.3
mmol) was added together with triethylamine (3 mL).
The mixture was stirred overnight (an orange precipitate
formed), evaporated to dryness, and triturated thoroughly
with ice-cold 10% sodium citrate (100 mL, pH 4.5). This
produced an orange powder that was washed repeatedly
with cold water and then dried over NaOH in a desicca-
tor: yield 6.0 g (82%); mp 159-161 °C (dec); 1H NMR δ
0.87 (3 H, t), 1.3-4 (11 H, br s), 1.52-1.58 (4 H, m), 3.10
(2 H, m), 3.95 (2 H, m), 4.65 (2 H, s), 6.26 (1 H, s), 6.39
(1 H, d), 6.79-7.02 (3 H, overlapping m), 7.18 (1 H, s),

Figure 1. Synthesis and structures of I-VIII.
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7.50 (1 H, d), 7.78-86 (2 H, overlapping m), 8.19 (1 H,
d), 11-13 (1 H, s); 13C NMR δ 13.43, 23.07, 28.28, 28.73,
30.63, 38.27, 53.59, 60.97, 67.44, 77.96, 101.50, 104.75,
113.97, 114.89, 117.10, 129.03, 129.55, 130.07, 130.48,
130.66, 130.81, 133.13, 133.54, 149.92, 153.37, 155.65,
158.39, 162.32, 165.01, 166.59, 174.37, 184.01; FAB+MS
647.3 (HM+). Anal. Calcd for C35H38N2O10‚H2O: C, 63.24;
H, 5.82; N, 4.21. Found: C, 63.22; H, 6.06; N, 4.11.
6-O-[N-(5-Fmoc-amino-5-carboxypentyl)carbam-

oylmethyl]fluorescein Ethyl Ester, VI. V (1.3 g, 2.0
mmol) was dissolved in trifluoroacetic acid (10 mL) and
stirred at room temperature for 10 min. Trifluoroacetic
acid was removed on a rotary evaporator, and the residue
was dissolved in saturated Na2CO3 (15 mL). Fluoren-9-
ylmethoxycarbonyl chloride (620 mg, 2.4 mmol) in diox-
ane (10 mL) was added and the mixture stirred for 16 h.
It was diluted with dichloromethane (100 mL) and
extracted with 10% sodium citrate (100 mL, pH 4.5) and
then with water (2 × 100 mL). The organic phase was
reduced to dryness and the residue purified on a silica
column. The product was eluted with a mixture of acetic
acid, methanol, and dichloromethane (2:8:90). Residual
acetic acid was removed by repeated evaporation from
20% methanol in benzene, to give 980 mg (64%) of VI as
a dark orange powder: 1H NMR δ 0.86 (3 H, t), 1.23-
1.43 (6 H, overlapping m), 3.11 (2 H, quart.), 3.80 (1 H,
m), 3.95 (2 H, m), 4.64 (2 H, s), 6.24 (1 H, m), 6.39 (1 H,
dd), 6.78-6.93 (3 H, overlapping m), 7.16 (1 H, m), 7.27-
7.49 (7 H, overlapping m), 7.67-7.8 (6 H, overlapping
m), 8.16-8.23 (2 H, overlapping m); 13C NMR δ 13.42,
22.96, 28.88, 31.5, 46.78, 54.7, 60.95, 65.50, 67.40, 101.46,
104.75, 113.96, 114.84, 117.06, 120.13, 121.45, 125.32,
127.11, 127.65, 128.39, 128.99, 129.55, 130.05, 130.46,
130.63, 130.79, 133.11, 140.77, 149.89, 153.53, 155.91,
158.37, 162.3, 164.99, 166.57, 183.99; FAB-MS 767.4 (M
- H). Anal. Calcd for C45H40N2O10‚H2O: C, 68.69; H,
5.38; N, 3.56. Found: C, 68.98; H, 5.23; N, 3.38.
Fluorescein-PNA-Monomer Ethyl Ester, VII. 6-O-

(Carboxymethyl)fluorescein ethyl ester (500 mg, 1.2
mmol), dicyclohexylcarbodiimide (246 mg, 1.2 mmol),
HBTU (195 mg, 1.2 mmol), and N-[2-(tert-butoxycarbon-
ylamino)ethyl]glycine ethyl ester (290 mg, 1.2 mmol)
were dissolved in DMF (5 mL) and diisopropylethylamine
(1 mL). After 2 h at 70 °C, the mixture was cooled to
room temperature, and dichloromethane (30 mL) was
added. Standing overnight at 0 °C caused DCU to
precipitate, the filtered solution was evaporated to dry-
ness, and the residue was purified by column chroma-
tography on silica with a gradient of 0-15% methanol
in ethyl acetate. Removal of the solvent gave a red oil,
which was triturated with diethyl ether to produce an
orange-red powder, fluorescein-PNA-monomer ethyl es-
ter, VII: yield 450 mg (58%); (Note: Since two conforma-
tions of the amide bond are present, several lines in the
NMR spectra are doubled, representing the two different
conformers; this is also the case for VIII); 1H NMR δ 0.8-
0.9 (3 H, two t), 1.1-1.3 (3 H, two t), 1.33 and 1.35 (9 H,
two s), 3.0-3.5 [multiplets from PNA-backbone methyl-
enes and strong singlet from water (3.32)], 4.0-4.2 (4 H,
several overlapping quart.), 4.92 and 5.11 (2 H, two s),
6.22 (1 H, dd), 6.39 (1 H, dd), 6.8-6.9 (3 H, overlapping
m), 7.02 (1 H, t), 7.16 (1 H, s), 7.5 (1 H, d), 7.7-7.9 (2 H,
overlapping m), 8.19 (1 H, d); 13C NMR δ 13.41, 14.07,
28.18, 37.73, 46.81, 47.49, 48.84, 60.60, 60.95, 61.28,
65.51, 66.20, 77.80, 78.15, 101.44, 104.58, 113.85, 114.66,
116.94, 128.80, 129.49, 130.06, 130.48, 130.63, 130.77,
133.12, 133.55, 149.94, 153.34, 155.90: 158.41, 162.72,
164.96, 166.97, 167.21, 169.07, 169.61, 183.93; FAB+MS
647.2 (HM+). Anal. Calcd for C35H38N2O10: C, 65.00; H,
4.33; N, 5.92. Found: C, 64.90; H, 4.38; N, 6.10.

Fluorescein-PNA-Monomer, VIII. VII (1.7 g, 2.6
mmol) was taken up in THF (6 mL), and 2.00 M LiOH
(20.0 mL) was added. The mixture was stirred for 80
min, the THF was removed on a rotary evaporator, and
to the ice-cooled solution was added 2.00 M HCl (20.0
mL). This produced a pale yellow precipitate, which was
washed repeatedly with water: yield 1.2 g (78%); 1H
NMR δ 1.3-1.5 (9 H, s), 3.2 (2 H, m), 3.4 (2 H, m), 3.9
and 4.1 (2 H, two s), 4.8 and 5.0 (2 H, two s), 6.1 (1 H, s),
6.3-6.7 (3 H, overlapping m), 6.85 (1 H, d), 6.95 (1 H, d),
7.2-7.4 (2 H, overlapping m), 7.6-7.8 (2 H, m), 7.9 (1 H,
m), 12.2 (1 H, br s); 13C NMR δ 28.22, 37.77, 46.77, 47.29,
48.92, 65.25, 65.38, 65.98, 77.85, 78.17, 82.61, 101.46,
101.90, 102.18, 102.34, 107.55, 107.80, 109.41, 110.43,
111.46, 112.06, 112.29, 112.96, 114.58, 118.04, 119.12,
124.13, 124.76, 124.87, 125.79, 126.19, 127.36, 128.83,
129.13, 129.53, 129.92, 130.06, 130.26, 130.43, 132.46,
134.05, 135.76, 140.01, 143.78, 151.96, 152.58, 153.58,
155.74, 155.91, 159.78, 159.97, 163.95, 164.07, 164.58,
166.72, 167.01, 167.35, 167.68, 168.71, 170.67, 171.24;
FAB-MS 589.2 (M - H). Anal. Calcd for C31H30N2O10‚
H2O): C, 61.20; H, 5.30; N, 4.60. Found: C, 61.18; H,
5.50; N, 4.38.
Solid Phase Synthesis. PNA oligomers were syn-

thesized on a substituted polyethylene glycol MBHA-
resin. In a typical procedure, V (32 mg, 0.05 mmol),
N-cyclohexyldiethylamine (8 mg, 0.05 mmol), and HBTU
(19 mg, 0.05 mmol) were dissolved in DMF (0.375 mL)
and pyridine (0.125 mL). After 3 min of preactivation,
the reaction mixture was applied to 100 mg of resin, and
the coupling was allowed to proceed for 20 min. Prior to
the next coupling step, the Boc-protected amino terminus
was deprotected withm-cresol (5%) in trifluoroacetic acid
(2 × 4 min). To cleave the finished oligomer from the
resin, the resin was dried and treated twice with a
mixture of trifluoroacetic acid (0.3 mL), trifluoromethane-
sulfonic acid (0.1 mL),m-cresol (0.05 mL), and thioanisol
(0.05 mL) for 1 h. The combined cleavage mixtures were
drained into diethyl ether (4 mL, at -80 °C), causing the
PNA oligomer to precipitate. It was spun down, washed
with cold ether (3 × 4 mL), and finally dried in a stream
of nitrogen to produce a bright yellow fluorescent powder.
To demonstrate the compatibility with the other PNA
monomers, the PNA oligomer Ac-T-LysF-C-G-T-A-Lys-
NH2 (Ac denotes the acylated amino terminus of the
oligomer, NH2 the amidated carboxy terminus, and LysF
the lysine-fluorescein conjugate) was synthesized this
way. Analytical RP-HPLC (0.1% trifluoroacetic acid
buffer, with a gradient of 0-50% acetonitrile in water
on a C18 column) revealed an essentially pure crude
product (Figure 2A), and the identity was confirmed with
MALDI-TOF mass spectroscopy, MH+: calcd 2022.8,
found 2023.3 (Figure 2B).
The fluorescein-PNA-monomer, VIII, was coupled in

the same way to PNA oligomers. In this case a brownish
nonfluorescent oligomer was obtained, and while HPLC
revealed one major product, the identity of which was
confirmed by MALDI-TOFMS, several significant byprod-
ucts were also present.
Peptides were synthesized on a RINC resin. In a

typical procedure VI (115 mg, 0.15 mmol), N-cyclohexyl-
diethylamine (24 mg, 0.15 mmol), and HBTU (57 mg, 0.15
mmol) were dissolved in DMF (1.5 mL). After 3 min of
preactivation, the reaction mixture was applied to 100
mg of resin, and the coupling was allowed to proceed for
60 min. Prior to the next coupling step, the Fmoc-
protected amino terminus was deprotected with 20%
piperidine in DMF (5 min + 15 min). To cleave the
finished peptide from the resin, the resin was dried and
treated with 20% trifluoroacetic acid in dichloromethane
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Figure 2. (A, top) RP-HPLC chromatogram (0.1% trifluoroacetic acid buffer, with a gradient of 0-50% acetonitrile in water on a
C18 column) of the crude PNA oligomer Ac-T-LysF-C-G-T-A-Lys-NH2; (B) MALDI-TOF mass spectrum of the crude PNA oligomer
Ac-T-LysF-C-G-T-A-Lys-NH2 (calcd 2022.8).
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(1 mL) for 20 min, and the peptide was isolated by
evaporation of the solvent. The pentapeptide H-Gly-
LysF-Leu-Phe-Gly-NH2, IX (H denoting the free amino
terminus, NH2 the amidated carboxy terminus), was
synthesized this way. Analytical RP-HPLC revealed an
essentially pure crude product, and the identity was
confirmed with MALDI-TOF mass spectroscopy, MH+:
calcd 920.0, found 919.7. The peptide was purified by
preparative RP-HPLC (0.1% trifluoroacetic acid buffer,
with a gradient of 0-50% acetonitrile in water on a C18
column) to >99% purity (UV at 230 nm). Elemental
analysis of the purified product was in agreement with
a hydrated trifluoroacetate. Anal. Calcd for C49H57-
N7O11‚H2O‚(CF3COOH)2.5: C, 52.97; H, 5.40; N, 8.02.
Found: C, 52.70; H, 5.20; N, 7.99.
Fluorescence Studies. Analytically pure samples of

V and the pentapeptide IX were used for photophysical
studies. In 10 mM aqueous ammonium acetate (pH 6.8),
containing 20% methanol, V and IX have identical
absorption spectra above 300 nm with maxima at 456
nm, ε ) 2.9 × 104 M-1 cm-1, and 484 nm, ε ) 2.3 × 104
M-1 cm-1, showing that the fluorophore remains un-
changed during oligomerization and purification. The
fluorescence spectrum of IX resembles that of dianionic
fluorescein, though it is broadened and redshifted ap-
proximately 5 nm to λem ) 520 nm (Figure 3). To
measure the fluorescence quantum yield of IX, 860 nM
solutions were prepared in eight different buffers [all 10
mM, 20% methanol in water, made up from trifluoroace-
tic acid (pH 2.1), acetic acid (pH 3.1), mixtures of acetic
acid and ammonia with total concentration of 10 mM,
and ammonia (pH 10.8)]. As reference was used 860 nM
fluorescein in 10 mM aqueous NaOH, φf ) 0.92 (10, 11).
This standard was chosen since its fluorescence spectrum
almost coincides with that of IX, making instrumental
corrections unnecessary. The samples were excited at
456 nm, at which they showed identical absorbancies,
with excitation and emission slits of 2.5 nm. From pH
3.1 to 8.3 the fluorescence intensity of the peptide is
constant, φf ) 0.18 ( 0.02. In trifluoroacetic acid buffer
at pH 2.1 the value drops to φf ) 0.14 ( 0.02. Above pH
8 the intensity decreases, reaching a minimum level φf
) 0.10 ( 0.01 above pH 9.8 (Figure 4).

RESULTS AND DISCUSSION

Our initial goal was to prepare an acetic acid derivative
of fluorescein that could be conjugated to a Boc-protected
amino acid, in analogy to the preparation of PNA-
monomers (12). An extensive chemistry has been devel-

oped to convert nitrofluoresceins via amines (13) to iso-
or isothiocyanates (13, 14), but this strategy involves de
novo synthesis of the entire ring system as well as
extensive workup to separate isomers. While highly
purified isothiocyanates of fluorescein are commercially
available, they are prohibitively expensive as starting
materials in a multistep synthesis. Other fluorescein
derivatives for bioconjugation include active esters of
carboxyfluoresceins or dichlorotriazine derivatives of
aminofluoresceins, and comparative studies of the vari-
ous reagents have recently been published (15, 16).
Apart from difficult synthesis, another common draw-

back of these derivatives is that they, as fluorescein, are
free to assume either a nonfluorescent lactone form or a
fluorescent quinoid structure (17, 18) as well as various
ionic forms depending on pH and solvent (19, 20). This
poses problems for both preparative work and especially
structural assignment, a matter of controversy for more
than a century (18, 21).
In the solid phase synthesis of DNA-fluorescein

conjugates, this obstacle has been overcome by the
synthesis of phosphoramidites conjugated to 3-O,6-O-
dipivaloyl- or -diacetyl-protected fluoresceins. In this way
the fluorophore is locked and protected in the lactone
form during solid phase synthesis, until it is converted
to the fluorescent form during the final basic deprotec-
tion. As PNA oligomers and peptides are cleaved from
the solid support with strong acid (1) rather than base,
this approach was not suitable. Instead, we chose to
exploit the fact that quinoid fluorescein esters can be
selectively 6-O-alkylated, to give well-defined, fluorescent
mixed ester/ethers (18, 22-24).
Fluorescein ethyl ester was used as the starting

material. This compound was first described more than
a century ago, being prepared either directly from
fluorescein in hot acidic ethanol (9) or in three steps via
esterification of dihydrofluorescein (18), but in neither
case are yields reported. More recent work on fluorescein
esters (25) demonstrates that elevated temperatures are
needed to obtain direct esterification of fluorescein, and
moderate yields are reported for esters of low-boiling
alcohols. To overcome this problem, we used diethyl
oxalate as a high boiling and reactive ethyl donor. The
H2SO4-catalyzed transesterification was essentially com-
plete after 80 min at 160 °C, and following workup, a
macrocrystalline product was obtained in 50% yield.
The following alkylation with bromoacetic acid tert-

butyl ester and subsequent trifluoroacetic acid deprotec-
tion both proceeded without difficulty, and the product
6-O-(carboxymethyl)fluorescein ethyl ester, III, was ob-
tained without resorting to chromatographic workup.
Initially, DCC coupling of III and N-[2-(tert-butoxy-

carbonylamino)ethyl]glycine ethyl ester was used to

Figure 3. Normalized fluorescence emission spectra: (a) 860
nM fluorescein in 10 mM NaOH in 20% MeOH in water; (b)
860 nM peptide IX in 10 mM ammonium acetate in 20% MeOH
in water. The samples were excited at 456 nm, at which they
showed identical absorbencies. Bandwidth of excitation and
emission slits: 2.5 nm.

Figure 4. Fluorescence quantum yield vs pH for 860 nM
solutions of the peptide IX in various 10 mM buffers in 20%
MeOH in water.
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prepare the PNA-fluorescein-monomer ester, VII, which
was isolated by column chromatography. Subsequent
basic deprotection of the two ethyl ester moieties pro-
duced the free PNA-fluorescein monomer, VIII. This
product was isolated in a weakly fluorescent pale yellow
modification, apparently predominantly as a lactonic or
zwitterionic tautomer. This assignment is supported by
the literature, in which 6-O-fluorescein ethers are de-
scribed as pale yellow and weakly fluorescent (18, 24).
We had anticipated that the strongly acidic conditions
present during cleavage of the oligomers from the resin
might convert the fluorescein moiety into its fluorescent
quinoid form. This was, however, not the case; the
oligomers prepared from VIII remained only weakly
fluorescent and did not show any significant absorption
above 300 nm.
Thus, to avoid removing the ester moiety on fluores-

cein, the active N-hydroxysuccinimide ester, IV, was
prepared. Although NMR and elemental analyses of the
product revealed a slight contamination with DMF, this
did not interfere in the subsequent reaction with R-N-
Boc-L-lysine, which produced V in 62% overall yield from
III. In this procedure, which avoids chromatographic
workup, it is essential that dry glassware and anhydrous
solvents are used in order to avoid the formation of III,
which will terminate the oligomer during solid phase
synthesis.
Attempts to prepare VI directly from III and R-N-

Fmoc-L-lysine did not produce a product of satisfactory
purity. Rather, we chose to deprotect the readily pre-
pared Boc-protected monomerV followed by introduction
of the Fmoc protecting group with Fmoc chloride and
achieved a yield of 64% for the two steps.
Oligomerization of both the Boc- and Fmoc-protected

L-lysine monomers proceeded without problems using the
described standard coupling and deprotection procedures.
The ethyl ester protection group on fluorescein remained
stable toward both the moderately basic conditions used
to deprotect the Fmoc group of VI and the strongly acidic
conditions used to cleave the PNA oligomers from the
solid support. The importance of this is demonstrated
by the lack of fluorescence of oligomers prepared from
the PNA-fluorescein monomer VIII; that is, removal of
the ester moiety on fluorescein results in tautomerization
and loss of fluorescence.
An attractive feature of these monomers is that they

can be incorporated anywhere in a peptide or PNA
oligomer, allowing precise positioning of the fluorophore
within the oligomers. The amino terminus remains
available for further modifications such as conjugation
to other compounds of biological or analytical interest.
Thus, with the exception of cases in which strong base
is employed, the monomers V and VI could find broad
application in solid phase synthesis.
The photophysical properties of these fluorescein de-

rivatives compare favorably with those of the usual
fluorescein conjugates. The fact that they are mixed
ester/ethers of fluorescein unambiguously locks the com-
pounds in a fluorescent quinoid form. This is in agree-
ment with other studies of 6-O-ethers of fluorescein
esters, such as 6-O-ethylfluorescein ethyl ester (24),
which exhibits almost pH-independent absorption from
pH 4 to 9.3. Only at very acidic pH (pH 1.2) does the
absorbance decrease and shift to lower wavelengths, a
fact ascribed to protonization of the ring system.
As we observed for the peptide IX, largely pH-

independent fluorescence quantum yields around φf )
0.13 ( 0.01 have been reported (23) for several lipophilic
esters of 6-O-methylfluorescein in neutral or moderately
acidic ethanol. Since these derivatives and IX have

coinciding absorption maxima (455 vs 456 nm for IX) and
absorption coefficients (2.8 × 104 vs 2.9 × 104 M-1 cm-1

for IX), we ascribe the somewhat higher quantum yield
of φf ) 0.18 ( 0.02 that we observed for IX to different
solvents. The observed attenuation of fluorescence at
extreme pH values is presumably due to protonization
at acidic pH and quenching by OH- under basic condi-
tions, though the matter deserves further investigation.
Free fluorescein only exhibits an almost quantitative

fluorescence quantum yield under nonbiological strong
basic conditions in which the dianion is the only signifi-
cant species (20). Thus, the pH-independent fluorescence
of the fluorescein derivatives described herein is advan-
tageous, as it allows direct quantification of fluorophore
present in different environments such as various intra-
cellular compartments, including acidic lysozymes, where
fluorescein is almost devoid of fluorescence (23). The
uncharged and relative lipophilic nature of the fluoro-
phores described might further enhance cellular uptake.
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Construction, Expression, and Activities of L49-sFv-â-Lactamase, a
Single-Chain Antibody Fusion Protein for Anticancer Prodrug
Activation
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The L49 (IgG1) monoclonal antibody binds to p97 (melanotransferrin), a tumor-selective antigen that
is expressed on human melanomas and carcinomas. A recombinant fusion protein, L49-sFv-bL, that
contains the antibody binding regions of L49 fused to the Enterobacter cloacae r2-1 â-lactamase (bL)
was constructed, expressed, and purified to homogeneity in an Escherichia coli soluble expression
system. The variable regions of L49 were cloned by reverse transcription-polymerase chain reaction
from L49 hybridoma mRNA using signal sequence and constant region primers. Construction of the
gene encoding L49-sFv-bL was accomplished by hybridization insertion of VH, VL, and sFv linker
sequences onto a pET phagemid template containing the bL gene fused to the pelB leader sequence.
Optimal soluble expression of L49-sFv-bL in E. coli was found to take place at 23 °C with 50 µM
isopropyl â-D-thiogalactopyranoside induction and the use of the nonionic detergent Nonidet P-40 for
isolation from the bacteria. Construction and expression of a soluble form of the p97 antigen in Chinese
hamster ovary cells allowed affinity-based methods for analysis and purification of the fusion protein.
Surface plasmon resonance, fluorescent activated cell sorting, and Michaelis-Menten kinetic analyses
showed that L49-sFv-bL retained the antigen binding capability of monovalent L49 as well as the
enzymatic activity of bL. In vitro experiments demonstrated that L49-sFv-bL bound to 3677 melanoma
cells expressing the p97 antigen and effected the activation of 7-(4-carboxybutanamido)cephalosporin
mustard (CCM), a cephalosporin nitrogen mustard prodrug. On the basis of these results, L49-sFv-
bL was injected into nude mice with subcutaneous 3677 tumors, and localization was determined by
measuring bL activity. Tumor to blood conjugate ratios of 13 and 150 were obtained 4 and 48 h post
conjugate administration, respectively, and the tumor to liver, spleen, and kidney ratios were even
higher. A chemically produced L49-Fab′-bL conjugate yielded a much lower tumor to blood ratio (5.6
at 72 h post administration) than L49-sFv-bL. Therapy experiments established that well-tolerated
doses of L49-sFv-bL/CCM combinations resulted in cures of 3677 tumors in nude mice. The favorable
pharmacokinetic properties of L49-sFv-bL allowed prodrug treatment to be initiated 12 h after the
conjugate was administered. Thus, L49-sFv-bL appears to have promising characteristics for site-
selective anticancer prodrug activation.

INTRODUCTION

A considerable amount of attention has been directed
toward the use of monoclonal antibody-enzyme conju-
gates in combination with suitable prodrugs for the
selective delivery of chemotherapeutic agents to tumors
(1-3). The monoclonal antibody (mAb1) portions of these
immunoconjugates recognize tumor-selective antigens
and are capable of delivering the enzymes to tumor cell
surfaces. Once tumor localization and systemic conjugate
clearance have taken place, a prodrug form of a chemo-
therapeutic agent is administered, which is converted
into an active drug by the targeted enzyme. This leads
to the selective delivery of anticancer drugs to sites of
neoplasia. Pharmacokinetic studies have shown that the

intratumoral drug concentrations resulting from mAb-
enzyme/prodrug combinations can be significantly greater
than that achieved by systemic drug administration
(4-6). This probably accounts for the observed antitumor
activities, which include complete tumor regressions and
cures in a number of different models for human cancer
(7-10).
Our recent research has focused on the use of antibod-

ies against the human p97 (melanotransferrin) tumor
antigen for the delivery of â-lactamase (bL) to tumor cells
(10). This antigen has been found to be overexpressed
on a majority of clinical melanoma isolates and is also
observed on human carcinomas (11-14). Significant
antitumor activities have been obtained using the com-
bination of a chemically conjugated anti-p97 Fab′-bL and
CCM (10), a cephalosporin containing prodrug of PDM
(Figure 1). These effects were observed in a melanoma
tumor model that was resistant to the activities of PDM.
A critical aspect of this targeting strategy surrounds

the ability of the mAb to selectively deliver the enzyme
to tumor cells and then clear from the systemic circula-
tion before the prodrug is administered. The pharma-
cokinetics of the immunoconjugate can be greatly influ-
enced by the nature, valency, and molecular weight of
the mAb and also by the way that the enzyme is attached.
Typically, mAb-enzyme conjugates are prepared using

* Author to whom correspondence should be addressed.
X Abstract published in Advance ACS Abstracts, June 15,

1997.
1 Abbreviations: bL, â-lactamase; CHO, Chinese hamster

ovary; CCM, 7-(4-carboxybutanamido)cephalosporin mustard;
FITC, fluorescein isothiocyanate; IMDM, Iscove’s Modified
Dulbecco’s Medium; IPTG, isopropyl â-D-thiogalactopyranoside;
mAb, monoclonal antibody; PBS, 10 mM Na2HPO4, 1 mM KH2-
PO4, 137 mMNaCl, 2.7 mMKCl, pH 7.4; PCR, polymerase chain
reaction; PDM, phenylenediamine mustard; SDS-PAGE, so-
dium dodecyl sulfate polyacrylamide gel electrophoresis; sp97,
soluble p97 antigen; Tris, tris(hydroxymethyl)aminomethane.
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bifunctional cross-linking reagents that react with ex-
posed amino acid residues on the individual proteins.
Immunoconjugates produced in this manner are hetero-
geneous due to the inherent lack of regiospecificity of the
cross-linking reagents. In addition, these conjugates are
typically isolated in low yields. Although recent papers
describe alternative coupling chemistries that can afford
higher yields of more homogeneous immunoconjugates
(15-17), these methods still involve chemical modifica-
tion steps that contribute to product heterogeneity.
Recombinant technology offers an alternative method

for producing homogeneous mAb-enzyme fusion proteins
that can be designed to have appropriate pharmaco-
kinetic properties for prodrug activation. There have
recently been reports of the production, characterization,
and activities of recombinant Fab, sFv, and disulfide-
stabilized Fv-enzyme fusion proteins (4, 18-20). In this
paper, we describe the construction, expression, and
characteristics of L49-sFv-bL, an antibody â-lactamase
fusion protein that binds to the p97 antigen. We also
detail the construction and expression of sp97, a soluble
form of the p97 antigen that has proven to be useful for
conjugate analysis and purification. In vitro and in vivo
experiments are presented that illustrate the ability of
L49-sFv-bL to activate the phenylenediamine mustard
prodrug CCM on p97 positive human melanoma cells,
selectively localize in human tumor xenografts in nude
mice, and induce regressions and cures of established
tumors when combined with CCM.

MATERIALS AND METHODS

Materials. The Enterobacter cloacae P99 bL gene was
obtained from the plasmid pNU363 (21) and subjected
to codon-based mutagenesis at the nucleotides corre-
sponding to amino acids 286-290. The r2-1 bL mutant,
which has the sequence TSFGN at positions 286-290,
was selected from the resulting library and displayed
greater enzymatic activity than the wild type enzyme
using cephalosporin doxorubicin as the substrate (22).
L49-Fab′-bL was prepared as previously described by
combining thiol-containing Fab′ fragments of the anti-
bodies with maleimide-substituted bL, forming a thio-
ether link between the two proteins (23). CCM (24) and
PDM (25) were prepared as previously described.
Isolation and Characterization of the L49 mAb.

The L49-producing hybridoma was developed using
standard techniques as previously described for the
isolation of other hybridomas (26). Balb/C mice were
immunized repeatedly with the H2981 (lung carcinoma),
CH3 (lung carcinoma), and W56 (melanoma) cell lines,
all of which were derived from human tumors. Spleen

cells from immunized mice were fused with the cell line
P3X63-Ag8.563 (26) that was transfected with the neo-
mycin resistance gene. Standard selection and cloning
yielded a hybridoma producing the L49 IgG1 mAb.
Scatchard analysis of L49 binding was performed by

radiolabeling the mAb with [125I]Iodogen to a specific
activity of 0.3 mCi/mg of protein. 3677 melanoma cells
(10) in 96-well plates (13 000 cells/well) were incubated
with 0.03-10 nM [125I]L49 for 30 min on ice, and then
the cells were separated from unbound radioactivity by
centrifugation through silicon oil. The tubes were frozen,
the cell pellet was cut from the supernatant, and both
fractions were counted in a gamma counter. Binding
affinity and the number of sites per cell were determined
by Scatchard analysis (27).
Soluble p97 (sp97). A secreted form of p97 (sp97) was

made utilizing PCR-based mutagenesis to introduce a
stop codon after cysteine 709 (14), three amino acids
upstream of the glycophosphatidylinositol anchor domain
(28, 29). The 3′ oligonucleotide used in the PCR reaction
contained the mutation changing the S710 codon to a stop
codon. Coding sequences for 29 amino acids, including
the membrane anchor region, were deleted from the
carboxyl terminus of wild type p97. Cloning and expres-
sion of sp97 were accomplished using a glutamine syn-
thetase gene as an amplifiable marker in CHO cells (30).
The sp97 gene was cloned into pEE14 (31) and trans-
fected into CHO-K1 cells by calcium phosphate copre-
cipitation. Transformants were initially selected for
resistance to 25 µM methionine sulfoximine, and sp97-
secreting colonies were selected for amplification at drug
concentrations of 100, 250, and 500 µM. The selection
and amplification medium used was Glasgow Minimum
Essential Medium without L-glutamine, tryptose phos-
phate broth, or sodium bicarbonate supplemented with
10% dialyzed fetal bovine serum.
A cloned CHO cell line secreting sp97 was cultured in

10 shelf cell factories. Soluble p97 was isolated from the
medium on a 96.5 immunoaffinity chromatography col-
umn as described previously for the purification of wild
type p97 from melanoma cells (32). Small amounts of
residual contaminants were removed by gel filtration on
a Sephacryl S300 HR column (Pharmacia LKB) using
PBS as eluant. Solutions containing sp97 were concen-
trated by ultrafiltration to 1-5 mg/mL, sterilized by
passage through a 0.1 µm filter, and stored at 2-8 °C
for up to 6 months without noticeable loss of biochemical
or biological activity.
Cloning of L49 Variable Regions and sFv Con-

struction. Construction of L49-sFv-bL by hybridization
insertion was performed with materials and protocols
from the Bio-Rad M13 mutagenesis kit, except for isola-
tion of single-stranded phagemid template (Qiagen M13
kit, M13K07 helper phage). The variable regions of the
L49 mAb were cloned from the corresponding hybridoma
mRNA by RT-PCR (Perkin-Elmer GeneAmp reagents
and Model 9600 thermal cycler), using random hexamer
primed reverse transcription reactions and signal se-
quence and constant region PCR primers (33). Construc-
tion of L49-sFv-bL began with a single-stranded template
of the pET-26b phagemid containing the r2-1 mutant of
the E. cloacae P99 bL gene (22) fused to the pelB leader
sequence. Hybridization mutagenesis was used to insert
the 218 linker sequence (34) (chemically synthesized
oligonucleotide, 5′-TTCTGACACTGGCGTGCCCTTGG-
TAGAGCCTTCGCCAGAGCCCGGTTTGCCA-
GAGCCGGACGTCGAGCCGGCCATCGCCGGCTG-3′)
and full VH and VL region sequences (oligonucleotides
produced by asymmetric PCR; VH forward primer, 5′-
CCAGCCGGCGATGGCCGAGGTGCAGCTTCAGGAGT-

Figure 1. Structures of the cephalosporin mustard prodrug
CCM and the parent drug phenylenediamine mustard PDM.
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3′; VH reverse primer, 5′-AGAGCCGGACGTCGAGCCT-
GAGGAGACGGTGACAGAGG-3′; VL forward primer, 5′-
AGGCTCTACCAAGGGCGATTTTGTGATGACCCAAAC-
3′; VL reverse primer, 5′-TTCTGACACTGGCGTC-
CGTTTGATTTCCAGCTTGG-3′) in three consecutive
insertion reactions between the pelB leader sequence and
bL in a 5′-pelB-VH-218-VL-bL-3′ orientation.
Expression, Purification, and Characterization

of L49-sFv-bL. L49-sFv-bL was expressed as a soluble
protein in E. coli strain BL21(λDE3) at 23 °C in 4 L
baffled shake flasks. T-broth (1 L) containing 30 µg/mL
kanamycin was inoculated with several colonies of freshly
transformed BL21(λDE3) cells. The flasks were shaken
(200 rpm) at 37 °C until the absorbance at 660 nm
reached 0.8, the culture was cooled to 23 °C, and IPTG
(50 µM) was added. Incubation at 23 °C with shaking
was continued for an additional 16 h, at which time the
absorbance at 660 nm was between 8 and 15. The cells
were pelleted by centrifugation and resuspended in 30
mM Tris, 2 mM EDTA, and 0.3% (v/v) Nonidet P-40 at
pH 8.5 and 4 °C. The mixture was stirred gently for 1 h
and repelleted, and the supernatant was decanted and
filtered (0.2 µm).
Purification of L49-sFv-bL was accomplished according

to a two-step affinity purification. The above superna-
tant was first applied to a Sepharose column of im-
mobilized sp97 antigen. The column was washed with
PBS until the absorbance at 280 nm reached the baseline
level, and bound protein was eluted with 50 mM sodium
phosphate and 100 mM NaCl at pH 11.2. Fractions
containing the bound protein were neutralized with 1:10
v/v of 3 M sodium phosphate, pH 7. This material was
then subjected to Sepharose 4B m-aminophenylboronic
acid affinity chromatography (35) using washing and pH
11.2 elution conditions described above. The resulting
preparation was dialyzed against PBS, filtered (0.2 µm),
and stored at 4 °C (0.1-1.1 mg/mL).
Competition binding experiments were performed as

described earlier (10, 36). Immunoassays were per-
formed by coating polystyrene 96-well plates with sp97
(0.1 mL, 2 µg/mL in PBS, overnight, 4 °C). The plates
were blocked by adding specimen diluent (Genetic Sys-
tems Corp.) for 1 h at 22 °C, and the diluent was then
removed. Fresh specimen diluent (0.1 mL) containing
serial dilutions of the samples was added. After 1 h at
22 °C, the plates were washed and developed for 15 min
at room temperature with 0.1 mL of a nitrocefin solution
(37) at 0.1 mM in PBS containing 1% dimethylforma-
mide. Absorbance measurements were read in an ELISA
plate reader using a 490 nm filter with 630 nm as the
reference wavelength.
Surface plasmon resonance experiments were per-

formed on a BIAcore 2000 instrument (Pharmacia) at 25
°C. p97 was immobilized on a research grade CM5
sensor chip (Pharmacia) using the recommeneded N-
ethyl-N ′-(dimethylaminopropyl)carbodiimide/N-
hydroxysuccinimide coupling conditions. Before use, the
sensor surface was subjected to several rounds of analyte
binding, followed by regeneration to ensure a stable level
of derivatization. The mobile phase buffer for im-
mobilization was PBS containing 0.005% P20 surfactant
(Pharmacia). For binding studies, 0.2 mg/mL bovine
serum albumin was added to the buffer.
In Vitro Cytotoxicity. 3677 melanoma cells were

plated into 96-well microtiter plates (104 cells/well in 100
µL of IMDM with 10% fetal bovine serum, 60 µg/mL
penicillin, and 0.1 mg/mL streptomycin) and allowed to
adhere overnight. For blocking experiments, the cells
were incubated with unconjugated L49 at 1 µM for 30
min prior to treatment with the L49 conjugates. The cells

were treated with L49-sFv-bL or L49 Fab′-bL at 10 nM.
After 30 min at 4 °C, the plates were washed three times
with antibiotic-free RPMI 1640 medium (Gibco) with 10%
fetal bovine serum, and then various concentrations of
CCM were added. CCM and PDM were also added to
cells treated with medium alone. After 1 h at 37 °C, cells
were washed three times with IMDM and incubated for
approximately 18 h at 37 °C. The cells were then pulsed
for 12 h with [3H]thymidine (1 µCi/well) at 37 °C,
detached by freezing at -20 °C and thawing, and
harvested onto glass fiber filter mats using a 96-well
harvester. Radioactivity was counted using a LKB
Wallac â-plate counter.
Conjugate Localization. Subcutaneous 3677 mela-

noma tumors were established in female athymic nu/nu
mice (8-12 weeks old, Harlan Sprague-Dawley, India-
napolis, IN) by transplanting tumors that had been
previously passaged as previously described (10). Tumor-
bearing mice were injected iv with L49-sFv-bL (1 or 4
mg of mAb component/kg) or with L49-Fab′-bL (1.8
mg/kg). At various time intervals, the mice were anes-
thetized, bled through the orbital plexus, and sacrificed.
Tissues were removed and homogenized in PBS contain-
ing 15 µg/mL aprotinin (2 mL/g of tissue). To the homo-
genate was added 50 mM sodium phosphate containing
100 mM NaCl at pH 11.2 (10 mL/g of tissue), and the
suspension was mixed. After 20 min at room tempera-
ture, 3 M sodium phosphate at pH 7.0 was added (2 mL/g
of tissue), and the mixture was mixed and centrifuged.
Quantification of conjugate concentrations was ac-

complished using a direct enzyme immunoassay. Poly-
styrene 96-well microtiter plates were coated with an
affinity-purified rabbit polyclonal antiserum to wild type
E. cloacae bL (1 µg/mL) and were then blocked with
specimen diluent (Genetic Systems Corp.). Serially
diluted tissue extracts or purified samples (L49-sFv-bL
as a standard for the fusion protein samples, L49-Fab′-
bL as a standard for the L49-Fab′-bL samples) were
added to the wells and allowed to bind for 3 h at room
temperature. The plates were washed and developed by
the addition of 0.1 mL of nitrocefin (37) at 0.1 mM in
PBS containing 1% dimethylformamide. Absorbance
measurements were read in an ELISA plate reader using
a 490 nm filter with 630 nm as the reference wavelength.
In Vivo Therapy Experiments. 3677 tumor-bearing

mice (subcutaneous implants, six animals/group, average
tumor volume 130 mm3) were injected with L49-sFv-bL
(iv, 7-8 days post tumor implant), followed 12-48 h later
by CCM using doses of fusion protein and prodrug as
indicated under Results. Treatment with L49-sFv-bL +
CCM was repeated 1 week later. Animals were moni-
tored 1-2 times/week for body weight, general health,
and tumor growth. Tumor volume was estimated using
the following formula: longest length × perpendicular
dimension2 ÷ 2. Cures were defined as an established
tumor that, after treatment, was not palpable for g10
tumor volume doubling delays (g40 days in the 3677
tumor model). Maximum tolerated doses led to <20%
weight loss and no treatment-related deaths and were
within 50% of the dose at which such events took place.

RESULTS

Characterization of the L49 MAb. The L49 mAb
(IgG1) binds to the p97 antigen, which has been shown
to be present on most human melanomas and many
carcinomas (11-13). Scatchard analysis of the binding
of radiolabeled L49 to the 3677 human melanoma cell
line indicated that the mAb bound with a dissociation
constant of 1.0 nM (Figure 2). At saturation, there were
approximately 2.1 × 104 molecules of L49 bound/cell.
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These values are very similar to those obtained for the
96.5 mAb (10), which also binds to p97 but to an epitope
different from the one that L49 binds to (unpublished
data).
Cloning and Expression of L49-sFv-bL. The vari-

able region genes for the L49 mAb heavy and light chains
were cloned from the L49 hybridoma line by reverse
transcription PCR of hybridomamRNA and amplification
of the corresponding cDNA. A consensus sequence was
determined by examining several clones from indepen-
dent reverse transcription reactions to reduce the pos-
sibility of reverse transcription or PCR-derived errors.
The PCR primers used were complementary to the signal
sequence and constant region of the mAb. Thus, the
entire variable regions were obtained.
L49-sFv-bL was constructed in a stepwise fashion by

hybridization insertion of the sFv linker, VH, and VL
region sequences onto a single-stranded pET phagemid
template containing the pelB leader sequence and bL
gene (Figure 3). The particular bL gene used coded for
a mutant of the E. cloacae P99 bL (r2-1) that contained
the amino acids TSFGN at positions 286-290. This

mutated bL has been shown to have greater activity than
the wild type enzyme toward hydrolysis of some cepha-
losporin prodrugs (22). The 218 linker sequence corre-
sponds to amino acids GSTSGSGKPGSGEGSTKG and
was used as the sFv linker on the basis of its ability to
reduce sFv protein aggregation (34). An oligonucleotide
coding for the 218 linker (- strand, produced by chemical
synthesis) was first annealed to the phagemid template,
resulting in a pelB-218-bL construct. VH and VL region
segments (produced by asymmetric PCR) were then
inserted into the intermediate construct in two separate
steps to generate the final L49-sFv-bL gene in an pelB-
VH-218-VL-bL orientation. The pelB leader sequence
results in transport of the protein into the periplasmic
space of E. coli. No additional linker was placed between
VL and the bL enzyme.
To facilitate the isolation and characterization of L49-

containing fusion proteins, a soluble form of the p97
antigen was developed. This was made by truncating the
p97 gene at a site upstream of the region encoding the
membrane-anchoring domain. The soluble antigen (sp97)
was expressed in CHO-K1 cells and purified by affinity
chromatography. SDS-PAGE analysis of recombinant
sp97 indicated that it was slightly lower in molecular
weight than p97 (Figure 4A). Isoelectric focusing re-
vealed little difference between p97 and sp97 (Figure 4B),
a result that was anticipated, since only a single charged
residue is lost in the sp97 construct. The multiple bands
observed in the isoelectric focusing gel are due to charge
herterogeneity in the expressed proteins.
L49-sFv-bL was expressed in soluble form in an E. coli

strain that was transformed with the plasmid shown in
Figure 3. Quantitation of L49-sFv-bL-containing samples
was performed using an immunoassay in which the
fusion protein was captured onto microtiter plates that
were coated with sp97. The bL enzyme activity was then
determined using nitrocefin as a colorimetric indicator
(37). Thus, only bifunctional fusion protein was mea-
sured. Under the transcriptional control of the T7
promoter and lac operon, fusion protein expression could
be detected by SDS-PAGE analyses of cell pellets in
cultures that were induced with IPTG at concentrations
as low as 1.6 µM (Figure 5A). Significant levels of toxicity
were observed when the IPTG concentration exceeded 90
µM, resulting in inhibition of cell growth and in the
eventual outgrowth of cell populations that did not
express fusion protein. Typically, 50 µM IPTG induction
was used for large scale experiments, since this led to
higher levels of fusion protein expression without sig-
nificant levels of cytotoxicity. It was also found that
expression of L49-sFv-bL was enhanced at lower tem-

Figure 2. Scatchard analysis of L49 mAb binding to 3677
melanoma cells.

Figure 3. Construction of L49-sFv-bL. Three successive hy-
bridization insertion reactions were used to install the 218
linker, variable heavy, and variable light chain sequences into
a pET phagemid containing the r2-1 mutant of the E. cloacae
bL. Single-stranded (+) phagemid DNA was produced by
infection of XL-1 Blue carrying the pET phagemids with
M13K07 helper phage. An oligonucleotide coding for the 218
linker sequence (- strand), with complentary regions to the 3′
end of the pelB sequence and the 5′ end of the bL gene was
prepared by chemical synthesis. Corresponding VH and VL
sequences (- strand) were generated by asymmetric PCR.

Figure 4. (A) SDS-PAGE (4-20%) and (B) isoelectric focusing
analyses (pH 3-10) of recombinant sp97 and wild type p97
antigen.
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peratures, such that protein yields were higher at 23 or
30 °C compared to 37 °C. Similar results have been noted
for the expression of antibody fragments and other
recombinant proteins in E. coli (38).
In shake flask cultures, 80% of active material was

present in the periplasm of the bacterial cells, with the
remainder present in the culture supernatant. Conven-
tional techniques for releasing the periplasmic contents,
such as sucrose/lysozyme spheroplasting or osmotic
shock, resulted in only a limited release of the available
protein. Freeze-thawing or sonication of cells to release
total cytoplasmic material did not result in an increased
yield of functional fusion protein. It was found that a
higher yield of fusion protein could be obtained by
treating cell pellets with a solution of the detergent
Nonidet-P-40. The levels of L49-sFv-bL in samples that
were treated with this detergent ranged from 2.5 to 8
mg/L culture, approximately 4 times the amount ex-
tracted by other techiques. Western analysis (Figure 5B)
with rabbit polyclonal antiserum raised to bL showed
that most of the bL-containing protein in the preparation
was approximately 63 kDa in molecular mass (theoretical
molecular mass 66.5 kDa). Small amounts of truncated
fragments and aggregated material were also detected.
Purification of L49-sFv-bL. The purification of L49-

sFv-bL was achieved according to a two-step affinity
chromatography procedure. Periplasmic preparations
from shake flask cultures were first applied to an
immobilized sp97 affinity column that could bind the L49
portion of the fusion protein. After extensive washing,
bound material was eluted at pH 11.2 (Figure 5C). Acidic
pH conditions (pH 2.2) also eluted the fusion protein, but
caused protein precipitation. The sp97 chromatography
purified material was approximately 70% pure by size
exclusion HPLC and SDS-PAGE, with the contaminants

consisting of two bands of approximately 33 kDa molec-
ular mass. The second step of the purification involved
binding the material to immobilized phenylboronic acid,
a resin that binds to the active sites of â-lactamases. This
led to the recovery of protein that was pure by SDS-
PAGE analysis (Figure 5C,D). Size exclusion chromato-
graphic analysis of the fusion protein indicated the
presence of a single component that eluted in the
expected molecular mass range (data not shown). In
contrast, L49-Fab′-bL, which was prepared by combining
maleimide-substituted bL with L49-Fab′-SH according to
previously described methods (10, 23), displayed signifi-
cant levels of heterogeneity by SDS-PAGE (Figure 5D).
L49-sFv-bL Characterization and Activity. In

view of the detergent-based release of L49-sFv-bL from
the bacteria, it was important to demonstrate that
isolated fusion protein had been correctly processed and
transported into the periplasm, such that the pelB leader
sequence was cleaved from the amino terminus of the
VH region. This was determined by subjecting the
purified fusion protein to N-terminal amino acid sequence
analysis. The sequence obtained (EVQLQES) was iden-
tical to the expected VH amino terminal sequence,
indicating that the leader sequence was proteolytically
clipped, as designed.
The binding characteristics of the sFv portion of the

fusion protein were determined using a fluorescence-
activated cell sorting assay in which fusion protein and
FITC-modified whole L49 competed for binding to cell-
surface antigens on SK-MEL 28 melanoma cells. L49-
sFv-bL and the L49 Fab′-bL chemical conjugates bound
equally well to the cell line, but not as well as bivalent
whole L49 mAb (Figure 6). More detailed information
about binding was obtained using surface plasmon
resonance, which allowed the measurement of the on and
off rates of L49-sFv-bL binding to the p97 antigen
immobilized on a gold surface (Table 1). This assay
established that the binding affinity of the fusion protein
to the p97 antigen (KD ) 1.0 nM) was comparable to those
of L49 Fab′ (KD ) 0.73 nM) and chemically produced L49-
Fab′-bL conjugate (KD ) 1.3 nM).
Enzymatic activity assays of the bL portion of L49-sFv-

bL were undertaken using nitrocefin as the substrate

Figure 5. SDS-PAGE analyses of L49-sFv-bL expression and
purification. (A) Induction of L49-sFv-bL at various IPTG
concentrations (30 °C, total cellular protein, 12% Tris-glycine
SDS-PAGE, Coomassie staining, nonreducing conditions). The
band corresponding to L49-sFv-bL is indicated with arrows. (B)
Western analysis with rabbit polyclonal anti-bL: (lane 1)
periplasm; (lane 2) L49-sFv-bL standard (12% Tris-glycine
SDS-PAGE, nonreducing conditions). (C) Purification of
L49-sFv-bL: (lane 1) periplasm; (lane 2) flow through from the
sp97 affinity column; (lane 3) material that eluted from the sp97
column at pH 11; (lane 4) material that bound and eluted off
the phenylboronic acid column (12% Tris-glycine SDS-PAGE,
Coomassie staining, nonreducing conditions). (D) Comparison
of L49-sFv-bL to chemically prepared L49-Fab′-bL: (lane 1) L49-
Fab′-bL; (lane 2) L49-sFv-bL (10% Tris-glycine SDS-PAGE,
Coomassie staining, nonreducing conditions).

Figure 6. Competition binding assay. 3677 cells were incu-
bated with various combinations of the test samples (L49, L49-
sFv-bL, L49-Fab′-bL, and FITC-modified whole L49), keeping
the total mAb concentration (test sample + L49-FITC) constant
at 400 nM. Fluorescence intensity was determined by fluores-
cence activated cell sorter analysis.
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(Table 1). Michaelis-Menten kinetic analyses confirmed
that the fusion protein retained the full enzymatic
activity of the mutant bL enzyme from which it was
derived (22). Thus, both the binding of the L49 mAb and
the enzymatic activity of the E. cloacae r2-1 bL were
preserved in the fusion protein.
The cytotoxic effects of L49-sFv-bL in combination with

CCM were determined on 3677 human melanoma cells,
which express the p97 antigen (Figure 7). The experi-
ments were performed by treating the cells with the
conjugates, washing off unboundmaterial, adding various
concentrations of CCM, and using [3H]thymidine incor-
poration as a measure of cytotoxic activity. The prodrug
CCM (IC50 ) 16 µM) was approximately 50-fold less toxic
to 3677 cells than the drug PDM (IC50 ) 0.3 µM). As
expected, L49-sFv-bL and L49-Fab′-bL were equally
effective at prodrug activation, and the combinations
were equivalent in activity to PDM. This indicates that
prodrug conversion by both conjugates was efficient
under the conditions tested. In addition, it was found
that activation was immunologically specific, since L49-
sFv-bL did not activate CCM on cells that were saturated
with unconjugated L49 before being exposed to the fusion
protein.
In Vivo Localization. Biodistribution studies of L49-

sFv-bL and L49-Fab′-bL were carried out in nude mice
bearing sc 3677 melanoma tumor xenografts. The con-
jugates were injected iv, and at various time points

tissues were removed and extracted under alkaline
conditions to disrupt antigen-antibody interactions. The
samples were then trapped with polyclonal antiserum to
bL, and bL activity was measured using nitrocefin as a
colorimetric indicator (37). Control experiments in which
L49-sFv-bL was directly injected into excised tumors and
tissues indicated that this extraction procedure recovered
90% of the injected bL activity.
L49-sFv-bL cleared very rapidly from the blood (Figure

8A). The initial and terminal clearance half-lives (t1/2R
and t1/2â, respectively) were 0.3 and 2.5 h, respectively,
leading to a 104 reduction of L49-sFv-bL blood levels
within 24 h of conjugate administration. In spite of this
rapid clearance, relatively high intratumoral levels of
L49-sFv-bL were measured compared to normal tissues,
and the ratio remained high for 24 h (Figure 8B). At 4
h post L49-sFv-bL administration, the tumor to blood
ratio was 13:1. The ratio increased substantially with
time and was 105:1 within 24 h of conjugate administra-
tion (Table 2). Similar results were obtained using L49-
sFv-bL doses of 4 mg/kg. At this dose, very high tumor
to blood ratios (141-150:1) were measured 24-48 h after
the conjugate was administered. Interestingly, chemi-
cally produced L49-Fab′-bL cleared quite slowly from the
blood and had only a 5.6:1 tumor to blood ratio 72 h after
administration. Thus, L49-sFv-bL localizes in tumors,
clears rapidly from the systemic circulation, and has
significantly improved pharmacokinetic properties com-
pared to the chemically produced L49-Fab′-bL conjugate.
Therapeutic Activity. In vivo therapy experiments

were performed using the L49-sFv-bL/CCM combination
in nude mice with established sc 3677 tumors. This
particular tumor model has previously been shown to be
resistant to treatment with doxorubicin, PDM, and CCM
(10). In the experiments reported here, conjugate treat-
ment was initiated 7-8 days after tumor implant, at
which time the tumors were approximately 130 mm3 in

Table 1. Binding and Enzyme Kinetic Parameters of
L49- and bL-Containing Proteinsa

sample kon (M-1‚s-1) koff (s-1)
KD
(nM) kcat (s-1)

Km
(µM)

L49 Fab′ 2.3 × 105 1.7 × 10-4 0.73 nab na
r2-1 bLc na na na 261 19
L49-Fab′-bLd 1.8 × 105 2.4 × 10-4 1.3 nde nd
L49-sFv-bLc 4.1 × 105 4.2 × 10-4 1.0 232 19

a Values shown are the average of a minimum of two indepen-
dent experiments, except for L49-Fab′-bL (binding experiment
performed once). The range of values obtained in Michaelis-
Menten kinetic analyses was within 5% of the means. Nitrocefin
was used as an enzyme substrate. b Not applicable. c The r2-1 bL
contains mutations at positions 286-290 compared to the wild type
enzyme (22). d Chemically prepared conjugate containing the wild
type enzyme. e Not determined.

Figure 7. Cytotoxic effects of mAb-bL + CCM combinations
on 3677 melanoma cells as determined by the incorporation of
[3H]thymidine into DNA. 3677 cells were incubated with the
mAb-bL conjugates, washed, and treated with CCM for 1 h.
The effects were compared to cells treated with CCM or PDM
for 1 h without prior conjugate exposure and to cells that were
treated with saturating amounts of unconjugated L49 prior to
conjugate treatment.

Figure 8. Pharmacokinetics of L49-sFv-bL in nude mice (three
animals/group). L49-sFv-bL was injected intravenously, tissues
were removed and extracted at the indicated times, and the
â-lactamase activity was determined using nitrocefin as a
substrate. (A) Clearance of L49-sFv-bL from the blood. Injected
dose was 4 mg/kg. (B) L49-sFv-bL levels in subcutaneous 3677
melanoma tumors and in normal tissues. Injected dose was 1
mg/kg.
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volume. CCM was then administered 12, 24, or 48 h
later, and the treatment protocol was repeated after 1
week. Maximum tolerated doses are defined as those
that led to <20% weight loss and no treatment-related
deaths and were within 50% of the dose at which such
events took place. A tumor was considered as having
been cured once it was not palpable for at least 10 tumor
volume doubling times, based on the tumor growth of
untreated animals (tumor volume doubling time was 4
days). If an animal was removed from the experiment
because of tumor growth, the data from the entire group
were no longer plotted, but the remaining animals were
followed for tumor size and general health.

The maximum tolerated doses of CCM (300 mg/kg/
injection) and PDM (3 mg/kg/injection) when adminis-
tered weekly for three rounds induced 2 and 6 day delays
in tumor outgrowth, respectively (data not shown). In
contrast, pronounced antitumor activity was obtained in
mice that received L49-sFv-bL prior to treatment with
CCM (Figure 9). Therapeutic efficacy was schedule and
dose dependent. Tumor cures were obtained in all of the
animals that received CCM (125 and 175 mg/kg/injection)
12 h after treatment with L49-sFv-bL (Figure 9A). In
this dosing schedule, significant antitumor activity in-
cluding four cures in the group of six mice was obtained
when the CCM dose was reduced to 75 mg/kg/injection.

Table 2. Tissue Distribution of Immunoconjugates

% injected dose/g (SD)

treatmenta time (h) tumor liver spleen kidney blood

L49-sFv-bL, 1 mg/kg 4 1.1 (0.2) 0.021 (0.002) 0.014 (0.008) 0.027 (0.015) 0.084 (0.04)
tumor/tissue ratios 1 52 79 41 13

L49-sFv-bL, 1 mg/kg 12 0.53 (0.17) <0.003 <0.003 <0.003 0.008 (0.001)
tumor/tissue ratios 1 >177 >177 >177 66

L49-sFv-bL, 1 mg/kg 24 0.21 (0.01) <0.003 <0.003 <0.003 0.002 (0.001)
tumor/tissue ratios 1 >70 >70 >70 105

L49-sFv-bL, 4 mg/kg 12 0.73 (0.02) <0.003 <0.003 <0.003 0.009 (0.001)
tumor/tissue ratios 1 >240 >240 >240 81

L49-sFv-bL, 4 mg/kg 24 0.29 (0.05) <0.001 <0.001 <0.001 0.002 (0.0002)
tumor/tissue ratios 1 >290 >290 >290 141

L49-sFv-bL, 4 mg/kg 48 0.15 (0.07) ndb nd nd 0.001 (0.0002)
tumor/tissue ratios 1 150

L49-Fab′-bL, 1.8 mg/kg 72 0.28 (0.26) 0.015 (0.003) 0.010 (0.006) 0.016 (0.005) 0.05 (0.015)
tumor/tissue ratios 1 19 28 18 5.6

a Mice (three animals/group) were injected with conjugates, and at the times indicated, tissues were excised and extracted to remove
the conjugate. The percent injected dose was based on the measured bL activity compared to standard curves obtained from extracted
tissues that were spiked with known amounts of L49-sFv-bL or L49-Fab′-bL. b Not determined.

Figure 9. Therapeutic effects of L49-sFv-bL/CCM combinations in nude mice (six mice/group) with sc 3677 melanoma xenografts.
Conjugates were injected, followed at various times by CCM (arrows on the X-axis). The average tumor volumes are reported until
most or all of the animals were cured (tumors that became nonpalpable for g10 tumor volume doubling times) or until an animal
was removed from the experiment due to tumor outgrowth. (A) L49-sFv-bL (1 mg/kg/injection) 12 h before CCM; (B) L49-sFv-bL (1
mg/kg/injection) 24 h before CCM; (C) L49-sFv-bL (4 mg/kg/injection) 24 h before CCM; (D) L49-sFv-bL (4 mg/kg/injection) 48 h
before CCM.
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The remaining two animals in this group had tumors that
underwent partial regressions but eventually began to
grow after the last prodrug treatment. There were no
apparent toxicities in any of these treatment groups.
Significant antitumor activity could also be achieved

when the prodrug was administered 24 h post conjugate
administration, either by increasing the prodrug dose and
keeping the conjugate dose constant at 1 mg/kg/injection
(Figure 9B) or by increasing the conjugate dose to 4 mg/
kg/injection (Figure 9C). In both cases, the majority of
tumors were cured, again with no evidence of toxicity.
Finally, therapeutic efficacy was also obtained with a 48
h interval between conjugate and prodrug administration
(Figure 9D). Tumor regressions were obtained in all of
the mice in these groups, and three of six animals that
received 275 mg/kg/injection CCMwere cured. Thus, the
antitumor activities of L49-sFv-bL in combination with
CCM were pronounced, and therapeutic efficacy was
achieved in a variety of dosing schedules.

DISCUSSION

We have previously demonstrated that mAb-bL con-
jugates activate cephalosporin-containing prodrugs in an
immunologically specific manner and such combinations
lead to regressions and cures of established tumors in
mice (6, 10, 24, 36). These conjugates were prepared by
combining maleimide-substituted bL with thiol-contain-
ing mAbs and then subjecting the resulting mixtures to
purification procedures that involved affinity and size
exclusion chromatographic steps. Although care was
taken to control the degree of protein modification and
to isolate principally monomeric material, SDS-PAGE
analysis generally has indicated the presence of ag-
gregates, dimers and lower molecular mass components
in the conjugate preparations. This is exemplified in
Figure 5D, which shows that chemically produced L49-
Fab′-bL contains several species besides the expected
product at 92 kDa. Such heterogeneity is most likely due
to the lack of specificity inherent in the reagents used
for protein modification (39). While a number of elegant
methods, such as reverse proteolysis (16, 40-42) and
terminal amino acid group modification (43), have been
devised to overcome this problem, these techniques can
still lead to considerable product heterogeneity.
An alternative approach toward the preparation of

uniform and well-defined antibody-enzyme immunocon-
jugates has involved recombinant technology for the
production of fusion proteins. This has led to the
development of L6-sFv-Bacillus cereus â-lactamase (19)
and anti-p185HER2-Fv-E. coli â-lactamase (20) fusion
proteins, both of which were capable of effecting prodrug
activation in vitro. More detailed biological studies have
been reported with a recombinant anti-CEA-Fab-â-glu-
curonidase fusion protein, which activated a doxorubicin
prodrug in vitro and in vivo (4). The distinguishing
features of these fusion proteins are that they are
homogeneous and potentially can be made in reproduc-
ible and economical manners. In the work described
here, we have utilized recombinant methodology for the
production of L49-sFv-bL. It was possible to express
soluble fusion protein in E. coli such that denaturation
or refolding was not required for activity. L49-sFv-bL
was purified using a two-stage affinity chromatography
method leading to the isolation of a homogeneous product
that was fully active with respect to both the L49 and
bL components. As expected, the fusion protein was able
to bind to melanoma cells that expressed the p97 antigen
and activate a cephalosporin mustard in an immunologi-
cally specific manner.

To minimize systemic, nontargeted drug release in
vivo, a high mAb-enzyme tumor to normal tissue ratio
is needed before the prodrug is administered. To attain
the required localization index in mice, the time between
conjugate and prodrug administration has varied signifi-
cantly from one system to another. For example, the
delay between conjugate and prodrug was 3 days for 96.5-
Fab′-bL (molecular mass 92 kDa) (10), 1 week for the anti
CEA-Fab-â-glucuronidase fusion protein (molecular mass
250 kDa) (4), and 2 weeks for the ICR12-carboxypepti-
dase G2 conjugate (molecular mass range of 233-316
kDa) (9). In some cases, it has even been necessary to
accelerate systemic conjugate clearance in a separate step
involving the formation of immune complexes before
prodrug could be administered (5, 44, 45). Here, we have
shown that L49-sFv-bL not only clears very rapidly from
the systemic circulation (Figure 8A) but also preferen-
tially localizes into subcutaneous tumor xenografts (Fig-
ure 8B; Table 2). The very high tumor to nontumor
fusion protein ratios obtained within 4-12 h of conjugate
treatment would lead to the prediction that, in contrast
to other enzyme/prodrug systems (4, 9, 10), therapeutic
efficacy would not require protracted time intervals
between conjugate and prodrug administration. This has
now been experimentally confirmed, since cures of es-
tablished tumors were obtained when CCM was admin-
istered 12 h following the conjugate (Figure 9A).
It is noteworthy that a correlation can be made

between the outcome in the therapy experiments (Figure
9) and the pharmacokinetic data (Figure 8; Table 2). At
a given conjugate dose, the intratumoral concentration
decreased with a half-life of approximately 8 h (Table 2).
This may be due to a variety of factors such as dissocia-
tion of the conjugate from the antigen, membrane recy-
cling, enzyme metabolism, and rapid tumor growth. The
net result is that longer time intervals between conjugate
and prodrug administration require that the amount of
either prodrug or conjugate be increased to maintain
therapeutic efficacy (Figure 9).
In conclusion, we have shown that recombinant L49-

sFv-bL has properties that are well suited for site-
selective anticancer prodrug activation. The fusion
protein is homogeneous, localizes in solid tumor masses,
and clears very rapidly from the systemic circulation. In
these respects, L49-sFv-bL has significant advantages
over the L49-Fab′-bL chemically produced conjugate.
Finally, we have shown that L49-sFv-bL/CCM combina-
tions lead to cures of established melanoma tumors
without toxic side effects. Currently, we are optimizing
the treatment protocols and are investigating the effects
of L49-sFv-bL/prodrug combinations in several carcinoma
tumor models.
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The potential of the intestinal bile acid transporter to serve as a shuttle for small peptide molecules
was investigated. Eleven peptides with a 2-6 amino acid backbone were conjugated to the 24-position
of 3R,7R,12R-trihydroxy-5â-cholan-24-oic acid (cholic acid) via an amide bond using an automated
peptide synthesizer. In a human intestinal cell line (CaCo-2), cholic acid-peptide conjugates were
able to inhibit the transepithelial transport of [3H]taurocholic acid, a natural substrate for the bile
acid carrier, at a 100:1 conjugate/substrate ratio. Affinity for the carrier decreased significantly when
the conjugate in the 24-position increased from 1 to 2 amino acids. Further increase in the amino
acid chain length caused only minor decrease in affinity. A tetrapeptide-bile acid conjugate, [3H]-
ChEAAA (Ch ) cholic acid), was transported by the bile acid transporter, showing markedly higher
apical (AP)-to-basolateral (BL) compared to BL-to-AP transport and inhibition by a 100-fold excess
taurocholic acid. Another conjugate with 6 amino acids (ChEASASA) was transported by a passive
diffusion pathway but still showed higher transport rates than the passive permeability marker
mannitol, suggesting the possibility that the cholic acid moiety aids the passive membrane transfer
of peptide molecules by increasing its lipophilicity. Metabolism of bile acid-peptide conjugates in
CaCo-2 cells was 3% over 3 h. In conclusion, these studies show that the coupling of peptides to the
24-position of the sterol nucleus in cholic acid results in a combination of decreased metabolism and
increased intestinal absorption, either by a carrier-mediated pathway or by accelerated passive
diffusion.

INTRODUCTION

The use of peptides as therapeutic entities is con-
strained by their poor oral absorption. This is due to a
combination of low cellular penetration and metabolism
in the intestinal tract. Approaches to enhance the oral
absorption of peptide drugs include (a) the concomitant
administration of protease inhibitors or permeation
enhancers; (b) drug delivery methods to increase reten-
tion time of the drug at the absorption site (e.g. polymer
systems); and (c) strategies to increase metabolic resis-
tance by structural alterations (e.g. prodrugs, stable
peptide bonds, etc.). Targeting to carrier-mediated trans-
port mechanisms is another promising tactic to enhance
intestinal absorption of poorly absorbable compounds (1,
2). In this approach, a drug substance is chemically
coupled to an actively absorbed compound and the
resulting complex is recognized and transported by the
carrier system. Although many transport systems are
known to exist in the small intestine, only those having
a high capacity and low substrate specificity are suitable
targets for intestinal drug delivery. A transporter that
seems ideal for this approach is the bile acid transporter,
which facilitates the daily absorption of 10-20 g of bile
salts at a >95% efficiency. Besides transporting its
natural substrates, conjugated and unconjugated bile
acids, the bile acid carrier allows chemical modifications

at the 3- and 24-positions of the sterol nucleus (Figure
1) (2, 3). Ho (2) showed that cholic acid, modified at the
3-position with tosyl or benzoyl groups, is transported
by the bile acid transporter. Kim and colleagues (4) used
the 3-position to enhance the intestinal absorption of
renin-inhibitory peptides. They showed that their con-
jugates were able to bind to the intestinal bile acid
transporter but were not transported in vivo. More
recently, Kramer and colleagues used modifications at
the 3-position for liver specific targeting of chlorambucil
(5), HMG-CoA reductase inhibitors (6), and small pep-
tides up to 4 amino acids (7). The essential molecular
requirement for active bile acid absorption is the reten-
tion of an acidic moiety around the 24-position on the
sterol nucleus. As an alternative to modifications at the
3-position, a number of groups (8-10) have shown that
the 24-position of cholic acid can be modified so that
conjugates maintain affinity for the intestinal bile acid
transporter. In the present study we examined the
influence of side-chain length (i.e. number of amino acids
that can be coupled to the 24-position) and lipophilicity
on the carrier affinity by coupling small model peptides
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Figure 1. General structural formula of bile acid-peptide
conjugates; cholic acid is indicated by “Ch”. Important carbon
atoms in the sterol nucleus are numbered. Asterisks represent
the position of the 3H isotope in radiolabeled compounds. All
terminal amino acids are amide esters, except for ChDF, which
is the methyl ester.
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of increasing chain length to the 24-position of cholic acid.
We show that peptides with 4 amino acid residues are
transported by the intestinal bile acid carrier and that 6
amino acid peptides still have moderate affinity for this
transporter.

MATERIALS AND METHODS

Cholic acid was obtained from Fluka BioChemika
(Buchs, Switzerland). [2,4-3H]Cholic acid, D-[1-3H(N)]-
mannitol, and [24-14C]taurocholic acid were from Dupont
NEN (Wilmington, DE). 2-(1H-Benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) was
obtained from Advanced ChemTech (Louisville, KY). All
FMOC-protected amino acids and amino acid analogs
were purchased from Bachem California (Torrance, CA)
and are L-enantiomers, unless noted otherwise. FMOC-
L-Ala-dimethoxyalkoxybenzylamine resin was obtained
from Peninsula Laboratories (Belmont, CA). All other
chemicals were from Sigma (St. Louis, MO).
General Procedure for the Preparation of Bile

Acid-Peptide Conjugates. Bile acid-peptide conju-
gates were synthesized on a Protein Technologies Model
PS3 automated peptide synthesizer (Rainin Instrument
Co., Woburn, MA) applying FastMoc chemistry (11) using
HBTU as a coupling agent. For a 0.5 mmol scale
synthesis approximately 0.75 g of FMOC-L-Ala-dimethoxy-
alkoxybenzylamine resin was used. Coupling time was
generally set to 40 min with a coupling volume of 15 mL
of N,N-dimethylformamide. To provide the required
negative charge around the 24-position of the sterol
nucleus, FMOC-L-γ-glutamic acid was coupled to the
peptide prior to coupling to cholic acid. Conjugates were
deprotected and cleaved from the resin with TFA con-
taining 5% water as a scavenger.
Synthesis of Radiolabeled Bile Acid-Peptide

Conjugates. Syntheses of tritiated compounds were
carried out in microreaction vials. Presynthesized and
deprotected EAAA-amide resin or EASASA-amide resin
was allowed to swell in DMF. [3H]Cholic acid (500 µCi)
was added to the reaction vial and allowed to react for
30 min. After cleaving the conjugates from the resin, the
raw material was spotted on TLC plates (Whatman PE
SIL G/UV, 250 µm layer) and developed with a mixture
of 1-butanol/acetic acid/water (10:1:1). Places with Rf
values corresponding to ChEAAA and ChEASASA were
scraped off, and the radiolabeled compounds were col-
lected by extraction with ethanol and stored at 4 °C.
Analytical Methods. Analytical RP-HPLC was car-

ried out on a Merck LiChrospher 100 C18 (5 µm) column
using a Perkin-Elmer Series 4 liquid chromatograph, a
Shimadzu SPD-6A UV detector operating at 230 nm, and
a Waters Associates WISP 710A automated injector. The
column was developed with a linear gradient of 0-100%
acetonitrile over 30 min. Conjugates were purified by
preparative HPLC on a Rainin Dynamax MicroSorb (8
µm beads, 21.4 × 250 mm) column with a guard module
(21.4 × 50 mm). The column was eluted at room
temperature at 8 mL/min using a linear gradient of
0-100% acetonitrile containing 0.1% TFA. Peptide-bile
acid conjugates were dissolved in DMSO and loaded on
the column in 500 µL batches. The mass of the com-
pounds was determined by positive and negative FAB-
MS. 1H NMR spectra were acquired on a General
Electric (300 MHz) instrument. The chemical shifts are
expressed as parts per million (ppm) using tetramethyl-
silane as an internal standard (δ ) 0.0 ppm).
Cell Culture. CaCo-2 cells were grown in 175 cm2

culture flasks (Costar Corp.) in culture medium consist-
ing of high-glucose (4.5 g/L) DMEM supplemented with
FBS (10%), NEAAs (1%), penicillin (100 units/mL), and

streptomycin (100 µg/mL). The cells were maintained at
37 °C in an atmosphere of 5% CO2. At approximately
80% confluence, cells were trypsinized and plated at a
density of 64 000 cells/cm2 on Costar Transwell polycar-
bonate membranes, previously coated with rat tail col-
lagen (Collagen Corp., Palo Alto, CA). The cell culture
medium, 1.5 mL of apical side and 2.5 mL of basolateral
side, was replaced every other day for the first week and
daily thereafter. Experiments were performed 21-28
days after seeding. The integrity of the cell monolayers
was determined by checking the paracellular transport
of 1 µCi of [3H]mannitol. If transfer of mannitol reached
values of 0.5%/h, the results were not included in the
analysis due to the possibility of membrane leakage.
Biological Properties. Inhibition Studies in Ca-

Co-2 Cells. Cell monolayers were rinsed and preincu-
bated as described above for transport studies. Studies
were initiated by replacing the solution on the apical side
with 1.5 mL of 4 µM [14C]taurocholic acid (TCA) in the
presence or absence (control) of a 100-fold excess of a bile
acid conjugate ((400 µM). The concentrations of the bile
acid analogs [3H]ChEAAA and [3H]ChEASASA were 20
and 30 µM, respectively. The percent inhibition of
transepithelial transport was calculated by comparing
the apparent transport rate in the presence of an inhibi-
tor against the control.
Transport Mechanism of Bile Acid-Peptide Con-

jugates in CaCo-2 Cells. The transepithelial transport
of [3H]cholyl-L-γ-Glu-L-Ala-L-Ala-L-Ala-amide (ChEAAA)
and [3H]cholyl-L-γ-Glu-L-Ala-L-Ser-L-Ala-L-Ser-L-Ala-amide
(ChEASASA) was determined in CaCo-2 cells at 37 °C.
Cell monolayers were washed twice with modified HBSS
(containing 25 mM glucose and 10 mMHepes buffer; pH
7.4) and allowed to equilibrate for 20 min at 37 °C.
Studies were initiated by replacing the solution on the
apical side with 1.5 mL of test solution in HBSS 20 µM
radiolabeled compound. Samples of 100 µL were taken
from the basolateral side at designated times and re-
placed with fresh 100 µL transport solution. The amount
of radiolabeled material in the samples was determined
using a Beckman LS-5801 liquid scintillation counter.
The transport rate was calculated by linear regression
from the amount of recovered compound on the basolat-
eral side during the experiment.
StabilityandMetabolismof [3H]ChEAAAand [3H]-

ChEASASA in CaCo-2 Cells. The stability of the two
radiolabeled cholic acid-peptide conjugates was checked
during and after transport experiments in CaCo-2 cells.
Detection of metabolism on the apical and basolateral
side of the cell monolayers was carried out by TLC and
HPLC analysis.
TLC Analysis. At 30, 60, 90, and 120 min, 50 µL of

the apical and basolateral solution was spotted on a TLC
plate and immediately developed in 1-butanol/acetic acid/
water (10:1:1). Dry plates were sprayed with surface
autoradiography enhancer (En3Hance spray; DuPont
Biotechnology Products, Boston, MA) and exposed to film
at -80 °C for 2 weeks.
HPLC Analysis. A Shimadzu chromatography system,

consisting of two LC-6A pumps, an SCL-6A gradient
controller, and an SPD-6AV UV detector (λ 230 nm), was
coupled in series to a Packard Radiomatic 500 TR Series
flow scintillation analyzer. The column, a Merck LiChro-
spher 100 C18 (5 µm), was eluted at 0.8 mL/min with 55%
acetonitrile/water containing 0.1% TFA. On this system,
[3H]cholic acid, [3H]ChEASASA, and [3H]ChEAAA had
retention times of 2.8, 1.8, and 1.95 min, respectively.
Characterization of Conjugates. The bile acid-

peptide conjugates prepared for this study are detailed
in Table 1. They were characterized by analytical RP-
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HPLC, 1H-NMR, and FAB-MS. Analytical HPLC con-
firmed that the compounds did not contain any cholic acid
and that the purity of the product peak was >98%. The
FAB mass spectra in all cases gave a molecular ion in
agreement with the calculated mass of the conjugates.
It should be noted that negative FAB is more successful
(i.e., gives better results) for this class of compounds than
positive FAB. The analytical HPLC, 1H-NMR, and MS
results are compiled in Table 1.
Statistical Analysis. Biological data from quadru-

plicate samples were subjected to one-way analysis of
variance and were considered to be significantly different
at a probability level of P < 0.05.

RESULTS

Synthesis of Bile Acid-Peptide Conjugates. The
synthetic strategy of coupling peptides to 3R,7R,12R-
trihydroxy-5â-cholan-24-oic acid (cholic acid) was based
on the relative ease of coupling the carboxyl group at the
C24 position of the cholane D-ring (Figure 1) to the
terminal amino group of a peptide via an amide linkage.
The negative moiety around the C24-position was re-
tained, since this moiety is required for affinity to the
intestinal bile acid transporter (12). Using an automated
peptide synthesizer, bile acid-peptide conjugates were
obtained with a general structure as depicted in Figure
1. In the structural formulas presented in the subse-
quent figure, Ch represents the cholic acid moiety,
coupled at the 24-position via an amide bond to L-γ-
glutamic acid. In our syntheses, we chose to use an
FMOC-L-Ala-dimethoxyalkoxybenzylamine resin as the
solid support, since this resin produces the amino acid
amide after treatment with 95% TFA. It should be noted
that the cleavage time of the conjugates from the solid
support turned out to be critical. Cleavage times longer
than 30 min caused TFA to react with the hydroxyl
groups on the sterol nucleus, which afforded the mono-
and ditrifluoroacetoxy esters of the conjugates, as ob-
served by mass spectrometry. The cholic acid-peptide
conjugates were obtained in good yield by this method
after chromatographic purification on preparative RP-
HPLC. To investigate the influence of side-chain (amino
acid) length on carrier affinity, we started with a
homologous series of alanine residues before coupling L-γ-
glutamic acid and cholic acid. Because conjugates with
more than 4 alanine residues showed poor aqueous
solubility, more hydrophilic serine residues were incor-
porated in the peptide side chain.
Inhibition of [14C]TCA Transport by Bile Acid-

Peptide Conjugates. The CaCo-2 cell system was

chosen for this study because these cells functionally
express the bile acid transporter (7, 13). Since maximal
expression of this carrier occurs after 21 days after
seeding on transwell membranes, all experiments were
carried with cells cultured for 21-28 days. Since bile
acids have detergent-like properties, control experiments
were carried out to assess the effect of bile acid-peptide
conjugates on the transepithelial transport of the para-
cellular absorption marker [3H]mannitol. Mannitol is
normally transported across CaCo-2 cell monolayers at
rates <0.5%/h. The permeability of mannitol was not
affected (data not shown) by TCA or cholic acid-peptide
conjugates at concentrations up to 400 µM (the inhibitor
concentration used in inhibition studies), suggesting that
the integrity of CaCo-2 cell monolayers remained intact
after exposure to these compounds.
The affinity of bile acid-peptide conjugates for the bile

acid transporter was measured by their ability to inhibit
transepithelial transport of [14C]TCA at a 100-fold excess
concentration (Figure 2). Control experiments with the
natural substrates cholic acid and taurocholic acid inhibit
[14C]TCA transport to 12.1 ((1.8) and 16.2 ((5.2)% of

Table 1. Physicochemical Characteristics of Bile Acid-Peptide Conjugates

Mw
a

compd

chain
length
(n + E) calcd exptl 1H-NMRb (DMSO-d6)

retention
timec
(min)

cholic acid 0 409 15.50
ChDF 2 684.4 683.5 [M + H] 4.05 (m, 1H, R); 4.25 (m, 1H, R); 7.05-7.35 (m, 5H, Ø) 14.62
ChEA 2 607.4 608.3 [M + H] 4.3-4.5 (m, 2H, R) 12.69
ChEAA 3 678.4 679.4 [M + H] 4.2-4.4 (m, 3H, R) 13.56
ChEAAA 4 749.5 750.4 [M + H]/

748.3 [M - H]
4.1-4.5 (m, 4H, R) 13.99

ChEASA 4 765.5 766.5 [M + H] 4.15-4.4 (m, 4H, R) 9.52
ChEAYA 4 841.5 840.5 [M - H] 4.1-4.4 (m, 4H, R); 6.6 (d, 2H, J ) 8 Hz, Ø); 7.0 (d, 2H, J ) 8 Hz, Ø) 13.67
ChEFSA 4 841.5 840.4 [M - H] 4.25-4.8 (m, 3H); 7.2-7.4 (m, 3H); 7.95-8.2 (m, 2H) 13.03
ChEASAA 5 836.5 835.4 [M - H] 4.15-4.35 (m, 5H, R) 12.40
ChEFSSA 5 929.5 928.5 [M - H] 4.2-4.6 (m, 5H, R); 7.1-7.3 (m, 5H, Ø) 8.09
ChEASASA 6 923.5 922.5 [M - H] 4.05-4.35 (m, 6H, R) 8.49
ChEASPSA 6 949.5 948.4 [M - H] 4.1-4.8 (m, 6H, R) 7.53
a Monoisotopic mass. b Only characteristic peaks are shown; δ values are in ppm relative to TMS; R indicates assignment to R-proton

peaks in amino acid residues; Ø indicates assignment to aromatic protons in Phe and Tyr residues. c Retention time of the conjugate on
a 10 cm RP C18 column eluted with a gradient of 0-100% acetonitrile in 20 min.

Figure 2. Relative transport of 4 µM [14C]taurocholic acid
(control) in CaCo-2 cells in the presence of a 100-fold excess
concentration of bile acid-peptide conjugates ((400 µM) and
natural substrates (horizontally striped bars) and in the absence
of sodium (dotted bars); values are presented as the mean (
SEM, n ) 4-8.
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transport in the absence of inhibitors, respectively, which
is in good agreement with previous studies (10, 13, 14).
Removal of sodium from the incubation almost completely
inhibits (2.6 ( 0.3% of control) TCA transport. The
protonophore 2,4-dinitrophenol does not inhibit transport
of TCA, indicating that TCA transport is not affected by
a H+ gradient. TCA transport is not influenced by amino
acids (a cocktail of Pro, Phe, Lys, and Glu) or the
dipeptide L-Asp-L-Phe-O-Me. The Na+/K+ATPase-inhibi-
tor ouabain (0.1 mM at the basolateral side of the
monolayers) indirectly inhibits TCA transport by 38%
((9.2). The affinity of cholic acid-peptide conjugates for
the bile acid transporter decreases with increasing pep-
tide length, although the relationship between chain
length and inhibitory activity was relatively weak (r2 )
0.38; p ) 0.05). Lowering the hydrophilicity of the
peptide chain by incorporation of a hydrophobic residue
(Phe) in the peptide chain does not seem to influence
affinity for the carrier.
Transport of [3H]ChEAAA and [3H]ChEASASA in

CaCo-2 Cells. Parts A and B of Figure 3 show the
relative transepithelial transport of [3H]ChEAAA and
[3H]ChEASASA, respectively, in CaCo-2 cell monolayers.
The apical (AP) to basolateral (BL) transport rate for [3H]-
ChEAAA amounts to 1.56 ( 0.04%/h, while the BL-AP
transport rate is only 0.63 ( 0.10%/h. AP-BL transport
of [3H]ChEAAA is suppressed to 1.03 ( 0.11%/h in the
presence of a 100-fold excess of taurocholic acid. AP-
BL and BL-AP transport rates for [3H]ChEASASA are
0.75 ( 0.08 and 0.90 ( 0.06%/h, respectively, while the
AP-BL transport rate in presence of sodium amounts
to 0.93 ( 0.08%/h.
Metabolism of ChEAAA and ChEASASA in Ca-

Co-2 Cells. After transport studies, the apical and
basolateral solutions were collected and either injected
on an HPLC system with radiometric detection or spotted
on TLC plates. On the HPLC system, the injection peak
eluted after 1.00 min, as detected by UV at 230 nm.
Cellular debris and buffer components eluted around 1.50
min. A steady baseline (UV) was acquired after 1.75 min.
Under these conditions, ChEASASA and ChEAAA had
retention times of 1.8 and 1.9 min, well before cholic acid
eluted at 3.2-3.3 min. Figure 4 shows a chromatogram
of a basolateral sample of ChEASASA after 120 min. A
small peak can be detected at the same time cholic acid
elutes but represents only 3% of total peak area.

DISCUSSION

The use of carrier-mediated transport systems in the
gut to increase the oral absorption of drugs has received
increased attention over the past decade. From a phar-
maceutical point of view, the coupling of drugs to natural
substrates for endogenous carriers in the gut opens the
possibility of efficient drug delivery for poorly absorbable
compounds, such as peptides. To evaluate the potential
of the intestinal bile acid pathway as a drug delivery
system for peptidic molecules, we have coupled small
model peptidessup to 6 amino acidssvia an amide bond
to the 24-position of 3R,7R,12R-trihydroxy-5â-cholan-24-
oic acid. Using an automated peptide synthesizer, we
created a series of conjugates of general formula ChEXn
(where Ch corresponds to cholic acid, E to γ-L-Glu, and
X to any amino acid) in good yield. To conserve the
specific interaction of these conjugates with the bile acid
transporter, we incorporated a γ-L-glutamic acid, which
carries a free R-carboxylic acid, providing the required
negative charge around the 24-position. γ-Glutamic acid

Figure 3. Apical to basolateral (circles) and basolateral to apical (diamonds) transport of 4 µM [3H]ChEAAA (A) and 4 µM [3H]-
ChEASASA (B) in CaCo-2 cells. Transepithelial transport is plotted relative to the concentration on the donor side. The transport
of both conjugates in the presence of a 100-fold excess of taurocholic acid is indicated by squared symbols. Values are presented as
the mean ( SEM, n ) 4-8.

Figure 4. Metabolism of [3H]ChEASASA in CaCo-2 cells. A
basolateral sample after a 2 h transport study was analyzed by
HPLC with radiometric detection as described under Materials
and Methods. The inset shows the chromatogram of [3H]cholic
acid.

Transepithelial Transport of Peptides Bioconjugate Chem., Vol. 8, No. 4, 1997 523



was chosen over R-glutamic acid, since the former
contains only one carbon atom between the R-carbon
atom and the free carboxylic acid group (compared to two
carbon atoms in R-Glu), thus allowing less flexibility in
the relative position of this moiety. Even though we
observed high affinity for cholic acid-aspartic acid-
benzyl esters in our preliminary studies (10), we avoided
the inclusion of aspartyl residues in the peptide backbone
because of the common instability (peptide bond cleavage)
associated with this residue under acidic conditions and
at elevated temperatures. The peptide chain was sub-
sequently elongated with a series of L-alanine residues,
the smallest amino acid still demonstrating stereoisom-
erism. The L-enantiomer was chosen over the D-form,
since most biologically active peptides contain L-amino
acids, even though these compounds are generally less
stable against proteolytic attacks. Peptides with more
than 4 Ala residues had very poor aqueous solubility and,
therefore, the more hydrophilic Ser residues were incor-
porated. Phenylalanine residues were incorporated to
examine the influence of side-chain lipophilicity on
carrier affinity and because our previous studies (10)
showed that side chains containing a six-membered ring
had high affinity for the bile acid carrier. The position
of the various residues was varied in the peptide back-
bone to assess the influence of amino acid position and
affinity for the transporter. To limit the overall negative
charge to 1, we chose to use an FMOC-L-Ala-dimethoxy-
alkoxybenzylamine resin which produces an electroneu-
tral endstanding amide group after cleavage of the
peptide from the resin with 95% TFA.
The potential of these conjugates to interact with the

intestinal bile acid transporter is reflected by their ability
to inhibit the transport of [14C]TCA in the human
intestinal cell line CaCo-2. The bile acid carrier is
functionally expressed in this cell line, as illustrated by
a decrease in AP-BL transport of [14C]TCA across
CaCo-2 monolayers in the presence of the natural sub-
strates TCA and cholic acid (Figure 2). This process is
energy and sodium dependent on the basis of inhibition
by the Na+/K+-ATPase inhibitor ouabain and reduced
[14C]TCA transport rates in the absence of sodium. In
contrast, AP-BL transport of [3H]TCA was not altered
in the presence of amino acids or a small peptide
(AspPheOMe), indicating that [14C]TCA is transported
solely by the bile acid transporter. The protonophore 2,4-
DNP did not alter transport of [14C]TCA, indicating that
intestinal bile acid transport is not influenced by a proton
gradient over the CaCo-2 monolayer membrane.
Bile salts are known to form micelles in water when

present at concentrations above the critical micelle
concentration (cmc). Using the fluorescent probe 8-anili-
nonaphthalene-1-sulfonate (ANS) (15), we estimated the
cmc of ChEASASA to be approximately 5 mM (data not
shown). This is in good agreement with studies by Mills
and colleagues (16), who found cmc’s between 2 and 10
mM for various bile acid-amino acid derivatives. Since
we used concentrations up to 400 µM in our inhibition
studies, we were always well below the cmc of our
conjugates. At a 100-fold excess, conjugates with a
peptide side chain of up to 6 amino acids significantly
inhibited [14C]TCA transport, although one of the con-
jugates with a peptide chain of 6 amino acids (ChEASASA)
had limited inhibitory capacity (Figure 2). This decrease
in affinity for the carrier when the peptide side chains
exceeds 5 amino acids suggests that the cutoff size for
transport of compounds conjugated to the 24-position has
been reached. However, further studies are required to
learn if peptide length or some other feature such as

structure of the peptide chain is responsible for the loss
of inhibitory activity.
The dipeptide analog AspPheOMe, which comprises

the side chain of the conjugate ChDF, does not inhibit
[3H]TCA transport, whereas ChDF in its entirety does.
Thus, the free peptide is not responsible for carrier
affinity. Although inhibition studies are a good indicator
for the ability of a conjugate to bind to the bile acid
transporter, it fails to predict the ability of a conjugate
to transfer across the enterocyte by means of the trans-
porter. Therefore, we synthesized two radiolabeled con-
jugates, [3H]ChEAAA and [3H]ChEASASA, and studied
their transepithelial transport across CaCo-2 cell mono-
layers. Active bile acid transport is a monodirectional
process (13), i.e. AP-BL transport is higher than BL-
AP transport, since the carrier only transports substrates
from the AP side of the membrane to the BL side. As
shown in Figure 3, the total AP-BL flux of ChEAAA is
markedly higher than the corresponding BL-AP flux,
which indicates that ChEAAA is partly transported by
an active transport pathway. Furthermore, ChEAAA
transport is inhibited by TCA (Figure 3), indicating that
these compounds share a similar intestinal transport
pathway, most probably the sodium-dependent bile acid
transporter. Since BL-AP ChEAAA flux is substantially
higher than 0 and a 100-fold excess of TCA is not
sufficient to completely inhibit ChEAAA transport, a
second pathway for transepithelial flux, possibly passive
diffusion, exists for this compound. Contrarily, the AP-
BL and BL-AP transport rates of ChEASASA are
identical and its transport is not inhibited by TCA. Thus,
ChEASASA does not appear to be transported by the bile
acid carrier and most probably crosses the intestinal
epithelium via passive routes.
From these studies we conclude that bile acid conju-

gates with up to 6 amino acids show affinity for the
intestinal bile acid transporter. However, whether com-
pounds with 6 amino acids or more can be transported
is not clear. ChEASASA was found not to be transported
by the bile acid carrier, but whether ChEASPSA, which
has a higher affinity for the bile acid transporter on the
basis of inhibition studies, may be transported was not
tested.
Even though ChEASASA does not appear to be trans-

ported by the bile acid transporter, it still shows a
relatively high passive permeability (∼0.9%/h) compared
to the transepithelial transport of mannitol (<0.5%/h),
which is generally considered to indicate the lower limits
of passive diffusion in the gutsirrespective of transport
pathwaysand, thus, poor bioavailability. Since active
transport is unidirectional, the passive component of
ChEAAA transport is reflected by its BL-AP perme-
ability constant (∼1.0%/h), which is also twice that of
mannitol. Small peptides such as EASASA and EAAA
generally have poor intestinal absorption (0-5% bio-
availability) (17). Thus, conjugation with cholic acid
seems to aid the passive transport of this compound
across the intestinal epithelium. The question arises as
to how and to what relative extent side-chain length and
lipophilicity influence carrier affinity. Although the
current experiments cannot resolve this issue, it is part
of our continuing effort to resolve the quantitative
structure-transport relationship for the intestinal bile
acid transporter.
The CaCo-2 cell line is also a useful model for studying

peptide metabolism (14, 18). After 21 days in culture,
these cells express most endo-, trans-, amino-, carboxy-
and dipeptidyl peptidases also found in human entero-
cytes (19). Since only 3% [3H]cholic acid can be found
on either side of the membrane after 2 h of incubation
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(Figure 4), the metabolism of both conjugates is minimal
in cell culture and presumably also in the gut. Normally,
peptides are rapidly metabolized when exposed to the
enzymes present in the brush-border membrane in
CaCo-2 cells. For example, Augustijns and Borchardt
(20) showed that 91% of the nonapeptide WAGGDASGE
was metabolized after 2 h of incubation on the basolateral
membrane of CaCo-2 monolayers. Although we have not
tested the stability of all peptides with the exact compo-
sition of those in our conjugates, it seems that by coupling
small peptides to cholic acid the metabolic degradation
of these conjugates is reduced.
In summary, we have shown an easy and straightfor-

ward strategy to synthesize bile acid-peptide conjugates
using an automated peptide synthesizer. Within certain
structural limits, the resulting conjugates showmoderate
affinity for and are transported by the intestinal bile acid
carrier. Overall, this approach has the potential to
increase intestinal absorption of otherwise poorly ab-
sorbed peptide molecules, either by a carrier-mediated
pathway or by increasing the passive membrane perme-
ability. Furthermore, the conjugates are slowly metabo-
lized in the intestinal cell line model, CaCo-2, which
indicates that the metabolic stability of these small
peptides is increased by coupling them to cholic acid.
Currently we are investigating the absorption and stabil-
ity of radiolabeled peptide-bile acid conjugates in vivo
to learn if oral absorption is improved by this bioconju-
gation strategy.
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Bivalent Hapten-Bearing Peptides Designed for Iodine-131
Pretargeted Radioimmunotherapy
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Pretargeting with bispecific antibodies has been used successfully for tumor detection and is now
considered for radioimmunotherapy. The advantages of bivalent haptens have been demonstrated in
this context. A series of bivalent molecules allowing efficient labeling with radioactive iodine has
been designed for use with this new technology. They were based on the histamine-hemisuccinate
hapten and prepared by solid phase peptide synthesis. Simultaneous binding of two antibody molecules
to one bivalent hapten was possible with low steric hindrance when the two hapten groups were
attached to the lateral chains of lysine residues separated by a single amino acid. Bispecific antibodies
to the hapten and to carcinoembryonic antigen were shown to mediate specific binding of the haptens
to tumor cells in vitro. These experiments demonstrated that the bivalent hapten AG3.0, with a lysyl-
D-tyrosyl-lysine connecting chain, possessed the best binding properties. This peptide was used to
target iodine-125 to human colon cancer xenografts in nude mice. High tumor uptake and tumor to
normal tissue ratios were observed. This peptide thus appears as a good candidate for further
development. Asymmetric bivalent haptens, with one histamine-hemisuccinate and one diethylene-
triaminepentaacetic acid group, have also been prepared and shown to be capable of binding
simultaneously two specific antibody molecules. These peptides should be useful to target radioiodine
to cells characterized by the expression of two different antigenic markers.

INTRODUCTION

During the past 15 years, radionuclides have been
targeted to tumors by means of monoclonal antibodies
for diagnostic imaging and radioimmunotherapy [for
reviews see Mach et al. (1991) and Goldenberg (1993)].
To increase the targeting specificity, two- and three-step
pretargeting techniques have been proposed (Goodwin et
al., 1986, 1988; Stickney et al., 1989, 1991; Lollo et al.,
1994; Santos et al., 1995). We have worked on an
improved two-step pretargeting technique (Le Doussal
et al., 1989), which we refer to as the “affinity enhance-
ment system” (AES). The AES uses a bispecific antibody
(BsmAb) (anti-tumor antigen × anti-hapten) to target a
radiolabeled bivalent hapten. The bivalent hapten ex-
hibits preferential binding to cell-bound BsmAb, as
opposed to excess circulating BsmAb, due to the forma-
tion of stable cyclic complexes at the cell surface (cell
antigen-BsmAb-bivalent hapten-BsmAb-cell antigen).
This technique affords high tumor to normal tissue ratios
in animal models (Le Doussal et al., 1990). The advan-
tages of bivalent haptens in this context have also been
independently recognized by Goodwin et al. (1992). The
efficacy of the AES technique has been established for
the detection of tumors expressing the carcinoembryonic
antigen (CEA) such as colon carcinoma (Le Doussal et
al., 1993; Chetanneau et al., 1994) and medullary thyroid

carcinoma (MTC) (Peltier et al., 1993) in the clinic. Very
small MTC occult metastases (2 mm in diameter) have
been localized by peroperative detection and resected,
demonstrating the accuracy and specificity of the method
(de Labriolle-Vaylet et al., 1993).
In clinical trials the diethylenetriaminepentaacetic

acid (DTPA)-indium complex has been used as a hap-
ten because indium-111 is well suited to tumor scintig-
raphy and peroperative detection. Radioimmunotherapy
should also be markedly improved by targeting â-emit-
ting isotopes to tumors using BsmAb and a bivalent
hapten. We introduced a tyrosine residue in the peptide
sequence of the bivalent hapten designed for 111In-
labeling to allow also iodine-125 or iodine-131 labeling
(Gruaz-Guyon et al., 1991). Nevertheless, new bivalent
haptens, with improved targeting efficiency, specifically
designed for use in radioimmunotherapy with iodine-
131 would be of major interest. Here we report the
synthesis of a series of bivalent haptens in which the
histamine-hemisuccinate hapten (Morel et al., 1990) has
been coupled to peptide connecting chains of various
lengths and structures. The resulting bivalent hap-
tens have been investigated for their ability to simulta-
neously bind, with high affinity, two anti-histamine-
hemisuccinate antibody molecules. One bivalent hapten
has been selected on this basis and studied for its ability
to bind to BsmAb-pretargeted tumor cells in vitro and
in vivo.

MATERIALS AND METHODS

Haptens and Antibodies. The hapten 3-[[[2-(4-
imidazolyl)ethyl]amino]carbonyl]propionylglycine has been
coupled to a series of peptide chains. This hapten will
be referred to as histamine-succinyl-glycyl (HSG). The
anti-HSG monoclonal antibody (mAb) 679.1MC7 (IgG1,κ)
has already been described (Morel et al., 1990).
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DTPA was also coupled to a series of peptides bearing
the HSG hapten. The 734 monoclonal antibody (IgG1,λ),
with specificity to the DTPA-indium complex, has been
described previously (Le Doussal et al., 1990).
F6 is a mouse IgG1,κ antibody specific for human CEA.

The antibodies were produced in tissue culture, purified,
and fragmented by pepsin digestion according to stan-
dard procedures. The F(ab′)2 fragments were reduced
with 2-mercaptoethylamine for 1 h at 37 °C and alkylated
withN-ethylmaleimide to prepare the monovalent tracers
or with maleimidobiotin to prepare the antibody-coated
solid phases, using avidin-coated tubes (Immunotech
S.A., Marseille, France). The anti-CEA × anti-HSG
BsmAb was prepared by chemical coupling of the two
reduced Fab′ fragment using o-phenylenedimaleimide
according to the procedure of Glennie et al. (1987).
Peptides. We synthesized peptides bearing one HSG

hapten (mono-HSG peptides, the AG4 series), two HSG
haptens (di-HSG peptides, the AG3 series), and one
DTPA and one HSG hapten (DTPA-HSG peptides, the
AG5 series) as listed in Table 1. N-R-DTPA-tyrosyl-N-
ε-DTPA-lysine dipeptide (di-DTPA-TL) was synthesized
as described previously (Le Doussal et al., 1990).
Synthesis of Mono-HSG and Di-HSG Peptides. Mono-

HSG and di-HSG peptides were synthesized manually
by the stepwise solid phase method. The protected amino
acids (1.57 mmol) (Bachem, Switzerland) were sequen-
tially coupled to p-methylbenzhydrylamine resin (0.63
mmol of active groups) after activation with dicyclohexyl-
carbodiimide and 1-hydroxybenzotriazole (HOBT) to
synthesize the backbone. The tyrosine side chain was
protected with the 2,6-dichlorobenzyl group. tert-Butyl-
oxycarbonyl (tBoc), fluorenylmethyloxycarbonyl (Fmoc),
and 2-chlorobenzyloxycarbonyl (2-ClZ) were used to
protect either R or ε amino groups, as shown in Figure
1, depending on in which position the hapten HSG was
to be synthesized. We used for AG3.0 and AG4.0 the
same protections as for AG3.1 and AG4.1. Each coupling
step was repeated twice. After synthesis of the backbone,
the desired NH2 groups were deprotected and N-R-
protected glycine (tBoc-Gly or Fmoc-Gly) was coupled
under the conditions described above for backbone syn-
thesis. After deprotection, a 3-fold molar excess of
succinic anhydride was coupled in the presence of diiso-

propylethylamine (DIEA) (3-fold molar excess) (Aldrich,
France). Histamine dihydrochloride (3-fold molar excess)
(Aldrich) in solution in dimethyl sulfoxide/dimethylfor-
mamide (5:2, v/v) was coupled using benzotriazol-1-
yloxytris(dimethylamino)phosphonium (BOP) and HOBT
(3-fold molar excess) in the presence of DIEA (15-fold
molar excess). Then 600 mg of the dried peptide resin
was treated by liquid hydrogen fluoride (6 mL) in the
presence of p-cresol (750 µL) for 1 h at 4 °C. After
evaporation in vacuo, the crude peptide was precipitated
in cold diethyl ether and extracted with 10% acetic acid.
The peptide was purified by gel permeation chromatog-
raphy and C18 reversed phase chromatography (Nucleosil,
Shandon, France) with a gradient (A ) 0.5‰ trifluoro-
acetic acid in water and B ) 0.5‰ trifluoroacetic acid in
water/acetonitrile, 50:50, v/v) from 0% B to 40% B in 70
min. The purity of each peptide (g95%) was checked by
C18 reversed phase HPLC (Nucleosil) in two different
solvent systems: system 1 (A ) 0.5‰ trifluoroacetic acid
in water; B ) acetonitrile; gradient ) isocratic 0% B for
5 min, to 30% B in 30 min, then to 60% in 10 min) and
system 2 (A ) heptafluorobutyric acid 0.5‰ in water; B
) acetonitrile; gradient ) isocratic 0% B for 5 min, to
50% B in 30 min, then to 60% in 10 min). UV absorbance
was monitored at 210 and 280 nm. The amino acid ratios
determined after total acid hydrolysis for the HSG and
DTPA-HSG series were consistent with theoretical
results. We further characterized the peptides by plasma
desorption mass spectrometry using a Bio-Ion mass
spectrometer (Uppsala, Sweden).
AG4.1 (M + H)+: 899.8 found, 899.8 calcd. AG4.0 (M

+ H)+: 729.6 found, 729.6 calcd.
AG4.2 (M + H)+: 559.4 found, 559.6 calcd. AG4.3 (M

+ H)+: 559.4 found, 559.4 calcd.
AG3.1 (M + H)+: 1149.6 found, 1149.11 calcd. AG3.0

(M + H)+: 980.1 found, 979.7 calcd.
AG3.2 (M + H)+: 809.6 found, 809.5 calcd. AG3.3 (M

+ H)+: 809.9 found, 809.5 calcd.
2D NMR spectrometry (in DMSO at 313 K with a

Bruker 400 MHz AMX spectrometer) confirmed the
structure of the compound AG3.0 (Figure 2) selected for
in vivo studies: 1H NMR (DMSO-d6) δ CH3CO 1.90; Lys1
(NH 8.00, HR 3.66, Hâ 1.40, Ηâ′ 1.43, Hγ 0.95, Hγ′ 1.00,
Hδδ′ 1.45, Hεε′ 3.05, NεH 7.80); Tyr2 (NH 8.17, HR 4.46,

Table 1. Synthesized Peptides and Equilibrium Affinity Constants of HSG-DTPA and HSG Haptens for Anti-HSG
Antibody Fab′ Fragmenta

a HSG, histamine-succinyl-glycyl; GABA, γ-aminobutyric acid; DTPA, diethylenetriaminepentaacetic acid.
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Hâ 3.02, Ηâ′ 2.74, H-3,5 6.70, H-2,6 7.10); Lys3 (NH 7.95,
HR 4.20, Hâ 1.72, Ηâ′ 1.57, Hγγ′ 1.25, Hδδ′ 1.45, Hεε′
3.10, NεH 7.80); CONH2 7.05, 7.25; Gly (NH 8.03, HR
3.02); succinyl(CH2)2 2.43; histamine (NH 7.96, N-CH2
3.38, CH2-Im 2.75, imidazole H-2 8.45, H-4 7.10).
Synthesis of DTPA-HSG Peptides. DTPA was coupled

to the mono-HSG peptide as follows. Briefly, 25 µmol of
a peptide solution (5 mM) in HEPES buffer (1 M, pH 8.2)
was added with stirring to 150 µmol of DTPA dianhydride
(Aldrich) in solution in DMSO (150 mM). The pH was
maintained at 8.2 until the reaction was completed.
After evaporation of the solvents, the crude product was
dissolved in water and trifluoroacetic acid added to reach
pH 2. The solution was filtered through Chelex 100 (Bio-
Rad, France). The resulting peptide was purified by C18
reversed phase preparative HPLC (Nucleosil) as de-
scribed above for di-HSG peptides. The solvents were
filtered through Chelex 100 (Bio-Rad). The purity g95%
was checked by HPLC in systems 1 and 2.
AG5.1 (M + H)+: 1275.7 found, 1275.0 calcd. AG5.0

(M + H)+: 1104.9 found, 1104.6 calcd.
AG5.2 (M + H)+: 934.7 found, 934.4 calcd. AG5.3 (M

+ H)+: 934.4 found, 934.4 calcd.

The measured UV molar absorbance at 280 nm (pH 7)
for a solution of each purified peptide was consistent with
the peptide concentration (determined after total acid
hydrolysis and amino acid analysis) and the tyrosine
content (molar extinction coefficient ) 1300). This value
was used to determine the concentration of the peptides
in all experiments.
Radiolabeling. Iodination of AG3.0 (2 nmol) was

performed using Na125I (18.5 MBq) and chloramine T (10
µg) for 2 min at room temperature and stopped with 100
µg of sodium disulfide. The monoiodinated peptide was
purified by reversed phase C18 HPLC. Antibodies (25 µg)
were iodinated with Na125I (18.5 MBq) using iodogen
(Salacinsky et al., 1981).
Labeling with indium-111 (37 MBq InCl3) of DTPA

peptides (250 pmol) was performed in citrate buffer (pH
5.0) for 24 h, and then 10 nmol of unlabeled InCl3 was
added to saturate free DTPA groups. Free indium-111
was determined after chromatography on a Sep-Pak C18

cartridge (Waters, Milford, MA), and maximal immu-
noreactivity (g95%) was evaluated from binding experi-
ments of trace amounts of 111In-labeled peptide to 734
antibody-coated tubes.
Binding Experiments. Equilibrium Affinity Con-

stant Determination. For Ka determination of mono-HSG
and DTPA-HSG peptide binding to anti-HSGmAb, trace
amounts of 111In-labeled AG5.1 were incubated for
2.5 h under shaking in 679.1MC7 mAb-coated tubes in
the presence of increasing amounts of competitors at
37 °C (pH 7.4) in 1 mL (final volume) of PBS-0.2% BSA
(four experiments in triplicate). Nonspecific binding
was evaluated in the presence of excess unlabeled AG5.1
(2 × 10-7 M). Ka values were fitted from four experi-
mental competition curves in triplicate (Barbet et al.,
1993).

Figure 1. Synthesis of mono-HSG and di-HSG haptens. Resin, p-methylbenzhydrylamine resin; tBoc, tert-butyloxycarbonyl; Fmoc,
fluorenylmethyloxycarbonyl; 2-chloro-Z, 2-chlorobenzyloxycarbonyl; 2,6-dichloroBzl, 2,6-dichlorobenzyl.

Figure 2. Structure of the AG3.0 bivalent hapten.
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For Ka determination of (In)DTPA-bearing peptide
binding to anti-(In)DTPA, mAb was determined in simi-
lar experiments using 734 mAb-coated tubes and com-
petition between 111In labeled AG5.0 and unlabeled
AG5.1.
Sandwich experimentswith DTPA-HSG peptides were

performed in 679.1MC7 antibody-coated tubes at 37 °C
and pH 7.4. The coated antibody concentration (about 3
× 10-9 M) was determined from competition binding
experiments as described above with unlabeled AG5.1 as
competitor. Increasing concentrations of unlabeled DT-
PA-HSG peptides were incubated in the presence of
trace amounts of labeled 125I-734 Fab′ (alkylated with
N-ethylmaleimide) for 2.5 h under shaking in a final
volume of 1 mL of PBS-0.2% BSA. Nonspecific binding
(1.2%) was determined in the absence of bivalent hapten.
Di-HSG peptides sandwich experiments were performed
as for DTPA-HSG peptides, except for the antibody-
coated tube concentration (about 5 × 10-10 M), and the
use of 125I-labeled 679.1MC7 Fab′ antibody fragment.
Cell binding experiments were performed on LS 174 T

colorectal carcinoma strain cell (ATCC). One hundred
microliters of suspension (2 × 107 cells/mL), 100 µL of
bispecific anti-CEA × anti-histamine BsmAb (F6 ×
6791MC7) dilutions, 150 µL of 125I-labeled AG3.0 (4.6 ×
10-10 M final, specific activity ) 2.3× 1018 cpm/mol) were
incubated together in PBS-0.2% BSA supplemented with
NaN3 (0.02%). After 2.5 h under shaking, 100 µL of the
suspensions was centrifuged in triplicate tubes for 30 s
through a phthalate mixture (Dower et al., 1981). Ali-
quots of supernatants and the bottom of each tube
(containing the cell pellet) were counted. Binding studies
of trace amounts of 125I-labeled BsmAb in the presence
of increasing concentrations of unlabeled BsmAb were
performed according to the same procedure.
In Vivo Experiments. Animals. Female BALB/c-nu/

nu mice, 6-8 weeks old (Iffa-Credo, France) were grafted
by sc injection in the flank with 2 × 106 LS174T human
colorectal carcinoma cells. In some experiments a control
tumor (2 × 106 A375 human melanoma cells) was grafted
in the other flank. Immunoscintigraphy and biodistri-
bution studies were performed 2 weeks later.
Biodistribution. Triplicate mice were given 2 µg (in

50 µL of PBS) of F6 × 679.1MC7 (anti-CEA × anti-HSG)
BsmAb by iv injection under light ether anesthesia.
Seventeen hours later 125I-labeled AG3.0 (1 pmol, 2.7 ×
1018 cpm/mol was injected iv. Mice were weighed and
sacrificed with ether at selected time intervals (1-168
h). Blood was collected on heparin after heart puncture.
Actual injected doses were estimated by subtraction of
noninjected and sc-injected material from the total dose.
Data from mice injected with <80% efficiency were
discarded. Control mice were injected with 107 cpm of
125I-labeled F6 F(ab′)2 and 20 µg of unlabeled F6 F(ab′)2.
Similar experiments were performed to compare 125I-

and 111In-labeled bivalent hapten biodistribution. Pre-
targeting was performed by injection of 2 µg of F6 × 734
(anti-CEA × anti-DTPA) BsmAb. Seventeen hours later
111In-labeledN-R-DTPA-tyrosyl-N-ε-DTPA-lysine (1 pmol
5 × 1018 cpm/mol) was injected.
Plasma Chromatography. Plasma samples collected 1

h after administration of the labeled hapten were chro-
matographed on a Superdex 200 gel filtration column
(Pharmacia, France).

RESULTS

Synthesis. Di(histamine-succinyl-glycyl) peptides (biva-
lent haptens) and the mono(histamine-succinyl-glycyl)
peptides (monovalent haptens) were synthesized manu-
ally according to the solid phase method. The HSG

hapten was built by coupling a glycine residue to a
deprotected -NH2 group, succinylation, and coupling
histamine to the free hemisuccinates using BOP and
HOBT. DTPA-HSG haptens (bearing a chelating agent
for 111In labeling) were obtained by coupling DTPA to the
respective monovalent HSG haptens. Appropriate pro-
tection/deprotection strategies using tBoc, Fmoc, and
2-ClZ protecting groups were designed to afford the
various isomers (Figure 1). All of them were purified to
at least 95% purity (by HPLC) and identified by mass
spectrometry and amino acid analysis after total acid
hydrolysis.
For 125I-labeling of AG3.0, about 60% iodine was

incorporated in the peptide and about 60% of the labeled
peptide was monoiodinated. The monoiodinated 125I-
labeled AG3.0 was purified by HPLC. The maximal
binding of trace amounts of this purified fraction to anti-
histamine-coated tubes was >90%.

111In labeling of DTPA peptides led to 95% chelation
of 111In (<5% free 111In was eluted from Sep-Pak C18
cartridges). The maximal binding (g95%) of trace
amounts of 111In-labeled peptides to anti-DTPA-coated
tubes is in accordance with this result, and the 111In-
labeled peptides were used without purification.
The 125I-radiolabeling yields of antibodies ranged from

30% to 70% and immunoreactivity was always >60%.
Equilibrium Affinity Constant Determination.

The equilibrium affinity constants (Ka) for the binding
of the mono-HSG (AG4 series) and the DTPA-HSG (AG5
series) peptides (Table 1) were determined from competi-
tion binding curves with 111In-labeled AG5.1, run in
triplicate. To allow comparisons with cell binding and
in vivo experiments, all measurements were performed
at 37 °C with physiological salt concentration. Nonlinear
least-squares regression (Barbet et al., 1993) was used
to identify the equilibrium parameters (affinity constant,
number of binding sites). The affinity of the HSG hapten
depends on its position on the peptide chain. The highest
Ka value is observed for HSG coupled to the lateral chain
of lysine [AG4.0 Ka ) (6.8 ( 0.2)× 109 M-1]. The Ka value
for the homologous peptide in the DTPA-HSG series is
lower [AG5.0 Ka ) (2.9 ( 0.1) × 109 M-1]. The presence
of a γ-aminobutyric acid (GABA) next to the lysine also
decreases Ka in the HSG series [AG4.1 Ka ) (3.8 ( 0.1)
× 109 M-1].
The affinity constant [Ka ) (1.8 ( 0.2) × 109 M-1] of

the anti-DTPA indium antibody to (In)DTPA coupled to
the ε-NH2 of a lysine was determined from similar
competition binding experiments, using 111In-labeled and
unlabeled AG5.0.
Sandwich Experiments. DTPA-HSG peptides were

tested for simultaneous binding to two anti-hapten
antibodies. Then, increasing concentrations of peptides
were incubated in anti-HSG antibody-coated tubes (about
3 × 10-9 M) in the presence of trace amounts of 125I-
labeled anti-DTPA antibody. The results of two experi-
ments (in triplicate tubes) were fitted to the calculated
equilibrium isotherms by nonlinear least-squares regres-
sion (Barbet et al., 1993). A coefficient (σ) was introduced
in the calculation to express the steric hindrance for the
simultaneous binding of two antibodies to the bivalent
hapten: if Ka is the affinity constant for the first binding
event, then the affinity for the binding of a second
antibody to the bivalent hapten is σKa. The σ parameter
and the immunoreactivity of the labeled antibody were
highly correlated, and as a consequence they could not
be adjusted simultaneously. However, assuming 70%
immunoreactivity in all calculations, comparison of σ
values showed that the hapten accessibility depends on
the length of the peptide chain. Very similar σ values
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were evaluated for the two longest peptides AG5.1 and
AG5.0, 0.6 and 0.5 respectively. For the shortest peptide
AG 5.2, σ was found lower than 0.1.
With bivalent di-HSG haptens (the AG3 series), cross-

linking of two antibodies coated on the tube must be
avoided to allow binding analysis. Thus, a 6 × 10-10 M
concentration of coated antibody was determined as
appropriate to minimize this cross-linking phenomenon
(data not shown). The accessibility of bivalent HSG
haptens to two anti-HSG antibodies was then evaluated
using 6 × 10-10 M anti-HSG antibody-coated tubes
(Figure 3). Assuming that the immunoreactivity of the
labeled antibody was 70%, the accessibility coefficients
σ for AG3.1 and AG3.0 were 0.4 and 0.3, respectively.
Equilibrium Binding to Tumor Cells in Vitro.

The ability of the anti-CEA × anti-HSG BsmAb to target
125I-labeled AG3.0 to CEA-expressing cells was studied
in binding experiments using LS174T human colorectal
carcinoma cells. The binding of the labeled hapten to
the target cells was monitored in the presence of increas-
ing concentrations of BsmAb. At the optimal BsmAb
concentration (3.2 × 10-9 M), 59% of the hapten was
bound. The binding parameters of the BsmAb (immu-
noreactivity ) 50%), Ka ) (2.1 ( 0.3) × 108 M-1 and
binding site concentration ) (3.3 ( 0.4) × 105 sites per
cell, were calculated from binding studies of trace amounts
of 125I-labeled BsmAb in the presence of increasing
concentrations of unlabeled BsmAb in a parallel experi-
ment.
In Vivo Targeting of AG3.0 to Human Colon

Carcinoma Grafted in Nude Mice. Tumor-bearing
(from 0.15 to 1.3 g) mice were given an injection of BsmAb
(anti-CEA × anti-HSG) and, 17 h later, 125I-labeled
AG3.0. The targeted activity at 3 h was 15.6 ( 1.0 of
the injected dose per gram of tumor (% ID/g) and
remained stable until 6 h. Then it decreased slowly to
reach 6% ID/g at 24 h and 2% ID/g at 96 h (T1/2 ) 54.2 (
0.2 h, Figure 4). High tumor to normal tissue contrast
ratios were observed as soon as 3 h after tracer injec-
tion: tumor/plasma ) 1.7 ( 0.2, tumor/liver ) 7.9 ( 2.5,
tumor/kidney ) 4.0 ( 1.1 as shown in Figure 4, tumor/
heart ) 14.1 ( 3.8, tumor/gastrointestinal tract ) 12.7
( 0.8, tumor/lung ) 6.0 ( 0.5, tumor/spleen ) 11.7 (
2.8. They all increased with time. Similar tumor uptake

was observed with the directly labeled F(ab′)2, but
maximum uptake was reached around 48 h. Tumor
wash-out was slow and approximately parallel to that of
pretargeted AG3.0. Tumor to plasma ratios were always
significantly higher with the pretargeted hapten, whereas
in other tissues the contrast ratios were higher with the
pretargeted hapten for 24 h (kidneys) to 48 h (liver) and
then plateaued at longer time intervals (Figure 4).
Control experiments in mice bearing two grafted

tumors showed that hapten pretargeting was specific: as
soon as 1 h after tracer injection, the contrast between
the CEA positive target tumor (LS174T) and the control
tumor (A375) (CEA negative) was 2.0 ( 0.2; it was 7.3 (
1.6 at 3 h and reached 31.2 ( 8.0 at 24 h.
When compared to in vivo targeting of the 111In-labeled

hapten, the 125I-labeled AG3.0 exhibited comparable
tumor uptake but higher tumor to blood contrast ratios
and tumor to other organs contrast ratios 24 h after
tracer injection (Figure 5).
Analysis of Plasma and Urine Samples. Mice were

injected with BsmAb and then 17 h later with the labeled
bivalent hapten. Plasma samples were collected 1 h
later. The samples were submitted to gel filtration
chromatography. Two peaks of activity were observed
at 13 and 16 mL corresponding to 200 and 100 kDa
(Figure 6), respectively. This demonstrated that most
hapten remained bivalent and circulated bound to one
(100 kDa) or two BsmAb (200 kDa) (the free hapten
would elute around 22 mL under these conditions). In
addition, urine samples were tested for immunoreactiv-
ity, which was found better than 90% up to 24 h after
injection.

DISCUSSION

We have demonstrated in previous studies that pre-
targeted AES immunodetection affords improved tumor
detection sensitivity as compared to other imaging tech-
niques such as magnetic resonance imaging, ultrasonog-
raphy, computed tomography, and classical immuno-
scintigraphy with directly labeled antibodies. This tech-
nique is based on the formation of cyclic complexes at
the cell surface between two BsmAb molecules and one
bivalent hapten-bearing peptide. Our previous work

Figure 3. di-HSG hapten mediated binding of anti-HSG 125I-Fab′ to anti-HSG Fab′-coated solid phase: the tracer antibody was
incubated for 2.5 h at 37 °C in anti-HSG-coated tubes in the presence of increasing concentrations of di-HSG hapten. Then aliquots
of supernatant were counted (F), and the tubes were emptied, washed, and counted again (B). Mean B/F ( SD bars are given unless
smaller than point plotted (n ) 6).
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concerning tumor and metastasis detection has been
performed with the 111In-labeled N-R-DTPA-tyrosyl-N-ε-
DTPA-lysine dipeptide. The high tumor to normal tissue
ratios and the amount of injected dose localized in
tumors, observed in animals and in the clinic, should
allow radioimmunotherapy with this technique, and
experiments are in progress to demonstrate this possibil-
ity. However, to use iodine-131, a â-emitting isotope
useful for therapy, the DTPA-indium hapten required
the development of specific labeling and purification
techniques because indium must be complexed to DTPA
before or after labeling with iodine. In addition, chemical
syntheses with DTPA, a pentavalent carboxylic acid, are
difficult and usually afford complex mixtures containing
polymeric contaminants. The aim of this work was thus
to synthesize new bivalent hapten-bearing peptides,
suitable for radioimmunotherapy using the AES tech-
nique, with improved antibody-binding and targeting

efficiency characteristics. These hapten-bearing peptides
were also designed to allow fast and easy radiolabeling
with iodine-131. The other characteristics of an ideal
hapten are low toxicity, high-affinity binding to available
antibodies, and no cross-reactivity or nonspecific binding
with body components. The histamine-succinyl-glycine
hapten was chosen for these reasons.
A first bivalent HSG peptide was synthesized. Al-

though able to target radioactivity to tumors, it was
rapidly degraded in vivo (Gruaz-Guyon et al., 1991). We
therefore synthesized more stable compounds (Gruaz-
Guyon et al., 1993). A D-tyrosine was introduced in the
backbone for iodine labeling. The C-terminal end was
amidated, the N-terminal was acetylated, and lysine side
chains were substituted. As a result, the bivalent HSG
peptide AG 3.0 should be extremely resistant to pro-
teases. In plasma most of the activity recovered 1 h after
injection circulated bound to two bispecific antibody
molecules (Figure 6), and in the urine 90% of the
radioactivity is able to bind to anti-HSG antibody 24 h
after injection. In addition, the stability of this hapten-

Figure 4. Tumor localization (A), tumor/organ ratios (B, C, D) time course: nude mice bearing LS174T tumor (CEA positive) in the
flank were injected in triplicate with 20 µg of 125I-labeled F(ab′)2 (dashed lines) or with 2 µg of anti-CEA × anti-HSG BsmAb and 17
h later with 125I-labeled AG3.0 (solid lines). Groups of three mice were sacrificed at selected time intervals, and dissected organs
were counted. Mean ( SD are plotted. In each panel an insert shows the kinetics over the first 12 h after activity injection.

Figure 5. Biodistribution of 125I- and 111In-labeled bivalent
haptens: nude mice bearing LS174T tumor (CEA-positive) in
one flank and A375 (CEA-negative) tumor in the other were
injected with 2 µg of the BsmAb and 17 h later with the labeled
bivalent hapten, anti-ACE × anti-HSG BsmAb and 125I-labeled
AG3.0, or anti-ACE × anti-indium-DTPA BsmAb and 111In-di-
DTPA. Groups of three mice were sacrificed and dissected at 1
and 24 h, and the organs were counted.

Figure 6. Gel filtration radioactivity elution profile of
plasma: the sample was collected 1 h after 125I-labeled AG3.0
injection to a mouse preinjected 17 h before with BsmAb.
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bearing peptide after internalization by target cells in
vitro has recently been demonstrated (Manetti et al.,
1995).
To determine the peptide chain providing the optimal

distance between the two haptens, we synthesized a
series of bivalent haptens listed in Table 1 and studied
in vitro their ability to cross-link two antibodies. The
HSG hapten equilibrium affinity constants have been
measured for monohistamine derivatives and, as ex-
pected, the Ka depends on the hapten position in the
peptide chain. Coupling the hapten to the lateral chain
of lysine affords the highest affinity. This is consistent
with the observation of Morel et al. (1990) that optimum
binding affinity is obtained only when the hapten closely
mimics the immunogen. We then studied the binding of
a labeled anti-hapten Fab fragment to a solid phase
coated with anti-hapten Fab fragment in the presence
of increasing concentrations of bivalent haptens. As a
model, we studied several peptides bearing two different
haptens: DTPA-indium and HSG (Table 1). The equi-
librium binding curves of 125I-labeled anti-DTPA-indium
antibody to anti-HSG-coated tubes in the presence of
increasing concentrations of peptide were fitted using a
simple computer program (Barbet et al., 1993). As
expected, the bivalent haptens AG5.0 and AG5.1 with the
longest connecting peptide chain exhibited the best
accessibility to two antibodies. The accessibilities for the
bivalent HSG haptens AG3.0 and AG3.1 were found very
close. It is remarkable that maximum cross-linking
ability is obtained with rather short peptide chains (2 to
3 residues), in agreement with early work by Valentine
and Green (1967).
As the hapten affinity was higher for the AG3.0

peptide, it was selected for further studies as the most
appropriate hapten-bearing peptide in this series. As
expected, 125I-labeled AG 3.0 can be efficiently targeted
to cultured colorectal cells (LS174T) in the presence of
anti-CEA × anti-HSG BsmAb. In vivo, the BsmAb was
used to target 125I-labeled AG 3.0 to LS174T tumor cells
grafted in nude mice. The fraction of dose localized per
gram of tumor was similar to the one observed with the
directly labeled F(ab′)2 (Figure 4) or the 111In-labeled
bivalent hapten (Figure 5), and it decreased very slowly
with time (T1/2 ) 54.2 ( 0.2 h, Figure 4). The targeting
of AG 3.0 was specific as high tumor to control tumor
ratios were observed. Tumor uptake was equivalent to
what was observed with a directly labeled F(ab′)2, but
maximum uptake was obtained more rapidly and tumor
to nontumor contrast ratios were higher in plasma at all
times and in other tissues in the first 24-48 h after
hapten injection (Figure 4). The iodine-labeled hapten
also afforded higher contrasts than the 111In-labeled
DTPA hapten. As a result, the more favorable biodis-
tribution of 131I-labeled AG3.0 should translate into better
dosimetry: it is indeed very important to minimize bone
marrow stem cell exposure by circulating activity and to
rapidly deliver the activity to the tumor. Further studies
are in progress to evaluate the respective effects of the
radioisotope and of the hapten-antibody system to
explain the observed differences.
The asymmetric haptens should be useful in designing

more specific targeting reagents when no tumor-specific
marker is available, as for example in the treatment of
lymphomas. We have already shown, in a lymphocyte
model, that tracers bearing two different haptens (DNP
and DTPA), in combination with two different BsmAb,
each directed to a different cellular antigen (mouse CD22
or MHC class II I-Ek) and to one of the haptens, provide
a very efficient way of targeting with high specificity cells
bearing simultaneously the two antigens (Le Doussal,

1991). The peptides AG5.1 and AG5.0 of the DTPA-
HSG series should be especially well suited to this
approach since they do not contain the hydrophobic
hapten DNP. They will now be tested in a tumor model
in which target cells will be differentiated from normal
cells by the simultaneous expression of two differentia-
tion antigens otherwise expressed independently in dif-
ferent normal cell types.

CONCLUSION

AES immunoscintigraphy and radioimmunoguided
surgery enable the detection of very small pathologic
lymph nodes and their resection (de Labriolle-Vaylet et
al., 1993). However, detecting lymph nodes smaller than
2 mm in diameter and micrometastases remains imprac-
tical. The management of these extremely small tumors
should benefit from radioimmunotherapy with R- or
â-emitting isotopes. The specificity of 125I-labeled AG 3.0
targeting, the low background, and the persistence of the
tumor-bound activity for extended periods of time are
very strong arguments in favor of the use of AG3.0 as a
tracer for targeting iodine-131 tumor cells. Further
studies are now in progress to determine the doses of
radiation delivered to tumors and normal organs using
this molecule (Manetti et al., 1997). In addition, new
hapten-bearing peptides derived from AG3.0 have been
synthesized with attached chelating agents capable of
binding other radioisotopes of interest for scintigraphy
(technetium-99m) or therapy (rhenium-186 or rhenium-
188).
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bivalents marqués a l’iode et au technetium pour l’im-
munoscintigraphie de tumeurs avec des anticorps bi-speci-
fiques. J. Med. Nucl. 7/8, 328.

Le Doussal, J. M., Martin, M., Gautherot, E., Delaage, M., and
Barbet, J. (1989) In vitro and in vivo targeting of radiolabelled
monovalent and divalent haptens with dual specificity mono-
clonal antibody conjugates: enhanced divalent hapten affinity
for cell-bound antibody conjugate. J. Nucl. Med. 30, 1358-
1366.

Le Doussal, J. M., Gruaz-Guyon, A., Martin, M., Gautherot, E.,
Delaage, M., and Barbet, J. (1990) Targeting of indium-111-
labelled bivalent hapten to human melanoma mediated by
bispecific monoclonal antibody conjugates: imaging of tumors
hosted in nude mice. Cancer Res. 50, 3445-3452.

Le Doussal, J. M., Gautherot, E., Martin, M., Barbet, J., and
Delaage, M. (1991) Enhanced in vivo targeting of an asym-
metric bivalent hapten to double-Ag-positive mouse B cells,
using mAb conjugate cocktails. J. Immunol. 146, 169-175.

Le Doussal, J. M., Chetanneau, A., Gruaz-Guyon, A., Martin,
M., Gautherot, E., Lehur, P. A., Chatal, J. F., Delaage, M.,
and Barbet, J. (1993) Bispecific (anti-CEA, anti-In-DTPA)

monoclonal antibody-mediated targeting of an Indium-111-
labelled DTPA dimer to primary colorectal tumors: pharma-
cokinetics, biodistribution, scintigraphy and immune re-
sponse. J. Nucl. Med. 34, 1662-1671.

Lollo, C., Halpern, S., Bartholomew, R., David, G., and Hagan,
P. (1994) Non-covalent antibody-mediated drug delivery.
Nucl. Med. Commun. 15, 483-491.
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Properties of and Oxygen Binding by
Albumin-Tetraphenylporphyrinatoiron(II) Derivative Complexes

Eishun Tsuchida,*,† Katsutoshi Ando, Hiromitsu Maejima, Noriyuki Kawai, Teruyuki Komatsu,
Shinji Takeoka, and Hiroyuki Nishide

Department of Polymer Chemistry, Advanced Research Institute for Science and Engineering,
Waseda University, Tokyo 169, Japan. Received December 23, 1996X

A hydrophobic tetraphenylporphyrinatoiron(II) derivative bearing a covalently bound axial imidazole
[Fe(II)P] was efficiently and noncovalently bound into human serum albumin (HSA) up to an average
of eight Fe(II)P molecules per HSA molecule. The aqueous solutions of the HSA-Fe(II)P complex
provided a reversible and relatively stable oxygen adduct under physiological conditions (pH 7.4 and
37 °C). The half-life of the oxygen adduct (τ1/2) was 1 h at 37 °C in an air atmosphere. With Fe(II)-
TpivPP (the so-called “picket-fence heme”) having no axial base, an oxygenated HSA-Fe(II)TpivPP
complex was obtained using a 20-fold molar excess of 1,2-dimethylimidazole, but the τ1/2 was very
short (ca. 10 min at 37 °C). The oxygen affinity [P1/2(O2)] and oxygen transporting efficiency (OTE) of
HSA-Fe(II)P at 37 °C were 30 Torr and 22%, respectively. Furthermore, the oxygen-binding and
dissociation rate constants (kon and koff) are extremely high in comparison with those of hemoglobin.
The HSA molecule binding eight Fe(II)P molecules can transport about 3.4 mL/dL of oxygen under
physiological conditions, corresponding to about 60 % of the oxygen transporting amount of human
blood.

INTRODUCTION

Human serum albumin (HSA)1 is the second major
protein, following hemoglobin, of the proteins in blood.
Its molecular mass is 66.5 kDa, which is similar to that
of hemoglobin (64.5 kDa). HSA maintains the colloidal
osmotic pressure of blood and transports nutritional and
metabolic products, physiologically active compounds,
toxic materials, heavy metals, and so on. For example,
hemin released from hemoglobin by hemolysis is trapped
by HSA in plasma and is transported to the liver for
metabolic processing. The formation of the HSA-hemin
complex has been widely studied (Beaven et al., 1974;
Adams & Berman, 1980; Morgan et al., 1980; Lamola et
al., 1981; Hrkal & Klementova, 1983; Kodicek et al., 1983;
Moehring et al., 1983); however, there has been no report
on the reduction of hemin to heme and the oxygenation
of the heme bound to HSA. Marden et al. (1989) deter-
mined the carbonylation of a deoxyheme-HSA complex
in an aqueous solution, and Bonaventura et al. (1994)
preliminarily reported the reversible spectral change of
HSA binding a heme derivative in presence of a large
molar excess of axial imidazole upon exposure to dioxygen
but did not succeed in obtaining a stable oxygen adduct.

We have synthesized 2-[[[8-[N-(2-methylimidazolyl)]-
octanoyl]oxy]methyl]-5,10,15,20-tetrakis(R,R,R,R-o-piv-
alamido)phenylporphyrinatoiron(II) [Fe(II)P with a mo-
lecular mass of 1.3 kDa] which has an axial base
covalently bound to the porphyrin ring (Figure 1). The
axial base coordinates to the fifth coordination site of the
central iron of the porphyrin and permits dioxygen
coordination at the sixth site. We confirmed that Fe(II)P
complexed with oxygen in organic solvents such as
toluene or N,N-dimethylformamide (DMF) without add-
ing imidazole derivatives for axial bases. Recently, we
have found that the injection of a Fe(III)P/dimethyl
sulfoxide (DMSO) solution into an HSA aqueous solution
leads to a 1/1 complex of Fe(III)P and HSA (Komatsu et
al., 1995), which gave a stable oxygen adduct even in the
aqueous phase after its reduction by sodium dithionite
(Na2S2O4) to Fe(II)P. Since then, the preparation pro-
cedure has been significantly improved to make more
concentrated solutions of complex and to bind a greater
number of Fe(II)P molecules into one HSA molecule so
as to make the oxygen transporting ability comparable
to that of hemoglobin. This paper reports on a new
preparation procedure of HSA-Fe(II)P complexes bind-
ing one, four, and eight Fe(II)P molecules and also
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Fax: +81 3-3209-5522. Phone: +81 3-3209-8895.

†CREST investigator, JST.
X Abstract published in Advance ACS Abstracts, July 1, 1997.
1 Abbreviations: Fe(II)P, 2-[[[8-[N-(2-methylimidazolyl)]oc-

tanoyl]oxy]methyl]-5,10,15,20-tetrakis(R,R,R,R-o-pivalamido)-
phenylporphyrinatoiron(II); Fe(II)TpivPP, 5,10,15,20-tetrakis-
(R,R,R,R-o-pivalamido)phenylporphyrinatoiron(II); HSA, human
serum albumin; r-HSA, recombinant human serum albumin;
HSA-Fe(II)P, Fe(II)P bound to HSA; Asb, L-ascorbic acid; DMF,
N,N-dimethylformamide; DMSO, dimethyl sulfoxide; τ1/2, half-
life of the oxygen adduct; P1/2(O2), oxygen affinity; OTE, oxygen
transporting efficiency; BCG, bromocresol green; kon, rate
constant of oxygen binding; koff, rate constant of oxygen dis-
sociation; P1/2(CO), carbon monoxide affinity; 1,2-Me2Im, 1,2-
dimethylimidazole; SOD, superoxide dismutase; lipidheme,
tetraphenylheme derivative having four alkylphosphocholine
groups; LH-V, lipidheme vesicle; LH-M, lipidheme microsphere.

Figure 1. Structure of Fe(II)P.
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describes the characteristics and oxygen-binding proper-
ties of the resulting complexes.

EXPERIMENTAL PROCEDURES

Materials. Fe(III)P was synthesized according to our
previous paper (Tsuchida et al., 1995). Tetrapivalami-
dophenylporphyrinatoiron(III) [Fe(III)TpivPP, the so-
called “picket-fence heme”] without an axial base was also
synthesized according to the method reported by Collman
et al. (1973). An HSA solution was purchased from Bayer
Co., Ltd. (Albumin Cutter, 5 wt %), and the recombinant
HSA solution (r-HSA, 25 wt %) was a gift from Green
Cross Co., Ltd. Pure water (Otsuka Pharmaceutical Co.,
Ltd.) was used for dilution of HSA, and high-grade
ethanol (purity, >99.5%; Kanto Chemical Co., Ltd.) was
for the Fe(II)P solvent.
Preparation of HSA-Fe(II)P. A brown-red Fe(III)P

ethanol solution [[Fe(III)P] ) 0.15 mM] was prepared by
dissolving Fe(III)P (39.1 mg) into 200 mL of ethanol. An
HSA aqueous solution ([HSA] ) 18.8 µM) was prepared
by diluting 10 mL of HSA (5 wt %) 40 times with pure
water. L-Ascorbic acid (Asb, 104 mg) was completely
dissolved into 2 mL of pure water under a N2 atmosphere,
and 100 µL of the Asb solution was added to the Fe(III)P
ethanol solution after bubbling CO through it for 10 min.
The color of the Fe(III)P solution immediately changed
to red, indicating reduction to Fe(II)P. A 200 mL aliquot
of the Fe(II)P(CO) solution was dropped into 400 mL of
the HSA solution and vigorously stirred, giving an Fe-
(II)P/HSA ratio of 4. The resulting red transparent
mixture (600 mL) was evaporated down to 300 mL at 35
°C for 3 h and further concentrated to 7 mL by ultrafil-
tration (cutoff MW of 50 000, N2 pressure of 5 kg/cm2, 2
h, 4 °C). The remaining or oxidized Asb molecules were
also removed during this procedure. The solution diluted
10 times was freeze-dried to obtain a reddish-white
powder for long-term storage. The powder was redis-
persed by dissolving it in phosphate-buffered saline (300
mM, pH 7.4). After the dialysis against a saline solution
for 15 h, the concentration of the sample was adjusted
to 3 mM Fe(II)P for the complex where Fe(II)P/HSA )
4. The HSA-Fe(II)P solution which bound eight Fe(II)P
molecules to one HSA was also prepared using the same
procedure. In this case, the HSA concentration was
decreased to half ([HSA] ) 9.4 mM), and the Fe(II)P
concentration after preparation was adjusted to 6 mM.
Determination of the Half-Life of the Oxy State

of HSA-Fe(II)P and Its O2 Affinity. One milliliter of
the HSA-Fe(II)P(CO) solution in a 1 cm quartz cuvette
was converted to the oxygenated state (oxy state) by
irradiating with visible light from a halogen lamp (500
W) under flowing O2. The cuvette was constantly cooled
in an ice bath. The conversion to the oxy state was
completed within 6 min, and the oxy state identified in
the change of the maximum absorption wavelength (λmax)
from 540 to 548 nm (Q-band). The half-life of the oxy
state (τ1/2) at 37 °C was determined from a decrease in
the Q-band peak at 548 nm. The oxygen-binding and
dissociation equilibrium curve was plotted from the
visible spectral change after the complex was saturated
with O2/N2 mixed gases in which the oxygen partial
pressure decreased from 760 Torr (pure O2 gas) to zero.
The 100% oxy state and the 100% deoxy state were deter-
mined from the spectra after the solution was saturated
with 100% O2 gas and 100% N2 gas, respectively. The
oxygen affinity was evaluated as P1/2(O2), the oxygen
partial pressure where 50% of Fe(II)P was oxygenated.
Quantitative Analysis of HSA and Fe(II)P. The

HSA concentration in a HSA-Fe(II)P(CO) solution was
determined using a bromocresol green method (BCG

method, A/G-B test wako, Wako Pure Chemical Indus-
tries). The absorption at 630 nm was measured after re-
acting BCG with HSA. A calibration curve was obtained
by diluting a standard HSA solution ([HSA] ) 1-5 g/dL).
To avoid the influence of Fe(II)P(CO) absorption, the dif-
ference spectra between the HSA-Fe(II)P(CO)/BCG so-
lution and HSA-Fe(II)P(CO)/pure water were recorded.
After the injection of the ethanolic Fe(II)P(CO) solution

into water, the suspended Fe(II)P(CO) can be completely
extracted with chloroform because of its low solubility
into water, whereas Fe(II)P(CO) in HSA dissolved in
aqueous solutions cannot be extracted with chloroform.
The amount of Fe(II)P bound to HSA can therefore be
determined by extracting the Fe(II)P with a chloroform/
methanol (1/1) mixture. After the complete drying of the
extracted solution, it was redissolved in methanol, and
its concentration was determined from the molar absorp-
tion coefficient of Fe(II)P(CO) (ε417nm in methanol ) 2.0
× 105 M-1 cm-1). The binding ratio of Fe(II)P to HSA
was determined from the quantitative analyses of Fe-
(II)P and HSA.
Viscosity of HSA-Fe(II)P. The viscosity of the

HSA-Fe(II)P solution was measured using a cone plate
rotatory viscometer (Shibaura System VSA-K).
Kinetic Parameters of O2 and CO Binding to

HSA-Fe(II)P. The binding (kon) and dissociation (koff)
rate constants of O2 and CO for HSA-Fe(II)P in aqueous
solutions [[Fe(II)P] ) 20 µM] were determined by laser
flash photolysis spectroscopy (Gibson, 1970; Traylor et
al., 1985) using an UNISOKU TSP-601 spectrometer. CO
affinity [P1/2(CO)] was determined from the visible absorp-
tion spectral change for various partial pressures of CO.

RESULTS AND DISCUSSION

The oxygen-binding properties of Fe(II)P having an
intramolecular axial base and Fe(II)TpivPP with no
covalently bound axial base were compared in toluene
solutions. Fe(III)TpivPP and Fe(III)P were reduced in
toluene by aqueous Na2S2O4. When a large molar excess
of the axial base [1,2-dimethylimidazole (1,2-Me2Im)] was
coexisting, the Fe(II)TpivPP formed a stable oxygen
adduct, which was confirmed by the visible absorption
spectrum (λmax ) 421 and 544 nm). On the other hand,
Fe(II)P gave an oxygen adduct without adding 1,2-Me2-
Im. The coordination of oxygen to the sixth coordination
site of Fe(II)P was also confirmed from the visible
absorption spectrum (λmax ) 422 and 549 nm). P1/2(O2)
of Fe(II)P in toluene was 38 Torr at 25 °C. No difference
in P1/2(O2) between Fe(II)P and Fe(II)TpivPP was ob-
served in the toluene solution. After carbonylation under
a 20-fold molar excess of 1,2-Me2Im in ethanol, the CO
adduct of Fe(II)TpivPP was mixed with HSA, and then
an oxygenated HSA-Fe(II)TpivPP complex was obtained
by irradiating with visible light under an oxygen atmo-
sphere. Nevertheless, the half-life of the oxygen adduct
was only about 10 min at 37 °C. The coordination of the
histidine residues of HSA to protoheme and deuteroheme
was reported by Casella et al. (1993). The histidine
residues of HSA do not however allow axial coordination
to Fe(II)P, since complexation with histidine residues and
oxygen binding was not observed for a Fe(II)TpivPP/HSA
system. This result might be due to the binding of Fe-
(II)P to HSA by the hydrophobic interaction between the
polypeptide chain and tert-butyl groups of Fe(II)P so that
no histidine residue of HSA can coordinate to the central
iron of Fe(II)P. Furthermore, the excess imidazole would
cause unfavorable problems by binding to the site of the
oxygen coordination, binding to HSA, or being toxic
through intravenous injection. On the other hand,
because Fe(II)P possesses only the intramolecular imi-
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dazole, and carbonylation in the ethanol solution allows
100% coordination at the fifth coordinated site of Fe(II)P,
Fe(II)P can be bound to HSA without changing the
coordination structure.
Figure 2 shows the visible absorption spectra of HSA-

Fe(II)P in aqueous solutions. When a reducing agent
such as Asb was added to Fe(III)P bound to HSA under
a N2 atmosphere, only four-coordinated Fe(II)P (λmax )
438 and 560 nm) was observed. In contrast, carbonyla-
tion was once carried out in an organic solution, the
intramolecular coordination of the imidazole to the fifth
coordinated site was confirmed. After the incorporation
of Fe(II)P(CO) into HSA, five-coordinated deoxy-Fe(II)P
(λmax ) 439, 542, 563, and 605 nm) was obtained by
irradiating HSA-Fe(II)P(CO) with visible light under a
N2 atmosphere. The oxy state (λmax ) 424 and 548 nm)
was confirmed after passing oxygen gas over the solution
of the deoxy state. This conversion is reversible, and the
degree of oxygenation corresponds to the oxygen partial
pressure. The carbonyl state (λmax ) 424 and 540 nm)
was also immediately generated upon exposure to carbon
monoxide gas with either the deoxy or oxy state. The
molar absorption coefficients (ε at λmax of the Soret band)
of HSA-Fe(II)P were 1.1 × 105 M-1 cm-1 (deoxy state),
9.8 × 104 M-1 cm-1 (oxy state), and 1.3 × 105 M-1 cm-1

(carbonyl state).
The solution of HSA-Fe(II)P having four Fe(II)P

molecules was prepared by mixing an Fe(II)P ethanol
solution (0.15 mM) with a diluted HSA aqueous solution
(18.8 µM). The evaporation of ethanol, the concentration
by ultrafiltration, and the dialysis could be carried out
with no degradation of HSA and Fe(II)P. HSA-Fe(II)P
binding eight Fe(II)P molecules was also prepared when
the concentration of Fe(II)P was reduced to half during
the sample preparation.
The preparation procedure as described above has been

improved in comparison with the former reported method
(Komatsu et al., 1995) in the following points. (1) Asb
and ethanol were used instead of Na2S2O4 and DMSO.
These chemicals are relatively harmless. (2) The ferric
state of the iron-porphyrin derivative can be reduced to
the ferrous state by the addition of 1 molar equiv of Asb
in ethanol. (3) HSA-Fe(II)P(CO) can be stored as a
freeze-dried powder under long-term storage (2 years),
and the concentration can be adjusted by redissolving it
in a given amount of pure water. There was no difference
in the turbidity, the Fe(II)P incorporation ratio, and the
filter permeability for the HSA-Fe(II)P solution before

and after redissolution of the freeze-dried powder. HSA-
Fe(II)P(CO) could be stored at 4 °C for more than 1 month
even in the solution state. The carbonyl state was easily
converted to the oxy state by the irradiation of visible
light under an oxygen atmosphere.
The quantitative analyses of the free Fe(II)P after the

preparation of HSA-Fe(II)P disclosed an incorporation
ratio of 100% for Fe(II)P/HSA ) 1, 99% for 4, 94% for 8,
but only 60% for 14 as shown in Figure 3. The concen-
tration of HSA after sample preparation was 5.0 g/dL for
Fe(II)P/HSA ) 1, 5.1 g/dL for 4, and 4.9 g/dL for 8,
indicating no loss of HSA during the sample preparation.
Figure 3 indicates a possible binding ratio of Fe(II)P to
one HSA molecule of about eight. Interestingly, the
molar absorption coefficients of the Fe(II)P(CO) in HSA
were constant (ε540nm ) 1.2 × 104 M-1 cm-1 in phosphate-
buffered saline at pH 7.4 and 25 °C) versus the Fe(II)P/
HSA ratio ()1, 4, and 8).
The solution properties of HSA-Fe(II)P are sum-

marized in Table 1. The specific gravity varies from
1.013 [Fe(II)P/HSA ) 0] to 1.021 [Fe(II)P/HSA ) 8]. The
viscosity of HSA-Fe(II)P was the same as that of HSA
(1.3 cP at a high share rate of 230 s-1), which was much
lower than that of human blood (4.4-5.0 cP). There is
no indication of aggregation even when eight Fe(II)P
molecules are bound to one HSA, indicating its excellent
dispersion stability with high oxygen transporting ability.
Figure 4 shows the spectral change of the Q-band for

the HSA-Fe(II)P(O2) incubated at 37 °C in air. The
absorption maxima at 548 nm just before or after
incubation of the oxygenated complex for up to 17 h gave
Fe(III)P percentages of 0 or 100%, respectively. The half-
life of the oxygen adduct (τ1/2) at 37 °C was about 1 h.
This value was constant for HSA-Fe(II)P at different
ratios (Table 2). A stable τ1/2 was obtained when an
equimolar amount of Asb was added to Fe(III)P. The
addition of superoxide dismutase and catalase did not
improve the lifetime, indicating that there was no influ-
ence of active oxygen species generated from the oxida-
tion of Fe(II)P(O2) on the half-life. A significantly short
τ1/2 was observed when an excess amount of Asb was
added to the Fe(III)P for reduction to Fe(II)P, and the
effect of superoxide dismutase and catalase confirmed at

Figure 2. Visible absorption spectral change after O2 and CO
binding to HSA-Fe(II)P in an aqueous medium (pH 7.4 and 25
°C).

Figure 3. Relationship between mixing ratio and binding ratio
of Fe(II)P/HSA.

Table 1. Comparison of Solution Properties at 37 °C

solutions specific gravity viscosity (cP at 230 s-1)

HSA-Fe(II)P 1.013-1.021 1.3
serum 1.027 1.3
human blood 1.055-1.063 4.4-5.0
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the time indicated the generation of active oxygen species
from the autoxidation of Asb, and their oxidation of Fe-
(II)P to Fe(III)P.
Figure 5 shows the oxygen-binding and dissociation

equilibrium curves of HSA-Fe(II)P [Fe(II)P/HSA ) 4]
obtained from its saturated spectrum at each oxygen
partial pressure. From this figure, the oxygen affinity
[P1/2(O2)] was estimated to be about 30 Torr, and it was
expected that HSA-Fe(II)P would release 22% of the

bound oxygen, if it circulated between the lung (PO2 )
110 Torr) and mixed venouses (PO2 ) 40 Torr). The same
results were obtained for HSA-Fe(II)P having eight Fe-
(II)P. The Hill coefficient was calculated to be 1.0 from
the curve, and no allostericity was observed.
The half-lives (τ1/2) of the Fe(II)P(O2) at 1, 4, 25, and

37 °C were 7 days, 5 days, 7 h, and 1 h, respectively. The
activation energy was calculated as 89 kJ/mol. The τ1/2
was increased by raising the oxygen partial pressure (e.g.,
τ1/2 was 140 min at 37 °C in a pure oxygen atmosphere).
This is the same profile as that of hemoglobin (Sakai et
al., 1994). Deoxyhemoglobin, to which H2O is weakly
coordinated, reacts with oxygen more rapidly to form
methemoglobin than does oxyhemoglobin (Brantley et al.,
1993).
The O2 and CO binding parameters are summarized

in Table 3. The P1/2(O2) of HSA-Fe(II)P in an aqueous
solution is 8.0 Torr at 25 °C and 30 Torr at 37 °C. The
P1/2(O2) of Fe(II)P in toluene is 38 Torr at 25 °C. The
low P1/2(O2) of Fe(II)P in HSA means that the oxygen
affinity is higher than that of Fe(II)P in the solution state.
This might be due to the existence of polar amide groups
of HSA around the oxygen coordination site of Fe(II)P
(Springer et al., 1989). Furthermore, kon and koff are
extremely high in comparison with those of red blood cells
(1.1 × 104 M-1 s-1, 0.16 s-1) and hemoglobin (3.3 × 107
M-1 s-1, 13 s-1).
Because no difference in the τ1/2 of HSA-Fe(II)P with

different binding ratios of Fe(II)P was observed, hydro-
phobicity should originate from the tert-butyl groups of
Fe(II)P, not from the hydrophobic pocket of HSA. There-
fore, we expect to improve the half-life of the oxygen
adduct as an oxygen carrier by designing the molecular
structure of the heme derivative to be more hydrophobic
such as a double-sided porphyrin which has four alkyl
chains on both sides of the porphyrin plane (Tsuchida et
al., 1993).
We have been developing artificial red cells using

totally synthetic heme derivatives (lipidheme) (Kobayashi
& Tsuchida, 1995). The heme derivatives were am-
phiphiles and were incorporated into the hydrophobic
region of the bilayer of phospholipid vesicles (LH-V) or
onto the surface of a triglyceride microsphere (LH-M).
The P1/2(O2) values of these oxygen carriers at 37 °C were
43 and 38 Torr, respectively. These are higher than that
of red blood cells (27 Torr). Their τ1/2 values at 37 °C
were 24 and 12 h, respectively. In the case of Fe(II)P, it
could not form a stable oxygen adduct in the phospholipid
bilayer membrane because it does not have alkylphos-
phocholine groups which provide a high affinity with the
phospholipid bilayer membrane and fix the iron-por-
phyrin at the hydrophobic center of the bilayer mem-
brane. However, Fe(II)P can easily bind to HSA, and the
advantages of HSA are considered to be its low toxicity
and long circulation lifetime in comparison with the
others.
The rate constants of oxygen binding (kon) of LH-V and

LH-M were 9.8 × 107 and 9.6 × 107 M-1 s-1, respectively.

Figure 4. Oxidation of Fe(II)P(O2) bound to HSA. Fe(II)P/HSA
) 4 mol/mol. [HSA]: 5 wt %, under air, at pH 7.4 and 37 °C.

Table 2. τ1/2 of Oxygenized HSA-Fe(II)P Prepared in
Various Conditionsa

samples
[HSA]
(mM)

[Fe(II)P]
(mM)

Fe(II)P/
HSA

O2 transportb
(mL/L)

τ1/2
(min)

HSA-Fe(II)P 0.750 0.75 1/1 4.2 60
0.025 0.10 4/1 0.6 63
0.050 0.20 4/1 1.1 69
0.125 0.50 4/1 2.8 65
0.750 3.00 4/1 17.0 62
0.750 6.00 8/1 34.0 59

blood - 9.2c 4/1d 59 -
a In phosphate-buffered saline at pH 7.4 and 37 °C. b O2

transport ) OTE (percent)/100 × [heme] (molar) × 22.4 L/mol ×
310 K/273 K. c [heme]. d Heme/Hb.

Figure 5. O2 binding equilibrium curve of HSA-Fe(II)P (pH
7.4 and 37 °C): (b) Fe(II)P/HSA ) 4 mol/mol, (2) Fe(II)P/HSA
) 8 mol/mol.

Table 3. O2 and CO Binding Parameters of the HSA-Fe(II)P in an Aqueous Medium at 25 °C

O2 CO

samples solutions P1/2 (Torr) 10-7kon (M-1 s-1) 10-3koff (s-1) 102P1/2 (Torr) 10-6kon (M-1 s-1) 102koff (s-1)

HSA-Fe(II)P pbd (pH 7.4) 8.0 (30)f 24 3.2 1.4 4.4 8
r-HSA-Fe(II)Pa pbd (pH 7.4) 11 (33)f 23 4.2 1.7 4.4 9
Fe(II)Pb toluene 38 16 46 0.6 2.9 17
Hb (R state)c pbd (pH 7.0) 0.22 (0.82)f 3.3 0.013 0.14 4.6 0.9
red celld pbd (pH 7.4) 8.8 (27)f 0.0011 0.00016 57 0.014 1
a r-HSA, recombinant HSA. bMeasured by Tsuchida (1995). cMeasured by Gibson (1970). dMeasured by Tsuchida (1985). e pb, phosphate

buffer. f P1/2 values in parentheses were measured at 37 °C.
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kon and koff are quite high relative to those of hemoglobin,
indicating its fast oxygen binding and dissociation. This
would be due to the easily accessible pathway to the
central iron of lipidheme through four alkylphosphocho-
line groups rather than through the folded polypeptide
main chain of hemoglobin. In the case of red blood cells,
the kinetic parameters are apparent and very slow
because of the small surface area for oxygen transport
and low diffusion of the viscous and concentrated hemo-
globin solution inside the cell. In the case of HSA-Fe-
(II)P, kon is significantly high (2.4 × 108 M-1 s-1)
compared with that of hemoglobin. There is no steric
hindrance of the peptide chain around the oxygen binding
sites like a heme pocket of hemoglobin, but the environ-
ment around them is kept hydrophobic.
The koff of HSA-Fe(II)P is 3.2 × 103 s-1, which is about

1/3 that of LH-V (8.2 × 103 s-1) and LH-M (1.0 × 104 s-1).
This would be due to the vicinity of the oxygen binding
site of Fe(II)P having a higher polarity than the hydro-
phobic region of LH-V and LH-M. This was supported
by the result that Fe(II)P in toluene showed a koff (4.6 ×
104 s-1) 10 times higher in comparison with that in HSA.
It is quite remarkable that eight Fe(II)P molecules can

be bound to HSA. The hydrophobic interaction of the four
tert-butyl groups of Fe(II)P with the hydrophobic region
of the HSA surface enables the binding of Fe(II)P onto
the surface. Because all Fe(II)P bound onto the surface
would have the same chemical environment that comes
from the hydrophobicity of the four tert-butyl groups, the
molar absorption coefficient, the binding parameters of
oxygen and carbon monoxide, and the half-life of the
oxygen adduct do not depend on the binding ratio of Fe-
(II)P.
From the oxygen transporting efficiency (22%) in

Figure 5, the transporting amount of oxygen was calcu-
lated as shown in Table 2. The concentration of HSA in
an HSA-Fe(II)P solution was adjusted to that in blood
(5 wt %; 0.75 mM) to control the colloidal osmotic
pressure of the solution. When a 5 wt % HSA-Fe(II)P
[Fe(II)P/HSA ) 8] solution is prepared, it can transport
3.4 mL/dL of oxygen during the circulation between lung
(PO2 ) 110 Torr) and mixed venouses (PO2 ) 40 Torr).
This corresponds to about 60% of the oxygen transporting
amount of human blood (5.9 mL/dL), because the heme
concentration of the HSA-Fe(II)P solution is low (6.0
mM) in comparison with that (9.2 mM) of blood ([hemo-
globin] ) 15 g/dL). Furthermore, the value of OTE can
be increased by using other heme derivatives having a
lower P1/2(O2) than that of Fe(II)P, and the transporting
amount of oxygen can be improved by increasing the HSA
concentration from 5 wt % for in vivo use.
Recently, recombinant HSA (r-HSA) has been manu-

factured by gene cloning and expression in Saccharomy-
ces cerevisiae or Escherichia coli, etc. (Sumi et al., 1993).
The same results were obtained using r-HSA-Fe(II)P as
a totally synthetic oxygen carrier as shown in Table 3.
Animal tests are now being undertaken by the authors.
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Methemoglobin Formation in Hemoglobin Vesicles and Reduction
by Encapsulated Thiols
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The hemoglobin vesicle (HbV) is a red cell substitute encapsulating purified concentrated Hb in a
phospholipid vesicle. In order to suppress metHb formation or autoxidation, for the long-term
maintenance of the oxygen transporting capability, a series of thiols (cysteine, Cys; glutathione, GSH;
homocysteine, Hcy; and acetylcysteine, Acy) were studied as reductants of metHb. Hcy and GSH
showed a good suppressive effect on metHb formation, while Cys adversely accelerates the metHb
formation at a rate twice that of the Hb solution without any reductants and Acy showed no change.
The significant suppression by the coaddition of superoxide dismutase (SOD) and catalase to Cys
indicated that Cys was easily oxidized by oxygen and simultaneously generates a large amount of
active oxygens. The effective suppression of metHb formation by SOD and catalase was not observed
for HbV containing no reductants, indicating that the generation of active oxygens from Hb itself is
not significant. The coencapsulation of Hcy with Hb resulted in a low rate of metHb formation in
HbV (initial rate, 1%/h) in vitro at an oxygen partial pressure (PO2) of 142 Torr. The rate increased
with decreasing PO2, showed a maximum (2.2%/h) around PO2 ) 23 Torr, and then decreased to 0%/h
at 0 Torr. From these results, it is suggested that the fast metHb formation rate in the blood circulation
of Wistar rats injected with 20 vol % of the HbV solution would be mainly caused by the exposure of
HbV to the low PO2.

INTRODUCTION

The hemoglobin vesicle (HbV)1 or liposome-encapsu-
lated hemoglobin (LEH), which have the cellular struc-
ture of a phospholipid vesicle encapsulating a concen-
trated Hb solution, is expected as one candidate for red
cell substitutes for transfusion (Djordjevich & Miller,
1980; Hunt et al., 1985; Rudolph, 1995; Tsuchida &
Takeoka, 1995). HbV with excellent physicochemical
properties was prepared (Sakai et al., 1996; Takeoka et
al., 1996), and a 90% blood exchange transfusion was
carried out with the HbV using rats (Izumi et al., 1997;
Sakai et al., 1997). On the other hand, acellular Hb
solutions such as chemically modified Hb or recombinant
Hb are now under clinical trials (Winslow, 1995); how-
ever, some side effects were reported such as vasocon-
striction causing transient hypertension, which were
considered to be induced by the trapping of nitric oxide
generated from endothelial cells by acellular Hb (Vande-
griff & Winslow, 1995; Tsai et al., 1996; Olsen et al.,
1996). They will be solved by encapsulating Hb with a
membrane.
The common issue of Hb-based red cell substitutes is

the relatively rapid metHb formation during blood cir-
culation (Yang & Olsen, 1989; Stratton et al., 1988) due
to the absence of metHb reduction systems originally
present in a red blood cell. The systems include NADH-

cytochrome b5, NADPH-flavin, direct reduction by glu-
tathione (GSH) and ascorbic acid, and scavengers for
active oxygens such as superoxide dismutase (SOD) for
O2

- and catalase for H2O2. Hb in a ferrous state is
autoxidized to the ferric state (metHb) and loses its
oxygen binding ability. It is well-known that HbO2
dissociates into metHb and O2

- (Brunori et al., 1975;
Tomoda et al., 1981; Wallace et al., 1982; Shikama, 1984;
Watkins et al., 1985); however, the percentage of metHb
in RBC is maintained at less than 0.5% of the total Hb
by the systematic reduction.
Preservation of the native enzyme activities in RBC is

one method of reducing the metHb formation in HbV
(Ogata et al., 1995); however, their activity would change
with the conditions of outdated red blood cells and the
amounts of remaining substances, and virus inactivation
using heat treatment is impossible in this case. More-
over, the mechanism of metHb reduction is complicated
and influenced by many unknown factors. In the case
of modified Hb solutions, direct conjugation with catalase
and superoxide dismutase to suppress the metHb forma-
tion was reported by Quebec and Chang (1995); however,
diminution of active oxygens is not sufficient to maintain
the low metHb content. Especially in our case, these
chemicals and enzymes are denatured and completely
removed during the purification of Hb from RBC (Sakai
et al., 1993) and the preparation of HbV; the construction
of a metHb reduction system by coencapsulation of an
appropriate amount of reductants is required.
There are many reductants which can reduce the

metHb to deoxyHb under anaerobic conditions. However,
a few of them can suppress the metHb formation of Hb
vesicles; nevertheless, some enhance the metHb forma-
tion. It is because under aerobic conditions there is no
metHb to be reduced in the Hb vesicle at the beginning,
and encapsulated reductants are autoxidized generally
faster than the rate of metHb formation. Furthermore,
active oxygens generated from the autoxidation of the

* To whom all correspondence should be addressed. Fax:
+813-5286-3120. Phone: +813-3205-4740.

† CREST investigator, JST.
X Abstract published in Advance ACS Abstracts, July 1, 1997.
1 Abbreviations: Hb, hemoglobin; HbV, hemoglobin vesicles;

RBC, red blood cell; metHb, methemoglobin; HbCO, carbonyl-
hemoglobin; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-
choline; DPPG, 1,2-dipalmitoyl-sn-glycero-3-phosphatidylglyc-
erol; PBS, phosphate-buffered saline; PO2, oxygen partial pressure;
Cys, L-cysteine; Hcy, DL-homocysteine; GSH, glutathione; Acy,
N-acetyl-L-cysteine.
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reductant oxidize the Hb to metHb (Sampath & Caugey,
1985; Eyer et al., 1975). Therefore, a relatively high
stability under aerobic condition is desired for reductants.
Farivre et al. (1994) reported the coinjection of reductants
such as ascorbic acid and methylene blue with modified
Hb solutions; however, such small molecules are rapidly
excreted from the kidney. Glutathione (GSH), a kind of
thiol compound, is a representative reductant for reduc-
ing metHb nonenzymatically (12 mM in a red blood cell).
We found that GSH had the effective activity to suppress
the metHb formation in the Hb vesicle (Sakai et al.,
1994).
In this paper, the encapsulation effect of a series of

thiols, including GSH, on the reduction of metHb was
studied from the view point of their structures and the
elemental reactions in terms of active oxygens and
oxygen partial pressures. The metHb formation of HbV
during blood circulation was also studied to confirm the
effectiveness of the selected reductant for the suppression
of metHb formation in HbV in vivo.

EXPERIMENTAL PROCEDURES

Purification of Hemoglobin from Outdated Red
Blood Cells. Hemoglobin was simply isolated from
outdated red blood cells (Hokkaido Red Cross Blood
Center) using our original processes (Sakai et al., 1993):
(1) stabilization of Hb using carbonylation, (2) solvent
treatment for hemolysis and removal of stromata, (3)
removal of residual solvent with active carbon, (4) heat
treatment (60 °C for 10 h), (5) dialysis to remove the
small molecules, and (6) ultrafiltration (cutoff MW of
30 000). The profile of the obtained HbCO solution is as
follows: [Hb], 40 g/dL; [metHb], <1%; protein purity,
99.95%; residual phospholipids, <0.2%; and residual
organic solvent, <0.1 ppm.
Rate Constants of Elemental Reactions of Thiols.

Thiols used are L-cysteine (Cys, Kanto Chemical Co.),
glutathione (GSH, Kanto Chemical Co.), DL-homocysteine
(Hcy, Aldrich), and N-acetyl-L-cysteine (Acy, Merck Co.),
which are different in the dissociation degrees of the thiol
group. The elemental reactions in the mixture of Hb and
thiols are estimated as shown in Figure 1. The apparent
rate constants of metHb reduction by thiols (k1app) were
measured by an absorbance increase at 430 nm in the
Soret band (deoxyHb) during the incubation of the metHb
solution (10 µM) with each thiol compound (20-60 mM)
at 37 °C and pH 7.0 in 50 mM HEPES buffer. The
apparent rate constants for thiol oxidation by oxygen
(k2app) during incubation of the thiol solution (15 mM) at
an oxygen partial pressure (PO2) of 713 Torr at 37 °C and
pH 7.0 in 50 mM HEPES buffer were calculated from
the decrease in the amount of SH group quantitatively
measured using an N-ethylmaleimide method (Morell et
al., 1964).
Suppression ofMetHb Formation in Hb Solutions

Using Thiols. To the Hb solutions (10 g/dL, pH 7.0)

containing pyridoxal 5′-phosphate (PLP, 4.7 mM, Merck
Co.) as an allosteric effector of oxygen affinity of Hb were
added 10 mM thiols, and then they were incubated at a
PO2 of 142 Torr and 37 °C. The metHb content was
periodically measured using a standard cyanomethemo-
globin method (Van Assendelft, 1970).
Preparation of Hb Vesicles (HbV). HbV were

prepared in the same manner as previously reported
(Sakai et al., 1996). The encapsulated HbCO (ca. 38
g/dL) contained PLP (18 mM, Merck Co.) and a reductant
(5 mM). Catalase (from bovine liver, Merck, 105 units/
mL) and/or superoxide dismutase (SOD, from bovine
RBC, Wako Chemical Co., 103 units/mL) were added to
the HbCO as scavengers for active oxygens. The lipid
bilayer was composed of Presome PPG-I [a mixture of
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC),
cholesterol, 1,2-dipalmitoyl-sn-glycero-3-phospatidylglyc-
erol (DPPG) (Nippon Fine Chem Co.), and R-tocopherol
(Merck Co.) at a molar composition of 5/5/1/0.1]. The
HbCO solution and the lipids were mixed and stirred for
36 h at 4 °C. After sizing with an extrusion method (4
°C; final pore size of membrane filters, 0.2 µm) and the
removal of unencapsulated Hb using ultracentrifugation
(50 000g, 40 min), the resulting HbV was diluted with
phosphate-buffered saline (PBS) at an Hb concentration
of 0.5 g/dL, and HbCO was converted to oxyhemoglobin
by illumination with visible light under an O2 atmosphere
(Chung et al., 1995). Finally, the Hb concentration of
the HbV suspension was adjusted to 10 g/dL.
MetHb Content in HbV in Vitro and in Vivo. As

for the in vitromeasurements, the HbV suspensions were
incubated at pH 7.4 and 37 °C at a constant PO2. The
PO2 was varied from 142 to 0 Torr. About 5 µL of the
sample was periodically pipetted out and added in a UV
cuvette with 3 mL of PBS. The deoxygenation of the
sample using N2 bubbling resulted in the presence of only
deoxyHb and metHb. The percentage of metHb was
calculated from the calibration curve: the ratio of ab-
sorbance at 405 nm (metHb) and 430 nm (deoxyHb) in
the Soret band without HbV destruction and the mixing
ratio of deoxyHbV and metHbV (Hamada et al., 1995).
For the in vivo measurements, about 20 vol % HbV of

the estimated total blood of Wistar rats [n ) 5; body
weight of 360 ( 13 g (mean ( SD); total blood of ca. 58
mL/kg] was intravenously overdosed into the cervical
vena cava, or 90% of the estimated total blood was
exchanged with HbV at 2 mL withdrawal (via the
common carotid artery)/2 mL infusion (via the right
atrium) cycles at a rate of 2 mL/min after anesthesia
(Izumi et al., 1997; Sakai et al., 1997). Venous blood was
periodically withdrawn with a heparinized syringe and
then transferred into a glass capillary for a hematocrit
measurement. The centrifugation of the capillary at
10 000g produced separated layers of RBC and HbV. The
HbV layer was collected and dispersed in PBS in a UV
cuvette. The measurement of the metHb percentage was
obtained in the same manner as already mentioned.

RESULTS AND DISCUSSION

MetHb Reduction by Thiols. The metHb reduction
by thiols proceeds as a pseudo-first-order reaction in a
nitrogen atmosphere as shown in Figure 2. Table 1 lists
the reduction rate constants of the thiols. Hcy showed a
high rate constant almost the same as that of Cys,
whereas GSH and Acy showed ca. 1/10 of that of Cys.
Therefore, the order is Cys > Hcy > GSH > Acy. The
thiol group dissociates to a thiolate anion, and one
electron transfers from it to metHb, resulting in the
production of deoxyHb and disulfide. On the other hand,
the apparent rate constants of thiol oxidation by oxygen

Figure 1. Estimated elemental reactions in the mixture of Hb
and thiols.
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(k2app) were measured using anN-ethylmaleimide method
and are also listed in Table 1. Cys showed the highest
value, and the order is Cys . Hcy > Acy > GSH. It is
generally expected that the thiol with the higher dis-
sociation degree leads to the higher reactivity. However,
it is difficult to obtain the dissociation constant of the
thiol group, because pH titration is also accompanied by
the deprotonation of the ammonium group. The obtained
equilibrium constant contains both the proton dissocia-
tion of the thiol group and the deprotonation of the
ammonium group.
The partial charge of hydrogen in an SH group of the

thiols was calculated because the higher value indicates
the higher tendency of the proton dissociation. First, the
structures of Cys, Hcy, GSH, and Acy were optimized on
the basis of molecular force field calculations using the
MM2 parameter. The molecular orbital was calculated
by a semiempirical method using the PM3 parameter,
and then the partial charge was calculated. This calcula-
tion was performed using CAChe Mechanics (version 3.8)
and MOPAC 94 (version 3.8) (Sony Tektronix Co.).
Figure 3 shows the rate of metHb reduction (k1app) and
the rate of thiol autoxidation (k2app) plotted versus the
calculated partial charge. In this figure, the partial
charge of Acy was very low (-0.005) and could not be
depicted. The order of the partial charge is Cys > Hcy
> GSH . Acy. Interestingly, the effect of the partial
charge is more significant for thiol autoxidation than for
metHb reduction. Since the order of the dissociation
constant from the literature is Cys > GSH > Hcy > Acy
(Friedman et al., 1965), the order of the rate constants
for metHb reduction and the thiol oxidation agrees well
with the order of the dissociation constants except for
GSH. From the view point of molecular structure, it is
supposed that the dissociation of the thiol group of Cys
is promoted by the existence of the ammonium group
which shields the electrostatic repulsion between the
thiolate anion and carboxylate anion, while the thiol
dissociation of Acy is quite low because such an amino
group is acetylated. In the case of Hcy, the shielding
effect of the ammonium group is lower than that of Cys.
GSH shows the slower rate of metHb reduction in spite
of its dissociation rate being higher than that of Hcy. The
thiolate anion of GSH would be stabilized by the neigh-
boring electrophilic carbonyl group, and reactions with
both metHb and oxygen would be restricted.
Figure 4 shows the time courses of metHb formation

in 40 g/dL Hb solutions in the presence of thiols. The
addition of Cys (10.0 mM) to the Hb solution (6.2 mM)
promoted metHb formation and showed an initial rate

of metHb formation 6 times higher in comparison with
that of the Hb solution without Cys. Acy does not show
the ability to reduce metHb. Both GSH and Hcy showed
the effective suppression of metHb formation to 70 and
60%, respectively, of the initial rate of metHb formation
for the Hb solution without reductants (Table 1). Con-
sidering the balance of the Cys contribution toward
metHb reduction and autoxidation by oxygen, it is
postulated from Figure 4 that the generation of active
oxygens such as O2

- and H2O2 during the autoxidation
of Cys would adversely convert Hb to metHb because the
autoxidation rate is high (Misra, 1974). This has been
confirmed by the addition of superoxide disumutase
(SOD) and catalase with Cys, after which the rate of
metHb formation dramatically decreased from 7.5 to 0.9
M-1 min-1 (Table 1). This addition effect is due to the
quenching of the active oxygens such as O2

- and H2O2

generated from Cys. On the other hand, Hcy and GSH
showed the effective suppression of metHb formation
because their low rates of autoxidation exceed the low
rate of metHb reduction. The fact that the rate of metHb
formation slightly decreased from 0.7 to 0.6 M-1 min-1

even in the presence of SOD and catalase was supported.
GSH showed a suppressive effect of metHb formation
lower than that of Hcy; however, the effect was main-
tained for a longer time than that of Hcy because GSH
is less reactive. The above-mentioned results suggest
that it is important to consider both the metHb reduction
and the autoxidation of the reductants. Because the
metHb concentration to be reduced by reductants is small
at the initial stage, most of the reductants should be
autoxidized accordingly. A suitable reductant should
possess a small rate of autoxidation but a high efficiency
of metHb reduction. This can be expressed from k2app/
k1app, and its order is Acy > Cys > GSH > Hcy (Table 1).
From the above results, we selected Hcy as a reductant
in HbV to effectively suppress metHb formation.
In order to determine the appropriate concentration

of Hcy in the inner Hb solution of HbV, the rate of metHb
formation was studied for Hb solutions with various Hcy
concentrations. The results are shown in Figure 5. The
rate of metHb formation decreases with increasing Hcy
concentration and then shows a minimum at around
5-10 mM. In the high Hcy concentration region, the
active oxygens generated by the autoxidation of Hcy
should accelerate metHb formation, and this effect
exceeds the effect of metHb reduction. Therefore, an Hb
solution containing 5 mM Hcy was used for encapsula-
tion. However, in the presence of SOD and catalase, the
decrease in the metHb percentage was observed for the
higher concentration of Hcy because the active oxygens
from the autoxidation of Hcy would be diminished by
SOD and catalase. In this case, over 10 mM Hcy is
effective, and the rate of metHb formation was 0.1%/h
at 37 °C. There is no significant difference between the
SOD- and catalase-coadded system and the catalase-
added one, indicating that Hcy does not generate O2

- but
H2O2.
Effect of Hcy and Catalase on the MetHb Forma-

tion in HbV in Vitro. The metHb formation in HbV
containing 5 mMHcy was studied in vitro at a PO2 of 143
Torr and 37 °C, and the metHb content was 23% after
24 h (Figure 6, ]). This rate was 60% of the rate in the
case of HbV without Hcy (35% after 24 h). As for the
modified Hb solutions, chemical modification sometimes
decreases the stabilization of Hb against oxidation; e.g.,
polymerized Hb shows 80% metHb after 24 h (Quebec &
Chang, 1995). The advantage of HbV is coencapsulation

Figure 2. (a) Representative visible spectral change of metHb
after the addition of thiol (Acy, 63 mM) under anaerobic
conditions [[metHb] ) 8 µM in HEPES buffer (50 mM, pH 7.0)].
(b) Kinetic analysis of metHb reduction rates [[metHb] ) 10
µM, [thiols] ) 20-60 mM in HEPES buffer (50 mM, pH 7.0)]:
(O) Cys, (4) Hcy, (0) GSH, (b) Acy, and ([metHb]int) initial
concentration of metHb.
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of various reagents without the chemical modification of
Hb. It was also confirmed by study in vivo (20%
overdose). The rate of metHb of HbV containing 5 mM
Hcy was 50% after 24 h, which is 60% lower than that of
HbV without Hcy in vivo (83% after 24 h). Therefore,
the coencapsulation of Hcy is expected to show high
efficiency.
When H2O2 was progressively added to the HbV

suspension, the metHb percentage increased in response
to the addition (Figure 7). H2O2 easily diffuses through

the bilayer membrane and generates hydroxyl radicals
by a Fenton reaction in the presence of a trace amount
of free iron inside the HbV (Gutteridge, 1986). They
convert Hb to metHb. However, the addition of H2O2 to
the Hb solution purified by dialysis does not induce the
metHb formation because of the absence of free iron or
heme. This indicates that, even though the highly
purified Hb solution was used for HbV preparation, a
small amount of free ion or heme would be released from
Hb during the preparation of HbV by extrusion. On the
other hand, HbV coencapsulated with catalase did not
show such a response to H2O2 addition and maintained
a low metHb content (Figure 7), indicating that catalase
in HbV diminishes not only H2O2 generated from Hcy
oxidation but also H2O2 invading from the outer phase
through the bilayer membranes
Effect of Hcy and Oxygen Partial Pressure on the

MetHb Formation of HbV in Vivo. After the intra-
venous injection of HbV into rats at a 20 vol % overdose,
the rate of metHb formation was about twice as high in
comparison with that measured under physiological
conditions in vitro at a PO2 of 142 Torr (Figure 6).

Table 1. Dissociation Constants (pKa) and Rate Constants of Elemental Reactions of Thiols and Their Influence on the
Rate of MetHb Formationa

d[metHb] d[metHb]
thiol pKa

b,c
metHb reduction
k1app (M-1 min-1)

thiol oxidation
k2app (M-1 min-1) k2app/k1app dtt)0 (M min-1) dtt)0 (M min-1)

L-cysteine (Cys) 8.15 1.0 5.4 5.4 7.5 0.9
glutathione (GSH) 8.56 0.15 0.37 2.5 0.9 -
homocysteine (Hcy) 8.70 0.78 1.7 2.2 0.7 0.6
N-acetylcysteine (Acy) 9.52 0.11 0.73 6.6 1.3 -
control - - - - 1.2 -
a [Hb] ) 6.2 mM. [thiol] ) 10 mM. [PLP] ) 18.6 mM in HEPES buffer (50 mM, pH 7.0). PO2 ) 142 Torr at 37 °C.

b
R COO–

SH

NH3
+ R COO–.NH3

+

S–
pKa

c Friedman et al. (1965). d With SOD/catalase.

Figure 3. Relationship between the hydrogen partial charge
of the mercapto group and the rate constants of metHb reduction
(k1app) and thiol oxidation (k2app): (4) glutathione (GSH), (0) DL-
homocysteine (Hcy), and (O) L-cysteine (Cys).

Figure 4. Time course of the metHb percentage in an Hb
solution. [Hb] ) 6.2 mM, [thiols] ) 10 mM, and [PLP] ) 18.6
mM, in HEPES buffer (50 mM, pH 7.0) with PO2 ) 142 Torr:
(O) Cys, (2) Hcy, (b) GSH, (4) Acy, and (0) without thiols.

Figure 5. Influence of the concentration of Hcy on the rate of
metHb formation in Hb solution ([Hb] ) 5.1 mM, [PLP] ) 15.3
mM, pH 7.4, PO2 ) 142 Torr, and 37 °C): (O) without catalase,
(0) with catalase, and (4) with SOD/catalase.

Figure 6. Time course of the metHb percentage of HbV in vitro
(]) at PO2 ) 142 Torr and 37 °C and in vivo after 90 vol %
exchange transfusion or 20 vol % overdose into anesthetized
Wistar rats ([Hcy] ) 5 mM, [SOD] ) 103 units/mL, and
[catalase] ) 105 units/mL): 20 vol % overdose with ([) HbV
without Hcy, (O) HbV with Hcy, (4) HbV with Hcy and catalase,
and (0) HbV with Hcy and SOD/catalase, and 90 vol % exchange
transfusion (b).

Figure 7. Time course of the metHb percentage of HbV after
the stepwise addition of H2O2 ([Hb] ) 0.78 mM, [catalase] )
105 units/mL, and 3.1 mM of H2O2 was added after 0, 60, 120,
and 180 min).
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Furthermore, at a 90% exchange transfusion, the rate
was four times as high. Though the coencapsulation of
active oxygen scavengers such as SOD and catalase is
thought to suppress metHb formation, the coencapsula-
tion had a little effect on metHb suppression in vivo. This
indicates that the main reason of the difference in the
data between in vitro and in vivo would be due to the
ratio of deoxyHb which is oxidized more easily than
oxyHb if the appropriate reductant like Hcy is used in
the appropriate amount, and the injection amount is 20
vol %. This can be supported by the fact that the addition
of H2O2 did not accelerate metHb formation as shown in
Figure 7.
The influence of PO2 on the rate of metHb formation in

HbV was studied and is shown in Figure 8. The rate
increases with decreasing PO2. After showing a maximum
at a PO2 of 23 Torr, the rate decreases to zero at a PO2 of
0 Torr. It was reported that deoxyHb, to which H2O was
weakly coordinated, reacted with oxygen to form metHb
more rapidly than did HbO2 (Brantley et al., 1993).
When PO2 is higher than 100 Torr, the rate of metHb
formation is constant because the degree of oxygen
saturation is ca. 100%. The increase in the rate of
metHb formation at a PO2 lower than 100 Torr is due to
the increase in the amount of the more reactive deoxyHb.
The subsequent decrease is due to the lower oxygen
concentration which reacts with deoxyHb. The rate at
the maximum was almost the same as that in vivo as
shown in Figure 6. During blood circulation, HbV is
continuously exposed to different PO2s. Usually, PO2 in
arterial blood and mixed venous blood is estimated to be
100 and 40 Torr, respectively. That in tissue capillaries
is estimated to be 25-30 Torr. Therefore, the reason to
accelerate the metHb formation of HbV in vivo would be
due to the increased ratio of deoxyHb at a lower PO2.
There have been some papers which report the PO2

dependence on the rate of metHb formation in Hb
solutions (Levy et al., 1988; Mansouri & Winterhalter,
1973). Of course, active oxygens, including nitric oxide,
would cause metHb formation under more severe condi-
tions such as a 90% exchange transfusion or hemorrhagic
shock. In this case, coencapsulation of SOD and/or
catalase would be effective.
From these results, it is apparent that the generation

of active oxygens from Hb autoxidation is low when the
purity of Hb is high. Because the active oxygens are
generated from the autoxidation of reductants, reduc-
tants should be selected for a low autoxidation rate. In
this sense, Hcy should be the best reductant for HbV.
The autoxidation of Hcy in vivo should be slower than
that in air because of the low oxygen partial pressure in
vivo. Therefore, the higher rate of metHb formation
during blood circulation was effectively suppressed by the
addition of Hcy.
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Basic Studies on Heterobifunctional Biotin-PEG Conjugates with a
3-(4-Pyridyldithio)propionyl Marker on the Second Terminus

Karl Kaiser, Markus Marek, Thomas Haselgrübler, Hansgeorg Schindler, and Hermann J. Gruber*

Institute of Biophysics, J. Kepler University, Altenberger Strasse 69, A-4040 Linz, Austria. Received
February 14, 1997X

Heterobifunctional poly(ethylene glycol) (PEG) derivatives with a biotin terminus have been
synthesized and characterized with respect to avidin binding. Unambiguous measurement of biotinyl
and pyridyldithiopropionyl end groups was established by selecting suitable assays and introducing
necessary modifications. Functional studies on the binding of biotin-PEG conjugates to avidin
tetramers revealed much similarity to known biotin-spacer-peptide conjugates with 7-27 atom
spacers: dissociation kinetics of the initially formed 4:1 complexes were multiexponential, the complex
with 2 ligands per avidin dissociating rather slowly with half-times of ∼2 days at 25 °C. The observed
stability of 3:1 and 2:1 complexes with avidin is particularly significant since it allows exploitation of
the additional advantages of PEG spacers, i.e. reduced steric strain in biotin-avidin-biotin bridges,
reduced nonspecific adsorption of biotinylated probes and markers, and, especially, uncomparable
fluorescence intensities of biotin-PEG-fluorophore conjugates as is demonstrated in the accompanying
study (second of three papers in this issue).

INTRODUCTION

Avidin-biotin technology is an indispensable tool in
modern bioscience (Wilchek and Bayer, 1990a). In most
bioanalytical applications a probe molecule (antibody,
hormone, etc.) is connected to a marker molecule (fluo-
rophore, marker enzyme, nanogold, etc.) by a biotin-
avidin-biotin (B-A-B)1 bridge or a B-A bridge, and
analogous configurations occur in biochemical and bio-
technological applications (Wilchek and Bayer, 1990b).
In any case, biotin residues must be covalently linked to
markers and/or probes. Such biotin derivatives, however,
regularly showed greatly reduced affinities for avidin/
streptavidin, due to steric hindrance (Finn et al., 1980;
Lavielle et al., 1983; Romovacek et al., 1983), yet high
affinity and metastability of avidin-biotin interaction
could be restored when 7-27 atom spacers were intro-
duced between biotin and peptid hormones (Finn et al.,
1984; Finn and Hofmann, 1985) or fluorophores (Chu et
al., 1994; Schray et al., 1988).
Besides local strain of the avidin-biotin interaction,

two other types of steric hindrance are to be expected
in B-A-B and in B-A bridges between probes and
markers: First, the four biotin binding sites on avidin/

streptavidin are organized in two pairs on opposite sides
of the receptor protein (Green et al., 1971), and steric
repulsion between adjacent biotinylated probes/markers
allows the exploitation of only one site per pair in practice
(Green, 1990). Second, the recognition site of a biotin-
lylated probe molecule (e.g. an antibody) will frequently
be impaired upon B-A-B or B-A bridge formation,
especially when using large markers. Such long-range
steric hindrances will not be relieved by 7-27 atom
spacers, and longer spacer chains are desirable.
PEG spacers appear as ideal candidates to further

optimize avidin-biotin technology: (i) Any chain length
can be chosen for the long-range separation of probe,
avidin/streptavidin, and marker. (ii) The well-known
flexibility of the PEG chains will further reduce steric
interaction of all interconnected elements. (iii) As an
additional benefit, PEG chains will not increase but
decrease nonspecific binding of attached markers (e.g.
fluorophores), due to their antiadsorptive behavior (Lim
and Herron, 1992).
The crucial criterion for the usefulness of biotin-PEG

conjugates was the unknown magnitude of PEG-PEG
repulsion in complexes of avidin with four, three, or two
biotin-PEG conjugates. To solve this question, we have
synthesized heterobifunctional biotin-PEG conjugates
with a reliable chromogenic marker and tested for
stoichiometry and stability of avidin binding. The results
demonstrated the potential of heterobifunctional biotin-
PEG conjugates.

EXPERIMENTAL PROCEDURES2

Materials. P.a. grade materials were used as far as
commercially available. Affinity-purified avidin was
prepared as described (Fudem-Goldin and Orr, 1990) or
obtained from Sigma (A-9271). Biotin, Boc2O, DACA,
2,2′-dithiodipyridine, 3-mercaptopropionic acid, NHS, and
2-thiopyridone were obtained from Sigma. Biotin-NHS
was prepared as described (Wilchek and Bayer, 1990c).
4,4′-Dithiodipyridine and 4-thiopyridone were obtained

* Author to whom correspondence should be addressed [tele-
phone +43 (732) 2468-9271; fax +43 (732) 2468-822; e-mail
hermann.gruber@jk.uni-linz.ac.at].

X Abstract published in Advance ACS Abstracts, June 15,
1997.

1 Abbreviations: ANS, 2-anilinonaphthalene-6-sulfonic acid;
B-A bridge, biotin-avidin bridge; B-A-B bridge, biotin-
avidin-biotin bridge; biotin, biotinoyl group; biotin-NHS, suc-
cinimidyl ester of biotin; Boc2O, di-tert-butyl pyrocarbonate;
Boc-, tert-butyloxycarbonyl group; DACA, p-(dimethylamino)-
cinnamaldehyde; DMF, N,N-dimethylformamide; DTSP, 3,3′-
dithio(succinimidylpropionate); DTT,1,4-dithiothreitol; EDTA,
ethylenediamine-N,N,N′,N′-tetraacetic acid; Et3N, N,N,N-tri-
ethylamine; 2-ME, 2-mercaptoethanol; NH2-PEG800-NH2, O,O′-
bis(2-aminopropyl)poly(ethylene glycol) 800; NH2-PEG1900-NH2,
O,O′-bis(2-aminopropyl)poly(ethylene glycol) 1900; NHS, N-
hydroxysuccinimide; PDP, 3-(4-pyridyldithio)propionyl group;
PDP-OH, 3-(4-pyridyldithio)propionic acid; PEG, poly(ethylene
glycol); RT, room temperature; SPDP, N-succinimidyl 3-(2-
pyridyldithio)propionate; THF, tetrahydrofuran.

2 Detailed procedures, NMR data, and a systematic compari-
son of different biotin end group assays can be found in the
Supporting Information.
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from Aldrich. 2,2′-Dithiodipyridine, DMF, DTSP, DTT,
Et3N, 2-ME, NH2-PEG800-NH2, and NH2-PEG1900-NH2
were purchased from Fluka. NaCl, methanol, and 2-pro-
panol were obtained from Riedel de Haen. Acetic acid
and chloroform were purchased from Baker. ANS was
obtained from Molecular Probes. Sephadex-based gels
were obtained from Pharmacia. All other materials were
purchased from Merck. Absolute DMF was prepared
according to a standard procedure.
Buffers. Buffer A contained 100 mM NaCl, 50 mM

NaH2PO4, and 1 mM EDTA, adjusted to pH 7.5 with
NaOH. Buffer B contained 100 mM NaCl and 20 mM
sodium acetate, adjusted to pH 4.5 with HCl. Buffer C
contained 0.4 MNa2HPO4, adjusted to pH 11 with NaOH.
Buffer D contained 0.2 M boric acid, adjusted to pH 9.0
with NaOH. Buffer E contained 0.6 M NaH2PO4, ad-
justed to pH 6.0 with NaOH. Polybuffer contained 20
mM citric acid and 20 mM NaH2PO4, adjusted to the
desired pH by addition of HCl or NaOH, as required.
Synthesis of CH3COOH‚NH2-PEG800-NH-Boc. Boc2O

(55 mmol in 50 mL of methanol) was slowly added to
NH2-PEG800-NH2 (55 mmol in 150 mL of methanol) and
stirred overnight. After addition of acetic acid (3 mL)
and toluene, the solvent was removed (60 g of crude
product). Three grams of crude product was purified by
silica chromatography in chloroform/methanol/acetic acid
(90:10:0.1 and 70:30:5), yielding 1.25 g (1.17 mmol) of
product, pure by TLC.
Synthesis of HCl‚NH2-PEG1900-NH-Boc. The pro-

cedure was the same as for the PEG800 homologue except
that ion exchange chromatography was used because of
too much peak tailing on the silica column. Fifty grams
(25 mmol) of NH2-PEG1900-NH2 was reacted with 5.5 g
(25 mmol) of Boc2O, resulting in 53 g of crude product.
Three grams of the crude product was purified by ion
exchange chromatography on SP Sephadex C-25 (sodium
form, using distilled water for loading and washing and
eluting with 20 mM NaCl). After volume reduction and
saturation with NaCl, the product was extracted into
chloroform, evaporated, redissolved with a minimal
amount of methylene chloride, and precipitated with
peroxide-free diethyl ether. Yield ) 0.82 g (0.38 mmol),
pure by TLC.
Synthesis of Biotin-NH-PEG800-NH-Boc. Boc-NH-

PEG800-NH2‚CH3COOH (0.90 g, 0.83 mmol) was reacted
with 0.39 g of biotin-NHS (0.39 g, 1.14 mmol) in absolute
DMF/Et3N for 24 h at RT. Unreacted biotin-NHS was
hydrolyzed with water. After evaporation, the residue
was dissolved in 10 mL of 200 mM Na2CO3 and filtered
through paper. The filtrate was saturated with NaCl,
extracted with methylene chloride, and dried at 1-10 Pa
for 1 h. Yield ) 637 mg (0.51 mmol), pure by TLC.
Synthesis of Biotin-NH-PEG1900-NH-Boc. The pro-

cedure was the same as for the PEG800 homologue: 1.9 g
of Boc-NH-PEG1900-NH2‚HCl (0.90 mmol) was reacted
with 0.46 g of biotin-NHS (1.41 mmol) and 0.22 mL of
Et3N. Yield ) 1.92 g (0.82 mmol), pure by TLC.
Synthesis of Biotin-NH-PEG800-NH2‚HCl. Biotin-

NH-PEG800-NH-Boc (528 mg, 0.42 mmol) was deprotected
in 98% formic acid (4 h at RT). After solvent removal,
the crude product was purified on SP Sephadex C-25 and
isolated in a similar way as HCl‚NH2-PEG1900-NH-Boc
(see above). Yield ) 389 mg (330 µmol), pure by TLC.
Synthesis of Biotin-NH-PEG1900-NH2‚HCl. The

procedure was the same as for the PEG800 homologue:
1.5 g of biotin-NH-PEG1900-NH-Boc (0.64 mmol) was
deprotected, yielding 1.18 g of crude product. Five
hundred milligrams of crude product was purified on SP
Sephadex C-25, yielding 407 mg (178 µmol) of product,
pure by TLC.

Synthesis of Biotin-PEG800-PDP. Biotin-NH-
PEG800-NH2‚HCl (93 mg, 78 µmol) was reacted with 80
mg of DTSP (200 µmol) in 10 mL of peroxide-free THF
plus 50 µL of Et3N under Ar. After overnight stirring,
the solvent was removed. The residue was dissolved in
buffer A (5 mL) and reduced with excess DTT (62 mg,
400 µmol) under Ar. After 15 min, the pH was lowered
to 4.5 with 0.5 M acetic acid and pure biotin-NH-PEG800-
NHCOCH2CH2SH was isolated by gel filtration on Sepha-
dex G-25 in buffer B under Ar.
For synthesis of the final product, 4,4′-dithiodipyridine

(35 mg, 160 µmol) was dissolved in 3.4 mL of 120 mM
HCl and the column fractions containing biotin-NH-
PEG800-NHCOCH2CH2SH were added under Ar. Then
the pH was raised to 4.4 by addition of buffer C (∼0.4
mL). After 15 min of Ar bubbling at RT, the solution
was lyophilized, redissolved in water (8 mL), and filtered
through paper, and pure biotin-PEG800-PDP was iso-
lated by gel filtration on Sephadex in distilled water.
Yield ) 19 µmol according to biotin end group titration,
99% pure by TLC.
Synthesis of Biotin-PEG1900-PDP. Synthetic steps,

procedures, and precautions were the same as for the
corresponding PEG800 derivative (see above): 224 mg of
biotin-NH-PEG1900-NH2‚HCl (98 µmol), 112 mg of DTSP
(280 µmol), and 125 µL of Et3N were reacted in 8 mL of
peroxide-free THF. The resulting disulfide product was
reduced with 430 mg of DTT (2.8 mmol). After acidifica-
tion with acetic acid and chromatography on Sephadex
G-25 M, the void peak (20 mL) containing biotin-NH-
PEG1900-NHCOCH2CH2SH was added to a solution of 220
mg of 4,4′-dithiodipyridine in 2 mL of distilled water plus
220 µL of HCl concentrate. The pH was raised to 4.5 by
addition of buffer C under constant bubbling with Ar.
After 15 min, the mixture was lyophilized, redissolved
in water, and filtered, and the filtrate was subjected to
gel filtration in water as above, yielding 39 µmol of
biotin-PEG1900-PDP in the void peak, 99% pure by TLC.
Synthesis of 3-(4-Pyridyldithio)propionic Acid.

3-Mercaptopropionic acid (4.25 mmol; dissolved in 20 mL
of methanol plus 1 mL of acetic acid) was slowly added
to a solution of 4.36 mmol of 4,4′-dithiodipyridine in
methanol/water/acetic acid (10 mL:10 mL:2 mL) at -10
°C, whereupon highly pure product precipitated. The
crystals were successively washed with methanol/water/
acetic acid, with THF, and with ethyl acetate. Drying
gave 2.72 mmol of PDP-OH, pure by TLC (in chloroform/
methanol/acetic acid, 70:30:0.1). The original motivation
had been the synthesis of succinimidyl 3-(4-pyridyldithi-
o)propionate, in analogy to the commercially available
cross-linker SPDP. Unfortunately, the formation of
succinimidyl ester was always accompanied by rapid
decomposition of the 4-pyridyldithio group, the main
reason being the poor solubility of the free carboxylic acid
under the conditions of any known method of succinim-
idyl ester formation. In the present study the pure
crystalline PDP-OH served as an ideal standard for the
determination of ε324 of 4-thiopyridone, which is released
upon addition of a slight excess of a mercaptan such as
2-ME (4.5 < pH < 6.5).
Quantitative Assay for 3-(4-Pyridyldithio)propio-

nyl Groups. PDP groups were determined by quantita-
tive release of 4-thiopyridone upon reduction with 2-ME.
Typically, 300 µL of sample (containing <40 µM PDP
groups in water or buffer A) was mixed with 1.2 mL of
buffer E, and 25 µL of 2-ME reagent was added from an
Eppendorf Multipette. Absorbance was read at 324 nm
against a reagent blank. The 2-ME reagent contained
0.5 M 2-ME (3.50 mL per 50 mL) and 5 mM acetic acid
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(14.3 µL per 50 mL) in distilled water. It could be stored
at 4 °C at ambient atmosphere for several weeks without
losing activity or producing increasing background ab-
sorbance at 324 nm, in contrast to DTT. Moreover,
reaction kinetics with DTT are not as instantaneous as
with 2-ME and a gas mask is required when using DTT
(but not 2-ME) for this type of assay to prevent severe
irritation (noticed by all personnel after several hours of
exposure). PDP terminus concentrations were calculated
from A324 by assuming a molar extinction coefficient of
24 000 M-1 cm-1, as argued under Results.
Quantitative Assay for Biotin End Groups. A

published fluorescence assay for avidin-biotin interac-
tion (Mock and Horowitz, 1990) was modified. Typically,
2 mL of buffer A containing 2 µM affinity-purified avidin
was mixed with 25 µL of 5 mM ANS in DMSO, and
fluorescence was monitored at 328 nm excitation (slit )
10 nm) and 408 nm emission (slit ) 10 nm). Refined
protocols can be found in the Supporting Information.
Quantitative Assay for Empty Biotin Binding

Sites in Avidin Partially Occupied with Biotin-
PEG-PDP. Solutions with partially saturated avidin
were obtained from gel filtrations in the course of binding
studies (see below) and usually contained <1 µM unoc-
cupied receptor sites. Two milliliters of such a solution
was mixed with 25 µL of 5 mM ANS, and ANS fluores-
cence was monitored during titration with 5-10 µL
aliquots of exactly 40 µM d-biotin standard as described
above.
Gel Filtration Assay for Binding of Biotin-PEG-

PDP to Avidin. To test for metastable binding of
biotin-PEG-PDP to avidin, 0.5 mL samples of buffer A
containing 50 µM “functional” avidin (as determined by
titration with d-biotin while monitoring ANS fluores-
cence, see above) and various amounts of biotin-PEG-
PDP were incubated for 1 h at 25 °C and subjected to
gel filtration on a 1 × 48 cm column of Sephadex G-100
at RT. Samples were loaded rather quantitatively by
rinsing the loading reservoir with another 200 µL of
buffer A. Elution was at 0.25 mL/min with buffer A;
fractions were collected at 5 min intervals. All fractions
were assayed for PDP group concentrations as described
above. From the resulting PDP profile the “avidin peak”
and the “free PEG peak” could be identified to pool
corresponding fractions (see Figure 3).
Total avidin in the peak was determined from A282

using the known absorbance of 1.54 at 1 mg/mL of avidin
and the molecular mass 67 000 g/mol (Green, 1990) and
correcting for the functional purity of 98-99% as deter-
mined by the ANS fluorescence method (which always
confirmed batch specifications by Sigma). It was also
demonstrated that gel filtration did not change the
functional purity of avidin in control runs without ligand.
Empty receptor sites on partially occupied avidin were
assayed as described above.
PDP group concentrations in the “avidin peak” and in

the “PEG peak” were determined as described above.
Biotin terminus concentrations in the PEG peak were
determined according to the “mixed ANS titration method”
described above.
All assays on pooled peaks were done in triplicate.

Free d-biotin, free PDP-OH, or free 4-thiopyridone was
never observed at the elution volume typical for small
volumes, in spite of routine checks.

RESULTS2 AND DISCUSSION

Synthetic Route to Biotin-PEG-PDP. The start-
ing materials NH2-PEG800-NH2 and NH2-PEG1900-NH2
contained sizable fractions with one or no primary amino
group, as judged from TLC in chloroform/methanol/acetic

acid and from chromatrography on SP Sephadex C-25
with salt gradient elution. The sequence of steps in
Scheme 1 was devised to get rid of these impurities and
to arrive at maximum purity of biotin-PEG-PDP. The
mono-Boc derivative collected from the first SP Sephadex
C-25 column was still contaminated with monoamine
impurities from the starting materials, and these amines
were also biotinylated in the following step. However,
after deprotection of biotin-NH-PEG-NH-Boc only the
correct product biotin-NH-PEG-NH2‚HCl was retained
on SP Sephadex C-25.
Having arrived at pure heterobifunctional biotin-NH-

PEG-NH2‚HCl, it was essential to prevent deterioration
of end group purity because further product isolations
on Sephadex G-25 only selected for PEG derivatives as
opposed to small molecules but not for PEGs with
different end groups. It was, therefore, necessary (i) to
provide for quantitative end group conversion in every
subsequent step and (ii) to prevent NH2 or SH oxidation
by rigorous application of Ar atmosphere, especially for
the switch to basic reaction conditions. Consequently,
it was possible to synthesize biotin-PEG800-PDP and
biotin-PEG1900-PDP with exactly 1 biotin residue on
each chain and with 96% or 89%, respectively, of the
expected PDP group contents. Such heterobifunctional
purity favorably compares with the 15% PDP group
content of CH3-O-PEG-NH-PDP recently synthesized
according to a different procedure (Woghiren et al., 1993).
The overall yields of biotin-PEG-PDP could certainly

be optimized if larger amounts of such products are

Scheme 1. Synthesis of Biotin-PEG800-PDP and
Biotin-PEG1900-PDP
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desired. The main losses occurred during the two filtra-
tion steps (after reaction with DTSP and after lyophiliza-
tion/redissolution in the final step) in which product was
probably occluded in the precipitates formed by excess
of reagents and/or byproducts. However, the primary
goal of the present study was successfully reached, i.e.
to arrive at biotin-PEG-PDP with sufficient purity for
the functional experiments reported below.
Use of 3-(4-Pyridyldithio)propionyl as a Marker

for Biotin-PEG Elements. PDP groups are well-
known and widely used for specific coupling to free SH
groups (Carlsson et al., 1978; Woghiren et al., 1993). Of
course, it is implied that biotin-PEG-PDP should be
useful to attach biotin-PEG elements to biomolecules
with SH groups. For the purpose of this study, however,
the PDP group was strictly viewed as a stoichiometric
marker for biotin-PEG conjugates. The special advan-
tage of the PDP group lies in the fact that the chro-
mophoric marker is not the PDP group itself but free
4-thiopyridone, which is released from the PDP group
after thiol addition (Grassetti and Murray, 1967), thereby
eliminating any unpredictable influence of the PEG chain
upon the UV-vis absorbance of a covalently attached
chromophore. Such an influence has indeed been ob-
served in subsequent studies with some biotin-PEG-
dye conjugates (see the second of three papers in this
issue). While the need for PDP cleavage required much
pipetting (e.g. to measure the PDP profiles in Figure 3),
the payoff was the unambiguous quantitation of biotin-
PEG conjugates, whether bound to avidin or not.
The 4-pyridyldithio group was far more attractive than

the 2-pyridyldithio function because of its much higher
UV absorbance after cleavage (Grassetti and Murray,
1967). Unfortunately, conflicting values have been given
in the literature for the molar extinction coefficients of
4- and 2-thiopyridone (Carlsson et al., 1978; Grassetti
and Murray, 1967; Jou et al., 1983; Leserman et al.,
1984). Figure 1 shows a re-examination, as well as the
pH dependence of, the UV absorbance of 4- and 2-thi-
opyridone.
For 4-thiopyridone, ε324 ) 24 000 M-1 cm-1 was ob-

tained in the plateau region (3.5 e pH e 6.5). In parallel,
25 300 and 22 500 M-1 cm-1 were measured for 4-thi-
opyridone released from known concentrations of 4,4′-
dithiodipyridine and from newly synthesized PDP-OH,
respectively. Thus, the values from all available stan-

dards closely agreed, and the average value ε324 ) 24 000
M-1 cm-1 was chosen for determination of PDP concen-
trations.
The UV absorbance of 2-thiopyridone was re-examined

by DTT-induced cleavage of 2,2′-dithiodipyridine prepa-
rations from Fluka and Sigma and of crystalline 3-(2-
pyridyldithio)propionic acid synthesized in the course of
a preceding study (Haselgrübler et al., 1995). Obtained
values for ε343 were 8040, 8050, and 8150 M-1 cm-1,
respectively. The pH profile was measured with 2-thi-
opyridone from Sigma, which initially gave 8600 M-1

cm-1 in the plateau region (pH e7.5) when 100% purity
was assumed. The plateau in Figure 1 was set to 8080
M-1 cm-1 to compensate for impurities and to comply
with the best possible estimate.
Figure 1 shows that the less common 4-isomer of the

PDP group is a 3-fold better chromogenic marker than
the 2-isomer, but knowledge of pH dependence is even
more critical because absorbance becomes pH-dependent
at pH g6.5, rather than at pH g7.5, respectively.
Fortunately, cleavage of the 4-isomer by DTT or 2-ME
under typical assay conditions is rapid or instantaneous,
respectively, even at pH 6.0 (data not shown).
Quantitative Determination of Biotin End Group

Content. As shown below, the functional characteriza-
tion of biotin-PEG-PDP required accurate determina-
tion of the PDP marker functions, as well as of the biotin
termini. In a systematic investigation2 the ANS assay
(Mock and Horowitz, 1990) was found to yield unambigu-
ous results if complete titrations were performed, as
shown in Figure 2. In the absence of a biotin derivative
() ligand) the pseudoligand ANS weakly binds to all four
functional biotin binding sites on avidin, resulting in high
ANS fluorescence. Successive addition of d-biotin (solid
squares, calibration), biotin-PEG1900-PDP (open circles),
or biotin-NH-PEG1900-NH2‚HCl (open triangles) results
in displacement of weakly bound ANS, with concomitant
loss of ANS fluorescence. The breakpoint unequivocally
corresponds to saturation of avidin with exactly 4 biotin
derivatives per functional avidin tetramer. Such titration
method is very robust, i.e. insensitive to the second
functional group on the PEG chain, because only the
breakpoint in the titration profile and not the magnitude
of the fluorescence signal is used for quantitative evalu-
ation. Thus, even intensely colored biotin-PEG-fluo-
rophore conjugates could be characterized according to

Figure 1. pH dependence of molar extinction coefficients of 4-
and 2-thiopyridone. To 2 mL of polybuffer with the indicated
pH value was added 50 µL of 2 mM 4-thiopyridone or 2-thiopy-
ridone (in water), and A324 or A343, respectively, were read
against a water reference. Background absorbance of relevant
reagent blanks was subtracted.

Figure 2. Demonstration of 4:1 stoichiometries in saturated
complexes of biotin-PEG conjugates with avidin. Avidin with
99% functional purity was titrated with known solutions of
d-biotin (9), biotin-NH-PEG1900-NH2‚HCl (O), or biotin-PEG1900-
PDP (4). The latter two curves were displaced by +10 and +20
fluorescence units, respectively, to improve legibility of the plot.
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this method (see the second of three papers in this issue).
The same biotin end group contents as with the ANS
assay were also found with other methods,2 albeit less
clear-cut and with much less convenience.
Assessment of Purity of Heterobifunctional Bi-

otin-PEG-PDP Conjugates. For a final assessment
the following findings had to be taken into account: (i)
The biotin/PDP ratios in biotin-PEG800-PDP and in
biotin-PEG1900-PDP were 100:96 and 100:89, respec-
tively, when assayed as described above. (ii) All biotin
and PDP termini were covalently linked to PEG mol-
ecules since they coeluted in the void volume of Sephadex
G-25 in the final synthetic step (see Experimental
Procedures). (iii) According to TLC, both the immediate
precursors and the two products were homogeneous, by
all specific staining criteria.2 (iv) Most importantly, the
“bindability” of biotin-PEG800-PDP and biotin-PEG1900-
PDP toward slight excess of avidin was g99%, while
nothing was bound to avidin preblocked with d-biotin (see
Figure 3). Taken together, the data consistently indicate
that every PEG chain had exactly one biotin terminus,
while the slight imperfection on the PDP side may in part
be due to residual uncertainty about ε324 of 4-thiopyridone
and/or a small percentage of symmetric disulfides (bi-
otin-NH-PEG-NHCOCH2CH2S]2).
Proof of 4:1 Stoichiometry and Measurement of

Metastability in the Complex of Avidin with Bi-
otin-PEG-PDP. The main idea of this study was to
test whether four biotin-PEG conjugates can bind to
avidin tetramers in a stoichiometric way, in spite of

possible PEG-PEG repulsion, and how stable such
complexes would be. This implied the use of 98-99%
functionally pure avidin tetramers for all relevant stud-
ies. The ANS assay (Figure 2) clearly demonstrated that
biotin-NH-PEG1900-NH3

+ Cl- (open triangles) and bi-
otin-PEG1900-PDP (open circles) bind to intact avidin
tetramers in the same 4:1 ratio as does d-biotin (solid
squares) under equilibrium conditions.
Metastability and specificity of binding was tested by

gel filtration on Sephadex G-100 (Figure 3), by which
three well-resolved peaks were obtained for avidin, for
free PEG molecules, and for small molecules (see Figure
3B and legend to Figure 3). Speaking in the terminology
of receptor pharmacologists, we tested for “bindability”,
“saturation”, and “displacement”.
Bindability was 1 because all PDP marker groups

comigrated with avidin at excess of receptor sites/ligands
(traces a-c in Figure 3A).
Saturation was tested at excess of ligand/receptor sites

(traces d-f in Figure 3A). As expected, a constant
amount of PDP marker groups comigrated with avidin,
while the variable excess of PDP markers was eluted at
the position of free PEG molecules.
Quantitative evaluation of ligand/avidin stoichiometry

after gel filtration is shown in parts A and C of Figure 4
for biotin-PEG1900-PDP and biotin-PEG800-PDP, re-
spectively. As expected, avidin appeared to be occupied
by almost 4 ligands/tetramer when judged by measure-
ment of occupied and empty binding sites (solid circles).
In contrast, maximum ligand binding appeared to be only
∼3 (open circles) when PDP markers per avidin were
counted. Obviously, PDP markers had been lost during

Figure 3. Chromatography of avidin complexes with biotin-
PEG1900-PDP on Sephadex G-100: (A) loaded samples con-
tained 1, 2, 3, 6, 8, or 10 ligands per avidin tetramer, yielding
PDP profiles a, b, c, d, e, or f, respectively; (B) control of
nonspecific binding and of column performance. Avidin (s, A282)
had been blocked with d-biotin (177 mol/mol of avidin) before
the usual incubation with biotin-PEG1900-PDP (- - -, PDP
profile, A324 after thiopyridone release) and chromatography. In
a parallel run, 0.5 mL of 4 mM NaN3 was eluted (‚ ‚ ‚) to mark
the peak of small molecules. Virtually identical results (as
shown in panels A and B) were seen in fully equivalent series
with biotin-PEG800-PDP except that the free PEG800 derivative
eluted slightly later than the free PEG1900 derivative, yet the
PEG800 peak was still well resolved from the salt peak marked
by NaN3.

Figure 4. Stoichiometric ratios of biotin-PEG-PDP/avidin
after chromatography on Sephadex G-100: (A) binding of
biotin-PEG1900-PDP to avidin [eluted avidin peaks from Figure
3 were analyzed for occupied sites/avidin (b) or for PDP
markers/avidin (O; before plotting, the numbers were multiplied
by 100/89 to account for those 11% of PEG1900 molecules which
had a biotin end group while lacking the PDP terminus)]; (B)
“biotin” groups in the total chromatograms of Figure 3 were
calculated by adding the number of occupied sites on avidin to
the number of biotin groups seen in the PEG1900 peak (PDP
groups in the total chromatograms of Figure 3 were calculated
by adding the number of PDP markers in the avidin peak to
the PDP groups in the PEG1900 peak; the ratio of total “biotin”/
total PDP is plotted); (C) binding of biotin-PEG800-PDP to
avidin, analogous to panel A (the number of PDPmarkers/avidin
were corrected for those 4% of biotin-PEG conjugates which
lacked the PDP terminus); (D) ratio of “biotin”/PDP in experi-
ments with biotin-PEG800-PDP, analogous to panel B.
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gel filtration, while biotin endings had been retained in
the receptor sites of avidin.
Loss of small PDP fragments could be ruled out by the

absence of small PDP-containing molecules in the Sepha-
dex G-100 chromatograms (see Figure 3A and legend to
Figure 3). Loss of full-sized PEG-PDP elements, how-
ever, was clearly observed because the “free PEG peak”
in Figure 3A always contained an excess of biotin-free
PEG-PDP elements in addition to intact biotin-PEG-
PDP. This excess quantitatively corresponded to the
“missing” PDP markers in the avidin peak. In other
words, the total “biotin” () measured occupied sites in
the avidin peak plus measured biotin groups in the free
PEG peak) nicely fitted with the total eluted PDP
markers within experimental uncertainty (see Figure
4B,D).
The observed phenomenon necessarily means that
∼1/2 or ∼1 mol of PEG-PDP element per mole of avidin
had been lost from saturated complexes with biotin-
PEG1900-PDP (solid circles minus open circles in Figure
4A) or biotin-PEG800-PDP (solid circles minus open
circles in Figure 4C), respectively, and that the missing
biotin termini appeared stuck in their original receptor
site on avidin. Here it seems appropriate to speculate
that PEG chain crowding might provide the driving force
and some nucleophilic group on avidin might provide the
catalysis for “de-biotinylation” of bound biotin-PEG-
PDP. At least, any alternate explanation seems even less
acceptable.
Dissociation kinetics were analyzed over long time

periods as shown in parts A and B of Figure 5 for biotin-
PEG1900-PDP and biotin-PEG800-PDP, respectively.
Mixures (8:1) of ligand/avidin were subjected to active
ligand displacement by adding d-biotin (340 mol/mol of
avidin) at zero incubation time. After the indicated
incubation times (at 25 °C), aliquots were gel filtered on
Sephadex G-100 as before. Recovery of protein and of
biotin-PEG-PDP was almost quantitative (the small
losses being due to imperfect loading). In particular, the

PDP/avidin ratios in the total elution volumes (∼8:1, solid
squares in Figure 5A,B) were equivalent to those of the
loaded samples; that is, no selective adsorption of any
component had occurred. Bound ligands/avidin in the
protein peak were determined from the ratio of PDP
marker groups/avidin (open circles in Figure 5A,B).
The time course of biotin-PEG-PDP displacement by

d-biotin was very similar for biotin-PEG1900-PDP (Fig-
ure 5A) and for biotin-PEG800-PDP (Figure 5B), and
both were apparently biphasic.
The starting point at “zero time” (no addition of

d-biotin) always showed ∼3 PEG-PDP markers bound
per avidin tetramer, mainly due to chemical loss of PEG-
PDP elements (as argued above) and partly due to
physical dissociation of intact biotin-PEG-PDP mol-
ecules during the 1 h elution time.
Displacement by d-biotin of biotin-PEG-PDP from

the 3:1 complex with avidin then proceeded with a half-
times of ∼10 and ∼11 h for PEG1900 and PEG800, whereas
the 2:1 complexes showed much slower dissociation
kinetics, the half-times being ∼44 and ∼48 h, respec-
tively.
Thus, the measured dissociation kinetics of biotin-

PEG conjugates represent no exception to the rule that
biotin derivatives with bulky residues display biexpo-
nential time courses (Finn and Hofmann, 1985; Hofmann
et al., 1982). The longevity of the 2:1 complexes is known
to originate from the actual geometry of the avidin
tetramer: The pairwise arrangement of receptor sites
renders the trans complex with one ligand in each pair
of sites most stable (Green, 1990).
Displacement of biotin-PEG-PDP by excess of d-

biotin was inapplicable for testing the specificity of ligand
binding because complete dissociation would have taken
weeks at room temperature. Instead, avidin was ir-
reversibly blocked by a large excess of d-biotin [dissocia-
tion half-time of 200 days according to Green (1990)]
before addition ofbiotin-PEG-PDP and loading on Sepha-
dex G-100. As shown by the results in Figure 3B, there
was absolutely no nonspecific binding between avidin
(solid lines) and biotin-PEG1900-PDP (dashed lines) or
biotin-PEG800-PDP (equal results, not shown).
Conclusions. The goal of this study was to test the

practical potential of heterobifunctional biotin-PEG
conjugates. Basic steps were to synthesize biotin-PEG-
PDP and to establish analytical procedures for unequivo-
cal counting of biotin and PDP termini in aqueous
samples. Consequently, it was necessary to analyze the
stoichiomety and metastability of avidin binding by such
novel biotin-PEG ligands.
The results showed that avidin indeed binds 4 bioti-

nylated PEG chains per protein tetramer and that the
dissociation kinetics are slow enough to utilize 3:1
complexes (∼10 h half-life) and 2:1 complexes (∼2 day
half-life) in typical applications. Similar biphasic dis-
sociation kinetis and half-lives have been reported for
biotin derivatives with 7-27 atom spacers (Finn et al.,
1984; Finn and Hofmann, 1990; Hofmann et al., 1982).
In the accompanying study with biotin-PEG-fluoro-
phore conjugates it is shown that even 4:1 complexes are
sufficiently stable for the minute time scale of most
applications (see the second of three papers in this issue).
The essential point of the present study, however, does

not depend on any gradual advantage/disadvantage of
PEG spacers as opposed to conventional 7-27 atom
spacers! Most important is the mere fact that biotin-
PEG conjugates are indeed good ligands for avidinsand
thus allow exploitation of all other advantages of PEG
spacers: (i) minimized steric strain on probe molecules
(e.g. antibodies) in B-A-B or B-A bridges, (ii) reduced

Figure 5. Displacement of biotin-PEG-PDP from complexes
with avidin. See text for details.
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nonspecific adsorption of markers (e.g. fluorophores) to
biological specimen, and (iii) virtually unquenched fluo-
rescence in avidin/streptavidin-bound biotin-PEG-fluo-
rophore conjugates, as demonstrated in the accompany-
ing study (see the second of three papers in this issue).
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Biotin-Fluorophore Conjugates with Poly(ethylene glycol) Spacers
Retain Intense Fluorescence after Binding to Avidin and
Streptavidin
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Conventional biotin-fluorophore conjugates with ∼14 atom spacers lose most of their fluorescence
when binding to avidin or streptavidin, as is demonstrated in the present study. This explains the
unusual fact that only biotinylated marker enzymes, but not fluorescent biotins, are regularly used
in bioanalytic assays. Novel biotin-spacer-fluorophore conjugates are presented that retain intense
fluorescence when binding to avidin or streptavidin. Preservation of fluorescence depends upon the
use of poly(ethylene glycol) (PEG) spacers, which are shown not to interfere with biotin function.
The observed absence of nonspecific interactions may also be attributed to the PEG chain. These
novel fluorescent biotins are expected to be excellent new tools in fluorescence microscopy and related
techniques.

INTRODUCTION

Specific detection of immobilized biomolecules is a
standard task in modern bioscience. Generally target
molecules are recognized by specific probe molecules
(antibodies, oligonucleotides, etc.) which are labeled for
detection (Wilchek and Bayer, 1990a). Direct labeling
of a probe with a marker function (fluorophore, enzyme,
etc.) implies an irreversible restriction to a single detec-
tion method. Biotinylation of a probe, however, allows
the use of the same probe in combination with almost
any known detection method because a wide variety of
biotinylated markers or (strept)avidin-marker conju-
gates is commercially available for the postlabeling of
biotinylated probes via biotin-(strept)avidin-biotin
bridges or via biotin-(strept)avidin bridges, respectively
(Wilchek and Bayer, 1988, 1990b).
Fluorescent markers play a pre-eminent role in bio-

analytic assayss; therefore, it seems logical to expect
extensive use of fluorescent biotins. However, conven-
tional biotin-fluorophore conjugates (with ∼14 atom
spacers) lose most of their fluorescence when binding to
(strept)avidin, as is demonstrated in the present study.
This adverse effect explains why only two fluorescent
biotins are commercially availablesand mostly used for
purposes other than postlabeling of biotinlyated probes
(Chu et al., 1994; Schray et al., 1988; Shah et al., 1994).
In the present study a series of novel biotin-spacer-

fluorophore conjugates is presented that retain intense
fluorescence after binding to (strept)avidin. Preservation
of fluorescence depends on the use of PEG1900

1 or PEG800
as spacer elements: The PEG chains minimize dye-dye
and dye-protein interactions, which cause the quenching
in complexes of conventional fluorescent biotins with
(strept)avidin.
While PEG spacers in biotin-PEG-fluorophore con-

jugates are beneficial to the fluorophore function, the
question remained to be answered whether the PEG
spacers would hinder the biotin terminus from binding

to (strept)avidin. In the preceding study with nonfluo-
rescent biotin-PEG conjugates (see the first of three
papers in this issue) it has been demonstrated that 4:1
complexes with (strept)avidin were indeed formed and
that at least three biotin-PEG elements per tetrameric
receptor protein were bound on a time scale of hours. The
present study shows that nearly four biotin-PEG-
fluorophore ligands/protein remain bound on a time scale
of minutes, as is desired in bioanalytic fluorescence
detections.

EXPERIMENTAL PROCEDURES2

Materials. P.a. grade materials were used as far as
commercially available. Affinity-purified avidin and
streptavidin, d-biotin, Boc2O, and DACA were obtained
from Sigma. DMF and Et3N were purchased from Fluka.
NaCl and methanol were obtained from Riedel de Haen.
1,12-diamino-4,9-dioxadodecane was obtained from Ald-
rich. Acetic acid and chloroform were purchased from
Baker. fluorescein-biotin (see footnote 1 for full struc-
ture), ANS, 5-(and 6)-carboxyfluorescein succinimidyl
ester, and 5-(and 6)-carboxytetramethylrhodamine suc-
cinimidyl ester were obtained fromMolecular Probes. Cy3

* Author to whom correspondence should be addressed [tele-
phone +43 (732) 2468-9271; fax +43 (732) 2468-822; e-mail
hermann.gruber@jk.uni-linz.ac.at].

X Abstract published in Advance ACS Abstracts, June 15,
1997.

1 Abbreviations: ANS, 2-anilinonaphthalene-6-sulfonic acid;
biotin, biotinoyl group; biotin-NHS, succinimidyl ester of biotin;
biotin-dode-TMR, 5-(and 6)-[[N-(12-biotinamido-4,9-dioxa-
dodecyl)]aminocarbonyl]tetramethylrhodamine; biotin-NH-
PEG800 or 1900-NH2‚HCl, N-biotinoyl-O,O′-bis(2-aminopropyl)poly-
(ethylene glycol)800 or 1900 hydrochloride; biotin-PEG800 or 1900-
dye, see Scheme 1; biotin-PEG800 or 1900-Flu, see Scheme 1;
biotin-PEG800 or 1900-TMR, see Scheme 1; biotin-PEG800 or 1900-
Cy3, see Scheme 1; biotin-PEG800 or 1900-Cy5, see Scheme 1;
Boc2O, di-tert-butyl pyrocarbonate; Boc, tert-butyloxycarbonyl
group; DACA, p-(dimethylamino)cinnamaldehyde; DMF, N,N-
dimethylformamide; EDTA, ethylenediamine-N,N,N′,N′-tet-
raacetic acid; Et3N, N,N,N-triethylamine; Flu, 5-(and 6)-
carboxyfluorescein residue; fluorescein-biotin, 5-[[N-[5-[N-[6-
(biotinoyl)amino]hexanoyl]amino]pentyl]thioureidyl]fluore-
scein; (strept)avidin, streptavidin and/or avidin; FRET, fluores-
cence resonance energy transfer; NHS, N-hydroxysuccinimide;
PEG, poly(ethylene glycol); RT, room temperature; TMR, 5-(and
6)-carboxytetramethylrhodamine residue.

2 Detailed procedures and NMR data can be found in the
Supporting Information.
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and Cy5 monofunctional dyes (succinimidyl esters) were
purchased from Amersham. Sephadex-based gels were
obtained from Pharmacia. All other materials were
purchased from Merck. Biotin-NHS was prepared as
described (Wilchek and Bayer, 1990c). Absolute DMF
was prepared according to a standard procecdure. Bi-
otin-NH-PEG800-NH2‚HCl and biotin-NH-PEG1900-NH2‚-
HCl were synthesized as described before (see the first
of three papers in this issue).
Buffers. Buffer A contained 100 mM NaCl, 50 mM

NaH2PO4, and 1 mM EDTA, adjusted to pH 7.5 with
NaOH. Buffer B contained 1 mM NaH2PO4 (adjusted to
pH 7.5 with NaOH) and variable NaCl concentrations
(as specified).
Methods. Synthesis of N-Boc-4,9-dioxa-1,12-diamino-

dodecane‚CH3COOH. 4,9-Dioxa-1,12-diaminododecane
(29.4 mmol) in methanol was reacted with 28.4 mmol of
Boc2O under Ar. After addition of toluene and 5 mL of
acetic acid, the mixture was taken to dryness (10.5 g of
crude product). Silica chromatography of 3 g of crude
product in chloroform/methanol/acetic acid mixtures (90:
10:0.1 and 70:30:5) gave 3.20 mmol of product, which was
pure by TLC.
Synthesis of N-Boc-N′-biotin-4,9-dioxa-1,12-diamin-

ododecane. N-Boc-4,9-dioxa-1,12-diaminododecane‚HCl
(1.8 mmol) was reacted with 2.7 mmol of biotin-NHS and
240 µL of Et3N in 10 mL of absolute DMF. Excess biotin-
NHS was hydrolyzed with water. After solvent removal,
the crude product was purified on silica 60 (eluent
chloroform/methanol/acetic acid 120:30:0.5), resulting in
1.11 mmol of product (pure by TLC).
Synthesis of N-Biotin-4,9-dioxa-1,12-diaminododecane‚-

HCl. N-Boc-N′-biotin-4,9-dioxa-1,12-diaminododecane
(1.11 mmol) was deprotected with 98% formic acid, and
the crude product was purified by ion exchange chroma-
tography on SP Sephadex C-25. Salt was removed by
extracting deprotonated product into chloroform. Drying
and lyophilization from dilute HCl gave 0.64 mmol of
product (pure by TLC).
Synthesis of Biotin-dode-TMR. N-Biotin-4,9-dioxa-

1,12-diaminododecane‚HCl (19 µmol) was reacted with
30 µmol of 5-(and 6)-carboxytetramethylrhodamine suc-
cinimidyl ester and 10 µL of Et3N in chloroform under
Ar. TLC showed quantitative labeling of the primary
amine. The mixture was taken to dryness and purified
by chromatography on silica 60 (chloroform/methanol/
water 70:26:4). In spite of using 100 g of silica 60 it was
impossible to remove those two TMR derivatives, which
were already present in the commercial TMR reagent and
whose Rf values were just below (0.45) or above (0.56)
that of the product (0.51). For characterization, TLC
spots were harvested quantitatively, extracted with
chloroform/ethanol/water (10:15:2), clarified by centrifu-
gation, and checked for TMR contents by their UV-vis
spectra. The two byproducts together gave rise to 17%
of the absorption at 550 nm, while the correct main
product contributed with 83% to A550. From determina-
tion of biotin end group contents (by the ANS method,
see below) a similar estimate of purity was obtained (87%
as compared to the TMR group contents estimated from
UV-vis absorption).
Synthesis of Biotin-PEG800-TMR. Biotin-NH-PEG800-

NH2‚HCl (8.4 µmol) was quantitatively labeled with 23
µmol of 5-(and 6)-carboxytetramethylrhodamine succin-
imidyl ester in chloroform/Et3N under Ar. After evapora-
tion, the crude product was gel filtered on Sephadex G-25
in distilled water, yielding 4.8 µmol of biotin-PEG800-
TMR according to biotin end group assay (see below).
Quantitative TLC (as performed with biotin-dode-TMR,

see above) showed that free TMR gave rise to 2% of the
absorption at 550 nm, while the product contributed 98%
to A550.
Synthesis of Biotin-PEG1900-TMR. The procedure

was the same as for the PEG800 derivative. Forty-three
milligrams of biotin-NH-PEG1900-NH2‚HCl (nominally
18.7 µmol, ∼20% water content) was reacted with 36
µmol of 5-(and 6)-carboxytetramethylrhodamine succin-
imidyl ester. Yield ) 12.8 µmol of biotin-PEG1900-TMR
according to biotin end group assay (see below). Quan-
titative TLC (as performed with biotin-dode-TMR, see
above) showed that free TMR gave rise to 3% of the
absorption at 550 nm, while the product contributed 97%
to A550.
Synthesis of Biotin-PEG800-Flu. Twenty-two micro-

moles of biotin-NH-PEG800-NH2‚HCl was labeled with
43 µmol of 5-(and 6)-carboxyfluorescein succinimidyl ester
in DMF/Et3N under Ar. After solvent removal, the
residue was dissolved in chloroform and successively
washed with 200 mMNa2CO3 (saturated with NaCl) and
with dilute acetic acid (saturated with NaCl). The
organic layer was dried, evaporated, redissolved in 2 mL
of 3 mM Na2CO3, and chromatographed on QAE Sepha-
dex A-25 using buffer B with increasing NaCl concentra-
tions. Salt was removed by extraction into chloroform.
Yield ) 18 µmol, pure by TLC.
Synthesis of Biotin-PEG1900-Flu. Fifty milligrams of

biotin-NH-PEG1900-NH2‚HCl (22 µmol) was reacted with
15.5 mg of 5-(and 6)-carboxyfluorescein succinimidyl ester
(33 µmol). The procedure was the same as for the PEG800
homologue, except that 50 mM instead of 150 mM NaCl
in buffer B was used to elute the product from QAE-
Sephadex A-25. Yield ) 12 µmol product, pure by TLC.
Synthesis of Biotin-PEG800-Cy3. Biotin-NH-PEG800-

NH2‚HCl (1.7 µmol) was reacted with one vial of Cy3
monofunctional dye (“reactive dye to label 1 mg of
antibody” according to Amersham) in absolute DMF/
Et3N. After solvent removal, the residue was dissolved
in buffer B and chromatographed on QAE Sephadex
A-25, using 125 mMNaCl in buffer B for product elution.
Yield ) 63 nmol determined from A550 (ε550 ) 150 000
M-1 cm-1 for Cy3 according to Amersham) or 54 nmol
according to biotin end group assay with ANS (see below).
The uncoupled dye was eluted from QAE-Sephadex A-25
with 1 M NaCl and amounted to 74 nmol according to
A550.
Synthesis of Biotin-PEG1900-Cy3. The procedure was

the same as for the PEG800 derivative, except that 0.44
µmol of biotin-NH-PEG1900-NH2‚HCl was reacted, and
75 mM NaCl in buffer B was used for elution from the
ion exchange column. Yield ) 55 nmol determined from
A550 or 52 nmol according to biotin end group assay with
ANS (see below).
Synthesis of Biotin-PEG1900-Cy5. The procedure was

the same as for the corresponding Cy3 analogue, except
that 5 mg of biotin-NH-PEG1900-NH2‚HCl (2.2 µmol) was
reacted with one vial of Cy5 monofunctional dye. Yield
) 55 nmol determined from A647 (ε647 ) 250 000 M-1 cm-1

for Cy5 according to Amersham) or 39 nmol according to
biotin end group assay with ANS (see below).
Quantitative Assay for Biotin End Groups and for

Biotin Binding Sites. A published fluorescence assay for
avidin-biotin interaction (Mock and Horowitz, 1990) was
modified as described before (see the first of three papers
in this issue). Typically, 2 mL of buffer A containing 1
nmol of avidin was mixed with 20 µL of 5 mM ANS, and
∼2 nmol (estimated from UV-vis absorption) of a biotin-
fluorophore conjugate was added to saturate about half
of the receptor sites on avidin. The unoccupied sites were
then titrated with 5 µL increments of exactly 100 µM
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d-biotin in buffer A while the fluorescence of the pseudo-
ligand ANS was monitored at 328 nm excitation (10 nm
slit) and 408 nm emission wavelength (10 nm slit). The
inflection point in the titration curve indicated saturation
of all biotin binding sites (determined by parallel stan-
dardization of the avidin stock solution with d-biotin
alone). Fortunately, none of the biotin-fluorophore
conjugates caused significant background fluorescence
under these assay conditions.
The ANS assay was also used to determine functional

biotin binding sites in avidin stock solutions as described
before (see the first of three papers in this issue), whereas
streptavidin was functionally characterized by titration
with biotin-PEG800-pyrene (see the third of three papers
in this issue) because streptavidin is known not to bind
the pseudoligand ANS (Mock and Horowitz, 1990).
Gel Filtration Assay for Binding of Biotin-PEG-Dye

to Avidin and Streptavidin. Specificity and metastability
of biotin-PEG-dye binding to avidin or streptavidin was
tested by gel filtration as previously described (see the
first of three papers in this issue). Typically, 0.5 mL
samples of buffer A containing 50 µM “functional” avidin
(see above) or 2 µM “functional” streptavidin (see above)
and various amounts of biotin-PEG-dye were incubated
for 1 h at 25 °C and subjected to gel filtration on a 1 ×
48 cm column of Sephadex G-100 at RT. Elution was at
0.25 mL/min with buffer A while fractions were collected
at 5 min intervals. All fractions were assayed for avidin
or streptavidin by A282 (corrected for ε282 ) 0.08ε550 or
0.20ε550 or 0.18ε496 in the case of Cy3-, TMR-, and Flu-
PEG conjugates, respectively) and for dye contents by
UV-vis absorbance at λmax. Molar extinction coefficients
for avidin and streptavidin were taken from the literature
(Green, 1990).
Measurement of Fluorescence in Complexes of Biotin-

PEG-Dye with Avidin and Streptavidin. In a “forward
titration” 2 mL of receptor protein (e80 nM) in buffer A
was titrated with a stock solution of biotin-PEG-dye
(7-15 µM). In the “reverse titration” mode 2 mL of
fluorescent ligand (e320 nM) in buffer A was titrated
with stock solutions of avidin or streptavidin (2-4 µM).
All fluorescence signals were corrected for the small
dilution factors. Time intervals were 3-5 min as re-
quired for equilibration at RT (except for titration of
streptavidin with fluorescein-biotin, for which 10 min
intervals were required). The concentrations of receptor
proteins and ligands refer to biotin binding sites and
biotin termini, respectively, as determined by functional
titrations (see above).

RESULTS

Syntheses of Biotin-Spacer-Dye Conjugates.
The goal of the present study was the identification of
biotin-spacer-fluorophore structures that retain high
fluorescence yield when binding to avidin or streptavidin.
PEG1900, PEG800, and a 14-atom homologue were chosen
as spacers, and the most popular/promising fluorochrome
labels were tested (see Scheme 1).
Biotin-PEG-dyes with anionic fluorophores could be

subjected to ion exchange chromatography, resulting in
homogeneous products as evidenced by TLC. In contrast,
special precautions were necessary to arrive at 97-98%
purity with the zwitterionic TMR derivatives (see Ex-
perimental Procedures). Purity and 1:1 ratios of biotin/
fluorophore end groups were also confirmed by 1H NMR.
Virtually noise-free single-pulse spectra were recorded
at 500 MHz to obtain correct integrals from unsaturated
signals. Moreover, the specific bindability of all biotin-
PEG-dyes to (strept)avidin was close to 100%, as deter-
mined by gel filtration assays (compare Figure 5) which

further excluded the presence of fluorescent molecules
without a biotin terminus.
One short fluorescent biotin (fluorescein-biotin) with

a 14-atom spacer was commercially available. For a more
systematic study a second example was synthesized in
which biotin is linked to TMR via a 14-atom spacer also
(see Scheme 1). In spite of moderate purity the product
fully served its intended role as a poor fluorescent ligand
for avidin and streptavidin (see Figures 2 and 9).
Fluorescence Properties of Biotin-Spacer-Fluo-

rophore Conjugates before/after Binding to Avidin
or Streptavidin. The superiority of novel biotin-PEG-
dyes over conventional fluorescent biotins is demon-
strated in Figures 1 and 2. Short fluorescein-biotin is
highly quenched when binding to avidin (Figure 1B, open
squares) or streptavidin (Figure 1C, open squares), and
the same is true for short biotin-dode-TMR (Figure 2C,
circles). Avidin and streptavidin are tetravalent receptor
proteins for biotin; therefore, the abrupt rise in fluores-
cence at ligand/receptor ratios >4:1 indicates stoichio-
metric binding, and the absence of nonspecific binding
is evidenced by the strictly parallel nature of this linear
rise with the linear dose response in the absence of
receptor protein. Saturation at 4:1 stoichiometry and
absence of further binding were also observed with
biotin-PEG-dyes (see Figures 1, 2A,B, and 3A) except
for the Cy3 derivatives (see Figures 3B,C and 4).
In contrast to short fluorescein-biotin, the long biotin-

PEG1900-Flu showed little quenching when bound to
avidin (Figure 1A). More quenching was observed with
the intermediate conjugate biotin-PEG800-Flu when
bound to avidin (Figure 1B, circles) or streptavidin
(Figure 1C, circles), but the fluorescence signals in 4:1
complexes with receptor protein were still very intense
in comparison to those of short fluorescein-biotin (Figure
1B,C, open squares).
Biotin-PEG-TMR conjugates (Figure 2A,B) differ

from corresponding fluorescein analogues in two as-
pects: The effect of PEG chain length is much less
pronounced, and the fluorescence quenching in the bound
state is increased, reaching ∼50% in the 4:1 complexes
with avidin and streptavidin. Taking into account the
zwitterionic nature of TMR and the smaller Stokes shift
as compared to fluorescein, it is not surprising that self-

Scheme 1. Synthesis and Structure of Biotin-Fluoro-
phore Conjugates
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association and/or self-quenching by FRET will be fa-
vored in TMR. Nevertheless, biotin-PEG-TMR conju-
gates (Figure 2A,B) compare well with short fluorescent
biotins (open squares in Figure 1B,C, circles in Figure
2C).
The dark red-emitting conjugate biotin-PEG1900-Cy5

showed much similarity with biotin-PEG1900-Flu in that
fluorescence was mostly preserved after binding to avidin
(Figure 3A). The small reduction just allowed visualiza-
tion of the 4:1 complex formation.
Best results were obtained with biotin-PEG-Cy3

conjugates (Figures 3B,C and 4). The optimal case is
represented by biotin-PEG1900-Cy3, where fluorophore
performance was virtually independent from binding to
avidin (Figure 3B) while biotin-PEG800-Cy3 seemed
“more than optimal” because binding to avidin enhanced
fluorescence yields above the control values observed in
the absence of avidin (Figure 3C). This enhancement was
further verified by inverse titration of a constant fluo-
rescent ligand concentration with a concentrated avidin
stock solution (Figure 3D). In contrast to avidin, strepta-
vidin caused little increase in the fluorescence of biotin-
PEG800-Cy3 (Figure 4).
Specificity of Biotin-PEG-Dye Binding to Avi-

din and Streptavidin. While emphasizing the out-

standing fluorescence properties of biotin-PEG800-Cy3,
we have so far ignored a puzzling feature of the titration
curves in Figures 3C and 4: They are obviously triphasic.
At ligand/receptor ratios <4:1 the slopes are steeper than
normal, between 4 and 8 ligands/receptor protein the
slopes are flater than normal, and above 8 ligands/
receptor the linear increases appear parallel to control
series in the absence of protein (see lines in Figure 4).
We are thus confronted with an apparent 8:1 stoichiom-
etry between biotin-PEG800-Cy3 and avidin (Figure 3C)
or streptavidin (Figure 4), which has never been reported
for any other biotin derivative. Yet binding of all 8
ligands fully depends on specific interaction with biotin
end groups, as is evidenced by complete block with
d-biotin (see triangles in Figures 3C and 4).
Fortunately, ligands 5-8 are easily removed by “wash-

ing”, and only ligands 1-4 stay tightly bound to the
tetravalent receptor protein as demonstrated by gel
filtration of a 8:1 mixture of biotin-PEG800-Cy3 and
streptavidin (Figure 5C). Specificity of binding is further
proven by complete bindability in the absence of d-biotin
(Figure 5B) and by complete absence of binding in the
presence of d-biotin (Figure 5A).

Figure 1. Fluorescence of biotin-spacer-fluorescein conju-
gates in the presence (open symbols) and absence (controls, solid
symbols) of avidin or streptavidin. Excitation was at 485 nm (5
nm slit), and emission was at 525 nm (5 nm slit). (A) 50 nM
avidin was titrated with 9.2 µM biotin-PEG1900-Flu. (B) 50 nM
avidin was titrated with 14.7 µM biotin-PEG800-Flu (circles)
or with 12.2 µM fluorescein-biotin (squares). (C) 55 nM strepta-
vidin was titrated with 14.7 µM biotin-PEG800-Flu (circles) or
with 12.2 µM fluorescein-biotin (squares). In the presence of 4
µM d-biotin neither avidin nor streptavidin had an effect on any
of the biotin-spacer-fluorescein conjugates (not shown to avoid
overloading of the figures).

Figure 2. Fluorescence of biotin-spacer-TMR conjugates in
the presence and absence (controls, 9) of avidin or streptavidin.
Excitation was at 540 nm (5 nm slit) and emission at 580 nm
(slit 5 nm except for biotin-dode-TMR, for which a 10 nm slit
was used). 80 nM avidin (b) or streptavidin (O) was titrated
with 10.0 µM biotin-PEG1900-TMR (A), 8.2 µM biotin-PEG800-
TMR (B), or 22 µMbiotin-dode-TMR (C; 17% of the TMR labels
had no biotin terminusssee Experimental Proceduresstherefore,
17% of the corresponding control signal in the absence of protein
was subtracted from the signal in the presence of protein to
estimate the fluorescence that originates from biotin-dode-
TMR). In the presence of 8 µM d-biotin neither avidin (4) nor
streptavidin (+) had an effect on any of the biotin-spacer-
fluorescein conjugates.
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Unequivocal proof that only specific binding occurs in
spite of the unexpected 8:1 stoichiometry was obtained
from measurement of Cy3 label fluorescence polarization
(Figure 6B). When avidin was blocked with d-biotin

(triangles), it had as little effect on the mobility of biotin-
PEG800-Cy3 as if it were completely absent (squares).
In contrast, Cy3 labels were immobilized in complexes
with <4 ligands/avidin, whereas unusual enhancement
of average mobility is seen when ligands 5-8 bind to
avidin (circles). Beyond 8:1 ratios the average fluores-
cence polarization obviously increased because free ligands
with somewhat higher polarization contributed to the
average values.
Fluorescence polarization also served to verify that the

unexpected 8:1 stoichiometry only occurred with Cy3
labels (Figure 6B) and not with Cy5 labels (Figure 6A),
where saturation was reached at the normal 4:1 ratio,
in agreement with the fluorescence titration curve in
Figure 3A. Such delicate influence of only two methine
groups in the fluorophore fits in with the picture of a
weak interaction between ligands 5-8 and (strept)avidin.
It can be summarized that binding of biotin-PEG800-

Cy3 to (strept)avidin is only specific, in spite of the
unusual 8:1 stoichiometry. Yet for practical purposes it
is not necessary to resolve the paradox because ligands
5-8 bind with much lower affinity and metastability and
will be washed away in typical applications.
Mobility of Fluorochrome Labels in Complexes

of Biotin-PEG-Dye and Avidin or Streptavidin.
Above it has been shown that fluorescence polarization
can be used as a sensitive empirical parameter to monitor
ligand/receptor stoichiometries. In this sense Figures 7
and 8 generally confirm 4:1 complex formation in the case
of all biotin-spacer-fluorescein and biotin-spacer-TMR
conjugates, respectively. No sharp inflection points can
be expected at the 4:1 ratios because average polarization
in 4:1 complexes is slightly higher than in the unbound
state, and further addition of free ligands will necessarily

Figure 3. Fluorescence of biotin-PEG-cyanine conjugates in
the presence (O) and absence (controls, 9) of avidin. Excitation/
emission was at 650 nm/670 nm for Cy5 labels (A) and at 550
nm/570 nm for Cy3 labels (B-D); excitation slits were 5 nm and
emission slits 10 nm. (A) 80 nM avidin was titrated with 6.6
µM biotin-PEG1900-Cy5 (O). In a parallel run, avidin had been
blocked with 10 µM d-biotin (4) before titration with fluorescent
ligand. (B) 80 nM avidin was titrated with 11.0 µM biotin-
PEG1900-Cy3 (O). (C) 80 nM avidin was titrated with 7 µM
biotin-PEG800-Cy3 (O). In a parallel run, avidin had been
blocked with 10 µM d-biotin (4) before titration with fluorescent
ligand. (D) Inverse titration of 320 nM biotin-PEG800-Cy3 with
2.08 µM avidin stock solution; the arrow indicates starting point
and direction of the titration experiment.

Figure 4. Fluorescence of biotin-PEG800-Cy3 in the presence
or absence of streptavidin. 40 (b), 20 nM (O), or 10 nM
streptavidin (X) were titrated with 7.0 µM biotin-PEG800-Cy3
while fluorescence was monitored at 550 nm excitation (5 nm
slit) and 570 nm emission wavelength (10 nm slit). In parallel
control experiments (s, - - -, ‚ ‚ ‚, respectively) the receptor
protein was absent. Specificity was tested by blocking 40 nM
streptavidin with 4 µM d-biotin (4) before titration with
fluorescent ligand.

Figure 5. Gel filtration assay for the binding of biotin-
PEG1900-Cy3 to avidin or streptavidin. (A) 3.1 nmol of avidin
was blocked with 400 nmol of d-biotin, and 3.1 nmol of biotin-
PEG1900-Cy3 was added before gel filtration (see Experimental
Procedures). (B) 3.1 nmol of avidin and 3.1 nmol of biotin-
PEG1900-Cy3 were equilibrated before gel filtration. (C) 0.5 nmol
of streptavidin and 4 nmol of biotin-PEG1900-Cy3 were equili-
brated before gel filtration.
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cause asymptotic approximation of the average value to
free state polarization.
Magnitude and direction of fluorescence polarization

provide a rough picture of dynamics and interactions

within the ligand/receptor associates. Average mobility
of fluorescent labels was always maximally reduced at
the lowest ligand/receptor ratios (see Figures 6-8), and
mobility rapidly increased at higher ratios. Label mobili-
ties in 4:1 complexes of fluorescein derivatives (Figure
7) and TMR derivatives (Figure 8) were still somewhat
lower than in the unbound state, as would be anticipated.
In 4:1 complexes of biotin-PEG1900-Cy5 (Figure 6A) and
in the 8:1 complexes of biotin-PEG800-Cy3 (Figure 6B)
with avidin, however, fluorophore mobility was higher
than in free solution. Obviously PEG-PEG repulsion in
the crowded complexes had a mobilizing effect on the free
ends of the PEG chains.
Thermodynamics and Kinetics of Binding of

Fluorescent Biotins to Avidin and Streptavidin.
Preservation of high fluorescence after binding to (strept)-
avidin is a necessary but insufficient criterion for fluo-
rescent biotins that are to be used as markers. In
addition, binding must be fast, specific, tight, and meta-
stable on the time scale of typical applications. All
biotin-PEG-dyes were tested by gel filtration experi-
ments, such as shown in Figure 5: Absence of nonspecific
binding (Figure 5A), full bindability to excess of receptor
(Figure 5B), and good metastability of the 4:1 complexes
on a 1 h time scale (Figure 5) were verified without
exception.
In the accompanying study (see the third of three

papers in this issue) the association/dissociation kinetics
of (stept)avidin and biotin-PEG-pyrene conjugates were
studied by suitable fluorescence methods. These assays
were extended to the series of biotin-spacer-TMR
conjugates, which generally showed about 3-fold higher
affinities and about 2-fold slower dissociation as com-
pared to pyrene-labeled analogues. All details are in-
cluded in the pyrene study (see the third of three papers

Figure 6. Fluorescence polarization in complexes of biotin-
PEG1900-Cy5 or biotin-PEG800-Cy3 with avidin. (A) 80 nM
avidin was titrated with 6.6 µM biotin-PEG1900-Cy5 (O) while
fluorescence polarization was monitored at 650 nm excitation
(10 nm slit) and 670 nm emission wavelength (10 nm slit). In a
parallel run, avidin was specifically blocked with 10 µM d-biotin
(4, s) before titration with fluorescent ligand. (B) 80 nM avidin
was titrated with 8.2 µM biotin-PEG800-Cy3 (O) while fluo-
rescence polarization was monitored at 550 nm excitation (10
nm slit) and 570 nm emission (10 nm slit). In a parallel control
run (9, s) the receptor protein was omitted. In another control
experiment avidin was specifically blocked with 10 µM d-biotin
(4) before titration with fluorescent ligand.

Figure 7. Fluorescence polarization in complexes of fluorescein-
biotin (squares) or biotin-PEG800-Flu (circles) with avidin (solid
symbols) or streptavidin (open symbols). Excitation was at 485
nm (5 nm slit) and emission at 525 nm wavelength (5 nm slit).
(A) Forward titration of avidin (80 nM) with fluorescent ligand;
(B) reverse titration of fluorescent ligand (320 nM) with avidin
or streptavidin. The arrows indicate starting points and direc-
tions of the titration experiments in each panel.

Figure 8. Fluorescence polarization in complexes of biotin-
spacer-TMR conjugates with avidin (A) or streptavidin (B). 80
nM receptor protein was titrated with 27 µM biotin-dode-TMR
(squares) or 8.2 µM biotin-PEG800-TMR (circles) or 10.0 µM
biotin-PEG1900-TMR (triangles). Excitation was at 540 nm (10
nm slit) and emission at 580 nm wavelength (20 nm slit).
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in this issue) to avoid splitting of coherent data (for
practical relevance of these results, see below).

DISCUSSION

The aim of this study was identification of biotin-
spacer-fluorophore conjugates that can serve as intense
fluorescence markers for immobilized avidin or strepta-
vidin. Three criteria were to be met simultaneously: (i)
high affinity of the biotin termini for avidin and strepta-
vidin, (ii) absence of nonspecific binding, and (iii) high
fluorescence yield, i.e. minimal quenching of the ligands
in the bound state. These criteria were fulfilled by
biotin-PEG-fluorophore conjugates with a number of
fluorescent labels (see Scheme 1).
Binding of biotin-PEG-dyes (and of nonfluorescent

biotin-PEG conjugates, see the first of three papers in
this issue) is not essentially different from that of
previously known biotin derivatives containing g7 atom
spacers with respect to affinities and biphasic dissociation
kinetics (Finn et al., 1985; Hofmann et al., 1982; Lavielle
et al., 1983; Romovacek et al., 1983). This and two other
studies (see the first and third of three papers in this
issue) have consistently shown that avidin and strepta-

vidin bind four biotin-PEG conjugates with <3 nM
affinity. These four ligands stay largely bound on a time
scale of minutessbut at least three ligands/protein are
bound with much higher affinity and stay associated for
hours.
Nonspecific binding of biotin-PEG conjugates was

never detected (see also the first and third of three papers
in this issue) as expected for PEG derivatives (Lim and
Herron, 1992).
The main result of the present study, however, was

the preservation of high fluorescence yield in biotin-
PEG-dyes after binding to (strept)avidin. The contrast
between conventional and novel fluorescent biotins and
the gradual differences among the latter are demon-
strated by the normalized plots in Figure 9.
Cy3 and Cy5 derivatives are the obvious champions

because relative fluorescence in the bound state versus
unbound state is ∼1 or even higher (Figure 9A). This is
particularly fortunate because Cy3 is the “brightest
fluorophore” (Wessendorf, 1992) and less sensitive to
bleaching than any other fluorochrome label (unpub-
lished observation). Yet Cy5 derivatives seem even more
promising because a standard diode laser can be used
for excitation at 650 nm and, most of all, background
fluorescence of biomatter was seen to be lower by orders
of magnitude in comparison to excitation at any shorter
wavelength with an argon ion laser.
Nevertheless, biotin-PEG-Flu and biotin-PEG-

TMR are highly useful fluorescent ligands (see Figure
9B,C), and the relative drawbacks are compensated by
prices that allow the synthesis of reasonable quantities
and not just tiny test samples. Moreover, the fluores-
cence intensity of biotin-PEG1900-TMR was fully suf-
ficient for resolution of “local stoichiometries determined
by counting individual molecules” (Schmidt et al., 1996).
In conclusion, the novel biotin-PEG-dyes combine all

aspects of good fluorescent ligands and thus appear ready
for use in fluorescence microscopy and related techniques
involving specific detection of biomolecules.
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Conventional biotin-fluorophore conjugates with∼14 atom spacers are strongly quenched when bound
to avidin or streptavidin, whereas fluorescence becomes insensitive to receptor binding if typical
fluorophores are linked to biotin via poly(ethylene glycol) (PEG) chains (Gruber et al., see the second
of three papers in this issue). In the present study the antagonism between PEG-PEG repulsion
and fluorophore interaction was examined more closely, using biotin-PEG-pyrene conjugates as model
compounds. The antagonistic tendencies between hydrophilic PEG chains and hydrophobic pyrene
labels were about balanced in the PEG1900 derivative since quenching was ∼50% in 4:1 complexes
with avidin or streptavidin. In contrast, strong quenching and concomitant excimer fluorescence was
seen with the biotin-PEG800-pyrene conjugate, providing for a new fluorescence assay to accurately
measure avidin and streptavidin concentrations at g40 and g10 nM, respectively. Association/
dissociation kinetics were analyzed from pyrene fluorescence changes, and dissociation constants were
deduced. About 3-fold affinities were observed for streptavidin as compared to avidin, and little
influence of PEG chain length was seen. All affinities were increased by a factor of ∼3 when biotin-
PEG-tetramethylrhodamine conjugates were used. The observed effect of fluorophore variation upon
biotin binding is unexpectedly small; thus, the kinetic/thermodynamic data appear to be representative
for biotin-PEG conjugates in general.

INTRODUCTION

In the preceding study a series of novel biotin-PEG1

-fluorophore conjugates has been presented that retain
intense fluorescence after binding to avidin or strepta-
vidin (see the second of three papers in this issue). The
implications for bioanalytic applications are obvious
(Wilchek and Bayer, 1990a,b) and have been discussed
(see the second of three papers in this issue). All
fluorescent marker groups in the above series are very
polar and electrically charged, which helps to explain
their low tendency of self-association and self-quenching
in 4:1 complexes with (strept)avidin.
At this point it was an irresistable temptation to

synthesize a biotin-PEG conjugate with a very hydro-
phobic fluorophore and see what happens: Would the
product be soluble in water? Would PEG-PEG repulsion
in 4:1 complexes with (strept)avidin be strong enough to
prevent self-association and self-quenching of the hydro-
phobic fluorophores? What would be the possible use of
such amphiphilic fluorescent biotin derivatives?

Pyrene was selected as the ideal label for this purpose
because self-association can unequivocally be detected via
excimer fluorescence (Galla and Hartmann, 1980). The
results more than satisfied the expectations: Biotin-
PEG-pyrene conjugates are water soluble as free mono-
mers; long biotin-PEG1900-pyrene retains about half of
its fluorescence in complexes with (strept)avidin, whereas
fluorescence of the shorter homologue biotin-PEG800-
pyrene is reduced by a factor of ∼10, providing for new
and easy ways to measure (strept)avidin concentrations
and to study the kinetics of association and dissociation.

EXPERIMENTAL PROCEDURES2

Materials. P.a. grade materials were used as far as
commercially available. Affinity-purified avidin and
streptavidin, d-biotin, DACA, andN-hydroxysuccinimide
were obtained from Sigma. 4-(1-Pyrene)butyric acid was
obtained from Aldrich. ANS and fluorescein-biotin were
obtained from Molecular Probes. N,N′-dicyclohexylcar-
bodiimide and buffer components were purchased from
Merck. Absolute DMF was prepared according to a
standard procedure. Biotin-NH-PEG800-NH2‚HCl, bi-
otin-NH-PEG1900-NH2‚HCl, and their TMR derivatives
were synthesized as described before (see the first and
second of three papers in this issue).
Methods. Buffer. Buffer A contained 100 mM NaCl,

50 mM NaH2PO4, and 1 mM EDTA, adjusted to pH 7.5
with NaOH.
Synthesis of Biotin-PEG800-Pyrene and Biotin-

PEG1900-Pyrene (Scheme 1). One millimole of 4-(1-
pyrene)butyric acid was activated with 1 mmol of N,N′-
dicyclohexylcarbodiimide and 1 mmol of N-hydroxy-
succinimide in 6 mL of absolute DMF, filtered from
byproduct, and taken to dryness. Seventeen micromoles
of biotin-NH-PEG800-NH2‚HCl was reacted with 39 µmol

* Author to whom correspondence should be addressed [tele-
phone +43 (732) 2468-9271; fax +43 (732) 2468-822; e-mail
hermann.gruber@jk.uni-linz.ac.at].

X Abstract published in Advance ACS Abstracts, June 15,
1997.

1 Abbreviations: ANS, 2-anilinonaphthalene-6-sulfonic acid;
biotin, biotinoyl group; biotin-NH-PEG800 or 1900-NH2‚HCl, N-bi-
otinoyl-O,O′-bis(2-aminopropyl)poly(ethylene glycol)800 or 1900 hy-
drochloride; biotin-fluorescein, 5-[[N-(2-biotinoylamino)ethyl]-
thioureidyl]fluorescein; biotin-PEG800 or 1900-pyrene, see Scheme
1; BODIPY, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene; DACA,
p-(dimethylamino)cinnamaldehyde; DMF, N,N-dimethylforma-
mide; EDTA, ethylenediamine-N,N,N′,N′-tetraacetic acid; Et3N,
N,N,N-triethylamine; fluorescein-biotin, 5-[[N-[5-[N-[6-(bioti-
noyl)amino]hexanoyl]amino]pentyl]thioureidyl]fluorescein; FRET,
fluorescence resonance energy transfer; HABA, 4-hydroxya-
zobenzene-2′-carboxylic acid; PEG, poly(ethylene glycol); RT,
room temperature; (strept)avidin, streptavidin and/or avidin;
TMR, tetramethylrhodamine.

2 Detailed procedures and NMR data can be found in the
Supporting Information.
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of succinimidyl 4-(1-pyrene)butyrate in 2 mL of absolute
DMF and 20 µL of Et3N for 2 h under Ar. After
evaporation, the product was isolated by preparative TLC
in chloroform/methanol (9:1), yielding 8.5 µmol of pure
product as determined from UV absorption [assuming a
molar extinction coefficient of 40 000 M-1 cm-1, in anal-
ogy to free 4-(1-pyrene)butyric acid, see Haugland (1992a)].
This estimate of pyrene termini agreed well with the
amount of biotin termini found in functional experiments
with avidin and streptavidin (see Results). For synthesis
of the PEG1900 analogue, 10 µmol of biotin-NH-PEG1900-
NH2‚HCl was reacted with 26 µmol of succinimidyl ester
and 10 µL of Et3N, resulting in 2.7 µmol of pure biotin-
PEG1900-pyrene. Again, the biotin/pyrene ratio was 1:1
within error limit (<5%).

RESULTS

Fluorescence Properties of Biotin-PEG-Pyrene
after Binding to Avidin or Streptavidin. The pyrene
label is uniquely suited to report on the association of
molecules in microphases, such as biomembranes, be-
cause dimeric association is accompanied by the appear-
ance of excimer fluorescence at 480 nm and by a strong
decrease of normal fluorescence in the UV region (Galla
and Hartmann, 1980). Association of biotin-PEG-
pyrene in aqueous solution is anticipated to occur by two
different mechanisms: (i) At sufficiently high concentra-
tions micellization should be induced by the large hy-
drophobic pyrene residues. (ii) Even at low concentra-
tions of biotin-PEG-pyrene the probability of pyrene-
pyrene dimer formation will greatly be enhanced upon
specific binding of two, three, or four biotin-PEG-pyrene
molecules to a single avidin molecule. Fortunately no
micelles were formed at the submicromolar concentra-
tions used in this study as is concluded from the absence
of excimer fluorescence in avidin-free aqueous solutions
containing 320 nM biotin-PEG-pyrene (solid lines in
Figure 1). Even at 16 µM biotin-PEG800-pyrene no
micelle formation was observed (not shown). Addition
of avidin, however, caused significant excimer fluores-
cence at 480 nm, with concomitant quenching of normal
pyrene fluorescence at 380 nm (dashed and dotted lines
in Figure 1). At a 4:1 ratio of ligand/avidin all ligands
were bound by the tetravalent receptor protein, giving
rise to maximal quenching and maximal excimer fluo-
rescence (dotted lines), while at a 8:1 ratio of ligand/
avidin only half of the ligands were bound and fluores-
cence properties were intermediate (dashed lines). Thus,
the linear response to titration with avidin can easily be
understood in terms of complementary fractions of ligand
which either take part in 4:1 complexes with avidin or
stay unbound (see Figure 4 for the corresponding linear
titration profiles).

For characterization of pyrene fluorescence in com-
plexes with <4 ligands per tetravalent receptor protein,
constant amounts of avidin or streptavidin were titrated
with increasing amounts of biotin-PEG-pyrene (Figure
2). The nonlinear titration profiles meet expectation
because the probability of pyrene-pyrene interaction,
and thus the extent of fluorescence quenching, will
necessarily increase with the number of ligands bound
per receptor protein. The data also reflect enhanced
pyrene-pyrene association in complexes with PEG800
chains (circles) as compared to PEG1900 chains (triangles).
The steep increase in fluorescence with >4 ligands per
tetravalent receptor protein was always exactly parallel
to the control profile obtained in the absence of protein
(squares). This strongly suggests that biotin-PEG-
pyrene does not bind to avidin or streptavidin in a
nonspecific way.
Normalized representation of the data in Figure 2B

allowed for a direct comparison with other known fluo-
rescent biotin derivatives (see Figure 9 in the second of
three papers in this issue) from which biotin-PEG800-
pyrene emerged as the most sensitive fluorescent probe
for avidin and streptavidin, with the sharpest inflection
point at 4 ligands per tetravalent receptor protein.
The usefulness of biotin-PEG800-pyrene to measure

concentrations of functional streptavidin and avidin was
critically tested as shown in Figures 3 and 4, respectively.
Identical results in this respect were obtained whether
normal fluorescence (Figures 3A and 4A) or excimer
fluorescence (Figures 3B and 4B) was used for the
monitoring of receptor-ligand titrations. “Forward ti-
tration” of streptavidin with ligand is shown in Figure
3, yielding nonlinear titration curves as argued above.
At the lowest concentration of streptavidin (5 nM) in
appears as if 5 ligands per streptavidin tetramer was
necessary to saturate all binding sites. This indicates

Scheme 1. Synthesis and Structure of Biotin-PEG-
Pyrene Conjugates

Figure 1. Fluorescence of biotin-PEG800-pyrene (A) and
biotin-PEG1900-pyrene (B) in the absence and presence of
avidin. Excitation spectra (- ‚ -) were measured at 380 nm
emission wavelength and emission spectra at 345 nm excitation
wavelength. Both slits were set to 5 nm. Emission of 320 nM
biotin-PEG-pyrene in buffer A was recorded in the absence of
avidin (s), after addition of 40 nM avidin (- - -), and after
addition of 80 nM avidin (‚ ‚ ‚). Pure excimer spectra at 80 nM
avidin (shaded areas) were calculated and plotted with vertically
displaced baselines.
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incomplete binding and a KD value in the nanomolar
range as confirmed below (see Figure 6). Thus, biotin-
PEG800-pyrene can measure streptavidin only at g10 nM
protein concentration.
The detection limit of the biotin-PEG800-pyrene assay

for avidin was found at 40 nM protein concentration, as
can be seen from Figure 4. Here “reverse titration” of
ligand with receptor protein was chosen because the
linear titration profiles gave more clearly defined inflec-
tion points at which all ligands appeared to be bound to
avidin. At 10 nM avidin (inflection point of the triangle
series in Figure 4) 8 ligands/avidin seemed to be neces-
sary for saturation, whereas at 40 nM avidin (inflection
point of the square series in Figure 4) 4 ligands/avidin
was sufficient for saturation, as expected for this tet-
ravalent receptor protein. Obviously the KD value of the
4:1 complex is too high for stoichiometric binding of
biotin-PEG800-pyrene at <40 nM avidin (see below).
Thermodynamics and Kinetics of Binding be-

tween Biotin-PEG800-Pyrene and Avidin or
Streptavidin. The association and dissociation reac-
tions between biotin-PEG-pyrene and avidin or strepta-
vidin could be measured in a very convenient way
because (i) the fluorescence yield of pyrene labels strongly
depends on ligand/receptor stoichiometry (see Figure 2B)
and (ii) the typical half-times for the association and
dissociation of the fourth ligand were in the order of
minutes when using 80 nM receptor protein (see Figure
5A).
Measurement of on- and off-rate constants is exempli-

fied in Figure 5. The initial signal in Figure 5A corre-

sponds to unquenched biotin-PEG1900-pyrene in the
absence of receptor protein. Then exactly 160 pmol of
tetrameric avidin were added to bind all of the 640 pmol
of biotin-PEG1900-pyrene and the signal dropped by
∼55% within minutes, as expected from Figure 2B
(triangles). The initial period of fluorescence quenching
was too fast for this manual assay, but the slower
relaxation was assumed to reflect the binding of the
“fourth ligand” to the 3:1 complex with avidin. According
to this idealization 160 pmol of ligand was assumed to
react with 160 pmol of 3:1 complex in a bimolecular
reaction:

Hereby q denotes the moles of 4:1 complex that have
formed within the time t, a ) 160 pmol ) initial amount
of both reactants, and V ) 2 mL. The fluorescence F is
assumed to change from F3′ to F4′ in a linear way (see
Figure 5A):

Rearrangement gives a linear equation:

In practice F4′ was varied until the plot of 1/(F - F4′)
versus t was linear (see Figure 5B). From the ordinate

Figure 2. Titration of avidin and streptavidin with biotin-
PEG-pyrene. (A) 2 mL of 80 nM avidin (solid symbols, solid
lines) or 80 nM streptavidin (open symbols, dotted lines) in
buffer A was titrated with 5 µL increments of 16 µM biotin-
PEG800-pyrene (circles) or biotin-PEG1900-pyrene (triangles)
from a Hamilton syringe while fluorescence was monitored at
345 nm excitation and 380 nm emission wavelength. Both slit
widths were 5 nm. Interval times of 8 min were necessary at
26 °C to obtain stable signals when titrating from 2 to 4 ligands
per protein. In a control run (squares) protein was omitted.
Fluorescence data were corrected for sample dilution. (B)
Fluorescence data from panel A were divided by the correspond-
ing signal in the absence of receptor protein.

Figure 3. Comparison of normal pyrene fluorescence and
excimer fluorescence for the monitoring of streptavidin titration
with biotin-PEG800-pyrene. 40 (squares), 20 (circles), 10
(triangles), or 5 nM (diamonds) streptavidin in buffer A was
titrated with successive increments of biotin-PEG800-pyrene
(see legend to Figure 2) and both 380 nm fluorescence (A) and
excimer fluorescence (B) were recorded at 345 nm excitation
wavelength after each titration step. 2 min intervals were
required at 36 °C to obtain stable signals. For easier comparison
all titration profiles were normalized to identical overall fluo-
rescence increase, and overlap of profiles was avoided by serial
vertical displacement.

q/(a - q) ) (a/V)kont

F3′ - F
F - F4′

)
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1
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(a/V)kont

562 Bioconjugate Chem., Vol. 8, No. 4, 1997 Marek et al.



A ) 1/(F3′ - F4′) and the slope B ) (F3′ - F4′)-1(a/V)kon
the on-rate constant could be calculated.
The dissociation of biotin-PEG1900-pyrene from the

4:1 complex was induced by addition of an excess of
d-biotin (second spike in Figure 5A). The subsequent
slow increase in fluorescence was pseudolinear and could
be interpreted in terms of a monomolecular reaction
(dissociation of the fourth ligand from the 4:1 complex):

For minimization of model assumptions, F3 - F4 was set
to one-fourth of the total quenching effect of avidin (see
Figure 5A), which is not unjustified in the light of Figure
2B.
The same procedure was used to estimate the on-rate

constants (Figure 6A) and off-rate constants (Figure 6B)
for the binding of biotin-PEG800-pyrene (circles) or
biotin-PEG1900-pyrene (triangles) toward avidin (solid
symbols) or streptavidin (open symbols), and the equi-
librium constants KD were calculated as koff/kon (Figure
6C). It should be noted that the underlying model
assumptions may introduce a systematic error amounting
up to a factor of 2 in the kinetic constants. Direction and
magnitude of this systematic misinterpretation, however,
should be rather uniform; thus, the relative trends and
patterns are well represented in Figure 6.
The on-rate constants were hardly dependent on PEG

chain length, temperature, and the type of receptor
protein (see Figure 6A). As a consequence, the equilib-
rium dissociation constants (Figure 6C) followed the
same pattern as the off-rate constants (Figure 6B): The

affinities for streptavidin were generally about 3-fold
higher than for avidin, and the enhanced dissociation at
36 °C caused a significant reduction in affinity. Very
surprisingly, no significant influence of PEG chain length
on any kinetic parameter has been observed, in good
agreement with earlier results (see Figure 5 in the first
of three papers in this issue).
Formation of 4:1 complexes between biotin-PEG-

pyrene and avidin (or streptavidin) is expected to be
disfavored by PEG-PEG repulsion. Figure 6 gives a
pessimistic picture of the affinities between biotin-PEG
conjugates and avidin (or streptavidin) because it deals
with association/dissociation of the fourth ligand only.
Much higher stabilities were observed in complexes

with e3 biotin-PEG-pyrene bound per avidin molecule,
as is shown in Figure 7. A similar procedure as in Figure
5 was used to measure association and dissociation, but
the latter was monitored over a 15 h period after which
time most of the fluorescent ligands had been replaced
by d-biotin, as is obvious from recovery of the fluorescence
signal (Figure 7A). For meaningful analysis, the time
course of fluorescence recovery in Figure 7A had to be
converted into a time course of fluorescence ligand
displacement, as shown in Figure 7B. The problem was
solved by taking resort to Figure 2B (solid circles), which
shows the correlation between the average number n of
biotin-PEG800-pyrene molecules bound per avidin and

Figure 4. Reverse titration of biotin-PEG800-pyrene with
avidin at different absolute concentrations of the ligand. 2 mL
samples of buffer A containing either 160 (squares), 80 (circles),
or 40 nM (triangles) biotin-PEG800-pyrene were titrated with
stock solutions of avidin (2, 1, and 0.5 µM, respectively) while
both 380 nm fluorescence (A) and excimer fluorescence (B) were
recorded after each titration step. Intervals of 3-5 min were
required at 36 °C to obtain stable signals. For easier comparison
all titration profiles were normalized to identical overall fluo-
rescence increase, and overlap of profiles was avoided by serial
vertical displacement.

Figure 5. Formation and dissociation of the 4:1 complex
between biotin-PEG1900-pyrene and avidin. (A) 2 mL of buffer
A containing 320 nM biotin-PEG1900-pyrene was stirred at 16
°C, and fluorescence was monitored at 345 nm excitation and
380 nm emission wavelength (both slits were 5 nm). The first
spike indicates the moment when the cover was opened and
avidin was quickly added at a final concentration of 80 nM. The
second spike marks the moment when excess of d-biotin was
added (4 µM final concentration). (B) Linearization of the
association time course in terms of a bimolecular reaction (see
text for details). (C) Analysis of dissociation in terms of a
monomolecular reaction (see text for details).

F - F3

F4 - F3
) ∆q

q
) -koff∆t
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the relative fluorescence F/F0 (as compared to the un-
bound state):

Figure 2B, however, refers to a situation in which all
fluorescent ligands were bound (as long as n e 4),
whereas the displacement curve in Figure 7A refers to a
situation with a constant overall ratio of n ) 4 fluorescent
ligands/avidin, of whichN are still bound to avidin while
4 - N have already been displaced by excess of d-biotin.
The relative fluorescence, therefore, is a weighted aver-
age of both states:

Inversion gave the empirical expression

which served to calculate the time course of fluorescent

ligand displacement (Figure 7B) from the time course of
fluorescence recovery (Figure 7A). The semilogarithmic
representation in Figure 7C clearly shows biphasic
behavior, with a half-time of ∼11 min for rapid initial
dissociation from the 4:1 complex and slow further
dissociation with a half-time of ∼7 h. Most surprising
is the complete absence of a breakpoint in dissociation
kinetics at the 2:1 ratio of ligand/avidin, which has been
observed with virtually any biotin derivative (Chu et al.,
1994; Finn et al., 1984; Green, 1990; Hofmann et al.,
1982; Lavielle et al., 1983; Romovacek et al., 1983) and
even with another biotin-PEG conjugate (see the first
of three papers in this issue). This peculiarity must
relate to accidental balancing between the favorable
effect of enhanced pyrene-pyrene interaction and the
unfavorable effect of enhanced PEG-PEG repulsion in
the 3:1 complex as compared to the 2:1 complex.
Comparison of Biotin-PEG-Pyrene with Other

Biotin-Fluorophore Conjugates. Once the specific
binding of biotin-PEG-pyrene toward avidin and strepta-
vidin had been characterized, the question arose whether
these findings were representative for biotin-PEG con-
jugates in general or whether the pyrene residues
imposed serious effects on the receptor-ligand interac-
tion. This was examined by exchanging pyrene labels
for TMR labels and running the same experiments as
shown in Figure 5.

Figure 6. Estimated rate constants and dissociation constants
of the 4:1 complexes between biotin-PEG800-pyrene (circles)
or biotin-PEG1900-pyrene (triangles) with avidin (solid symbols)
or streptavidin (open symbols). The fluorometric assay shown
in Figure 5 was used to estimate the rate constants for the
association (A) and dissociation (B) of the fourth ligand. The
equilibrium constants for dissociation of the fourth ligand (C)
were calculated from koff/kon.

F/F0 ) 0.57 + 0.026n - 0.036n2

4(F/F0)N ) (4 - N) + N(0.57 + 0.026N - 0.026N2)

N ) 4.18 - 1.61(F/F0) - 2.46(F/F0)
2 + 3.72(F/F0)

3 -

3.82(F/F0)
4

Figure 7. Multistep displacement of biotin-PEG800-pyrene
from the 4:1 complex with avidin. (A) 2 mL of buffer A
containing 320 nM biotin-PEG800-pyrene was stirred at 26 °C,
and fluorescence was recorded at 345 nm excitation and 380
nm emission wavelength. Addition of avidin at 80 nM final
concentration caused an 83% signal drop. After 15 min, the
signal was stable and excess of d-biotin was added (final
concentration 4 µM). The sample was covered to prevent
evaporation, and the excitation slit was set to 2 nm to minimize
bleaching during the long observation time. (B) The fluorescence
profile in panel A was analyzed in terms of fluorescent ligand
displacement via reasonable model assumptions (see text for
details). (C) Semilogarithmic representation of panel B.
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The results are summarized in Table 1. Affinities of
the TMR analogues are generally about 3-fold higher and
half-lives about 2-fold longer in comparison to those of
biotin-PEG800-pyrene and biotin-PEG1900-pyrene.
Thus, it can be concluded that the pyrene residues have
a minor influence on the binding of biotinylated PEG
chains to avidin or streptavidin and that the overall
pattern in Figure 6 is informative on biotin-PEG con-
jugates in general.
Unfortunately, the biotin-PEG-fluorescein conjugates

could not be characterized in the same way because
displacement of one fluorescent ligand from the 4:1
complex with avidin caused a slight overall fluorescence
decrease, and only further displacement by d-biotin
caused fluorescence recovery, in contrast to the steady
increase observed with TMR and pyrene derivatives (see
Figure 7A).
It should be emphasized that the “conventional” bi-

otin-fluorescein or biotin-TMR conjugates with 14 atom
spacers are quenched by 84-88% or 94%, respectively,
upon binding to avidin/streptavidin, while the corre-
sponding PEG analogues retain most of their fluorescence
in the bound state (see Figure 9 in the second of three
papers in this issue). Obviously PEG spacers are highly
advantageous to the fluorescence function while not
disturbing (even slightly favoring) the biotin function,
as can be seen from the series of TMR derivatives in
Table 1.

DISCUSSION

Novel biotin-PEG-pyrene conjugates have been syn-
thesized to test the consequences of a hydrophobic label
in a biotin-PEG-fluorophore conjugate. The effect of
variable hydrophilic-lipophilic balance was assessed by
comparing the PEG800 with the PEG1900 homologue.
In the preceding study (see the second of three papers

in this issue) biotin-PEG-fluorophore conjugates with
electrically charged, polar fluorophores were identified
as excellent fluorescent markers for (strept)avidin: Bind-
ing to the receptor proteins caused little or no fluores-
cence quenching, in contrast to conventional fluorescent
biotins with e14 atom spacers (see the second of three
papers in this issue). Surprisingly, even biotin-PEG1900-
pyrene proved to be a better fluorescence marker than
conventional ligands because the PEG1900-PEG1900 repul-
sion was strong enough to oppose pyrene-pyrene as-
sociation and preserve nearly half of the unbound state
fluorescence intensity (see Figure 2B). In biotin-PEG800-
pyrene, however, the PEG800 chains no longer impede
pyrene-pyrene association in 4:1 complexes with (strept)-
avidin, as is obvious from ∼10-fold fluorescence reduction
(see Figure 2B). Here, the PEG800 chain only serves the
purpose to “solubilize” this biotin-fluorophore conjugate
as monomer in the unbound state.

The significance of the present study is threefold: (i)
By comparison with the previous study on hydrophilic
conjugates and the present study on hydrophobic biotin-
PEG-fluorophore conjugates, it is now possible to roughly
predict the fluorescence properties of hypothetical biotin-
PEG-fluorophore conjugates. To give an example, bi-
otin-PEG-BODIPY conjugates should lose most of their
fluorescence after binding to (strept)avidin because hy-
drophobicity and self-association tendency should be
similar to that of pyrene and the much smaller Stokes
shift should lead to strong self-quenching (Haugland,
1992b).
(ii) The interaction between (strept)avidin and biotin-

PEG-pyrene could be studied in great detail (see Figures
5-7), the results being representative for biotin-PEG
conjugates in general (see Table 1; compare the first of
three papers in this issue). In other words, the fluores-
cence properties of pyrene labels strongly respond to
receptor binding, but the latter is not much influenced
by the pyrene labels.
(iii) A practical consequence of this study was the

discovery of a new fluorescence assay for avidin and
streptavidin, with distinct advantages, as demonstrated
and tested in Figures 4 and 3, respectively: Sensitivity
is 102-fold in comparison to ANS fluorescence titration
(Mock and Horowitz, 1990) and HABA absorbance titra-
tion (Green, 1970). Second, the quantitative information
is calculated from distinct breakpoints in titration curves,
whereas estimation of avidin via biotin-fluorescein
polarization is only semiquantitative, albeit at lower
detection limit (Schray et al., 1988). Most importantly,
both avidin and streptavidin can be titrated with biotin-
PEG800-pyrene, whereas HABA and ANS do not recog-
nize streptavidin (Green, 1990; Mock and Horowitz, 1990)
and the polarization method has not been tested.
It can be concluded that biotin-PEG-pyrene conju-

gates not only figure as hydrophobic model compounds
in the series of novel biotin-PEG-fluorophore conjugates
but are unique fluorescent probes for avidin and strepta-
vidin with broad application potential.
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Neoglycophospholipids with Alkyl Spacers: Synthesis via an
Improved Reductive Amination and Monolayer Properties
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An efficient synthesis of neoglycophospholipids with variable length alkyl spacer chains is described.
Neoglycophospholipids tethered by alkyl chains of 3, 5, 7, 10, and 16 methylene units were synthesized
in good overall yields in four steps. The key intermediates, ω-oxoalkyl glycopyranosides, were
synthesized in two steps by glycosidation of chloro (or ethylthio) glycosides with a diol followed by
oxidation of the remaining hydroxy group to an aldehyde functionality. Conjugation of theω-glycoalkyl
aldehyde with distearoylphosphatidylethanolamine via an improved reductive amination procedure
significantly enhanced efficiency and yields with respect to those from traditional procedures. The
amphiphilic properties of the neoglycophospholipids were characterized at the air-water interface.
While the carbohydrate head group had relatively little effect, the length of the alkyl spacer profoundly
influenced surface area-pressure isotherms.

INTRODUCTION

Glycolipids, a class of liposome-forming amphiphiles,
have generated great interest in both basic science and
medicine (1-4). The importance of glycolipids and gly-
cophospholipids in living systems is demonstrated not
only by their ubiquitousness as components of cell
membranes but also by their role in intercellular recogni-
tion processes, the control of cell growth and tumor
formation, and their interaction with biologically active
factors such as enzymes, hormones, bacteriotoxins, and
viruses (5-7). The diversity and complexity of natural
glycolipids require a wide range of analytical and bio-
chemical techniques in order to determine their structure-
function relationships. In this respect, a powerful ap-
proach is the use of synthetic glycolipids (neoglycolipids)
which mimic the behavior of the natural glycoconjugate
but with structurally defined carbohydrate units. Neogly-
colipids have been widely used in the characterization
of carbohydrate-protein interactions and in the identi-
fication and purification of lectins. In addition, they are
invaluable as antigens for generating anti-carbohydrate
antibodies and as artificial vaccines and hold significant
promise for receptor-targeted drug delivery and gene
therapy as well as for the study of cell-tissue interac-
tions. Another potential application of glycolipids is in
the formation of biomimetic functionalized membranes
on solid supports (8-10). Over the last decade, many
oligosaccharide sequences have been identified which
mimic functions of the parent polysaccharides. Thus,
incorporation of a carbohydrate functionality into sup-
ported membranes via neoglycolipids provides opportuni-
ties to develop advanced biomedical materials and bio-
sensors. While several methods have been described for
covalently conjugating saccharides to lipids, current
synthetic methods appear to be inefficient. Furthermore,
the utilization of a spacer arm to enhance the bioactivity
of a given lipid conjugate remains a challenging objective,
with only limited success having been reported (11-18).

We describe herein a general protocol for the construction
of glycophospholipids with alkyl spacer arms through a
modified reductive amination and their monolayer be-
havior at an air-water interface.

EXPERIMENTAL PROCEDURES

Representative procedures for the synthesis of 2-5 are
provided in this section. The synthesis of all new
compounds and their structural characterization, spectral
data, and general experimental methods can be found
in the Supporting Information. Starting materials 1a-f
were prepared according to known methods (see the
Supporting Information for references and procedures).
The phosphatidylethanolamine used in this study was
purchased from Avanti Polar Lipids (Alabastar, AL). All
other chemicals, reagents, and solvents were purchased
from Aldrich (Milwaukee, WI) and used as received.
Anhydrous solvents were dried over molecular sieves and
stored under argon.
Synthesis of 1-(10-Hydroxy-n-decanyl)-2,3,4,6-

tetra-O-benzyl-D-galactopyranoside (2d). Amixture
of 1-chloro-2,3,4,6-tetra-O-benzyl-R-D-galactopyranoside
(1a) (0.560 g, 1.00 mmol), 1,10-decanediol (1.50 g, 8.61
mmol), CdCO3 (0.20 g, 1.15 mmol), and CaSO4 (0.50 g)
was stirred in dry acetonitrile/toluene (1:2, 15 mL) at 65
°C under a nitrogen atmosphere. TLC analysis of the
reaction mixture indicated complete consumption of the
carbohydrate starting material and the formation of a
new carbohydrate derivative after 1.5 h. The reaction
mixture was allowed to cool to room temperature. The
organic layer was filtered with a toluene wash (20 mL),
diluted with ethyl acetate (10 mL), washed with water
(3 × 25 mL), dried over MgSO4, and concentrated to an
oil. Chromatographic purification (silica gel, 20% ethyl
acetate in hexane) afforded 0.570 g (0.818 mmol, 82%)
of 2d as a clear oil. Rf ) 0.44 (silica gel, 30% ethyl acetate
in hexanes). 1H NMR (CDCl3, 300 MHz): δ 7.32 (m,
20H), 4.98 (dd, J ) 12.0, 4.5 Hz, 2H), 4.80 (d, J ) 10.5
Hz, 1H), 4.77 (d, J ) 4.8 Hz, 1H), 4.66 (d, J ) 11.8 Hz,
1H), 4.47 (d, J ) 4.5 Hz, 2H), 4.39 (d, J ) 10.5 Hz, 1H),
4.00 (m, 2H), 3.85 (dt, J ) 10.8, 1.8 Hz, 1H), 3.64 (t, J )
6.9 Hz, 4H), 3.54 (m, 3H), 1.65 (m, 2H), 1.57 (m, 4H),
1.30 (br m, 12H). 13C NMR (CDCl3, 75 MHz): δ 138.7,
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138.6, 138.5, 137.9, 128.32, 128.25, 128.15, 128.05,
127.83, 127.78, 127.73, 127.67, 127.62, 127.58, 127.4,
103.9, 82.1, 79.5, 75.1, 74.4, 73.4, 73.3, 72.9, 69.9, 68.8,
62.9, 32.7, 29.6, 29.44, 29.40, 29.3, 26.1, 25.6. HRMS1
(FAB+) calcd for C44H56O7 + Li+ 703.4186, found 703.4197.
Synthesis of 1-(10-Oxo-n-decanyl)-2,3,4,6-tetra-O-

benzyl-D-galactopyranoside (3d). Under an atmo-
sphere of nitrogen, pyridinium dichromate (460 mg, 1.222
mmol) was added to a dry methylene chloride solution
(10 mL) of 2d (570 mg, 0.818 mmol). The resulting brown
slurry was stirred at room temperature under nitrogen.
TLC analysis (visualization by UV and char with 10%
sulfuric acid in ethanol) of the reaction mixture indicated
complete consumption of the starting material and the
formation of a new compound after 20 h. The reaction
mixture was treated with ether (10 mL), filtered through
silica gel and Celite with an ether wash (25 mL), and
concentrated to an off-white oil. Chromatographic pu-
rification (silica gel, 20% ethyl acetate in hexane) afforded
374 mg (0.539 mmol, 66%) of 3d as a clear oil. Rf ) 0.61
(silica gel, 30% ethyl acetate in hexanes). 1H NMR
(CDCl3, 300 MHz): δ 9.77 (t, J ) 1.5 Hz, 1H), 7.30 (m,
20H), 4.97 (dd, J ) 12.0, 2.7 Hz, 2H), 4.78 (d, J ) 11.1
Hz, 1H), 4.77 (d, J ) 4.5 Hz, 1H), 4.65 (d, J ) 12 Hz,
1H), 4.46 (d, J ) 4.2 Hz, 2H), 4.38 (d, J ) 7.8 Hz, 1H),
3.95 (m, 1H), 3.84 (dt, J ) 10.2, 1.8 Hz, 1H), 3.50 (m,
7H), 2.40 (dt, J ) 7.5, 1.8 Hz, 2H), 1.65 (m, 6H), 1.30 (m,
8H). 13C NMR (CDCl3, 75 MHz): δ 202.8, 138.9, 138.6,
138.5, 137.9, 128.4, 128.3, 128.2, 128.1, 127.9, 127.8,
127.7, 127.6, 127.5, 127.3, 127.2, 103.9, 82.2, 79.6, 75.1,
74.4, 73.5, 73.4, 73.3, 73.0, 70.0, 68.9, 43.8, 29.7, 29.3,
29.2, 26.1, 22.0. HRMS (FAB+) calcd for C44H54O7 + Li+
701.4030, found 701.4051.
Synthesis of the Perbenzylated Galactopyrano-

side-n-Decanyl-DSPE Conjugate 4d. Under a nitro-
gen atmosphere, sodium cyanoborohydride (20 mg, 0.318
mmol) was added in its solid form to a white slurry of
distearoylphosphatidylethanolamine (DSPE) (200 mg,
0.267 mmol) in methanol and chloroform (10 mL, 1:1 by
volume) in the presence of molecular sieves (3 Å, 800 mg).
The mixture was stirred at 50 °C for 15 min to form a
cloudy solution, while gas was liberated from the reaction
solution. To the above solution stirred at 50 °C was
added dropwise 3d (120 mg, 0.173 mmol) dissolved in
methanol and chloroform (1:1, 5 mL). The clear solution
was stirred for another 2 h, while TLC analysis (visual-
ization by UV, molybdenum blue reagent and char with
10% sulfuric acid in ethanol) indicated the complete
consumption of the decanal starting material and the
formation of a new compound. The reaction mixture was
cooled to room temperature, filtered, and concentrated
to give a white solid. Chromatographic purification
(silica gel, 150:12 CHCl3/MeOH) afforded 228 mg (0.160
mmol, 92%) of the perbenzylated decanyl-DSPE-galac-
topyranoside conjugate 4d as a waxy solid. Rf ) 0.47
(silica gel, 1:10 methanol/chloroform). 1H NMR (CDCl3,
300 MHz): δ 10.20 (br s, 2H), 7.25 (m, 20H), 5.22 (m,
1H), 4.91 (dd, J ) 11.7, 2.7 Hz, 2H), 4.71 (m, 3H), 4.60
(q, J ) 11.7 Hz, 1H), 4.40 (d, J ) 4.8 Hz, 2H), 4.33 (m,
2H), 4.20 (m, 3H), 4.00 (m, 2H), 3.88 (m, 2H), 3.78 (t, J
) 7.8 Hz, 1H), 3.50 (m, 5H), 3.11 (br s, 2H), 2.85 (m, 2H),
2.27 (q, J ) 6.0 Hz, 4H), 1.70 (br s, 2H), 1.59 (br m, 6H),

1.24 (s, 68H), 0.86 (t, J ) 6.0 Hz, 6H). 13C NMR (CDCl3,
75 MHz): δ 173.2, 172.9, 138.7, 138.6, 138.5, 137.9, 128.3,
128.2, 128.1, 128.0, 127.83, 127.79, 127.7, 127.6, 127.4,
127.3, 103.9, 82.2, 79.5, 75.1, 74.4, 73.4, 73.3, 73.2, 73.0,
70.0, 68.8, 64.0, 63.9, 62.5, 60.7, 49.2, 48.1, 34.2, 34.0,
31.9, 29.7, 29.5, 29.3, 29.1, 29.08, 26.6, 26.1, 26.0, 24.9,
24.8, 22.6, 14.1. HRMS (FAB+) calcd for C85H136NO14P
+ H+ 1426.9777, found 1426.9740.
Preparation of D-Galactopyranoside-Decanyl-

DSPE 5d. Perbenzylated galactopyranoside-decanyl-
DSPE conjugate 4d (100 mg, 0.0701 mmol) was dissolved
in chloroform (3 mL) and methanol (12 mL). The solution
was stirred at room temperature in the presence of 10%
Pd-C (200 mg) under a hydrogen atmosphere (balloon).
TLC analysis (visualization by UV, molybdenum blue
reagent and char with 10% sulfuric acid in ethanol) of
the reaction mixture indicated the complete consumption
of the perbenzylated starting material and the formation
of a new compound after 1 h. The reaction mixture was
filtered through Celite with a chloroform/methanol (1:1,
10 mL) wash. Concentration and chromatographic pu-
rification (silica gel, 150:30:1 CHCl3/MeOH/H2O) afforded
56 mg (0.0525 mmol, 75%) of 5d as a white solid. Rf )
0.33 (silica gel, 150:30:1 CHCl3/MeOH/H2O). 1H NMR
[CDCl3/CD3OD (2:1 v/v), 300 MHz]: δ 5.00 (m, 1H), 4.18
(dd, J ) 11.7, 3.0 Hz, 1H), 3.99 (d, J ) 6.9 Hz, 1H), 3.95
(m, 1H), 3.90 (m, 2H), 3.78 (t, J ) 6.0 Hz, 2H), 3.68 (m,
1H), 3.55 (d, J ) 6.0 Hz, 1H), 3.30 (m, 4H), 2.95 (br m,
2H), 2.74 (br t, J ) 7.8 Hz, 2H), 2.10 (q, J ) 7.2 Hz, 4H),
1.48 (m, 2H), 1.37 (m, 6H), 1.03 (s, 70H), 0.65 (t, J ) 6.6
Hz, 6H). 13C NMR [CDCl3/CD3OD (2:1 v/v), 75 MHz]: δ
174.4, 174.1, 103.9, 75.3, 74.1, 71.9, 70.8, 70.7, 70.4, 69.3,
64.4, 63.0, 61.7, 61.1, 34.7, 34.6, 32.4, 30.2, 30.1, 30.0,
29.8, 29.7, 29.6, 29.5, 29.4, 26.9, 26.5, 26.2, 25.4, 25.3,
23.2, 14.4. HRMS (FAB+) calcd for C57H112NO14P + H+

1066.7899, found 1066.7880.

RESULTS AND DISCUSSION

Synthesis. Our approach to the synthesis of neogly-
cophospholipid conjugates was based on the finding of
Feizi and colleagues (19, 20), who demonstrated that
oligosaccharides, when treated with an excess amount
(10-50 equiv) of a phosphatidylethanolamine (PE) in the
presence of sodium cyanoborohydride (NaBH3CN), could
be conjugated to a PE via a reductive amination reaction.
A significant drawback of this method is the fact that
the reducing end of the oligosaccharide thus conjugated
is inevitably destroyed, potentially diminishing the bio-
logical activity of smaller carbohydrates. For the same
reason, the method is also inapplicable to monosaccha-
rides and synthetic oligosaccharides. In order to circum-
vent these limitations, methodology was developed for
glycolipid conjugation using a spacer arm inserted on the
saccharide and possessing the required carbonyl func-
tionality for reductive amination. In view of the require-
ment for a general method, different monosaccharides (1)
were used to initiate this investigation.

1 Abreviations: Galp, D-galactopyranoside; Glcp, D-glucopy-
ranoside; Fucp, L-fucopyranoside; Manp, D-mannopyranoside;
GlcpNAc, 2-acetamido-2-deoxy-D-glucopyranoside; DSPE, di-
stearoylphosphatidylethanolamine; PDC, pyridinium dichro-
mate; TBPA•+, tris(4-bromophenyl)aminium hexachloroan-
timonate(V); NIS, N-iodosuccinimide; COSY, correlated
spectroscopy; HRMS, high-resolution mass spectroscopy.
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Table 1 summarizes our strategy and results according
to this protocol. Perbenzylated R-glycopyranosyl chlo-
rides (1a-d) reacted with alkyldiols of 3, 5, 7, 10, and
16 methylene units, respectively, in the presence of
CdCO3 and CaSO4 and in mixed solvents of 2:1 toluene/
acetonitrile. In most synthetic schemes, CdCO3 is pre-
dominantly utilized as an acid scavenger and its appli-
cation as a glycosylation catalyst has been limited (21,
22). Nonetheless, Conrow and Bernstein have observed
that CdCO3 could catalyze the synthesis of steroid
conjugates of aryl glucuronides, providing improved
overall results when compared with the results with
traditional heavy metal catalysts (23). Similarly, in the
synthesis of compounds 2, CdCO3 resulted in better yields
and satisfied â-anomeric selectivity in contrast to AgClO4,
HgBr2, and AgOTf. Compounds 2a-h were produced in
excellent isolated yields with anomeric selectivity ranging
from 84:16 to 89:11 in favor of the â-anomer as deter-
mined by HPLC or 1H NMR. The â-anomeric stereo-
chemistry of the major isomers in 2a-h was character-
ized by a larger coupling constant (J ) 7.8-10.0 Hz) of
the anomeric proton with chemical shifts at δ ) 4.35-
4.40 ppm. The unambiguous assignments of the ano-
meric protons were achieved by COSY which correlated
the anomeric protons to other protons on the carbohy-
drate rings rather than to the protons of the methylene

protons of the benzyl groups. Further, the anomeric
carbons of the major isomers of 2a-h were observed at
about 103-104 ppm while the minor isomers at 98-99
ppm.2 Optimized reaction conditions for obtaining high
yields and good anomeric selectivity include carrying out
the glycosidation reactions at 60-65 °C in a mixed
solvent system of toluene and acetonitrile and using an
excess amount of the diol. The anomeric selectivity was
also substrate controlled as glucosyl, fucosyl, and galac-
tosyl chlorides (1a-c) showed good â-selectivity, while
mannosyl chloride (1d) did not demonstrate any selectiv-
ity. Thus, under the same reaction conditions, a 50:50
mixture of R/â anomers (2i) was obtained in 86% yield
from R-mannopyranosyl chloride (1d) when it was treated
with 1,7-heptanediol.3 On the other hand, the corre-
sponding R-thiomannopyranoside (1e), when treated with
either 1,7-heptanediol or 1,10-decanediol under the reac-

2 Amphiphile â-5d was prepared as shown below from aceto-
bromo galactoside (6) and has the same spectral behavior as
the major anomer of 5d. Detailed study will be reported in due
course.

Table 1. Syntheses of Neoglycophospholipid Conjugatesa

a All yields are isolated yields after flash silica gel chromatography purification.
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tion conditions developed by Sinay (24, 25) (-40 to -20
°C in acetonitrile with TBPA•+ as the initiator), could be
transformed to desired products 2i and 2j in moderate
to good yields with high R-selectivity (90:10).4 Because
of the existence of a neighboring participating group in
thioglycoside 1f, its reaction with 1,10-decanediol under
the Fraser-Reid protocol (26) (NIS/TfOH) proceeded with
high â-selectivity (>95:5 by 1H NMR) to afford 2k in 84%
yield. The nonseparable anomeric mixtures of 2 were
used directly in subsequent reactions. Transformation
of the primary hydroxy group in compounds 2 to an
aldehyde via PDC oxidation in methylene chloride (27)
produced compounds 3 in good yields.
Disappointing results were obtained under standard

reductive amination conditions when aldehydes 3 were
reacted with DSPE using NaBH3CN as the reducing
agent (28-30). Thus, compound 3b was firstmixed with
10 equiv of distearoylphosphatidylethanolamine (DSPE)
in a 1:1 mixed solvent of methanol and chloroform in the
presence of 3 Å molecular sieves. The reaction mixture
then was treated with NaBH3CN at 50 °C. Under this
procedure, only 10-30% of the desired reductive amina-
tion product 4b was isolated after the reaction mixture
was stirred for over 72 h. However, it was found that,
by reversing the order of addition of the reagents, a much
more efficient reductive amination procedure was dis-
covered. NaBH3CN was added to DSPE in a mixed
solvent of methanol and chloroform (1:1) at 50 °C and
allowed to be stirred for about 10 min. A methanol/
chloroform (1:1) solution of aldedydes 3 (1:1.3-1.5 3/DSPE)
was then added dropwise to the above reaction mixture.
TLC analysis indicated a very clean reaction with com-
plete conversion of the aldehyde to the corresponding
conjugates 4 in about 30 min after addition. The reaction
was allowed to proceed for 1-1.5 h to ensure quantitative
conversion of the aldehyde. All compounds 3 underwent
efficient reaction with 1.3-1.5 equiv of DSPE to afford
conjugates 4 in 80-95% yields. The possible byproduct
formed by dialkylation of the primary amino group of
DSPE was not detected. It is noteworthy that, with this
improved procedure for reductive amination, the amount
of DSPE used in the reaction was reduced from 10 equiv
to about 1.3-1.5 equiv; the reaction time was reduced
from 72 to 0.5-1.5 h, and most importantly, the yields
were improved from 10-30 to 80-95%.
The perbenzylated conjugates 4, which were easily

isolated as a mixture of anomers from excess DSPE/
NaBH3CN via flash column chromatography, were sub-
jected to the condition of hydrogenation (H2 balloon, 2.0
equiv of 10% Pd-C by weight) to furnish the desired
amphiphiles 5 in good to excellent yields. We found that
using an excess amount of the Pd-C catalyst significantly
improved the reaction efficiency by shortening the reac-
tion time and improving the reaction yields. Using <1
equiv of the catalyst occasionally resulted in a long
reaction time and some decomposition; thus, a low
reaction yield was observed. The use of a minimal
amount of chloroform to assist dissolving the starting
materials also improved the hydrogenation reaction.
Under these conditions, all benzylated conjugates 4
underwent clean deprotection to furnish the correspond-
ing amphiphiles 5 in good to excellent yields.
As shown in Table 1, the method is general to spacer

arms of 3, 5, 7, 10, and 16 methylene units and to a

variety of simple and functionalized saccharides. To our
knowledge, the galactopyranoside-hexadecanyl-DSPE
conjugate (5e) represents a bioconjugate of its class with
the longest (C16) alkyl spacer arm reported in the
literature to date.
Amphiphilic Properties. The amphiphilic proper-

ties of neoglycoconjugates 5were investigated at the air-
water interface using a Langmuir-Blodgett trough. All
amphiphiles 5a-k formed stable monolayers with in-
triguing properties. Figure 1 illustrates the effect of the
alkyl spacer arm on the monolayer behavior of the
galactopyranoside-alkyl-phospholipid conjugates 5a-e.
The molecular areas at monolayer collapse of 5a-d were
in the range of 35-45 Å2/molecule. Compound 5e,
however, exhibited a higher molecular area of approxi-
mately 70 Å2/molecule, indicative of less compacted
packing at the collapse point. When the spacer length
increases, the transition region from expanded to con-
densed phases increases in both the range of molecular
area and surface pressure. Significantly, compounds 5d
and 5e have well-developed transition regions with 5e
having the highest surface pressure (24-25 mN/m) and
a range extending between 120 and 200 Å2/molecule. The
pressure-area (π-A) isotherms of glycophospholipids
with different carbohydrate head groups, all having a 10-
methylene spacer arm, are presented in Figure 2. Well-
developed expanded to condensed phase transition re-
gions were observed. However, the carbohydrate head
group had little influence on either the collapse area, the
collapse pressure, or the shape of the isotherm. While a
recent report has documented that oligosaccharides may
influence the phase transition of nonphospholipidic gly-
colipids in the absence of a spacer arm, in our system,
the stereochemistry and presence of functional groups on
the carbohydrate ring appear to have little effect on
monolayer packing (31).

3 The synthesis of this mixture and their spectroscopic data
are included in the Supporting Information.

4 The R-stereochemistry of the major anomer was determined
spectroscopically and confirmed by a synthesis of R-5j similar
to that of â-5d. Detailed study will be reported in due course.

Figure 1. π-A isotherms of galactosyl amphiphiles with C3-
C16 spacers.

Figure 2. π-A isotherms of amphiphiles with C10 spacers.
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CONCLUSION

In conclusion, we have developed an efficient protocol
for the synthesis of glycophospholipids. The key to this
protocol is the conjugation of PE to a saccharide via an
alkyl spacer with a terminal aldehyde using an improved
reductive amination procedure. In this manner, the
structural integrity of the saccharide is maintained and
alkyl spacer arms of different lengths can be incorporated
into the neoglycophospholipid. Optimization of carbo-
hydrate binding to specific peptides or cell surface
receptors may lead to the discovery of novel liposome-
based cell- and tissue-targeted drug and gene delivery
systems. Studies in this matter are currently under
investigation and will be reported in due course.
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Biotin Reagents for Antibody Pretargeting. Synthesis,
Radioiodination, and in Vitro Evaluation of Water Soluble,
Biotinidase Resistant Biotin Derivatives

D. Scott Wilbur,* Donald K. Hamlin, Pradip M. Pathare, and S. Ananda Weerawarna

Department of Radiation Oncology, University of Washington, Seattle, Washington 98195. Received
January 21, 1997X

As part of our development of antibody pretargeting for cancer therapy, an investigation has been
conducted to examine the stability of water solubilized, radioiodinated biotin derivatives toward
biotinidase degradation in mouse and human serum. Eight new biotin derivatives were synthesized
to conduct the study. The biotin derivatives synthesized contained (1) the biotin moiety, (2) a water
solubilizing linker moiety, (3) p-iodobenzoate or p-tri-n-butylstannylbenzoate moieties, and (4) in some
of the compounds, N-methyl or R-methyl containing moieties were added to block biotinidase activity.
The linker moiety, 4,7,10-trioxa-1,13-tridecanediamine, 5, was included in the biotin derivatives to
improve their water solubility, and it also functioned as a 17 Å spacer between the biotin and the
benzoyl moieties. Four of the new biotin derivatives (12, 14, 22, and 23) contained a p-tri-n-
butylstannylbenzoyl moiety as precursors which could be radioiodinated in the last synthetic step.
The other four biotin derivatives (13, 15, 24, and 25) contained p-iodobenzoyl moieties and were used
as HPLC reference standards. Initial studies involved radioiodination of 12 to yield [125I]13.
Radioiodinated 13, which did not contain a moiety for blocking biotinidase activity, was found to be
rapidly degraded in both mouse and human serum at 37 °C. Derivatives which were designed to be
stable to biotinidase incorporated N-methyl and R-methyl moieties adjacent to the biotin carboxylate
group. In one set of biotin derivatives (14 and 15), the N-methyl moiety was obtained by incorporating
N,N-dimethyl-4,7,10-trioxa-1,13-tridecanediamine, 9, as a linker in the place of 5. In the second set
of biotin derivatives (22 and 24), the N-methyl moiety was introduced by incorporating a sarcosine
(N-methylglycine) moiety between biotin and 5. The radioiodinated N-methyl containing biotin
derivatives [125I]15 and [125I]24 were found to be very stable to biotinidase degradation. An R-methyl
group was obtained in a pair of biotin derivatives (23 and 25) by incorporating a 3-aminobutyric acid
moiety between biotin and 5. The radioiodinated R-methyl containing derivative, [125I]25, was found
to have an intermediate stability with regards to biotinidase degradation.

INTRODUCTION

The very strong binding of biotin (vitamin H; coenzyme
R) with the proteins avidin (1) and streptavidin (2) have
made compounds containing biotin attractive for in vitro
bioassays (3, 4) and in vivo medical applications. One
important application under investigation by a number
of research groups is the use of “pretargeted” monoclonal
antibody conjugates with the biotin/(strept)avidin tech-
nology for imaging and therapy of cancer (5-7). A focus
of our studies is the investigation of antibody conjugates
with recombinant streptavidin (r-streptavidin)1 and ra-
diolabeled biotin derivatives in tumor pretargeting pro-
tocols as a method of amplifying the amount of radioac-
tivity delivered to cancer cells (8). We have hypothesized
that the amount of radioactivity attached to a cancer cell
which has been pretargeted with a biotinylated antibody
might be increased by repeated administration of radio-

labeled biotin dimers or trimers that are capable of cross-
linking streptavidin. To investigate this hypothesis, new
biotin derivatives had to be prepared. Quite early in our
studies in the preparation of new biotin derivatives, it
became apparent that there were two problems, serum
stability and aqueous solubility of biotin derivatives, that
had to be surmounted before they could be applied to
tumor pretargeting.
In our initial design of biotin derivatives for pretar-

geting and in derivatizing other molecules (9), alkyl
diamine linking moieties were used to conjugate biotin
to the molecules of interest. However, low water solubil-
ity of biotin derivatives caused problems in their evalu-
ation. For example, in one (unreported) study, a biotin
dimer designed for use in cross-linking streptavidin on
cancer cells was synthesized by conjugating two biotin
moieties with p-iodobenzoyl-5-aminoisophthalate ditet-
rafluorophenyl ester (10) using two diaminopropane
linkers. The biotin dimer obtained had very low water
solubility (e.g., <1 µg/mL), which made cross-linking
studies difficult to conduct. Although low aqueous
solubility of biotin derivatives had not previously been
reported as a problem in the synthesis of monomeric
radiohalogenated biotin derivatives (11-17), it was ap-
parent that for our application this was a problem that
needed to be addressed. Even though our desire to obtain
water solubilized derivatives was ultimately directed at
obtaining radiolabeled biotin dimers and trimers, we
were also interested in obtaining a water soluble mono-
meric radioiodinated biotin derivative for our studies.

* Address correspondence to Department of Radiation On-
cology, University of Washington, 2121 N. 35th Street, Seattle,
WA 98103-9103. Phone: 206-685-3085. Fax: 206-685-9630.
E-mail: dswilbur@u.washington.edu.
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1 Abbreviations: ChT, chloramine-T; cpm, counts per minute;

DIP, direct insertion probe, EDC, 1-(3-dimethylaminopropyl)-
3-ethylcarbodimide hydrochloride; EI, electron impact, 2-HEDS,
2-hydroxyethyl sulfide; HOHgBz, hydroxymercuribenzoic acid;
nca, no-carrier-added; NCS,N-chlorosuccinimide; r-streptavidin,
recombinant streptavidin; rt, room temperature; TFP, tetrafluo-
rophenyl; TFP-OH, tetrafluorophenol; TFP-OTFA, tetrafluo-
rophenyl trifluoroacetate.
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Results of studies involving binding of a radioiodinated
biotin derivative with r-streptavidin in phosphate buffer
and mouse serum suggested that there was a problem
with its stability in serum. Inspection of the literature
pointed to the serum enzyme biotinidase (18-24) as the
most likely cause for the instability. Indeed, human
serum contains large quantities of biotinidase (25 nM),
with the concentration being some 12 times higher than
both free and bound biotin (24). Although the presence
of biotinidase in serum has been known for over four
decades (25), until recently (26-29), it had been generally
overlooked in the design of biotin derivatives for in vivo
use. This is very important as any instability toward
biotinidase cleavage of biotin from radiolabeled biotin
derivatives used in pretargeting studies will result in
diminished binding. Even though some of the biotin
derivatives under development have two or three biotin
moieties, high serum stability is considered critical since
removal of only one biotin from a biotin dimer or trimer
could result in an inability to cross-link streptavidin.
Thus, the instability of radioiodinated biotin derivatives
in serum led us to consider the changes in the design of
the biotin derivatives such that amide cleaving action of
the enzyme biotinidase was blocked.
Reported herein is an investigation of the serum

stability of four radioiodinated biotin derivatives. The
biotin derivatives synthesized were made more water
soluble2 with an ether containing linking moiety, 4,7,
10-trioxa-1,13-tridecanediamine. Additionally, functional
groups were incorporated into some of the biotin deriva-
tives to block biotinidase activity. The functional groups
incorporated were based on previous literature reports
indicating stability of certain biotin derivatives to bio-
tinidase activity (18, 22, 26-29). Thus, two biotin
derivatives incorporated N-methyl functionalities (com-
pounds 15 and 24) similar to those reported by Gustavson
et al. (28, 29) and another incorporated an R-methyl
group (compound 25) similar to the R-carboxylate re-
ported by Rosebrough (26, 27). In vivo diagnostic or
therapeutic applications of biotin derivatives in pretar-
geting requires having a radiolabel attached. In this
investigation, radioiodination was important as the ra-
diolabel made it possible to follow the fate of the biotin
derivatives in serum. Our desire to introduce the radio-
iodine into the biotin derivatives in the last synthetic
step, and a requirement for high specific activity radio-
iodinated biotin derivatives for in vivo application led to
the use of aryltrialkylstannane derivatives for introduc-
ing the radioiodine into the molecules under study (31-
33). On the basis of the foregoing considerations, the
biotin derivatives shown in Chart 1 were targeted for
synthesis and radioiodination. The stability of the ra-
dioiodinated biotin derivatives synthesized was evaluated
in mouse and human serum using an assay employing
ultrafiltration centrifugation. Biotinidase contains a
sulfhydryl group in its active site, and its hydrolase
activity can be blocked by treatment with sulfhydryl
reactive agents such as iodoacetamide and hydroxymer-
curibenzoic acid (HOHgBz) (34). Therefore, HOHgBz
was used in this investigation to block the biotinidase
activity at specified time points and in controls wherein
serum activity was blocked prior to incubation.

EXPERIMENTAL PROCEDURES

General. All chemicals purchased from commercial
sources were analytical grade or better and were used

without further purification unless noted. Most of the
reagents used were obtained from Aldrich Chemical Co.
(Milwaukee, WI). Biotin was obtained from Sigma
Chemicals (St. Louis, MO). 4,7,10-Trioxa-1,13-tride-
canediamine, 5, and sarcosine methyl ester were obtained
from Fluka (St. Louis, MO). 2,3,5,6-Tetrafluorophenyl
trifluoroacetate, TFP-OTFA, was prepared as previously
described (35). Solvents for HPLC analysis were ob-
tained as HPLC grade and were filtered (0.2 µm) prior
to use. Silica gel chromatography was conducted with
70-230 mesh 60 Å silica gel (Aldrich Chemical Co.).
Centricon-10 and Microcon-30 centrifugation concentra-
tors were obtained from Amicon (Beverly, MA). Melting
points were obtained in open capillary tubes on a Mel-
Temp II apparatus with a Fluke 51 K/J electronic
thermometer and are uncorrected.
RadioactiveMaterials. Standard safety methods for

using radionuclides of iodine were employed (8). Na[125I]I
and Na[131I]I were purchased from NEN/Dupont (Bil-
lerica, MA) as high pH, high concentration solutions in
0.1 N NaOH. Measurement of 125I and 131I was ac-
complished on the Capintec CRC-15R or a Capintec CRC-
6A Radioisotope Calibrator. Radioactive samples were
counted in a LOGIC Model 111B Gamma Counter (Ab-
bott Laboratories, Chicago, IL).
Spectral Analyses. 1H NMR were obtained on Bruk-

er AC-200 (200 MHz) instrument, and chemical shifts are
expressed as parts per million using tetramethylsilane
as internal standard (δ ) 0.0 ppm). IR data were
obtained on a Perkin-Elmer 1420 infrared spectropho-
tometer. Mass spectral data (both low and high resolu-
tion) were obtained on a VG Analytical (Manchester,
England) VG-70 SEQmass spectrometer with associated
11250J Data System. Most mass spectral data were
obtained by fast atom bombardment (FAB+) in a matrix
of 2-hydroxyethyl disulfide (2HEDS) and polyethylene
glycol 300 or 600 containing thioglycolate. Some mass
spectral data were obtained by electron impact (EI) on

2 Water solubilization can be obtained with linkers containing
oxygen, nitrogen, or fluorine through hydrogen bonding with
those atoms (30).

Chart 1. Biotinidase Stabilized, Water Solubilized,
Biotin Derivatives Targeted for Synthesis
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the sample introduced by the direct insertion probe (DIP),
and this is noted with those mass spectral data. High-
resolution mass spectral data were used for compound
identification. Most compounds containing Sn isotopes
had five matching isotopic masses, but only one is
provided as identification. 1H NMR and HPLC were used
to assess compound purity (these data are provided in
the Supporting Information).
Chromatography. HPLC separations of nonradioac-

tive compounds were obtained on Hewlett-Packard qua-
ternary 1050 gradient pumping system with a variable
wavelength UV detector (254 nm) and a Varex ELSD
MKIII evaporative light-scattering detector. Analysis of
the HPLC data were conducted on Hewlett-Packard
HPLC ChemStation software. All reactions were moni-
tored by HPLC. Reverse-phase HPLC chromatography
was carried out using an Alltech Altima C-18 column (5
µm, 250 mm × 4.6 mm) using a gradient solvent system
at a flow rate of 1 mL/min. Three different separation
systems were used. Gradient I was a gradient using
MeOH and 1% aqueous HOAc. Starting with 40%
MeOH, the initial solvent mixture was held for 2 min,
then the gradient was increased to 100% MeOH over the
next 10 min, then held at 100% MeOH for 5 min.
Retention times (tR) under these conditions for biotin
conjugates were as follows: tR: 8 ) 12.9 min; 9 ) 2.5
min; 10 ) 2.5 min; 11 ) 9.7 min; 12 ) 16.8 min; 13 )
11.9 min; 14 ) 16.8 min; 15 ) 12.0 min; 16 ) 5.1 min;
17 ) 4.6 min; 18 ) 11.4 min; 19 ) 11.7 min; 21 ) 3.8
min; 22 ) 16.7 min; 23 ) 15.9 min; 24 ) 11.8 min; 25 )
11.9 min. Gradient II was the same as gradient I, except
the gradient starting solvent mixture began at 70%
MeOH/30% 1% aqueous HOAc: tR: 3 ) 13.8 min; 4 )
20.7 min. Gradient III was a gradient using MeOH and
1% aqueous Et3NHOAc (pH 4.4). Starting with 40%
MeOH, the initial solvent mixture was held for 2 min,
then the gradient was increased to 100% MeOH over the
next 13 min, then held at 100% MeOH for 5 min.
Retention times under these conditions for conjugates
were: tR: 6 ) 10.5 min; 7 ) 18.4 min.
HPLC separations of radioiodinated biotin derivatives

were conducted using a gradient system which consisted
of two Beckman model 110B pumps, a Beckman 420
controller, a Beckman model 153 UV detector (254 nm),
and a Beckman model 170 radioisotope detector. The
separations were obtained using HPLC conditions de-
scribed for gradient I, except water was used in the place
of 1% aqueous HOAc.
4-Iodobenzoate Tetrafluorophenyl ester (3). To

16 g (64.5 mmol) of 4-iodobenzoic acid, 1, suspended in
100 mL of anhydrous EtOAc was added 21 g (126 mmol)
of 2,3,5,6-tetrafluorophenol, 2, in 50 mL of anhydrous
EtOAc. To that mixture was added 18.6 g of EDC,
rinsing the weighing vessel with an additional 50 mL of
EtOAc. The mixture was allowed to stir overnight at rt,
and the EtOAc was removed by rotary evaporation,
resulting in an oily solid. The residue was dissolved in
350 mL CH3Cl, washed with 10% sodium bicarbonate (2
× 100 mL), dried over anhydrous MgSO4, and concen-
trated to a tacky solid. The solid was recrystallized from
acetonitrile to yield 22.1 g (87%) of 3 as an off white solid,
mp ) 148-149 °C; 1H NMR (CDCl3): δ 7.84 (s, 4H), 6.96
(m, 1H). IR (nujol, cm-1): 1748, 1510, 1489, 1277, 1250,
1173, 1094, 940. HRMS (EI, DIP): mass calcd for
C13H5F4IO2 (M)+, 395.9270; found, 395.9275.
4-Tri-n-butylstannylbenzoate Tetrafluorophenyl

Ester (4). To 10 g (25.2 mmol) of 3 dissolved in 250 mL
anhydrous toluene was added 25 mL (50 mmol) of bis-
(tributyltin) followed by 500 mg of tetrakis(triphenylphos-
phine)palladium(0). The reaction was heated to reflux

for 6 h, then cooled, and the toluene was removed under
vacuum by rotary evaporation. The resultant thick oil
was adsorbed onto 10 g of silica gel and added to a 260
g silica gel 60 column that was equilibrated in hexanes.
The mixture was then eluted with hexanes (75 mL
fractions) until the excess bis(tributyltin) came off the
column. At that point, the solvent was changed to 10%
EtOAc in hexanes. The desired compound was in frac-
tions 33-40. Evaporation of the solvent yielded 10.3 g
(73%) of 4 as a colorless oil. 1H NMR (CDCl3): δ 8.10 (d,
J ) 3.9 Hz, 2H), 7.70 (m, 1H), 7.65 (d, J ) 3.9 Hz, 2H),
1.53 (m, 6H), 1.33 (q, J ) 3.6 Hz, 6H), 1.11 (t, J ) 8.2
Hz, 6H), 0.88 (t, J ) 7.2 Hz, 9H). IR (neat, cm-1): 1787,
1555, 1510, 1304, 1271, 1260, 1208, 1200, 1110, 1022,
980, 970. HRMS (EI, DIP): mass calcd for C21H23F4O2-
Sn (M - Bu)+, 503.0656; found, 503.0667.
N-(13′-Amino-4′,7′,10′-trioxatridecanyl)-4-iodoben-

zamide (6). A 2.0 g (5.05 mmol) quantity of 3 dissolved
in 100 mL of anhydrous DMF was added dropwise over
1 h to a mixture of 11 g (50 mmol) of 4,7,10-trioxa-1,13-
tridecanediamine, 5, and 2 mL of Et3N. The reaction was
stirred at rt for 30 min and solvent was removed under
vacuum with rotary evaporation. The resulting oil was
triturated in 200 mL of ether. The product was extracted
with CH3Cl (2 × 100 mL). The combined CH3Cl extracts
were washed with H2O (2× 50 mL), dried over anhydrous
Na2SO4, and CH3Cl was removed under vacuum. The
semisolid was then loaded onto a silica column (2.5 cm
× 35 cm), eluting with EtOAc, then EtOAc/MeOH. The
product was eluted with EtOAc:MeOH (7:3). The solvent
was removed under vacuum to yield 1 g (44%) of 6 as a
light yellow solid, mp 117-119 °C. 1H NMR (CDCl3): δ
7.65 (d, J ) 8.4 Hz, 2H), 7.4 (d, J ) 8.8 Hz, 3H), 6.4 (s,
2H), 3.4-3.6 (m, 14H), 2.9 (t, J ) 6.3 Hz, 2H), 1.6-1.8
(m, 4H). IR (KBr, cm-1): 3340, 1630, 1585, 1530, 1460,
1110. HRMS: mass calcd for C17H28IN2O4 (M + H)+,
451.1096; found, 451.1083.
N-(13′-Amino-4′,7′,10′-trioxatridecanyl)-4-tributyl-

stannylbenzamide (7). A 2.0 g quantity (3.57 mmol)
of 4 dissolved in 50 mL of anhydrous DMF was added
dropwise over 1 h to a mixture containing 8 g (35.7 mmol)
of 4,7,10-trioxa-1,13-tridecanediamine, 5, and 1 mL of
Et3N. The reaction mixture was stirred at rt for 30 min,
and the solvent was removed under vacuum. The result-
ing oil was triturated in 200 mL of ether. The product
was extracted with CH3Cl (2 × 100 mL). The combined
CH3Cl extracts were washed with (2× 50 mL) H2O, dried
over anhydrous Na2SO4, and the CH3Cl was removed
under vacuum. The resultant oil was dried under
vacuum to yield 2.2 g (99%) of 6. 1H NMR (CDCl3): δ 7.7
(d, J ) 7.8 Hz, 2H), 7.5 (d, J ) 8.0 Hz, 3H), 3.4-3.6 (m,
14H), 2.7 (t, J ) 6.7 Hz, 2H), 0.6-1.8 (m, 33H). IR (KBr,
cm-1): 3340, 1630, 1585, 1530, 1460, 1110. HRMS: mass
calcd for C29H55N2O4Sn(120) (M + H)+, 615.3184; found,
615.3159.
Biotin Tetrafluorophenyl Ester (8). This com-

pound was prepared as previously described (8).
N,N′-Dimethyl-4,7,10-trioxa-1,13-tridecanedia-

mine (9). A 50.8 g (231 mmol) quantity of 4,7,10-trioxa-
1,13-tridecanediamine, 5, was dissolved in 300 mL of
ethyl formate at ambient temperature and was stirred
under argon for 14 h. Excess ethyl formate was removed
under vacuum and the remaining oil was dissolved in
500 mL CH3Cl. The CH3Cl solution was washed with
H2O (2 × 100 mL), dried over anhydrous Na2SO4, and
evaporated to give 62.2 g (97%) of 4,7,10-trioxa-1,13-
tridecanediamine-N,N′-diformamide as an oil. 1H NMR
(CDCl3): δ 8.12 (s, 2H), 3.45-3.75 (m, 12H), 3.25-3.45
(m, 4H), 1.70-1.92 (m, 4H).
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A 50 g quantity (181 mmol) of the crude diformamide
was dissolved in 200 mL of anhydrous THF under argon.
The solution was cooled in an ice-H2O bath and 750 mL
(1500 mmol) of 2 M borane-methyl sulfide in THF was
added dropwise. After the addition was complete, the
mixture was allowed to warm to rt, then was heated to
reflux for 1 h. THF (∼750 mL) was removed by distil-
lation, and the reaction mixture was cooled with an ice-
H2O bath. A solution of 14 g of anhydrous HCl in 300
mL of MeOH was (very cautiously) added dropwise to
the cooled reaction mixture. The reaction mixture was
allowed to warm to rt, then heated to reflux for 30 min.
The solvent and excess HCl were removed by rotary
evaporation. The solid obtained was triturated in ether,
filtered, and dried to give 56.4 g (97%) of a tacky white
solid.
The crude product was dissolved in MeOH:H2O (1:1,

500 mL) and was filtered. The filtrate was neutralized
with 1 N NaOH and evaporated to dryness. The solid
obtained was dissolved in CHCl3, washed with H2O, and
dried over anhydrous Na2SO4. The CHCl3 solution was
evaporated to give 40 g (92%) of 9 as a white solid, mp
102-104 °C. 1H NMR (CD3OD): δ 3.69 (m, 12H), 3.16
(m, 4H), 2.73 (s, 6H), 2.01 (m, 4H). 1H NMR (free base,
CDCl3): δ 3.65 (m, 12H), 2.77 (t, J ) 6.8 Hz, 4H), 2.49
(s, 6H), 1.85 (m, 4H). IR (KBr, cm-1): 3400, 2470, 2410,
1620, 1460, 1340, 1100. HRMS: mass calcd for C12H29N2O3
(M + H)+, 249.2178; found, 249.2167.
N-(13-Amino-4,7,10-trioxatridecanyl)biotina-

mide (10). This compound was prepared as previously
described (8).
N-(13-(p-tri-n-butylstannylbenzamido)-4,7,10-tri-

oxatridecanyl)biotinamide (12). A 0.628 g (1.12
mmol) quantity of 4 dissolved in 10 mL of anhydrous
DMF was added dropwise over 10-15 min to a mixture
of 0.5 g (1.12 mmol) of 10 in 25 mL of DMF and 0.4 mL
of Et3N. The reaction was stirred at rt for 2 h and solvent
was removed under vacuum. The residue was extracted
with CH3Cl (200 mL), washed with saturated sodium
bicarbonate solution (3 × 15 mL), then with H2O (2 × 50
mL), and dried over anhydrous Na2SO4. The CH3Cl was
removed under vacuum with rotary evaporation to yield
0.75 g (80%) of 12 as a light yellow oil after drying under
vacuum. 1H NMR (CD3OD): δ 7.7 (d, J ) 8 Hz, 2H), 7.4
(d, J ) 8 Hz, 2H), 4.35 (m, 1H), 4.2 (m, 1H), 3.34-3.5
(m, 12H), 3.05-3.2 (m, 3H), 2.7-2.9 (m, 3H), 2.6 (d, J )
13 Hz, 1H), 2.08 (t, J ) 7.3 Hz, 2H), 1.0-1.8 (m, 32H),
0.8 (m, 9H). IR (KBr, cm-1): 3280, 2910, 2850, 1690,
1640, 1580, 1110. HRMS: mass calcd for C39H69N4O6SSn-
(120) (M + H)+, 841.3925; found, 841.3960.
N-(13-(p-Iodobenzamido)-4,7,10-trioxatridecanyl)-

biotinamide (13). To a 0.5 g (1.12 mmol) quantity of
10 dissolved in 25 mL of anhydrous DMF was added 0.4
mL of Et3N (4 mmol) followed by 0.44 g (1.1 mmol) of 3.
The reaction mixture was stirred at rt for 0.5 h, and the
solvent was removed under vacuum by rotary evapora-
tion. The residue was extracted into CH3Cl (200 mL).
The CH3Cl was washed with H2O (2 × 15 mL), dried over
anhydrous Na2SO4, and removed under vacuum. The
resultant product was dried under vacuum to yield 0.6 g
(80%) of 13 as a white solid, mp 107-109 °C. 1H NMR
(CD3OD): δ 7.8 (d, J ) 9 Hz, 2H), 7.5 (d, J ) 8.7 Hz, 2H),
4.5 (m, 1H), 4.3 (m, 1H), 3.4-3.6 (m, 14H), 3.2-3.3 (m,
4H), 2.80-2.95 (m, 3H), 2.7 (d, J ) 13.2 Hz, 1H), 2.2 (t,
J ) 7.3 Hz, 2H), 1.6-1.9 (m, 9H), 1.46 (m, 2H). IR (KBr,
cm-1): 3280, 2910, 2850, 1690, 1640, 1580, 1110. HRMS:
mass calcd for C27H41N4O6SI (M + H)+, 677.1869; found,
677.1865.
1,13-N,N′-Dimethyl-N′-(13-(p-tri-n-butylstannyl-

benzamido)-4,7,10-trioxatridecanyl)biotinamide (14).

A 2.0 g (5.1 mmol) quantity of 8 in 50 mL of anhydrous
DMF was added dropwise to a mixture of 12.65 g (51
mmol) of N,N′-dimethyl-4,7,10-trioxa-1,13-tridecanedi-
amine and 2 mL of Et3N over 1 h. The reaction was
stirred at rt for 2 h, and the solvent was removed under
vacuum. The oil obtained was extracted in acetonitrile
and filtered. The solvent was removed by distillation,
and the resultant oil was loaded onto a silica column (2.5
cm × 35 cm). The column was first eluted with EtOAc
and then with EtOAc:MeOH. The product eluted with
MeOH. The solvent was removed from the collected
fractions under vacuum. The isolated product was dried
under high vacuum to yield 600 mg (25%) of 11 as an
oily solid. 1H NMR (CDCl3): δ 6.6 (m, 2H), 4.2-4.6 (m,
2H), 1.2-3.7 (m, 38H).
To a solution containing 0.23 g (0.49 mmol) 11 and 17

µL of Et3N in 5 mL of DMF was added 0.302 g (0.54
mmol) of 4. The reaction mixture was stirred at rt for
14-16 h and then evaporated to dryness. The product
was extracted with CH3Cl (2 × 100 mL). The combined
CH3Cl extracts were washed with (2× 50 mL) H2O, dried
over anhydrous Na2SO4, and the CH3Cl was removed
under vacuum. The product was triturated with ether,
collected, and dried under vacuum to yield 0.18 g (74%)
of 14 as an oil. 1H NMR (CDCl3): δ 7.2-7.5 (m, 2H),
6.0-6.5 (m, 3H), 4.1-4.5 (m, 2H), 0.7-3.7 (m, 65H). IR
(KBr, cm-1): 1695, 1640, 1455, 1300, 1120. HRMS: mass
calcd for C41H73N4O6SSn(120) (M + H)+, 869.4289; found,
869.4273.
1,13-N,N′-Dimethyl-N′-(13-(p-iodobenzamido)-

4,7,10-trioxatridecanyl)biotinamide (15). To a solu-
tion containing 0.18 g (0.38 mmol) of 11 and 14 µL Et3N
in 5 mL of DMF was added 0.166 g (0.42 mmol) of 3. The
reaction was stirred at rt for 14-16 h and then evapo-
rated to dryness. The product was loaded onto a silica
column (2.5 cm × 35 cm). The column was first eluted
with CH3CN, then with increasing percentage of MeOH
in CH3CN. The product eluted with a 3:7 mixture of
MeOH/CH3CN. The solvent was removed under vacuum
and the residue was dried under vacuum to yield 0.12 g
(74%) of 15 as an oil. 1H NMR (CDCl3): δ 7.7 (d, J ) 8.2
Hz, 1H), 7.2 (d, J ) 8.2 Hz, 1H), 6.4 (m, 1H), 6.0 (m, 1H),
4.2-4.6 (m, 2H), 1.2-3.7 (m, 39H). IR (KBr, cm-1): 1695,
1640, 1455, 1300, 1120. HRMS: mass calcd for C29H46-
IN4O6S (M + H)+, 705.2183; found, 705.2167.
N-Methylglycylbiotinamide (16). A 2.5 g (6.4 mmol)

quantity of 8 dissolved in 30 mL of DMF under argon
atmosphere was added to a mixture of (1.075 g, 7.68
mmol) N-methylglycine methyl ester hydrochloride dis-
solved in 10 mL of DMF and 1.25 mL (9.0 mmol) of Et3N.
The reaction mixture was stirred at rt for 2-3 h, then
the solvent was removed under vacuum. The residue was
extracted into CH3Cl (2 × 100 mL). The CH3Cl extract
was washed with H2O (2 × 25 mL), dried over anhydrous
Na2SO4. The CH3Cl was removed under vacuum, and
the residue was dried under high vacuum to yield 2.1 g
(99.7%) of methyl ester of N-methylglycine biotinamide
as a semisolid. 1H NMR (CD3OD): δ 4.5 (m, 1H), 4.3 (m,
1H), 3.7 (d, J ) 9.6 Hz, 2H), 3.1-3.2 (m, 3H), 2.8-3.0
(m, 6H), 2.7 (d, J ) 12.6 Hz, 1H), 2.2-2.5 (m, 2H), 1.4-
1.8 (m, 6H). HPLC: tR ) 6.6 min (gradient I).
N-Methylglycylbiotinamide methyl ester was hydro-

lyzed in a mixture of 31.5 mL of MeOH and 10.5 mL of
1 N NaOH solution at rt for 1 h. Methanol was removed
by distillation, and the aqueous solution remaining was
stirred with ether (100 mL). This resulted in precipita-
tion of a solid. The solid was filtered and dried under
vacuum to yield 1.2 g (60%) of 16 as a colorless solid, mp
190-192 °C. 1H NMR (DMSO-d6): δ 6.2 (d, J ) 15.6 Hz,
2H), 3.7-4.2 (m, 4H), 2.7-2.9 (m, 3H), 2.6 (m, 2H), 2.35

Biotinidase Stabilized Biotin Derivatives Bioconjugate Chem., Vol. 8, No. 4, 1997 575



(m, 2H), 2.0 (m, 2H), 1.0-1.5 (m, 6H). IR (KBr, cm-1):
3320, 3280, 2910, 1695, 1650, 1480, 1120, 880. HRMS:
mass calcd for C13H22N3O4S (M + H)+, 316.1331; found,
316.1321.
N′-(13-(p-tri-n-butylstannylbenzamido)-4,7,10-tri-

oxatridecanyl)-N-methylglycylbiotinamide (22). To
a 0.25 g (0.8 mmol) quantity of 16 dissolved in 15 mL of
DMF under argon atmosphere was added 0.25 g (0.96
mmol) of 2,3,5,6-tetrafluorophenyl trifluoroacetate, TFP-
OTFA, followed by 0.119 mL (0.96 mmol) of Et3N. The
reaction mixture was stirred at rt for 20 min to obtain
18. To the solution containing 18 was added 0.491 g (0.8
mmol) of 7 in 5 mL of DMF. That mixture was stirred
at rt for 0.5 h, and the solvent was removed under
vacuum. The residue was triturated with ether, and the
solid was filtered. The isolated solid was dried under
high vacuum to yield 0.5 g (69%) of 22 as colorless solid,
mp 89-91 °C. 1H NMR (CD3OD): δ 7.7 (d, J ) 7.4 Hz,
2H), 7.5 (d, J ) 7.4 Hz, 2H), 4.5 (m, 1H), 4.3 (m, 1H), 4.0
(d, J ) 8.4 Hz, 2H), 2.9-3.8 (m, 25H), 2.7 (d, J ) 12.6
Hz, 2H), 2.4 (m, 2H), 0.8-2.0 (m, 36H). IR (KBr, cm-1):
3280, 2920, 2860, 1695, 1650, 1450, 1120, 1000. HRMS:
mass calcd for C42H74N5O7SSn(120) (M + H)+, 912.4308;
found, 912.4331.
N′-(13-(p-iodobenzamido)-4,7,10-trioxatridecanyl)-

N-methylglycylbiotinamide (24). To a 0.15 g (0.48
mmol) quantity of 16 dissolved in 12 mL of DMF under
argon atmosphere was added 0.15 g (0.576 mmol) of TFP-
OTFA and 71 µL (0.576 mmol) of Et3N. The reaction
mixture was stirred at rt for 20 min to form 18. To the
solution of 18 was added 0.216 g (0.48 mmol) of 6 in 5
mL of DMF. The reaction mixture was stirred at rt for
0.5 h, then the solvent was removed by distillation, and
the residue was loaded onto a silica gel column. The
column was eluted with EtOAc then with increasing
amounts of MeOH in EtOAc. The fractions containing
the product were evaporated to dryness to yield 0.22 g
(61%) of 24 as an colorless solid after drying under high
vacuum, mp 114-116 °C. 1H NMR (CD3OD): δ 7.8 (d, J
) 8.6 Hz, 2H), 7.6 (d, J ) 8.8 Hz, 2H), 4.4 (m, 1H), 4.3
(m,1H), 4.0 (d, J ) 10 Hz, 2H), 2.9-3.6 (m, 22H), 2.9 (m,
2H), 2.7 (d, J ) 12.6 Hz, 1H), 2.4 (m, 2H), 1.3-1.9 (m,
11H). IR (KBr, cm-1): 3280, 2920, 2860, 1695, 1650,
1450, 1120, 1000. HRMS: mass calcd for C30H46IN5O7-
SNa (M+Na)+, 770.2060; found, 770.2086.
3-(Biotinamido)butyric Acid (17). To a 1.32 g

(12.76 mmol) quantity of 3-aminobutyric acid dissolved
in 200 mL of DMF under argon atmosphere was added
3.6 mL (25.5 mmol) of Et3N, followed by 5 g (12.76 mmol)
of 8. The reaction was stirred at rt for 24 h, and the
solvent was removed under vacuum. The residue was
triturated with acetonitrile and filtered. The isolated
solid was dried under high vacuum to yield 4.8 g (98%)
of 17 as a colorless solid, mp 161-163 °C. 1H NMR
(DMSO-d6): δ 7.6 (m, 1H), 6.2 (d, J ) 11.2 Hz, 2H), 3.9-
4.2 (m, 3H), 2.6 (m, 2H), 2.35 (d, J ) 12.6 Hz, 1H), 1.7-
2.1 (m, 4H), 0.7-1.5 (m, 10H). IR (KBr, cm-1): 3280,
3060, 2920, 2840, 1695, 1640, 1540, 1260, 1080. HRMS:
mass calcd for C14H24N3O4S (M + H)+, 330.1488; found,
330.1479.
3-(Biotinamido)butyrate Tetrafluorophenyl Ester

(19). To a 4.0 g (12.16 mmol) quantity of 17 dissolved in
100 mL of DMF under argon atmosphere was added 3.8
g (14.6 mmol) of TFP-OTFA, followed by 0.2 mL of Et3N.
The reaction mixture was stirred at rt for 1 h, and the
solvent was removed under vacuum. The residue was
extracted into CH3Cl (4 × 100 mL). The combined CH3-
Cl extracts were washed with saturated aqueous NaH-
CO3 (2 × 50 mL) and H2O (2 × 50 mL). The CH3Cl
solution was dried over anhydrous Na2SO4, and the CH3-

Cl was removed under vacuum. The isolated product was
dried under high vacuum to yield 4.7 g (81%) of 19 as a
colorless solid, mp 137-139 °C. 1H NMR (DMSO-d6): δ
7.7 (m, 2H), 6.2 (d, J ) 13.2 Hz, 2H), 3.9-4.2 (m, 3H),
2.5-2.7 (m, 4H), 2.35 (d, J ) 12.6 Hz, 1H), 1.85 (t, J )
7.0 Hz, 2H), 0.7-1.5 (m, 10H). IR (KBr, cm-1): 3280,
3060, 2920, 2840, 1780, 1695, 1640, 1520, 1260, 1080.
HRMS: mass calcd for C20H24F4N3O4S (M + H)+, 478.1424;
found, 478.1424.
1-N′-(13-Amino-4,7,10-trioxatridecanyl)-3-(bioti-

namido)butyramide (21). To a 4.0 g (8.39 mmol)
quantity of 19 dissolved in 50 mL of anhydrous DMF was
added dropwise over 1 h a mixture of 18.5 g (83.9 mmol)
of 5 and 3 mL of Et3N. The reaction was stirred at rt for
30 min, and the solvent was removed under vacuum. The
resulting oil was triturated in 200 mL of ether, stirred
for 30 min, and the solid was collected. The semisolid
was dissolved in MeOH:EtOAc (3:7) and loaded onto a
silica column (2.5 cm × 35 cm). The column was eluted
with the same solvent mixture, with increasing concen-
tration of MeOH. The product eluted with MeOH. The
solvent was removed under vacuum from the fractions
containing 21. The isolated solid was dried under high
vacuum to yield 4.0 g (90%) of 21 as a colorless solid, mp
154-156 °C. 1H NMR (CD3OD): δ 4.5 (m, 1H), 4.2-4.3
(m, 2H), 3.4-3.7 (m, 15H), 3.2 (m, 4H), 2.9 (dd, J ) 3.2
Hz, J ) 8.2 Hz, 1H), 2.7-2.8 (m, 3H), 2.1-2.4 (m, 5H),
1.4-1.9 (m, 11H), 1.2 (d, J ) 4.6 Hz, 3H). IR (KBr, cm-1):
3280, 3060, 2920, 2840, 1695, 1640, 1540, 1260, 1100.
HRMS: mass calcd for C24H46N5O6S (M + H)+, 532.3169;
found, 532.3154.
1-N′-(13-(p-Tri-n-butylstannylbenzamido)-4,7,10-

trioxatridecanyl)-3-(biotinamido)butyramide (23).
To a solution containing 0.5 g (0.942 mmol) of 21 and 20
µL of Et3N in 20 mL of DMF was added 0.528 g (0.942
mmol) of 4 over a period of 5-10 min. The reaction was
stirred at rt for 1 h and evaporated to dryness. The
product was crystallized from MeOH/EtOAc and dried
under high vacuum to yield 0.63 g (72%) of 23 as a
yellowish solid, mp 158-159 °C. 1H NMR (CD3OD): δ
7.75 (d, J ) 5.2 Hz, 2H), 7.5 (d, J ) 5.6 Hz, 2H), 4.5 (m,
1H), 4.2-4.3 (m, 2H), 3.4-3.7 (m, 16H), 3.2 (m, 4H), 2.9
(dd, J ) 3.2 Hz, J ) 8.4 Hz, 1H), 2.7 (d, J ) 8.6 Hz, 1H),
2.1-2.4 (m, 5H), 0.8-1.9 (m, 41H). IR (KBr, cm-1): 3280,
3060, 2920, 2840, 1695, 1640, 1540, 1260, 1100. HRMS:
mass calcd for C43H76N5O7SSn(120) (M + H)+, 926.4478;
found, 926.4487.
1-N′-(13-(p-Iodobenzamido)-4,7,10-trioxatrideca-

nyl)-3-(biotinamido)butyramide (25). To a solution
containing 0.5 g (0.942 mmol) of 21 and 20 µL of Et3N in
20 mL of DMF was added 0.373 g (0.942 mmol) of 3 over
a period of 5-10 min. The reaction was stirred at rt for
1 h and evaporated to dryness. The product was crystal-
lized from MeOH/EtOAc and dried under high vacuum
to yield 0.4 g (56%) of 25 as a yellowish solid, mp 155-
157 °C. 1H NMR (CD3OD): δ 7.85 (d, J ) 5.6 Hz, 2H),
7.55 (d, J ) 6.0 Hz, 2H), 4.5 (m, 1H), 4.2-4.3 (m, 2H),
3.4-3.7 (m, 16H), 3.2 (m, 4H), 2.9 (dd, J ) 3.2 Hz, J )
8.4 Hz, 1H), 2.7 (d, J ) 8.6 Hz, 1H), 2.1-2.4 (m, 5H),
1.4-1.9 (m, 11H), 1.2 (d, J ) 6.6 Hz, 3H). IR (KBr, cm-1):
3280, 3060, 2920, 2840, 1695, 1640, 1540, 1260, 1100.
HRMS: mass calcd for C31H49IN5O7S (M + H)+, 761.2397;
found, 762.2366.
General Procedure for Iodination of 12, 14, 22,

23. Iodinations were performed on the stannylbenzoyl-
biotin derivatives 12, 14, 22, and 23 to confirm that the
reaction gives the corresponding iodobenzoyl-biotin de-
rivatives 13, 15, 24, and 25. A typical reaction was
conducted as follows: To a 500 µL aliquot of a 2 mg/mL
solution of stannylbenzoyl-biotin derivative in 1% HOAc/
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MeOH was added the appropriate amount of a 22 mg/
mL aqueous solution of NaI to obtain 0.75 equiv (relative
to 12, 14, 22, or 23), followed by addition of the appropri-
ate amount of a 22 mg/mL MeOH solution of N-chloro-
succinimide (NCS) to provide 1 equiv. The mixture
turned dark upon addition of the NCS, but became
colorless within 2 min. After 2 min, 1 equiv of an
aqueous sodium metabisulfite solution (22 mg/mL) was
added to mimic the quench step used in the radioiodi-
nation reaction. The reactions were followed by HPLC.
General Procedure for Radioiodination of 12, 14,

22, and 23. To 50 µL of a 1 mg/mL solution of 12, 14,
22, or 23 was added 1-5 µL of Na[125I]I in 0.1 N NaOH,
followed by 10 µL of a 1 mg/mL solution of NCS in MeOH.
After 2 min, 10 µL of a 1 mg/mL aqueous sodium
metabisulfite solution was added. The reaction mixture
was then drawn into a syringe for purification by HPLC.
The radioiodinated compounds were obtained from the
HPLC effluent. Radiochemical yields of the isolated
(purified) biotin derivatives were [125I]13 (50%); [125I]15
(24%); [125I]24 (37%, 39%); and [125I]25 (66%, 76%).
Portions of the isolated radioiodinated biotin compounds
were used for biotinidase activity experiments, and the
remainder was stored (in the eluant solvent) in the
refrigerator to determine the radiochemical/chemical
stability over time.
Streptavidin Binding of 13 and 24. A 1.0 mg/mL

solution of the iodobenzoyl-biotin derivative (13 or 24)
in 10% aqueous MeOH was diluted to 1:1 with the
corresponding radioiodinated biotin derivative ([125I]13
or [125I]24) in aqueous MeOH (from HPLC) to give a final
concentration of 0.50 mg/mL. Two, four, and six aliquots
of 2.4 µL each (13 ) 1.77 nmol; 24 ) 1.61 nmol) were
added to three Eppendorf tubes containing 100 µL of a 1
mg/mL solution of r-streptavidin (100 µg; 2.0 nmol). The
mixtures were incubated at rt for 1 h, then the contents
of the tubes were transferred to Microcon-30 concentra-
tors, and the samples were reduced in volume by cen-
trifugation at 7500 rpm to approximately 50 µL. The
residual protein solution in the Microcon-30 were rinsed
and concentrated three times with 200 µL of 20 mM
phosphate buffer, pH 6.8. The top and bottom (contain-
ing filtrate and three rinses) of the Microcon-30 were
counted in a well counter, and the percent of nonretained
radioactivity was calculated by dividing the amount of
radioactivity in the bottom by the total amount (top and
bottom) times 100. The data obtained are listed in Table
1.

Measurement of Biotinidase Cleavage. Two sepa-
rate experiments were conducted, one evaluated the
degradation of [125I]13 with time (Figure 1) and the other
evaluated the amount of degradation that had occurred
after incubation of the radioiodinated biotin derivative
for 2 h in serum (Table 2). The following general
procedure was employed for both experiments. The same
conditions were used when the compounds were evalu-
ated in mice or human serum. Triplicate runs were
conducted.
Biotinidase cleavage of [125I]13, [125I]15, [125I]24, and

[125I]25 was evaluated using the following procedure. The
radiolabeled biotin derivative (in MeOH/H2O) was diluted
with H2O to obtain approximately 3500 cpm per 10 µL
in a well counter. To a tube containing 500 µL of diluted
serum (1:10 with 20mM phosphate buffer, pH 6.8) was
added 10 µL of the radiolabeled biotin derivative. The
tube was lightly vortexed and placed in a 37 °C heating
block. After the desired time (e.g., 2 h), 40 µL of 2 mM
4-(hydroxymercuri)benzoic acid (HOHgBz) sodium salt

Table 1. Radioiodinated Biotin Derivative Bindinga with
r-Streptavidin

radioiodinated
biotin

derivative

quantity
added
(nmol)

with
r-streptavidinb

(% activity filtered)

without
r-streptavidinc

(% activity filtered)

[125I]13 3.6 2.9 ( 0.1 99.5 ( 0.1
7.1 3.1 ( 0.0
10.6 30.2 ( 1.5

[125I]24 3.2 3.1 ( 0.1 99.4 ( 0.1
6.4 3.3 ( 0.0
9.7 23.0 ( 1.1

a Values represent the percentage of radioactivity filtered in a
Microcon-30 centrifugation unit (i.e., not retained by binding with
r-streptavidin or nonspecifically bound to membrane or plastic
apparatus). b Values represent percentage of radioactivity that was
filtered when a known quantity of the biotin derivative was added
to 2.0 nmol of r-streptavidin (8 nmol biotin binding capacity);
average of two analyses ( SD. c Values represent percentage of
radioactivity filtered when the biotin derivative was added to
solutions without r-streptavidin; average of two analyses ( SD.
The nonspecific binding with the Microcon-30 unit is obtained by
subtracting the values shown from 100%.

Figure 1. Graphical presentation of the data obtained at
various time points after incubation of [125I]13 in mouse serum
at 37 °C. Each point represents the average ( standard
deviation of triplicate experiments.

Table 2. Biotinidase Activity with Radioiodinated
Derivatives Incubated in Diluted (10%) Mice and Human
Serum at 37 °C for 2 ha

radioiodinated
biotin

derivative

group 1
without
HOHgBzb

group 2
with

HOHgBzc

group 3
no

streptavidind

mouse serume

13 60.5 ( 1.9 3.0 ( 0.1
15 1.1 ( 0.1 0.9 ( 0.1
24 1.5 ( 0.6 1.3 ( 0.1
25 5.2 ( 0.4 2.7 ( 0.1

human serume

13 88.0 ( 1.1 1.1 ( 0.2 76.1 ( 2.0
15 1.2 ( 0.1 1.3 ( 0.1 79.6
24 1.0 ( 0.1 0.4 ( 0.1 86.0 ( 0.3
25 34.0 ( 0.7 2.0 ( 0.2 86.9 ( 0.2

a All values represent the percentage of radioactivity filtered
in a Centricon-10 centrifugation unit (i.e., not retained by binding
with r-streptavidin or nonspecifically bound). b Group 1 values
represent percent of radioactivity filtered from diluted, but
untreated, serum after an excess of r-streptavidin was added;
average of three analyses ( SD. c Group 2 values represent activity
filtered from diluted and HOHgBz treated serum after an excess
of r-streptavidin was added. HOHgBz deactivates biotinidase,
thus these values represent amounts not bound to streptavidin
or nonspecifically bound; average of three analyses ( SD. d Group
3 values represent percent of radioactivity filtered from HOHgBz
treated serum when no streptavidin was added; average of two
analyses ( SD except for 15. The nonspecific binding (that
retained when streptavidin is not present) is obtained by subtract-
ing the filtered values from 100%. e Mouse serum had been frozen
and thawed twice, and human serum was fresh (refrigerated at 4
°C).
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in H2O was added to inhibit biotinidase. Following this,
an excess of streptavidin (40 µL; 0.24 mg) was added,
and the mixture in serum was incubated at 37 °C for
another 30 min. The solution was transferred to a
Centricon-10, which had been prerinsed with 20 mM
phosphate buffer and was centrifuged at 3000g for 30
min. The nonfiltered material was washed with 0.5 mL
of phosphate buffer, followed by 3 × 0.2 mL of H2O,
concentrating by centrifugation each time. The top and
bottom (containing filtrate and washes) of the Centricon-
10 were counted in a well counter after each washing to
determine that no further rinsing of radioactivity was
occurring. The ratio of nonbound counts (bottom) to the
total counts (top and bottom) was calculated to determine
the percent of the biotin derivative that had been cleaved.
As a control, this procedure was repeated as above except
that the HOHgBz was added prior to the radiolabeled
biotin derivative to inhibit biotinidase activity.
Nonspecific binding of the radiolabeled biotin deriva-

tives in human serum was also determined using Cen-
tricon-10 concentrators. In that evaluation, each of the
radioiodinated biotin derivatives [i.e., [125I]13, [125I]15,
[125I]24, and [125I]25] was diluted to give approximately
5000 counts/10 µL solution. The experimental procedure

was the same as described above, except the serum was
deactivated with HOHgBz prior to addition of the radio-
iodinated biotin derivative and no streptavidin was
added. The percentages of radioactivity filtered (i.e., not
retained) in deactivated human serum without adding
streptavidin are listed in Table 2 (group 3). Nonspecific
binding (amount retained) is calculated by subtracting
the values in Table 2, group 3, from 100%.

RESULTS

Synthesis of Biotin Derivatives. The biotin deriva-
tives shown in Chart 1 were synthesized as outlined in
Schemes 2 and 3. The p-tri-n-butylstannylbenzoyl de-
rivatives 12, 14, 22, and 23 were prepared as precursors
to the radioiodinated biotin derivatives and the p-
iodobenzoyl derivatives 13, 15, 24, and 25 were prepared
for use as HPLC reference standards. Incorporation of
the p-tri-n-butylstannylbenzoyl- and p-iodobenzoyl moi-
eties into the biotin derivatives required a fair quantity
of these materials. While p-iodobenzoyl chloride was
commercially available, the stannylbenzoate was not
available from commercial sources. We had previously

Scheme 1. Synthesis of Tetrafluorophenyl Esters of p-Iodobenzoic Acid and p-Tri-n-butylstannylbenzoic acid,
and Their Reaction with 4,7,10-Trioxa-1,13-tridecanediamine

a 1, EtOAc, EDC, TFP-OH, rt, 16-24 h, 87%. b 3, toluene, (Bu3Sn)2, [(C6H5)3P]4Pd(0), ∆, 6 h, 73%. c 3 or 4, DMF, 5, Et3N, 1.5 h,
44/99%.

Scheme 2. Synthesis of Benzoyltrioxadiamine-Biotin Derivatives

a 9, DMF, Et3N, 2 h, 25%. b 3 or 4, DMF, Et3N, 2-16 h, rt, 74-80%.
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prepared the N-hydroxysuccinimidyl (NHS) and tet-
rafluorophenyl (TFP) (36) esters of p-tri-n-butylstannyl-
benzoate by a synthesis that employed the methyl ester
of p-bromobenzoate (37). For the syntheses of biotin
derivatives, the TFP ester was preferred as it is more
stable to hydrolysis and provided good aminolysis yields.
Rather than using the method employing stannylation
of the methyl ester followed by hydrolysis and re-
esterification with tetrafluorophenol (TFP-OH), we in-
vestigated the stannylation reaction with the TFP ester
of p-iodobenzoate, 3, as shown in Scheme 1. This
approach had been described previously (38), but experi-
mental methods were not reported. Preparation of 4 was
accomplished on a large scale in 64% overall yield from
p-iodobenzoic acid.
Preparation of the stannylbenzoylbiotin derivative 12

and its iodinated counterpart 13 were accomplished in
three synthetic steps in 62 and 69% (respectively) overall
yields as shown in Scheme 2. Synthesis of the N,N′-
dimethyl counterparts to 12 and 13, biotin derivatives
14 and 15, were not as facile, most likely due to the lower
reactivity of the secondary amines in the aminolysis
reactions. To prepare biotin derivatives 14 and 15, a
synthesis of the dimethyl analog of commercially avail-
able 4,7,10-trioxa-1,13-tridecanediamine, 5, was required.
Methylation was accomplished by reaction of 5with ethyl
formate to prepare theN,N′-trioxatridecane diformamide,
followed by subsequent reduction of the formamide
groups with borane-methyl sulfide to yield 9.
The synthesis of the N-methylglycine (sarcosine) con-

taining biotin derivatives 22 and 24 is depicted in Scheme
3. Direct coupling of biotin with sarcosine was attempted
under a number of reaction conditions, but low yields
were obtained. In contrast to this, the methyl ester of
sarcosine gave very good yields in the coupling reaction.
Once coupled, the methyl ester was readily hydrolyzed
with 1 N NaOH in MeOH, providing an overall yield of
the sarcosine-biotin adduct 16 of about 60%. The next
synthetic step, preparation of the TFP ester of 16 was
also fraught with difficulties. Monitoring the reaction

by HPLC showed that a single new species was prepared
when the transesterification reagent 2 was added, but
upon removal of the solvent, a mixture of compounds was
obtained in which the initially formed species was a
minor component. On the basis of those results, coupling
of the trioxadiamine 5 without isolation of the TFP ester
18 was attempted. To avoid making the biotin dimer in
the coupling reaction of 18 with 5, a large excess of 5
was used. Although the conjugation reaction was high
yielding (by HPLC analysis), separation of the excess 5
from the desired biotin adduct 20 proved to be difficult.
Therefore, it was decided that the trioxadiamine 5might
be coupled with the iodobenzoate 3 and stannylbenzoate
4 to form 6 and 7 (Scheme 1) prior to conjugation with
18. Preparation of 6was accomplished in low yield (44%)
due to difficulties of separating 5 from 6, but an excellent
yield (99%) of 7 was obtained due to the relative ease of
separating the more lipophilic tri-n-butylstannyl deriva-
tive from 5. Conjugation of 6 and 7 with in situ
generated 18 was facile, resulting in 61-69% isolated
yields of 24 and 22.
Synthesis of biotin derivatives 23 and 25which contain

an R-methyl adjacent to the biotin carboxamide group is
also depicted in Scheme 3. Unlike the reactions with
sarcosine, synthesis of 23 and 25 were straightforward,
being synthesized in five synthetic steps to give 40-51%
overall yields. Reaction of 3-aminobutyric acid with the
TFP ester of biotin 8 resulted in nearly quantitative yield
of 17. The TFP ester 19 was formed in high yield and
could be isolated without difficulty. Coupling of 19 with
5 was facile and purification of the resultant 21 was
readily achieved. Reaction of 21 with the TFP benzoate
esters 3 and 4 gave 25 and 23 in good yields.
Iodination/Radioiodination of Biotin Derivatives.

Iodination reactions were conducted with the stannyl-
benzoylbiotin derivatives 12, 14, 22, and 23 prior to
conducting the radioiodination reactions. Upon iodina-
tion, all of the stannylbenzoatebiotin derivatives provided
only one new peak on the HPLC chromatograms. In each
case, the new peak coeluted with the iodobenzoate-biotin

Scheme 3. Synthesis of Benzoyltrioxadiamine-Sarcosine-Biotin Derivatives and Benzoyltrioxadiamine-Amino-
butyryl-Biotin Derivatives

a(16) sarcosine methyl ester, DMF, Et3N, rt, 2-3 h, 1 N NaOH/MeOH, rt, 1 h, 60%; a(17) 3-aminobutyric acid, DMF, Et3N, rt, 24
h, 98%. b(18) TFP-OTFA, Et3N, 20 min, not isolated; b(19) TFP-OTFA, DMF, Et3N, rt, 1 h, 81%. c(21) 5, DMF, rt, 1.5 h, 90%. d(23,
25) 3 or 4, DMF, Et3N, rt, 1 h, 72%, 56%. e(22, 24) 18, 6, or 7, rt, 0.5 h, 69%, 61%.
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derivative (13, 15, 24, or 25) corresponding to the starting
stannylbenzoylbiotin used.
Radioiodinations of the stannylbenzoylbiotin deriva-

tives, 12, 14, 22, and 23 were conducted at no-carrier-
added (nca) levels of Na[125I]I in MeOH using N-chloro-
succinimide (NCS) as the oxidant. In the initial studies,
nca radioiodinations were carried out on >98% pure
stannylbenzoylbiotin derivatives. Interestingly, the ra-
dioiodination reactions of 12, 14, and 22 resulted in
radioiodinated compounds that had retention times
which were close to the iodinated standards, but did not
coelute with them. Further, the initial radioactive peaks
seen on HPLC analysis were transformed to more hy-
drophilic species within 30 min of isolation (as observed
when reinjected onto the HPLC).3 We felt that there
were a number of possible explanations for the apparent
instability of radioiodinated material, but it seemed most
likely that a radioiodinated impurity had been isolated
rather than the desired product(s). The radioiodination
of 22 gave a product which coeluted with the iodinated
standard, but the yield was uncharacteristically low.
Subsequently, 1 mg quantities of stannylbenzoate deriva-
tives were highly purified (>99.5%) by multiple injec-
tions/isolations from an analytical HPLC column and
were used in the radioiodination reactions. Use of the
highly purified stannylbenzoylbiotin derivatives resulted
in obtaining reasonable yields (24-76%) of nca radioio-
dinated products which coeluted with the iodobenzoyl-
biotin standards. The radioiodinated compounds ob-
tained from the highly purified stannylbenzoylbiotin
derivatives were stored at 4 °C for several weeks. In
general, the compounds were found to be stable during
storage. However, in one preparation of [125I]24, another
compound slowly grew in with time. The new radioio-
dinated species formed had a HPLC retention time that
indicated it might be the biotin sulfoxide.
Streptavidin Binding. An evaluation of the binding

of two radioiodinated biotin derivatives, 13 and 24, with
streptavidin was conducted to demonstrate that 4 equiv
bound, and to determine if nonspecific binding would be
a problem in the biotinidase assay. Only biotin deriva-
tives 13 and 24 were investigated as it was thought that
the binding of the R-methyl biotinamide 25 should be
similar to 13, and the N-methyl biotinamide 15 should
be similar to 24. In the experiment, solutions of the
nonradioactive biotin derivative (13 or 24) were mixed
with tracer quantities of the same radioiodinated biotin
derivative. From these stock solutions, varying quanti-
ties of the biotin derivative were added to three tubes
containing a set amount of streptavidin. Quantities of
the biotin derivative that were less than required to
saturate the biotin binding sites on streptavidin were
placed in two of the three tubes, and an excess of the
biotin derivative was added to the third tube. The tubes
were incubated for 1 h at room temperature, then the
contents of each tube was transferred to a centrifuge
filtration tube. After concentration and three washes
with phosphate buffer, the top and bottom of the cen-

trifugation filter were counted separately in a well
counter. The results, expressed as percent activity
filtered (i.e., activity in filtrate plus three washes) are
shown in Table 1. Since less than 4 equiv of each biotin
derivative were added to some of the tubes containing
r-streptavidin, it was expected in those examples that
very little activity would pass through the centrifugation
membrane. Indeed, in each tube containing less than the
quantity of biotin derivative necessary for saturation of
streptavidin (i.e., 8 nmol), only 3% of the activity passed
through the membrane filter. Importantly, in those
examples where an excess of biotin derivative was added,
the amount in excess of 4 equiv filtered readily. The
calculated excess percentages (33% for 13 and 21% for
24) were very close to the amounts filtered, indicating
that there was very little if any nonspecific binding with
streptavidin or the filtration membrane. The lack of
nonspecific binding to the centrifugation filtration mem-
brane and plastic parts was dramatically shown in that
less than 0.5% of 13 and 24 were retained when centri-
fuged without streptavidin.
Biotinidase Assay. Biotinidase activity results in

cleavage of the amide bond linking biotin with the portion
of the molecule containing the radiolabel. Therefore,
biotinidase activity can be measured by evaluation of the
amount of radioactivity that binds with an excess quan-
tity of r-streptavidin after incubation in serum. In the
initial experiment examining biotinidase activity, the
biotin derivative 13, which did not contain a biotinidase
blocking group, was incubated in dilute (10%) mouse
serum at 37 °C for 2 h. Aliquots were taken at various
time points and biotinidase activity was stopped with the
addition of hydroxymercuribenzoic acid (HOHgBz), a
chemical which is known to deactivate biotinidase (32).
As a control, an equivalent sample of 13 was incubated
in mouse serum that had been pretreated with HOHgBz.
The results of a triplicate analyses for those studies are
shown graphically in Figure 1. The results indicated that
the biotinidase activity in mouse serum increased almost
linearly over the 2 h period.
Following the initial study with 13, evaluations of the

stability of the water solubilized, N-methyl and R-methyl
containing biotin derivatives 15, 24, and 25 toward
biotinidase degradation were conducted. Since the most
important issue to be determined was whether complete
blocking of biotinidase activity could be obtained in the
derivatives, it was only necessary to evaluate the bio-
tinidase cleavage reaction (e.g., amount of radioactivity
that did not bind with r-streptavidin) at a single time
point. We chose to incubate for 2 h since over 50%
specific cleavage4 had been seen at 2 h when 13 was
incubated in dilute serum. In the analysis of each biotin
derivative (i.e., 15, 24, and 25), equivalent samples of
nonstabilized biotin derivative 13 and the biotin deriva-
tive being tested in serum pretreated with HOHgBz were
also examined. All of the biotin derivatives were evalu-
ated in human serum as well as mouse serum. We felt
that it was important to evaluate the stability in mouse
serum as our preclinical studies involving radiolabeled
biotin derivatives in tumor pretargeting use athymic mice
containing human tumor xenografts. It seemed equally
important to evaluate the derivatives in human serum
as the biotin derivatives are ultimately being developed
for use in applications of human cancer therapy. The
results of triplicate bioassays involving biotin derivatives

3 The radioactivity peak on the HPLC had a shorter retention
time (tR) than expected in each radioiodination reaction. For
example, in the radioiodination of 12 the iodo standard, 13, had
a tR ) 7.0 min by UV detection, whereas the major radioactive
peak had a tR ) 7.1 min. Due to the distance between the UV
detector and the radioactivity detector on the HPLC used, the
tR should be 0.3 min longer for the radioactive peak than the
UV peak (previously determined). Reinjection of the isolated
radioactivity (from peak at 7.1 min) after 30 min showed that
the radioactive material had changed to one that eluted at tR )
2.0 min. This change in tR most likely indicated that the
radioiodine was not stably attached to the compound isolated.

4 Specific cleavage is defined as the amount of radioactivity
not bound with r-streptavidin after incubation for 2 h minus
the amount of radioactivity not bound with r-streptavidin when
HOHgBz is added prior to incubation.
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13, 15, 24, and 25 are provided in Table 2. The
nonspecific binding of radioiodinated biotin derivatives
in serum was assessed by the measuring the quantity of
radioiodinated derivative retained when no r-streptavidin
is present. That value is obtained by subtracting the
amount filtered (from Table 2) from 100%.

DISCUSSION

The primary purpose of this study was to gain infor-
mation that would aid our development of radioiodinated
biotin derivatives for application to radiotherapy of
cancer using an antibody tumor “pretargeting” approach
(8). It was apparent from initial studies that the biotin
derivatives being developed needed to have improved
water solubility. It also became apparent that the biotin
derivatives synthesized needed to be designed in a
manner that blocked the serum enzyme biotinidase (18,
22). Thus, the design of new biotin derivatives to be used
in our studies had to incorporate functional groups which
(1) permitted radioiodination, (2) improved water solubil-
ity, and (3) blocked biotinidase activity.
An important consideration in the design of the new

biotin derivatives was the functionality to be used to
introduce radioiodine. As with all radioiodination reac-
tions, it was desired that the radioiodine be introduced
into the biotin derivatives in the last synthetic step,
which meant that a iodine reactive intermediate had to
be prepared. Some investigators have used biotin de-
rivatives which contained phenolic moieties, such as
tyrosine or tyramine, to allow incorporation of radioiodine
(12). However, concern that mixtures of mono- and diiodo
biotin derivatives would be obtained and concern that in
vivo deiodination of phenolic biotin compounds would
occur led us to choose an alternate labeling moiety. Our,
and other investigators’, studies have shown that radio-
iodinated compounds containing iodophenyl derivatives
are resistant to in vivo deiodination (31-33), so iodoaryl-
biotin derivatives were chosen. Introduction of high
specific activity radioiodine into a biotin derivative
through the use of a triazenyl intermediate had been
reported (15), but the radiochemical yields were low. An
alternative, more facile and higher yielding reactive
intermediate was desired. Stannylbenzoyl intermediates
were chosen for radioiodination of biotin because these
intermediates had been used previously in many other
applications and had proven to be facile and high yielding
in radioiodination reactions. In the initial experiments
with the stannylbenzoate derivatized biotin derivatives,
radioiodinated products were obtained which appeared
(by HPLC retention times) to be unstable. The identity
of the unstable compounds were not determined because
purification of the stannylbenzoate precursors resulted
in obtaining the desired radioiodinated biotin derivatives.
We were concerned about the potential for oxidation of
the biotin thioether (to sulfoxide or sulfone) in the
iodination reactions, but this had not been reported as a
problem in a previous investigation using tri-n-butyl-
stannyl-anilide as the moiety for radioiodination (17). To
assure ourselves that the sulfoxide derivatives were not
formed under the conditions of radioiodination, oxidation
of 13 was conducted in HOAc with H2O2 to provide a
biotin sulfoxide standard for HPLC analysis.5 Indeed,
the HPLC retention time for the biotin sulfoxide deriva-
tive clearly ruled out formation of the sulfoxide in the
iodination reaction. After purification of the stannyl-
benzoate intermediates, radioiodinated biotin derivatives
were obtained which coeluted with the iodinated stan-
dards. Although the radiochemical yields were lower
than anticipated, radioiodination of tri-n-butylstannyl-
benzoate derivatives, 12, 14, 22, and 23, resulted in

acceptable yields (24-76%) of isolated biotin derivatives
([125I]13, [125I]15, [125I]24, and [125I]25).
Although water solubilization of biotin derivatives had

been largely ignored in previously reported radiohaloge-
nated biotin derivatives, we felt that this was a very
important aspect of the design of new derivatives. Many
different water solubilizing linkers can be envisioned,
however, we addressed the issue of increasing the water
solubility by incorporating a neutral, nonionic, ether
containing linker between the biotin moiety and the aryl
moiety in the biotin derivatives of interest. In addition
to providing water solubilizing properties, the linker (4,7,
10-trioxa-1,13-tridecanediamine) provided a 17 Å spacer6
between the biotin carboxylate and the radioiodination
moiety. There have been many examples demonstrating
that the binding avidity of biotin derivatives with avidin
and streptavidin remains high when a linking molecule
is used between the biotin carboxylate and the coupled
compound (40).
The most important aspect of the design of new biotin

derivatives is modification such that serum biotinidase
does not cleave biotin from the rest of the molecule. The
new biotin derivatives could not be used for in vivo
applications without being stable in the presence of
biotinidase. Literature reports provided insight into the
types of modifications that might be used to make water
solubilized, radioiodinated biotin derivatives stable to
biotinidase activity. It is important to note that biotini-
dase is not confined to a particular tissue, rather it is
found in many tissues, with its activity being high in
liver, kidney, adrenal glands, and serum (18, 22). Bio-
tinidase appears to be involved in the transport and
cellular uptake of biotin, and may function as a biotinyl
transferase to biotinylate specific proteins or small
molecules (24), but the function that is important in
developing new biotin derivatives is its role in conserving
biotin in the body by cleaving biotin from its lysine
adduct, biocytin. Biocytin is produced upon catabolism
of the four biotin-dependent enzymatic peptide carboxyl-
ases which utilize it in their catalytic active site (41). It
has been reported that human serum biotinidase is
specific for cleavage of the lysine portion of biocytin, and
the fact that other biotin derivatives such as biotinylphe-
nylalanine, biotinyl-ε-aminocaproic acid, and biotinyl-γ-
amino-n-butyric acid were not cleaved (22) tends to
support this concept. However, the amide cleaving action
of biotinidase cannot be truly specific to lysine since
cleavage is observed with conjugated p-aminobenzoic acid
and iodotyramine (42), as well as with L-lysine. Thus, it
seems unlikely that simply changing the lysine to another
amine containing molecule would block the action of
biotinidase. Importantly, other investigators have re-

5 Formation of the biotin sulfoxide of 13 was accomplished
using the reaction conditions reported by Melville (39). The H2O2
oxidation reaction with 13 resulted in formation of a single
product; tR ) 11.0 min using Gradient I (tR ) 11.9 min for 13).
The retention difference of 13 and the oxidized product (i.e.,
biotin sulfoxide) using the HPLC conditions for radioiodinated
biotin derivatives was much more pronounced: 13, tR ) 10.7
min and oxidized product, tR ) 6.3 min. Investigation of the
oxidation of 13 with NCS was also conducted. After 24 h with
1 equiv of 13 and NCS in MeOH/HOAc, there was about 22% of
the same oxidized product (by coinjection on HPLC) as formed
with H2O2. In the time period similar to the radioiodination
reaction (i.e., 10 min), none of the oxidized product was seen.

6 This value is the distance between the two nitrogen atoms
in the fully linearized 4,7,10-trioxa-1,13-tridecanediamine. The
distance was obtained from the computer program ChemDraw
3D (CambridgeSoft Corp.) after structural and energy minimi-
zation.
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ported that some simple modifications of biotin deriva-
tives block biotinidase activity. For example, amide
cleavage appears to be sensitive to steric encumbrance
near the biotin carboxylate. Biotin conjugated with the
amine of p-aminobenzoic acid (PABA) is readily cleaved
by biotinidase, butm-aminobenzoic acid is cleaved at only
10% of the rate of PABA, and o-aminobenzoic acid does
not appear to be cleaved (22). Other parameters such
as the distance from the ring structures of biotin to the
carboxylate amide appear to also be important as short-
ening the aliphatic side chain decreases the activity to
2% of the unaltered rate when PABA conjugates are
studied (22).
Three of the new radioiodinated biotin derivatives were

chemically modified near the biotin carboxylate to block
the amidase action of biotinidase. Although it was known
that alterations in the biotin moiety would decrease
biotinidase activity, we chose to leave biotin unaltered
with the exception of conjugation of the carboxylate with
an amine containing moiety. It was felt that modification
of biotin would likely result in a decreased binding with
streptavidin. The early studies of Rosebrough indicated
that an R-carboxylate group (from a cysteinyl linked
biotin) was efficient at blocking cleavage of defero-acetyl-
cysteinyl-biotin by biotinidase (26, 27). However, our
desire to use the water solubilizing trioxatridecanedi-
amine linker made the cysteinyl derivative unattractive
for our studies. We felt that an R-methyl group from the
biotin adduct with 3-aminobutyric acid might provide
similar steric hindrance to that of an R-carboxyl group,
so biotin derivative 25 was targeted for synthesis and
evaluation. The results obtained suggest that the R-
methyl group does not provide enough steric hindrance
to completely block biotinidase activity. For the purposes
of these studies we chose to limit the number of biotin
derivatives synthesized. However, based on the results
with the R-methyl substituted biotin adduct 25, it would
be of interest to synthesize and compare a biotin-
aspartic acid adduct, which would be equivalent to 25,
except it would have an R-carboxylate group.
The reports that the sarcosine (N-methylglycine) ad-

duct of biotin completely blocked biotinidase activity (28,
29) led to targeting the radioiodinated biotin derivative
24 for synthesis and evaluation. Although 24 was
prepared, the difficulties encountered in that synthesis
led to the desire to prepare an additional N-methyl biotin
derivative. From a limited survey of commercial sources,
it appeared that there were very few commercially
available N-methyl compounds that could be used as
linkers. The N-methyl compounds that were available
from commercial sources were not attractive for our
studies as we felt that they would not provide enough
water solubilization for the biotin derivatives, nor did
they provide the spacer distance we were seeking. This
led to consideration of synthesizing a N-methylamine or
N,N′-dimethyldiamine derivative for use as a linker
molecule. Interestingly, synthesis of a biotin-psoralen
adduct containing a N,N′-dimethylhexanediamine linker
had been previously reported (43), but it was thought that
such an aliphatic linker would decrease water solubility
of biotin derivatives. These considerations prompted us
to synthesize N,N′-dimethyl-4,7,10-trioxa-1,13-tride-
canediamine, 9, and to use it in the synthesis of radio-
iodinated biotin derivative 15.
Biotinidase activity was measured utilizing centrifuga-

tion concentrators which retain molecules with a molec-
ular mass over 10 kDa. Incubation of the radioiodinated
biotin derivative [125I]13 at 37 °C in 10% mouse serum
displayed nearly linear cleavage by biotinidase over a 2
h time period (Figure 1). Deactivation of biotinidase with

HOHgBz prior to incubation showed that the cleavage
was specific. To measure biotinidase stability of biotin
derivatives [125I]13, [125I]15, [125I]24, and [125I]25, each
was incubated in diluted mouse or human serum at 37
°C for 2 h. After incubation in serum, an excess of
streptavidin was added to bind with biotin. The assay
solutions containing serum, streptavidin, and radiola-
beled biotin were then filtered through a size exclusion
centrifugation membrane and rinsed with PBS and
water. The radioactivity that went through the mem-
brane represents that activity which was no longer
attached to biotin. To demonstrate that the activity
penetrating the membrane was due to biotinidase cleav-
age, pretreatment with HOHgBz was conducted. Ad-
ditionally, to examine whether the biotin derivatives
might bind nonspecifically in serum and/or on the
membrane, centrifugation without added streptavidin
was conducted. The results of the biotinidase activity
assay are provided in Table 2. It is apparent that the
radioiodinated biotin derivative which had no functional
group for blocking serum biotinidase (i.e., 13) was rapidly
degraded by biotinidase. It was equally apparent that
the biotin derivatives containing N-methylbiotinamide
functionalities (i.e., 15 and 24) were very stable to
biotinidase degradation. Interestingly, the R-methyl
biotinamide functionality (i.e., 25) was found to be
relatively stable in mouse serum, but was cleaved at a
intermediate rate in human serum. It is not known why
there is such a difference in rate of cleavage in the two
types of serum, but it may be due to differences in the
way the serum was handled. It has been reported that
mouse serum biotinidase is less active than human serum
biotinidase (18), but perhaps more important is the fact
that the mouse serum used was frozen and thawed twice
whereas the human serum was fresh (refrigerated).
Freeze-thawing is reported to decrease biotinidase activ-
ity (22).
In addition to the biotin derivatives prepared and

evaluated in this study, a large number of other biotin
derivatives can be envisioned which are likely to block
biotinidase activity in vivo. It seemed obvious that
biotinidase activity could be completely blocked if the
biotin amide were reduced to an amine. Therefore, as
part of this investigation, the biotin-trioxadiamine ad-
duct 10 was reduced with borane-methyl sulfide to give
the secondary amino derivative. That compound was
subsequently reacted with the TFP esters, iodobenzoate,
3, and stannylbenzoate, 4 (unreported results). Although
these biotin derivatives had improved water solubility,
they were difficult to purify and were found to be
unstable upon storage, so this derivative was not inves-
tigated further. The literature also suggests that short-
ening the pentanoic acid side chain in biotin will cause
a blockage of biotinidase activity (22). Therefore, com-
pounds such as the norbiotinamine and its isothiocyanto
derivative (44) might be used to prepare compounds that
are stable to biotinidase activity.
The goal of these studies was to obtain information

with regards to biotin modifications and biotinidase
stability, but it is also important to consider how modi-
fications to biotin derivatives affect their binding with
streptavidin or avidin. Since bulky substituents attached
directly to the biotin carboxylate decrease binding with
avidin, it might be expected that biotin derivatives
containing bulky substituents adjacent to the carbonyl
group, such asN-methyl derivatives and R-methyl groups,
could result in decreased binding. Therefore, we are
planning to evaluate the dissociation kinetics (44) of the
compounds described herein to determine the effect on
binding with r-streptavidin brought about by the modi-
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fications. If the binding is greatly decreased, then
additional biotin derivatives designed to block biotinidase
activity will be prepared and evaluated.
Summary. In this study, four radioiodinated, water

solubilized, biotin derivatives were evaluated for their
stability toward degradation in serum by the enzyme
biotinidase. The biotin derivative which had a simple
amido bonded biotin, 13, was found to be unstable in both
mouse and human serum when incubated at 37 °C. Two
biotin derivatives, 15 and 24, which containedN-methyl-
amido bonded biotin were found to be very stable toward
degradation of biotinidase, similar to other previously
reported biotin derivatives. In contrast to the N-methyl
derivatives, a biotin derivative, 25, which contained a
methyl group R to the biotin amido linkage was not stable
to biotinidase, but was degraded at a slower rate than
13. The use of high specific activity radioiodinated biotin
derivatives ([125I]13, [125I]15, [125I]24, and [125I]25) made
the evaluation of their in vitro stability relatively easy.
The radioiodinated biotin derivatives were readily pre-
pared from p-tri-n-butylstannylbenzoyl biotin derivatives
(12, 14, 22, and 23), but not without being highly purified
on the HPLC. In addition to the biotinidase stabilizing
functionalities in the biotin derivatives studied, a water
solubilizing linker moiety was incorporated into each
compound.
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Development of a Streptavidin-Anti-Carcinoembryonic Antigen
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With pretargeting, radioisotope delivery to tumor is decoupled from the long antibody localization
process, and this can increase tumor:blood ratios dramatically. Several reagents were prepared for
each step of a “two-step” pretargeting method, and their properties were investigated. For pretargeting
tumor, streptavidin-monoclonal antibody (StAv-mab) conjugates were prepared by cross-linking sulfo-
SMCC-derivatized streptavidin to a free thiol (SH) group on MN-14 [a high-affinity anti-carcinoem-
bryonic antigen (CEA) mab]. Thiolated mabs were generated either by reaction of 2-iminothiolane
(2-IT) with mab lysine residues or by reduction of mab disulfide bonds with (2-mercaptoethyl)amine
(MEA). Both procedures gave protein-protein conjugates isolated in relatively low yields (20-25%)
after preparative size-exclusion (SE) chromatography purification with conservative peak collection.
Both StAv-MN-14 conjugates retained their ability to bind to CEA, to an anti-idiotypic antibody to
MN-14 (WI2), and to biotin, as demonstrated by SE-HPLC. Two clearing agents, WI2 mab and a
biotin-human serum albumin (biotin-HSA) conjugate, were developed to remove excess circulating
StAv-MN-14 conjugates in animals. Both clearing proteins were also modified with galactose residues,
introduced using an activated thioimidate derivative, to produce clearing agents which would clear
rapidly and clear primary mab rapidly. At least 14 galactose residues on WI2 were required to reduce
blood levels to 5.9 ( 0.7% ID/g in 1 h. Faster blood clearance (0.7 ( 0.2% ID/g) was observed in 1 h
using 44 galactose units per WI2. For the delivery of radioisotope to tumor, several biotinylated
conjugates consisting of biotin, a linker, and a chelate were prepared. Conjugates showed good in
vitro and in vivo stability when D-amino acid peptides were used as linkers. biotin-peptide-DOTA-
indium-111 had a slightly longer blood circulation time (0.09 ( 0.02% ID/g in 1 h) than biotin-peptide-
DTPA-indium-111 (0.05 ( 0.03% ID/g in 1 h) in nude mice. A longer circulation time with the neutral
DOTA complex might allow higher tumor uptake.

INTRODUCTION

The concept of monoclonal antibody (mab)-directed
pretargeting for the delivery of radioimmunotherapy
(RAIT) to target cells in vivo has received considerable
attention in the last few years. A significant advantage
of using this approach is the fact that the lengthy
antibody-to-target localization phase occurs with the mab
not carrying a radiotoxic nuclide. Instead, the mab
carries a secondary recognition moiety, which itself is
later targeted with a radiolabeled hapten recognizing
that secondary recognition moiety. A number of such
systems have been described (1-5), with the best known
being the one based on the high-affinity interaction
between avidin (or streptavidin) and biotin (6-12).
Basically, two biotin-avidin pretargeting approaches
have been described. The “two-step” method involves
administration of a mab-avidin (-streptavidin) conju-
gate followed by a biotin-nuclide conjugate. In the
“three-step” method, mab-biotin is administered first,
followed by an avidin (which acts as a mab-biotin
clearing agent and biotin-nuclide bridging agent), and

third a biotin-nuclide conjugate. In both methods,
additionally administered agents which remove residual
primary conjugate from the blood have been described
(13, 14).
Perhaps because of the highly interdisciplinary nature

of this field, many publications only deal with the
chemistry involved in reagent preparation in a peripheral
manner. However, since the reagents necessitated by the
approach include protein-protein conjugates, protein-
carbohydrate conjugates, biotinylated proteins, radio-
labeled proteins, biotin-chelate conjugates, and radio-
labeled biotin-chelate conjugates, the required support-
ing chemistry is neither obvious nor trivial. Aside from
synthetic chemistry and bioconjugate chemistry work,
methods of purification and analysis also need to be
developed for each prospective agent prior to embarking
on expensive in vivo experimentation. A number of
articles have appeared which outline various methodolo-
gies in this area, but these methodologies are often
incompletely developed, sometimes appear less than
satisfactory in terms of analytical characterization, and,
in any case, are scattered across the scientific literature
(15-28). In this paper, we concentrate on chemical
considerations related to preclinical two-step pretargeting
studies, and we identify and describe useful preparative
and analytical methods for this purpose.
The reagents described herein are for evaluation of

two-step pretargeting, using appropriate radiolabeled
derivatives, although more than two steps are used.
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Tumor is pretargeted with StAv-MN-14, a streptavidin-
anti-carcinoembryonic (CEA) mab conjugate, and after
allowing 2 days for maximizing tumor uptake, a clearing
agent is injected to remove non-tumor-bound, circulating
StAv-MN-14. A clearing agent is used to remove
extraneous conjugate from the blood and achieve high
tumor:blood ratios of StAv-MN-14 in a short time. An
alternative approach would be to allow a longer time for
the conjugate to clear from blood without the aid of a
clearing agent, as has been described (26). This approach
requires that the StAv-mab conjugate remain at the
tumor for a long period of time either without internal-
ization or without losing its biotin binding capacity due
to endogenous biotin-saturating StAv binding sites.
Thus, a clearing agent is used to reduce the time between
the targeting by the mab and the injection of the labeled
biotin. Clearance mechanisms to be tested are based on
anti-idiotypic binding to the antigen-binding part of
StAv-MN-14 or biotin binding to the StAv part of the
StAv-MN-14 conjugate. In addition, clearing agents
substituted with carbohydrate moieties are examined,
since these agents themselves are rapidly cleared from
the blood and localized into hepatocytes by specific
receptors (29).
Radiometal-labeled biotinylated chelate is adminis-

tered in the final step 2-24 h after the clearing agent.
Requirements for a useful biotinylated chelate include
in vivo stability, since serum biotinidase is known to
cleave biotinylated substrates (30). A final requirement
is the fact that the radiometal-chelate-biotin must have
a reasonably short serum half-life in order to minimize
normal tissue radiotoxicity upon therapy; yet at the same
time, it must remain in circulation long enough to allow
for adequate tumor accretion.

MATERIALS AND METHODS

The murine anti-CEA antibody, MN-14, has been
described previously (31), as has the rat anti-MN-14
idiotypic antibody WI2 (32). Streptavidin (StAv) and
avidin were purchased from Pierce (Rockford, IL) and
Sigma Chemical Co. (St. Louis, MO), respectively, and
used without purification. Human serum albumin (HSA)
(catalog no. A 3782) was from Sigma and was purified
on a preparative size-exclusion HPLC column to remove
a large molecular weight contaminant prior to its modi-
fication. CEA was obtained from Scripps (San Diego,
CA). 1,4,7,10-Tetraazacyclododecane-N,N′,N′′,N”′-tet-
raacetic acid (DOTA) was obtained from Parish Chemi-
cals (Orem, UT). (2-Mercaptoethyl)amine (MEA) and
cyanomethyl 2,3,4,6-tetra-O-acetyl-1-thio-â-D-galactopy-
ranoside (CTTG) were from Sigma, and [5-(biotinamido)-
pentyl]amine was from Pierce. The remaining chemicals,
including 2-iminothiolane, were purchased from Pierce
or Aldrich (Milwaukee, WI). All were used without
further purification. N,N,N′,N′′,N′′-Pentakis(carboxy-
methyl)-2-(p-aminobenzyl)diethylenetriamine (amino-
benzyl-DTPA) was prepared according to literature meth-
ods (33) and converted to N,N,N′,N′′,N′′-pentakis(car-
boxymethyl)-2-(p-isothiocyanatobenzyl)diethylene-
triamine (ITC-Bz-DTPA) as described (34).
Protein solutions were sterile-filtered using Millipore

(Marlborough, MA) Millex-GV 0.22 µm filter units.
Centrifuged spin columns were prepared according to
published procedures (34, 35). The gel, Sephadex G-50-
80 (Sigma), was hydrated in the appropriate buffer and
washed with 7 buffer volumes before storage at 4 °C.
Analytical protein analyses were performed on a Bio-Sil
SEC-250 SE-HPLC column (Bio-Rad, Richmond, CA)
equipped with an in-line absorbance detector (Waters 486
or Beckman 167), set at 280 nm, and an in-line radiation

detector (Packard Radiomatic Flo-One). Columns were
eluted at 1 mL/min with 0.2 M sodium phosphate and
0.02% sodium azide at pH 6.8. Preparative protein
purifications were carried out by fractionation on a
Waters 650 HPLC system using a 60 × 21.5 cm TSK-gel
G3000SW column (TosoHaas, Montgomeryville, PA),
eluted with 0.2 M sodium phosphate, 0.15 M sodium
chloride, and 0.02% sodium azide at pH 6.8 at 1.5 mL/
min. Concentrations of StAv-MN-14 were determined
from a calibration curve (concentration vs absorbance)
constructed using absorbance readings from equimolar
solutions of StAv and MN-14 at 280 nm. The curve was
constructed by mixing 10-45 µL of 1.25 × 10-5 M
solutions of StAv and MN-14 in 0.1 M sodium phosphate
at pH 7 to a final volume of 555 µL. The slope and
intercept were determined to be 3.95 × 105 M-1 L and
-0.0217, respectively.
Biotin analyses were performed using a published

spectrophotometric procedure (4′-hydroxyazobenzene-2-
carboxylic acid; HABA) (36, 37). The biotinylated pep-
tides and chelates were analyzed on aWaters 4000 HPLC
system using a reverse-phase Waters 8 × 100 mm radial
pak cartridge filled with C-18 Nova-Pak 4 µm stationary
phase where the column was eluted at 3 mL/min with a
linear gradient of 100% A [0.1% trifluoroacetic acid (TFA)
in water] to 100% B (0.1% TFA in 90% acetonitrile/10%
water) over 10 min. At 10 min, the flow rate was
increased to 5 mL/min and remained at 100% B for 5 min
before the re-equilibration to initial conditions began. The
purifications of the peptides and chelating agents were
performed on preparative C-18 column, Waters PrepPack
RCM Base, using gradients of the above eluants at 75
mL/min. A Waters 486 absorbance detector set at 220
nm was used for both analytical and preparative HPLC
systems involving biotinylated peptides.
Mass spectral analyses were performed by Mass Con-

sortium Corp. (San Diego, CA) using electrospray ioniza-
tion (ESI) and matrix-assisted laser desorption ionization
(MALDI) mass spectrometry methods for small molecular
weight compounds and antibodies, respectively.
For in vitro stability studies, blood drawn from healthy

volunteers was allowed to clot at room temperature,
centrifuged, and sterile-filtered. Serum aliquots (250 and
500 µL) were stored frozen at 4 °C until needed. Ap-
proximately 45 min before use, serum vials were thawed
and equilibriated at 37 °C under a humidified 5% CO2
atmosphere. Mouse serum was isolated from non-tumor-
bearing 5-8-week-old athymic nude mice (Taconic Farms,
Germantown, NY). Mice were first anesthesized with
sodium pentobarbital and bled by cardiac puncture.
Blood was allowed to clot and serum collected after
centrifugation. The GW-39 animal xenograft (human
colonic carcinoma) model is described in detail elsewhere
(38). All experiments involving animals were carried out
using AAALAC-recognized standard procedures for the
humane use of such animals.
StAv-MN-14 with StAv Appended to mab Lysine

Residues. Streptavidin (20 mg, 3.3 × 10-7 mol) in 1.9
mL of 0.1 M sodium borate (pH 8.3) containing 10 mM
ethylenediaminetetraacetic acid (EDTA) was treated with
80 µL of an aqueous solution of sulfosuccinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SM-
CC, 0.8 mg, 1.8 × 10-6 mol) and stirred at room
temperature for 1 h. The modified streptavidin (StAv-
SMCC) was purified on 4 × 3 mL centrifuged spin
columns in 0.1 M PBS and 10 mM EDTA at pH 6.4. To
6.6 mL of MN-14 (47.6 mg, 3.1 × 10-7 mol) in 0.1 M PBS
at pH 7.4 was added 600 µL of 0.5 M borate buffer at pH
8.5. A fresh solution of 0.1 M 2-IT in H2O was prepared,
and 16 µL of this (1.6 × 10-6 mol) was added to the MN-
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14 solution. The mixture was stirred at room tempera-
ture for 50 min and the thiolated mab was purified on 8
× 3 mL spin columns in 0.1 M PBS and, 10 mM EDTA
at pH 6.4. This effluent was added to the purified StAv-
SMCC solution and stirred at room temperature for 1 h.
After this time, N-ethylmaleimide (10 mg, 8 × 10-5 mol)
dissolved in 50 µL ofN,N-dimethylformamide (DMF) was
added to the conjugation reaction mixture and incubated
for 30 min at 37 °C to block residual mab thiol groups.
The StAv-MN-14 conjugate was purified on a prepara-
tive size-exclusion HPLC column, as described above.
StAv-MN-14 with StAv Appended to mab Cys-

teine Residues. Streptavidin (25 mg, 4.2 × 10-7 mol)
in 2.5 mL of 0.1 M sodium phosphate at pH 7.3 was
treated with 208 µL of 10 mM sulfo-SMCC in H2O (2.1
× 10-6 mol) and incubated at room temperature for 45
min. The modified StAv was purified on 4 × 3 mL spin
columns in 0.1 M sodium phosphate at pH 7, and its
concentration was determined by UV absorbance (1%E280
) 32). MN-14 (60 mg, 3.9 × 10-7 mol in 3 mL of 0.1 M
sodium phosphate at pH 7.3 was treated with 600 µL of
0.1 M MEA in 5 mM EDTA. The reduction was carried
out for 45 min at room temperature. Reduced MN-14
was purified on two successive sets of 5 × 3 mL spin
columns with 0.1 M sodium phosphate and 5 mM EDTA
at pH 7, and its final concentration was determined by
UV absorbance at 280 nm. The number of free SH
groups per mab was determined by Ellman reaction by
reference to a standard curve (39). The StAv-MN-14
conjugate was prepared by simultaneous addition of 3.35
mL of MN-14 (IgG-SH) (3.05 × 10-7 mol) and 3.35 mL of
StAv-SMCC (3.05 × 10-7 mol) in 5 equal portions over
10 min to 6 mL of 0.1 M sodium phosphate at pH 7.0
while stirring. After 1 h at room temperature under an
argon atmosphere, solid sodium tetrathionate was added
to a final concentration of 5 mM and the solution was
stirred for an additional 5 min. The reaction mixture
was first purified on 16 × 3 mL spin columns in 0.1 M
sodium phosphate at pH 7.3 and then as above on a
preparative SE-HPLC column. Retention times on ana-
lytical size-exclusion HPLC columns were as follows:
streptavidin, 11.5 min; MN-14, 10.0 min; and StAv-MN-
14, 9.3 min.
For radiolabeling purposes, both conjugates were sub-

stituted with the strong chelating agent, Bz-DTPA.
Briefly, to a solution of StAv-MN-14 (325 µL, 4.6 mg,
2.15 × 10-8 mol) in 0.1 M sodium phosphate at pH 8.1
was added 4.1 µL of ITC-Bz-DTPA (1.4 × 10-7 mol). The
pH of the reaction mixture was raised to 8.4 with 5-10
µL of a saturated solution of tribasic sodium phosphate,
and the mixture was left at 37 °C for 90 min. The
product was isolated following purification on two con-
secutive 3 mL spin columns in 0.1 M sodium acetate at
pH 6.5.
StAv-MN-14 Prepared Using Biotin. This conju-

gate was prepared according to a published procedure
(40). MN-14 was first biotinylated by treating MN-14
(17 mg, 1.1 × 10-7 mol, 18.1 mg/mL) in 0.1 M sodium
phosphate at pH 8.6 with 12 µL of 1 mg/100 µL solution
of sulfo-NHS-LC-biotin (2.2 × 10-7 mol). After 2 h at 4
°C, the biotinylated mab was purified on two consecutive
3 mL spin columns packed in 0.1 M sodium phosphate
at pH 7. HABA analysis demonstrated 0.8 biotin per
MN-14. This mab (10.9 mg in 800 µL) was added to 1
mL of streptavidin (21 mg, 3.51 × 10-7 mol) in 0.1 M
sodium phosphate at pH 7 in 5 × 200 µL portions. After
a further 30 min, the StAv-biotin-MN-14 conjugate was
purified by SE-HPLC, as described above.
For each conjugate, retention of the biotin binding

capacity was determined by mixing 10 µL aliquots of the

StAv-MN-14 conjugate (1.2 × 10-7 M in 0.1 M sodium
phosphate at pH 7.3) with 10 µL of 111In-bio-DTPA or
bio-peptide-DOTA (0.3 µCi, 6 × 10-12 mol) (see below)
in 0.1 M sodium acetate at pH 6.5 and determining the
percentage of radioactivity associated with the conjugate
by SE-HPLC. Values obtained were compared to those
for free streptavidin (i.e., four biotin binding sites).
Galactosylation of Proteins. These compounds

were prepared using published methods (29, 41). Briefly,
CTTG (0.23 g, 5.7 × 10-4 mol) was dissolved in 6.2 mL
of anhydrous methanol. Sodium methoxide, 0.5 M in
methanol (115 µL, 5.75 × 10-5 mol), was added to the
above solution under argon and stirred at room temper-
ature for 18 h. The imidate was used immediately, or
unused portions were stored at 4 °C. Stored solutions
were discarded upon the appearance of precipitate.
To galactosylate lysine residues on WI2, imidate cor-

responding to various imidate:WI2 molar ratios was
evaporated in individual vials using a stream of argon.
WI2 mab was added to each, the final protein concentra-
tion adjusted to 8.4 mg/mL by addition of 0.1 M sodium
phosphate at pH 8.1, and the final pH adjusted to 8.5-
8.6 with a saturated solution of tribasic sodium phos-
phate. Reaction mixtures were stirred at room temper-
ature for 2 h, and the modified WI2s were purified on
two consecutive sets of centrifuged spin columns packed
with Sephadex G-50-80 in 0.1 M sodium phosphate at
pH 7.3. Initially, the level of galactose modification was
determined indirectly by analyzing the degree of modi-
fication of protein primary amines using a published
fluorometric assay (42). Galactosylated WI2 samples
were later analyzed by MALDI-MS to determine the
exact number of galactose residues present.
HSA was biotinylated by treating 37.7 mg of purified

HSA (5.54 × 10-7 mol) in 0.1 M sodium phosphate at pH
8.1 with 1.6 mg of sulfo-NHS-LC-biotin (2.88 × 10-6 mol)
at a final protein concentration and pH of 15.6 mg/mL
and 8.4, respectively. After 1 h at room temperature, the
reaction mixture was applied to three sets of consecutive
centrifuged spin columns to remove unreacted biotin.
Biotin analysis by HABA showed 2.5 biotins per HSA.
Several batches of biotinylated HSA were galactosylated
with 100- and 300-fold molar excesses of dried imidate.
Each reaction was performed at a final protein concen-
tration of 10 mg/mL in 0.1 M sodium phosphate at pH
8.7, adjusted thereto with a saturated solution of tribasic
sodium phosphate. After 2 h at room temperature with
occasional vortexing, the conjugates were purified on two
consecutive sets of spin columns with 0.1 M sodium
phosphate at pH 7.5.
[5-(Biotinamido)pentyl]amidyl-Bz-DTPA (Bio-DT-

PA). This reagent was prepared by incubating [5-(bi-
otinamido)pentyl]amine (86.3 mg, 2.63 × 10-4 mol) and
ITC-Bz-DTPA (6.39 × 10-5 mol) in 1.2 mL of sodium
phosphate at 37 °C for 1 h while the pH was maintained
at 9.2 by occasional addition of saturated tribasic sodium
phosphate. RP-HPLC analysis indicated completion of
the reaction by consumption of ITC-Bz-DTPA. The
product was isolated in 68-83% yield following purifica-
tion on a preparative C-18 column using a step gradient
of 0% B for 10 min and 20% B for 9 min, followed by a
linear gradient of 20 to 30% B over 30 min at a constant
flow rate of 75 mL/min. The retention time on an
analytical C-18 column was 6.29 min. The identity of
the product was confirmed by ESI mass spectrometry
[m/e 869 (M + H)+].
[(Biotinamido)pentyl]-DOTAMonoamide. DOTA

was activated using a published procedure (43). Briefly,
DOTA (81.5 mg, 0.2 mmol) was suspended in 10 mL of
DMF/triethylamine (Et3N) (4:1 v/v) and stirred at room
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temperature under argon for 18 h. The almost clear
solution was cooled at 4 °C (ice bath) and was treated,
under stirring, with a dropwise addition of isobutyl
chloroformate (26.5 µL, 0.2 mmol) using an Eppendorf
pipette. After 15 min, [5-(biotinamido)pentyl]amine (65.7
mg, 0.2 mmol) was added. The reaction mixture was
stirred for 5 h at room temperature. The solvents were
evaporated using a high-vacuum pump, and the residue
was dissolved in 8 mL of water and injected onto a
preparative reverse-phase HPLC column. The HPLC
conditions were as follows: elution with 0% B for 10 min,
followed by a linear gradient of 0 to 100% B over 60 min,
with the solvent flow constant at 75 mL/min. Mono-
biotinylated DOTA (29 mg, 20.3% yield) was isolated as
a white solid with a retention time of 5.57 min on the
analytical RP-HPLC column; ESI mass spectrometry
yielded a value of m/e 715 [M + H].
Biotin-D-Peptide-DTPAs. Peptides (1) biotin-D-Lys-

NH2, (2) biotin-D-Phe-D-Lys-NH2, and (3) biotin-D-Phe-
D-Phe-D-Lys-NH2 were synthesized either manually or on
an automated peptide synthesizer (Advanced Chemtech
348 MPS) by the standard solid-phase methodology (44)
on a Rink resin (Advanced ChemTech; 0.56 mmol/g) in
which theN-R-amino groups were Fmoc-protected. After
the last amino acid was attached, biotin was coupled
using O-benzotriazole-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HBTU) (0.15 M), 1-hydroxybenzo-
triazole (HOBT) (0.15 M), andN,N-diisopropylethylamine
(DIPEA) (0.75 M) in DMF. A minimal amount of N-
methylpyrrolidinone was added to aid in solubilization.
The peptides were cleaved from the resin with a solution
of 91% TFA/4.5% water/4.5% ethylmethyl sulfide. Sub-
sequent to removal of the solvents, the crude peptides
(1-3) were treated with a 0.3-0.5:1 molar ratio of ITC-
Bz-DTPA/peptide in water at pH 8.6 and 37 °C until all
of the ITC-Bz-DTPA was determined to be consumed by
monitoring with RP-HPLC. The peptide bio-D-Phe-D-
Phe-D-Lys-NH2 required 20% acetonitrile for solubiliza-
tion in water. The unreacted peptides and the biotin-
peptide-DTPAs were isolated by preparative RP-HPLC
purification using a linear gradient from 0 to 70% B over
40 min at 75 mL/min. Yield: peptides, 59-64%; pep-
tide-DTPA, 68-76%. Mass spectrum m/z (M + H)+:
peptide 1 not isolated; peptide 2 (C25H38N6O4S), calcd 519,
found 519; peptide 3 (C34H46N7O5S), calcd 666, found 666;
peptide-DTPA 1 (C38H57N9O13S2), calcd 912, found 912;
peptide-DTPA 2 (C47H66N10O14S2), calcd 1059, found
1059; peptide-DTPA 3 (C56H75N11O15S2), calcd 1206,
found 1206.
Biotin-D-Peptide-DOTAs. DOTA was activated as

its N-hydroxysuccinimide ester according to a published
procedure (45). To a solution of 450 mg (960 µmol) of
DOTA and 208 mg (960 µmol) of sulfo-NHS in 1 mL of
water, cooled to 4 °C, was added 503 µL (91.5 mg, 477
µmol) of 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide
hydrochloride (EDC), freshly prepared in water at 4 °C.
The reaction mixture was stirred at 4 °C for 30 min, after
which it was used immediately, without purification.
Crude biotinyl-D-peptide (∼320 µmol of biotin-D-Lys-NH2,
biotin-D-Phe-D-Lys-NH2, or biotin-D-Ser-D-Lys-NH2) dis-
solved in 500 µL of acetonitrile and 2 mL of water was
added to the active ester and the pH of the reaction
adjusted to 8.5 with 6 N NaOH. The mixture was stirred
for 15 h at 4 °C and purified on a preparative RP-HPLC
column with a gradient system of 0 to 15% B over 40 min
at 75 mL/min. For biotinylated DOTA chelating agents,
yields, retention times on an analytical RP-HPLC col-

umn, and ESI-MS data are as follows.

Radiolabeling. MN-14, streptavidin, and StAv-MN-
14 were radioiodinated by the chloramine-T method (46).
The StAv-MN-14-Bz-DTPA conjugate was radiolabeled
with 88Y (Los Alamos National Laboratory, Los Alamos,
NM). Briefly, 88YCl3 was neutralized with 3 volumes of
0.5 M sodium acetate at pH 6.1 and mixed with the
StAv-MN-14-Bz-DTPA conjugate at a specific activity
of 0.1 mCi/mg. After 1 h at room temperature, 0.1 M
DTPA was added to a final concentration of 10 mM and
the mixture was left for an additional 10 min before
applying to two consecutive spin columns of Sephadex
G-50-80 in 0.1 M sodium acetate at pH 6.5. Purified
yields ranged from 70 to 90%. All radiolabeled conjugates
were analyzed by SE-HPLC. The immunoreactive frac-
tion of radiolabeled MN-14 and StAv-MN-14 was esti-
mated from the percentage of radioactivity shifting to an
earlier HPLC retention time after complexation with an
10-80-fold molar excess of CEA for 5 min at room
temperature.
Biotinylated chelating agents were radiolabeled with

111In. Biotinylated DTPAs (6.5 × 10-9 mol) in 122 µL of
0.5 M sodium acetate at pH 6.1 were added to 2.3 mCi
111InCl3 (received in 0.05 M HCl and was then diluted
with 3 volumes of 0.5 M sodium acetate at pH 6.1 before
use) and incubated at room temperature for 1 h. The
labeling yield was determined by analytical size-exclusion
HPLC and by instant thin layer chromatography (ITLC)
where approximately 0.2 µCi of the sample was applied
to ITLC strips (Gelman Sciences) prespotted with 5 µL
of 1% HSA and developed in a 5:2:1 water/ethanol/
ammonium hydroxide solvent system. In this ITLC
system, unchelated 111In remains at the origin while the
chelated 111In migrates with the solvent front. Radio-
labeling of biotin-chelate was confirmed by HPLC
analysis of the radiolabeled sample both before and after
mixing with streptavidin, with successful radiolabeling
indicated by a complete shift of retention time of the
radioactive biotin-chelate (14-15 min) to the retention
time of streptavidin (11.5 min). For biotinylated DOTA
chelating agents, 2.4 mCi of InCl3 in 3 volumes of 0.5 M
ammonium acetate at pH 5.5 was mixed with 21.5 µL of
biotin-peptide-DOTA (4.7 × 10-8 mol) in 0.5 M am-
monium acetate at pH 5.5. Mixtures were held for 2 h
at 42-45 °C in a preheated block, and radiolabeling
(g97%) was confirmed as for the DTPA-biotin-chelates.
For in vitro stability studies, chelates were labeled with

either 111In or 90Y as described and diluted in 250 µL of
human serum to 1.2 × 10-7 to 2.1 × 10-6 M. Serum
samples were incubated at 37 °C under a 5% CO2
atmosphere, and 5-10 µL aliquots were analyzed by
HPLC before and after mixing with excess streptavidin
(1-200-fold). The in vitro stability of biotinylated HSA
was studied by incubating 20 µg of bio3-HSA-gal39 in
500 µL of mouse serum at 37 °C under 5% CO2. Samples
(20 µL at 1 and 4 h) were mixed with 111In-Bz-DTPA-
StAv-MN-14 and analyzed by SE-HPLC.

RESULTS

StAv-MN-14 Conjugates. StAv-MN-14 conjugate
preparation using both methods (Figure 1) resulted in

m/z (M + H)+yield
(mg)

ret. time
(min) calcd found

bio-D-Lys-(DOTA)-NH2
(C32H55N9O10S)

40 5.45 758 758

bio-D-Phe-D-Lys-(DOTA)-NH2
(C41H64N10O11S)

87 6.3 905 905

bio-D-Ser-D-Lys-(DOTA)-NH2
(C35H60N10O12S)

50 5.63 845 845
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relatively low product yields, ∼20-25% after preparative
HPLC, when peaks were collected conservatively, as just
the central peak fraction. Aggregates (∼12%) were
observed in the conjugate prepared by the 2-IT method
during long term storage (50 days) at 4 °C, whereas no
aggregation was observed in conjugate prepared by the
MEA method during storage. Interestingly, monomeric
conjugate prepared using the 2-IT method eluted at an
earlier HPLC retention time (9.5 min) than conjugate
prepared using MEA (9.7 min) (Figure 2A), suggesting
formation of an apparently larger molecular weight or
differently shaped compound using the 2-IT method.
To prove binding properties of StAv-MN-14s were

retained, unlabeled conjugates were separately treated
with WI2, bio-HSA-gal, and 111In-bio-DTPA followed
by CEA. In each instance, the StAv-MN-14 showed
complexation to these agents with the formed complexes
eluting at appropriate retention times on SE-HPLC
(Figure 2B). Retention of full biotin binding capacity was

shown by reference to unsubstituted streptavidin. Con-
jugates prepared by both the 2-IT and MEA reactions
showed retention of four biotin binding sites (Table 1),
whereas the StAv-biotin-MN-14 conjugate prepared
using one of the biotin binding sites on streptavidin to
link to biotinylated MN-14 showed 3 ( 0.5 biotin binding
sites remaining, as would be expected (40). StAv-MN-
14 conjugate (25 µg) incubated in 250 µL of mouse serum
also showed full retention of biotin binding capacity by
SE-HPLC when aliquots of it at 0, 1, and 24 h were mixed
with excess 111In-bio-peptide-DTPA.
The biodistribution of StAv-MN-14 (prepared with

MEA) was compared to that of MN-14 in GW-39 tumor-
bearing animals. Both were radioiodinated using the
chloramine-T procedure and shown to bind to WI2 and
CEA at 90-100% levels in vitro (data not shown). 125I-
StAv-MN-14 (10 µCi, 1 µg) and 131I-MN-14 (25 µCi, ∼2
µg) were coinjected into groups of tumor-bearing nude
mice with major organs obtained 3, 24, and 72 h postin-
jection (Figure 3). Similar, but not identical, biodistri-
butions for MN-14 and StAv-MN-14 were seen.
Clearing Agents. The percentage of protein lysine

residues that were modified with galactose was deter-
mined using a fluorescamine assay. Fluorometric analy-
ses showed >81% modification of the available lysine
residues on HSA with a 300-fold molar excess of thio-
imidate and 37-52% modification with a 100-fold molar
excess of thioimidate. The WI2 samples were analyzed
by MALDI-MS to determine the average level of modi-
fication per WI2. To determine the number of galactose
residues attached to WI2, the molecular mass difference
between the modified and unmodified WI2 was deter-
mined and divided by 236 (galactose residue formula
weight). Results are shown in Table 2. HPLC analyses
of mixtures of galactosex-WI2 (where x ) 0, 1, 4, 14.6,
35, and 44 residues) and MN-14 at a 1:1.6 molar ratio
showed complete binding of galactosylated WI2 with MN-
14 (results not shown). Galactosylated WI2 also showed
complete binding to the StAv-MN-14 conjugate, as did
biotin-HSA-galactose, a third possible clearing agent
(Figure 2B).
In order to correlate the level of galactose substitution

with blood clearance, WI2s with various galactose sub-
stitutions (0, 1, 4, 14.6, and 44) were radioiodinated and
injected into BALB/c mice. Blood was drawn 1 h postin-
jection, and animals were sacrificed at 24 h for organ
distribution studies. The results (Figure 4) showed rapid
blood clearance of WI2 at galactose levels of >14. At
these higher levels, the WI2 that was cleared from blood
was taken up in the liver. At the highest galactose
substitution, 44 per WI2, the blood level at 1 h was
reduced to 0.7 ( 0.2% ID/g. Since high galactose

Figure 1. StAv-MN-14 (IgG) was prepared by covalent
attachment of activated streptavidin to thiolated IgG (IgG-2IT,
method 1) or MEA-reduced IgG (IgG-SH, method 2).

Figure 2. (A) HPLC chromatograms of StAv-MN-14 (IgG)
conjugates prepared by 2-IT (method 1) and MEA (method 2)
on an analytical size-exclusion HPLC column. (B) Characteriza-
tion of StAv-MN-14. Retention of its binding properties with
gal-WI2 (1:1), bio3-HSA-gal39 (1:1), and 111In-bio plus CEA
(20 × excess of CEA) as indicated by elution near the void
volume on an analytical size-exclusion HPLC apparatus. Reten-
tion times: gal-WI2 (9.3 min), bio3-HSA-gal39 (11 min), and
111In-bio-DTPA (15 min).

Table 1. Biotin Binding Capacity of Streptavidin and
StAv-MN-14 Conjugates

protein biotin binding capacity

streptavidin 4
StAv-MN-14 (2-IT method) 4 ( 0.3
StAv-MN-14 (MEA method) 4 ( 0.3
StAv-biotin-MN-14 3 ( 0.5

Table 2. Determination of Galactose Levels on mab WI2
by MALDI-MS

imidate:protein ratio
in galactosylation

MW by
MALDI-MS

no. of
galactose/WI2

0 149 562 0
15 149 830 1.1
30 150 517 4.0
75 153 012 14.6
400 157 740 34.7
400 160 000 44
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substitutions did not effect WI2 binding to StAv-MN-
14, but provided faster clearance from the blood, the
higher substitution level was used for the pretargeting
studies in animals.
The stability of the linkage between biotin and HSA

toward mouse serum enzymes was examined in vitro and
in vivo. 111In-Bz-DTPA-StAv-MN-14 showed a shift
to a higher MW on a SE-HPLC column when biotin3-
HSA-gal39 incubated for 4 h in nude mouse serum was
mixed with it, indicating the stability of biotin(s) on HSA
to serum enzymes. One group of nude mice were injected
with 200 µg of biotin3-HSA-gal39 and the other with 200
µg of biotin-HSA. Serum collected from the nude mice
1 and 8 h later was incubated with 111In-Bz-DTPA-
StAv-MN-14. HPLC analysis showed no binding with
the biotin3-HSA-gal at 1 and 8 h, suggesting rapid blood
clearance of the agent reduced its concentration in the
blood to undetectable levels. Thus it was not possible to

test the in vivo stability of the biotin-HSA-gal. How-
ever, 111In-Bz-DTPA-StAv-MN-14 mixed with serum
samples from mice given nongalactosylated biotin-HSA,
at both 1 and 8 h, showed a shift to a higher molecular
weight, thus demonstrating in vivo stability of at least
one biotin-HSA linkage. These results suggest that the
biotin-HSA-gal was also stable in the blood, particu-
larly given its very short blood half-life.
Biotinylated Chelating Agents. Biotinylated chelat-

ing agents were radiolabeled with 111In and mixed with
unlabeled streptavidin prior to SE-HPLC to prove the
presence of covalently attached biotin. Radiolabeled
biotin- chelates eluted at 14-15 min, and streptavidin
eluted at 11.5 min. Binding to streptavidin was demon-
strated when the streptavidin and biotin-chelate mix-
ture eluted at 11.5 min. Our first biotinylated chelate,
biotin-DTPA, although stable in aqueous media, showed
instability toward serum enzymes such that after 10 min
in human serum only 58% of the radiolabeled chelate
could still bind to streptavidin. At 21 h, no binding to
streptavidin was observed. ITLC analysis of the serum
sample at 21 h showed that the radiolabel was still bound
to a chelate but had lost its biotin binding function. A
similar behavior was observed with the first biotin-
DOTA derivative. In contrast, in vitro stability studies
of biotinylated DOTA and Bz-DTPAs, wherein the biotin
and chelate are linked through D-amino acids, consis-
tently showed serum stability for 48 h (data not shown).
In vivo stability was shown by examining the excreted
product in the urine taken from tumor-bearing mice given
200 µg of StAv-MN-14 followed 48 h later by a clearing
agent, 200 µg of biotin3-HSA-gal39, and then given 40
µCi (6 µg) of biotin-D-Phe-D-Lys-111In-Bz-DTPA-NH2 2
h later. Urine was collected 4 h after biotin-D-Phe-D-
Lys-111In-Bz-DTPA-NH2 injection and analyzed by HPLC

Figure 3. Comparison of the biodistribution of 125I-StAv-MN-14 (IgG) and 131I-MN-14 (IgG) in tumor-bearing mice in major
organs: tumor, significant differences at all time points (p < 0.02); liver, significant differences at 4 and 72 h (p < 0.006); blood,
significant differences at 24 and 72 h (p < 0.05); and kidney, significant differences at all time points (p < 0.02). Tumor sizes and
standard deviations are shown in braces, and parentheses, respectively.

Figure 4. Effect of galactose levels on clearance of 125I]-gal-
WI2. Higher galactose levels correspond to faster blood clear-
ance.
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before and after mixing with streptavidin. A shift in the
retention time from that of radiolabeled peptide (15 min)
to that of the radiolabeled peptide-streptavidin complex
(11.5 min) was observed (Figure 5).
The biodistributions of two different biotinylated che-

lates were compared. 111In-labeled DOTA and Bz-DTPA
derivatives of bio-D-Phe-D-Lys-NH2 (40 µCi; 5.8 × 10-9

moles of each) were injected intravenously in female nude
mice bearing 5-day-old GW-39 tumors (average weight
of 0.04-0.05 g). Figure 6 shows the biodistribution of
these agents over a 48 h time period with five animals
per group per time interval. Each conjugate was cleared
from the blood very rapidly with less than 0.1% per gram
at 1 h. The DOTA complex was 2-fold higher (p < 0.05)

in the blood than the DTPA complex at 1, 3, and 24 h.
Most of the normal tissues had similar uptake with both
complexes, except the liver and spleen. For example, at
24 h, the DOTA complex was about 3-fold higher (p )
0.0028) in the liver (0.03 ( 0.006 vs 0.01 ( 0.002). Tumor
uptake was higher than that in most organs, except the
kidney. Even without pretargeting, tumor:blood ratios
were as high as 10.6 ( 2.8 for the DTPA complex at 1 h
but decreased to about 4:1 at 3 and 24 h. The tumor:
blood ratio for the DOTA complex was about 5:1 at each
time point over the first 24 h.

DISCUSSION

This article describes reagent validation work which
we considered essential before formal two-step pretar-
geting studies using a biotin/streptavidin recognition
system, due to the complexities involved in the system.
Certain potential pitfalls were expected prior to embark-
ing on the work, and the importance of others became
apparent as we proceeded. Some of these primarily
involve biological aspects such as doses and timings and
will be discussed elsewhere (38). Chemistry consider-
ations included the simple ability to separate a pure
sample of StAv-MN-14 for testing, a demonstration
(qualitative and quantitative) that it retained its binding
capacities and that it targeted tumor, choice of clearing
and biotin chelating agents, and suitable stability studies,
prior to embarking on more expensive preclinical in vivo
studies.
For the first step, streptavidin conjugates of the MN-

14 mab were prepared after streptavidin was derivatized
with sulfo-SMCC to introduce maleimide groups. In one
method, lysine residues of MN-14 were modified with
2-IT to introduce free SH groups, and in the other,
disulfide bonds on IgG were reduced with MEA. In both

(A)

(B)

Figure 5. In vivo stability of 111In-bio-D-Phe-D-Lys(ITC-Bz-
DTPA)-NH2. (A) HPLC of mouse urine collected 4 h after
injection of 111In-labeled biotin in tumor-bearing mice pretar-
geted with StAv-MN-14 and cleared with bio3-HSA-gal 48 h
later. 111In-labeled biotin was injected 2 h after the clearing
agent. (B) The same mouse urine treated with streptavidin.

Figure 6. Comparison of the bioistribution of 111In-labeled biotinylated chelates bio-D-Phe-D- Lys(DOTA)-NH2 and bio-D-Phe-D-
Lys(Bz-DTPA)-NH2 in GW-39 tumor-bearing nude mice.
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cases, varying reaction conditions were examined to
improve conjugate yield, but conditions such as pH (5.1-
7.4), concentration (4.6-11 mg/mL), temperature (4-37
°C), and reaction ratios (IgG:SA molar ratios of 0.5-4:1)
did not improve yields significantly with either method.
This is almost certainly due to the rapid kinetics of the
thiol reaction with the maleimide under the range of
conditions studied. Somewhat higher conjugate yields
could be obtained, but these reactions invariably were
accompanied by higher aggregate formation. To limit
aggregate formation and protein losses, we chose to use
a low number of sulfhydryl groups (2 ( 0.3 SH/IgG)
generated on MN-14 using MEA, and the unused IgG-
SH/IgG was collected during purification and recycled.
Aggregate formation was minimized, but never elimi-
nated. Others (16, 28) have claimed high yields of
streptavidin-mab conjugates, but only low yields were
observed with both methods described here. No attempt
was made to improve yields for StAv-biotin-MN-14,
prepared according to the method of Hnatowich et al. (40).
The difference in retention times (apparent MWs) of
StAv-MN-14 conjugates prepared by the two methods
could be due to the linkage chemistry (Figure 1). We
speculate that conjugates prepared via internal mab
disulfide bonds must be approached more closely by the
reacting SA than those prepared using 2-IT. In either
case, non-radiolabeled StAv-MN-14 conjugates retained
binding properties to CEA, to all possible clearing agents
(WI2, galactosylated WI2, and biotinylated HSA), and to
the biotin-chelate conjugates prepared as final step
agents.
An important aspect of using StAv-MN-14 to pretarget

tumors is the potential to increase uptake of radioactivity
localized at tumor 4-fold due to the four biotin binding
sites on streptavidin. For this to occur, it is essential
that the biotin binding capacity on streptavidin be
preserved after covalent attachment to MN-14. Biotin
binding was found to be quantitative for both conjugates
prepared with SMCC. In addition to stability in aqueous
media, StAv-MN-14 conjugates were shown to retain
biotin binding capacity in mouse serum in vitro for 24 h.
StAv-MN-14 conjugate prepared using MEA was se-
lected since it was found to be more resistant to aggregate
formation during storage than the conjugate prepared
using 2-IT.
Radioiodinated StAv-MN-14 prepared using the

chloramine-T procedure did retain binding to CEA and
WI2 (90-100%) in vitro, but it showed a partial loss (20-
90%) of biotin binding capability to biotinylated HSA and
other biotin compounds (results not shown), probably due
to oxidation of biotin-binding tryptophan residues of the
StAv, and made this type of agent unsuitable for dual
radiolabel pretargeting work. Other iodination methods
such as the Bolton-Hunter method were briefly inves-
tigated but discarded primarily due to unsatisfactory
radioiodination yields. Instead, for radiotracer purposes,
Bz-DTPA was attached to lysine residues of StAv-MN-
14, radiolabeled with 88Y without loss of binding char-
acteristics, and used for targeting agent biodistributions.
Clearance agents based on biotin and anti-idiotypic

recognition of StAv-MN-14 were developed and were
further modified with galactose for rapid blood clearance
(29). Studies with galactosylated WI2s showed faster
blood clearance at higher galactose substitutions (Figure
4). In the case of HSA, stable biotin(s) also needed to be
attached as a recognition system, and our in vitro and
in vivo stability studies showed the stability of at least
one biotin-HSA linkage toward serum enzymes, such as
biotinidases. We cannot rule out the fact that some
biotin(s) might have been cleaved from the HSA, since

no effort was made to quantitate the biotins remaining
bound on injected HSA.
The galactosylation reaction was somewhat inconsis-

tent, because different levels of galactose modification
were observed with the same ratios of activated thioimi-
date:protein (Table 2). Thus, proteins were analyzed for
galactose content after each such modification. Most
interestingly, the level of galactose substitutions on either
WI2 or HSA had no apparent effects on their respective
ligand binding properties. A high galactosylation level
was critical for fast blood clearance of either clearing
agent (g35 galactose residues per WI2). We have decided
to concentrate on WI2, thinking that anti-idiotypic clear-
ance will be a superior mechanism due to its lack of
competitive binding to the tumor-targeted first-step
agent, lack of potential for blocking to StAv binding sites,
and more complete serum clearance.
For the final step, biotin-chelate conjugates consisting

of biotin, a linker, and a chelating agent were prepared,
first using commercially available [5-(biotinamido)pentyl]-
amine. Biotin-chelate conjugates with both DOTA and
Bz-DTPA directly attached to this agent were found to
be unstable toward serum enzymes. D-Amino acid pep-
tides were selected as biotin-to-chelate linkers on the
basis that they might offer stability toward serum
enzymes and also later allow synthesis of reagents with
variable hydrophobicities and serum clearance rates
(hence, more tumor passes and higher tumor uptake).
DOTA and Bz-DTPA were attached to a D-lysine side
chain of the peptides and biotin to the R-amino terminus.
All corresponding 111In-labeled species then showed good
in vitro and in vivo stability. When 111In-labeled biotin-
peptide-Bz-DTPA and bio-peptide-DOTA were com-
pared for clearance in tumor-bearing mice (Figure 6), the
former, containing a negatively charged 111In-DTPA
complex (Figure 7), cleared blood faster.
The first step in developing a complex delivery system

such as this is to ensure that reagents are suitably
characterized, functional, and stable under expected in
vivo conditions, and this has been done. Investigation
of a two-step pretargeting approach using the agents
selected through these studies will be described else-
where (38). Within this work, other issues then have to
be considered, including the timing and dose of each
reagent, the specific activity of the radiolabeled biotin-

Figure 7. Metal complexes of biotinylated peptide chelating
agents.
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chelate, and the effect of competition from endogeneous
biotin for targeted StAv-MN-14 biotin-binding sites.
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Development of a Streptavidin-Anti-Carcinoembryonic Antigen
Antibody, Radiolabeled Biotin Pretargeting Method for
Radioimmunotherapy of Colorectal Cancer. Studies in a Human
Colon Cancer Xenograft Model†
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Pretargeting methodologies can produce high tumor:blood ratios, but their role in cancer radioim-
munotherapy (RAIT) is uncertain. A pretargeting method was developed using a streptavidin (StAv)
conjugate of MN-14 IgG, an anti-carcinoembryonic antigen (CEA) murine monoclonal antibody (mab)
as the primary targeting agent, an anti-idiotype antibody (WI2 IgG) as a clearing agent, and DTPA-
or DOTA-conjugated biotin as the radiolabeled targeting agent. A variety of reagents and conditions
were examined to optimize this method. At 3 h, 111In-DTPA-peptide-biotin tumor uptake was 3.9
( 0.8 % per gram and tumor:blood ratios were >11:1. By 24 h, this ratio was 178:1, but tumor accretion
declined in accordance with the gradual loss of StAv-MN-14 from the tumor. Tissue retention was
highest in the liver and kidneys, but their tumor:organ ratios were >2:1. Dosimetry predicted that
radiolabeled MN-14 alone would deliver higher tumor doses than this pretargeting method. Increasing
the specific activity and using DOTA-biotin in place of DTPA increased tumor uptake nearly 2-fold,
but analysis of StAv-MN-14’s biotin-binding capacity indicated over 90% of the initial biotin-binding
sites were blocked within 24 h. Animals fed a biotin-deficient diet had 2-fold higher 111In-DOTA-
biotin uptake in the tumor, but higher uptake also was observed in all normal tissues. Although
exceptionally adept at achieving high tumor:blood ratios rapidly, the tumor uptake of radiolabeled
biotin with this pretargeting method is significantly (p < 0.0001) lower than that with a radiolabeled
antibody. Endogenous biotin and enhanced liver and kidney uptake may limit the application of this
method to RAIT, especially when evaluating the method in animals, but with strategies to overcome
these limitations, this pretargeting method could be an effective therapeutic alternative.

INTRODUCTION

Improving the therapeutic window for RAIT requires
either increasing the amount and duration of radiola-
beled antibody delivered to the tumor or decreasing the
amount and residence time in normal tissues. Maximum
tumor accretion is observed with whole IgG, but with a
blood clearance time of 2-3 days in patients, the red
marrow also is exposed to a substantial radiation dose.
Bivalent and monovalent antibody fragments are cleared
more rapidly from the blood with higher tumor:blood
ratios, and thus, a higher radiation dose can be given.
For example, nude mice can survive 275 µCi of 131I-
labeled IgG, but with F(ab′)2 fragments, the dose can be
escalated to 1.0-1.2 mCi (1). However, antibody frag-
ments have lower tumor uptake and a shorter half-life
in the tumor than IgG (2). There have been reports in
some animal models of improved antitumor effects with
F(ab′)2 fragments over whole IgG (3), but we could not
observe an appreciable advantage of a single injection of
an antibody fragment in comparison to whole IgG in
animals (4). Fab and even single-chain antibodies (scFv)
have not been widely used for therapy due to their low
tumor and high renal uptake. Renal accretion of frag-
ments can be reduced substantially by basic amino acids

(5-7), and Behr et al. (8) showed that 90Y-labeled Fab
fragments have antitumor effects rivaling that of whole
IgG. Thus, with their smaller size enabling them to
penetrate tumors more uniformly than whole IgG (9, 10),
antibody fragments may yet become highly effective
radiotherapeutics.
Other approaches to retaining high tumor uptake while

reducing blood concentrations of radiolabeled antibody
have been explored. Our studies (11, 12), as well as those
of others (13-15), showed that the administration of anti-
antibodies can reduce blood concentrations of radiola-
beled antibodies very quickly. The rapid clearance of the
antibody from the blood also reduces the level of antibody
in the tumor, but it usually take 1-2 days before tumor
levels decrease substantially. Early indications suggest
that 131I-NP-4 anti-carcinoembryonic antigen (CEA)1 IgG
combined with an anti-idiotype antibody given at 24 h
improves antitumor activity in tumor-bearing nude mice
(16). Since the anti-antibody and radiolabeled antibody
complexes are cleared predominantly by the liver, this
procedure is ideally suited only for radioiodinated and
not radiometal-labeled (i.e., 90Y) antibodies. Extracor-
poreal removal of radiolabeled antibodies from the blood
is also possible (17, 18). This procedure allows antibodies
with any radiolabel to be used. One clinical study
suggested that this method reduced tumor uptake by only
10% while decreasing blood pool by 59%, but other
studies have shown a 20-25% loss from the tumor (17).
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1 Abbreviations: Av, avidin; CEA, carcinoembryonic antigen;
gal, galactose; DTPA-peptide-biotin, DTPA-D-Phe-D-Lys-biotin;
i.v., intravenous; % ID/g, percent injected dose per gram; MIRD,
medical internal radiation dose; StAv, streptavidin.
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Pretargeting approaches dissociate the radiolabel from
the large, slow-clearing antibody to a small, extremely
fast-clearing compound. The radiolabeled carrier also is
designed to pass freely from the kidneys, thereby avoid-
ing high renal retention. Several pretargeting ap-
proaches have been described (19), and each reportedly
produces high tumor:blood ratios within hours. The
avidin (or streptavidin)-biotin procedures are of par-
ticular interest due to the exceptionally high affinity of
biotin for avidin, and with up to four potential biotin-
binding sites per avidin molecule, the amount of radio-
activity targeted to the tumor may be amplified. Several
approaches have been used: pretarget with biotin-
conjugated mab, followed by radiolabeled avidin (Av) or
more commonly streptavidin (StAv); pretarget with bi-
otin-conjugated mab followed by StAv or Av clearance/
bridging, and then target with radiolabeled biotin; or
pretarget with StAv-conjugated mab followed by target-
ing with radiolabeled biotin. Although sometimes re-
ferred to as two- or three-step procedures, these methods
commonly require a minimum of three, and as many as
five, separate injections, each one being precisely timed
and with carefully determined dosages. On the basis of
the findings of Axworthy et al. (20), who showed similar
tumor accretion of labeled biotin in comparison to a whole
IgG, we decided to investigate a streptavidin mab,
radiolabeled biotin pretargeting method. Our purpose
in developing this technology was to determine if a
pretargeting approach could be an effective therapeutic
method. This report, and that of Karacay et al. (21),
describe our initial investigation of this approach and
examine the prospects for its development as a viable
approach for the therapy of cancer.

MATERIALS AND METHODS

Reagents. All reagents used in these studies were
described in detail by Karacay et al. (21). Briefly, the
studies were conducted with a StAv-MN-14 anti-CEA
IgG conjugate prepared by mixing StAv (Pierce, Rockford,
IL) that was modified with sulfosuccinimidyl 4-(N-ma-
leimidomethyl)cyclohexane-1-carboylate and mercapto-
ethylamine (SMCC)-reduced murine MN-14 anti-CEA
IgG mab (22) (method 2 in Karacay et al. (21)]. In most
instances, the conjugate administered to the animals
contained a tracer quantity (<2 µg) of either radioiodi-
nated or 88Y-labeled StAv-MN-14. Each radiolabeled
conjugate was tested by size-exclusion high-pressure
liquid chromatography (HPLC) and instant thin-layer
chromatography (ITLC). The immunoreactive fraction
was determined by mixing the labeled conjugate with a
molar excess of CEA (Scripps, San Diego, CA) and
observing a shift in the sizing profile by size-exclusion
HPLC. The rat monoclonal WI2 IgG was produced in a
bioreactor and then purified by protein A. It was used
without modification or after galactosylation (21). Bi-
otinylated DTPA and DOTA were prepared with a
peptide spacer (e.g., DTPA-D-Phe-D-Lys-biotin or DTPA-
peptide-biotin) to eliminate cleavage by serum enzymes
(21). The chelated biotin was radiolabeled with 111In
(New England Nuclear, North Bellerica, MA) according
to Karacay et al. (21).
Animal Studies. Studies were conducted in 5-8-

week-old, female BALB/c or athymic nude mice (CR-Nu-
Nu; Taconic, Germantown, NY). All animals were wa-
tered and fed ab libitum a standard lab chow (autoclavable
Rodent Lab Chow, PMI Feed, Inc., St. Louis, MO) or a
biotin-deficient diet (with 30% egg white solids; Harlan
Tecklad, Madison, WI). Whenever radioiodinated agents
were administered, water was supplemented with Lugol’s

iodine solution (1 mL/500 mL). The GW-39 human
colonic tumor cell line (23), serially propagated in nude
mice, was used for tumor targeting. Tumors were
removed aseptically frommice bearing stock cultures and
placed in Hank’s balanced salt solution (HBSS; Gibco,
Life Technologies, Grand Island, NY). Tumors were
weighed, and the tumor of the desired weight was placed
in a petri dish with HBSS, finely minced with scissors,
and then passed through a 40-mesh wire screen to obtain
a uniform cell suspension. The tumor was rinsed in a
sterile beaker with a volume of HBSS equal to 10 times
the tumor weight (i.e., a 10% w/v cell suspension).
Animals were inoculated subcutaneously with 0.2 mL of
the tumor suspension. The injection of the primary anti-
body occurred 5-6 days later, when tumors were about
0.05 g. Since a majority of the studies were completed
within 3-4 days thereafter, the tumor size at the
termination of most studies ranged from 0.05 to 0.12 g.
The actual average tumor size for each study is given in
the figure legends. These small-sized tumors minimized
the amount of StAv-MN-14 IgG necessary to saturate
antigen-binding sites in the GW-39 tumors. Such con-
servative measures were taken because of the relatively
low yields obtained during StAv-MN-14 production (21).
All agents were injected intravenously in the lateral

tail vein in a volume of 0.05-0.2 mL of buffer. In most
instances, dual tracers were utilized to monitor two of
the injected agents. In order to determine more precisely
the amount of StAv-MN-14 IgG in the blood prior to
administering a clearing agent, three to five mice were
bled immediately before the pending injection of the
clearing agent (actual number for each study given in
the figure legend). Using the specific activity of the
radiolabeled StAv-MN-14 IgG (including total unlabeled
StAv-MN-14 injected), the molar concentration of con-
jugate in the total blood volume was determined. A total
blood volume of 1.5 mL (approximately 7.4% of a 20 g
mouse) was assumed per animal, and thus, the final mole
ratio of clearing agent was adjusted accordingly. At the
designated time, three to seven animals were selected
from their respective treatment groups, anesthetized with
sodium pentobarbital, bled by cardiac puncture, and then
euthanized by cervical dislocation. Tumors and major
organs (liver, spleen, kidneys, and lung) were removed
and weighed. Tissues, including weighed blood, were
placed in 4 mL vials and counted in a γ scintillation
counter using channels appropriate for the individual or
paired isotopes. With paired isotopes, windows were set
to eliminate dual-channel crossover. Channel crossover
was determined by counting a series of standards con-
taining increasing levels of radioactivity from the single
radionuclide. Each group of tissues was also counted
with standards prepared from the stock agent(s) injected
into the respective animals. Commonly, 10 µCi of 125I-,
25 µCi of 131I-, 1 µCi of 88Y-, and 40 µCi of 111In-labeled
agents were injected with the prescribed amount of total
agent. The Results and figure legends contain more
details for each experiment. Dosimetry calculations were
based on extended biodistribution studies using the
specified agent (e.g., labeled antibody or biotin). The
methodology used to calculate radiation doses in mice has
been reported (24). Briefly, time-activity curves for
tumors were fit by trapezoidal modeling, whereas most
normal tissues were fit to exponential functions, with the
exception of the case when the activity in a tissue failed
to decline over time or the r coefficient was <0.9 for the
exponential fit. Under these circumstances, a trapezoidal
function was used. Time-activity curves were extrapo-
lated to infinity, using the last two time points to define
the remaining portion of the curve, and integrated to
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obtain cumulated activity. S factors were derived previ-
ously for small volumes. The cumulated activity was
converted to absorbed radiation dose according to stan-
dard medical internal radiation dose (MIRD) schema.

RESULTS

Development of the Targeting Approach. This
pretargeting approach is divided into three separate
steps: the pretargeting of the StAv-MN-14 IgG conju-
gate, the clearance of residual StAv-MN-14 from the
blood, and finally the injection of the radiolabeled biotin.
Each of these steps was evaluated independently and
optimized on the basis of the considerations described
below.
As shown by Karacay et al. (21), the StAv-MN-14 IgG

and MN-14 IgG had similar biodistribution properties.
For pretargeting approaches, sufficient quantities of the
primary StAv-antibody conjugate should be given to
provide adequate numbers of surrogate binding sites for
the biotin. We had shown previously that a protein dose
of nearly 1.0 mg was required to saturate CEA-binding
sites in relatively small (∼0.2 g) GW-39 tumor xenografts
grown in the hamster cheek pouch (25). In nude mice
bearing small GW-39 tumors, lower protein doses could
be used, but doses of 0.4 mg were still necessary (26). As
shown in Figure 1, the percent uptake of StAv-MN-14
in tumors of 0.06-0.08 g was approximately 70% of the
injected dose per gram at a protein dose level of 10 µg.
In comparison to the uptake seen at 10 µg, a significant
decrease in the percent uptake, signifying saturation of
antigen-binding sites, did not occur until protein doses
of 200 µg and higher were used (p < 0.022). Thus, 200-
400 µg of StAv-MN-14 IgG was considered the optimal
dosage for pretargeting procedures. A dosage of 200 µg
was used in most studies.
Given our experience using anti-antibodies as clearing

agents (11, 12, 16), the anti-idiotype WI2 antibody was
the primary clearing agent of interest. However, two
options were considered: use of the WI2 antibody alone
or a galactosylated conjugate of WI2 (gal-WI2). Galac-
tosylating antibodies accelerate an IgG’s clearance from
the blood (27), and Karacay et al. (21) showed that >14
galactose residues per WI2 were required to accelerate
its clearance from the blood. For pretargeting applica-
tions, WI2 was galactosylated with >36 galactose per
WI2. In order to determine a suitable protein dose for
the WI2 clearing agent, clearance studies were first

conducted in BALB/c mice injected with 131I-MN-14 IgG
(2 µg), followed 72 h later by WI2 or gal-WI2. The
amount of WI2 was adjusted to prescribed molar excesses
in relationship to the amount of MN-14 IgG remaining
in the entire blood pool, on the basis of the specific
activity of the radiolabeled MN-14 conjugate. WI2 or
gal-WI2 in molar excesses of 5-, 10-, 50-, and 100-fold
were tested. 125I-labeled WI2 or gal-WI2 was added to
the WI2 or gal-WI2, respectively, as a tracer dose. The
blood concentration of 131I-StAv-MN-14 IgG was re-
duced as effectively with a 5-fold molar excess as with
higher molar concentrations of either WI2 or gal-WI2
(data not shown), indicating that this lower molar excess
was sufficient for clearing StAv-MN-14 from the blood
for either agent. As seen in Figure 2 (left panel), the
StAv-MN-14 blood concentration was reduced from 23.3
( 2.6 % per gram to between 2 and 4 % within just 15
min of the WI2 or gal-WI2 injection, respectively. There
appeared to be a more rapid blood clearance of the MN-
14 with the WI2, but within 4 h of their injection, no
differences were seen between the concentrations of MN-
14 remaining in the blood, regardless of which clearing
agent was used. As expected, the gal-WI2, as reflected
by the 125I-labeled tracer (Figure 2, right panel), was itself
cleared from the blood very quickly, with 2.0 ( 0.6% of
the injected dose per gram in the blood within 15 min. A
separate group of BALB/c mice which were coinjected
with an identical concentration of only radiolabeled gal-
WI2 and WI2 (i.e., no preinjection of MN-14) showed
identical blood clearance kinetics for gal-WI2 and WI2
(not shown). This further illustrated the fact that there
was an abundant molar excess of gal-WI2 and WI2 to
affect the clearance of MN-14 without affecting their own
clearance.
Regardless of the clearing agent used, MN-14 was

cleared primarily into the liver, with the liver concentra-
tion of MN-14 increasing from 3.2 % injected dose per
gram to between 30 and 40% within 15 min of the WI2
or gal-WI2 injection, respectively (Figure 2, left panel).
An interesting difference was found between gal-WI2

Figure 1. Determinationa of optimal protein dose for saturat-
ing small GW-39 tumors with StAv-MN-14 IgG. Nude mice (n
) 5/group) were injected intravenously with 131I-StAv-MN-
14 IgG (2 µg/25 µCi) containing the prescribed dose of unlabeled
StAv-MN-14. Animals were necropsied 2 days later. The
average tumor weight for each group of animals is shown in
the bar with their corresponding SD.

Figure 2. Assessment of primary antibody clearance by the
WI2 or gal-WI2 anti-MN-14 idiotype IgG clearing agent in
BALB/c mice. Animals were injected intravenously with 25 µCi
(2 µg) of 131I-MN-14 IgG. Three days later, groups of animals
(n ) 3) were given increasing doses of either WI2 or gal-WI2
IgG, starting at 5 times the molar amount of MN-14 remaining
in the blood at the time of WI2 injection, and increasing 10, 50,
and 100 times. The clearing agent contained 125I-WI2 or gal-
WI2 so the distribution of the clearing agent could be monitored.
The left panels show the distribution of 133I-MN-14 at the
designated times after the injection of the clearing agent, while
the right panels show the corresponding WI2 or gal-WI2 distri-
bution in these same animals. Data are shown only for the group
of animals given 5 times the amount of WI2 or gal-WI2, since
no differences were seen between these groups and those with
the higher concentrations of clearing agents. Values represent
the means, and the bars are the SD for each observation.
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and WI2 in relationship to the amount of radiolabeled
MN-14 remaining in the liver. Within 24 h of the
unconjugated WI2 injection, the concentration of MN-14
in the liver had decreased to 2.4 ( 0.5%, whereas the
amount of MN-14 in the liver of animals who received
gal-WI2 had decreased to only 22.0 ( 2.9%. As shown
previously (27), galactosylated proteins are taken up in
the liver, but unlike antigen-antibody complexes that
are removed predominantly by the reticuloendothelial
(RE) cells in the liver, galactosylated proteins are re-
moved by galactose receptors on hepatocytes. This was
observed in a separate group of animals (three animals
per time point) that received a mixture of 131I- and 125I-
labeled gal-WI2 and unconjugated WI2 (not shown). In
these animals, 63.3 ( 3.0 % of the gal-WI2 was in the
liver within 15 min, with only 1.2 ( 0.1 % remaining in
the blood. This compares to 20.0 ( 1.6% in the liver for
unconjugated WI2 alone with a blood concentration of
28.8 ( 5.3% at the same time point. The level of gal-
WI2 in the liver even in these animals remained signifi-
cantly higher than that of WI2 alone for the 24 h this
study was monitored (at 24 h, 19.2 ( 7.0 vs 6.2 ( 0.5%
for gal-WI2 vs WI2, respectively; n ) 3, p ) 0.033).
Thus, the slower rate of MN-14 clearance from the liver
in animals given gal-WI2 as the clearing agent was
probably due to its association with gal-WI2.
The clearance properties of StAv-MN-14 with either

unconjugated WI2 or gal-WI2 was identical to that
described above for MN-14, regardless of the StAv-MN-
14 protein dose administered, as long as the dose of the
WI2 was given in the prescribed 5-fold molar excess.
Despite the differences in how gal-WI2 and WI2 are
distributed, the most important finding was the fact that
the MN-14 cleared by the gal-WI2 was retained in the
liver at a higher level than that seen when WI2 alone
was used. This suggests that agents cleared via the
hepatocytes may not be catabolized from the liver as
rapidly as when they are cleared by the RE cells. Studies
in nude mice bearing GW-39 xenografts showed more
WI2 in the tumor (3.0 ( 1.0 and 4.2 ( 0.3% at 4 and 24
h after WI2 injection, respectively) than gal-WI2 (2.0 (
0.9 and 0.03 ( 0.1% at 4 and 24 h after gal-WI2
injection, respectively). Even though earlier studies had
discounted the possibility that an anti-idiotypic antibody
was the cause of reduced levels of radiolabeled primary
antibody in a tumor (12), gal-WI2 was selected as a
clearing agent in the ensuing studies.
The next important step in the development of the two-

step pretargeting approach was determining an optimal
time for administering the radiolabeled biotin. A major
consideration here is the fact that the concentration of
StAv-MN-14 in the blood must be reduced sufficiently
to avoid binding the radiolabeled biotin to the StAv in
the blood before it has an opportunity to localize to the
StAv targeted to the tumor via the MN-14. Experiments
were conducted in tumor-bearing nude mice to evaluate
administration of 111In-DTPA-peptide-biotin given 2
and 24 h after gal-WI2 injection. Figures 3 and 4 show
the results from the group that received 111In-DTPA-
peptide-biotin 2 h after the gal-WI2 injection. In
comparison, animals given radiolabeled biotin 24 h after
the gal-WI2 had identical tumor:nontumor ratios, but
the percentage of labeled biotin in all of the tissues, and
most importantly in the tumor, was reduced about 5-fold
(not shown). This result may be related to the lower
amount of StAv-MN14 in the various tissues between
the 2 and 24 h periods. Since successful therapy depends
on not only the tumor:nontumor ratio but also the
absolute amount of radioactivity in the tumor, it was

determined that the earlier administration of the radio-
labeled biotin was favored over delaying its injection.
Figures 3 and 4 also show the biodistribution of 88Y-

StAv-MN-14 IgG used as a tracer in the pretargeting
method, as well as in a separate group of animals that
received only the 88Y-labeled StAv-MN-14 IgG. These
three situations illustrate the results that may be
obtained if 90Y-labeled MN-14 was used alone (88Y-
StAv-MN-14 alone) or in combination with a second
antibody (88Y-StAv-MN-14 cleared by gal-WI2 in the
pretargeting approach) or the pretargeting of 90Y-DTPA-
peptide-biotin was used (as modeled by the 111In-DTPA-
peptide-biotin in these biodistribution studies). As seen
in Figure 3, the percent injected dose of 88Y-StAv-MN-
14 alone is sustained at a level of 50-60% for 5 days after
taking 2 days to reach the maximum tumor uptake level.
Administration of gal-WI2 causes a slow but steady
decline of the 88Y-StAv-MN-14 in the tumor, taking 48
h before the level in the tumor was lower than the 88Y-

Figure 3. GW-39 uptake of pretargeted 111In-DTPA-peptide
biotin and 88Y-StAv-MN-14 IgG with or without clearance with
gal-WI2. All animals were given 200 µg of StAv-MN-14 IgG
intravenously containing 2 µCi of 88Y-StAv-MN-14 IgG. One
group of animals received no further injections and were
necropsied 3 h and 1, 2, 3 and 7 days later (n ) 5/time) to
determine tumor uptake and organ distribution. The remaining
animals received i.v. injections of gal-WI2 (5 times the molar
concentration of StAv-MN-14 in the blood) 48 h after the StAv-
MN-14 injection. Two hours later, all animals were injected with
111In-DTPA-peptide-biotin [6 µg (5.7 × 10-9 mol)/40 µCi] 2 h
after the gal-WI2 injection. At 3, 24, 48, 72, and 168 h after
the 111In-DTPA-peptide-biotin injection, five animals were
necropsied. Average tumor sizes ((SD) were 0.052 ( 0.009,
0.055 ( 0.016, 0.086 ( 0.019, 0.109 ( 0.028, and 0.199 ( 0.029
g for the first group at 3 h and 1, 2, 3, and 7 days, respectively.
The second group had values of 0.092 ( 0.023, 0.102 ( 0.02,
0.106 ( 0.041, 0.137, 0.038, and 0.184 ( 0.038 g at 3 h and 1,
2, 3, and 7 days after the 111In-DTPA-peptide-biotin injection
(i.e., 51, 72, 96, 120, and 216 h after 88Y-StAv-MN-14 injec-
tion). The arrows indicate the mean percent of injected dose per
gram in the tumor at the times shown.

Figure 4. Tumor:nontumor ratios from the data shown in
Figure 2 for the blood, liver, and kidneys.
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StAv-MN-14 alone. For pretargeting, 200 µg of StAv-
MN-14 IgG was given, followed 48 h later with gal-WI2
(5-fold molar excess), and then 2 h later, 40 µCi (5.7 ×
10-9 mol) was given. Three hours after 111In-DTPA-
peptide-biotin injection, tumor uptake was 3.9 ( 0.8%
per gram, but it too declined over time at a rate analogous
to the decline of StAv-MN-14 in the tumor. Tumor:blood
ratios (Figure 4) for the pretargeting method were
excellent, reaching 11.3 ( 3.7 just 3 h after the injection
of the 111In-DTPA-peptide-biotin to 178 ( 42 within 1
day. The level of 111In-DTPA-peptide-biotin in the blood
became too low to monitor accurately after 48 h, confirm-
ing the very rapid blood clearance of this small molecule.
Tumor:blood ratios for 88Y-StAv-MN-14 were less than
2:1 for a period of 3 days. However, if cleared by gal-
WI2, tumor:blood ratios for 88Y-StAv-MN-14 increased
to 59 ( 19 within just 5 h of the gal-WI2 injection. In
the pretargeting method, the liver and kidney had the
highest uptake of 111In-DTPA-peptide-biotin and the
lowest tumor:nontumor ratios of all of the times tested.
Tumor:liver ratios for the 111In-DTPA-peptide-biotin
started at a level of 6.0 ( 0.6 but within 3 days had
decreased to 2:1. Tumor:kidney ratios were 1.9 ( 0.04
just 3 h after 111In-DTPA-peptide-biotin injection,
remaining greater than 1:1 for 48 h, but by 72 h, it
decreased to 0.8 ( 0.3. Tumor:lung and spleen ratios
were between 15 and 30:1 over the first 72 h (not shown).
In order to affirm the fact that the tumor uptake of

the 111In-DTPA-peptide-biotin was due to specific bind-
ing by the StAv localized in the tumor, the biodistribution
of 111In-DTPA-peptide-biotin alone was evaluated. As
shown in Figure 5, the percent uptake of 111In-DTPA-
peptide-biotin alone was only a fraction of that achieved
if the tumor had been pretargeted with the StAv-MN-
14. Three hours after injection, only 0.05 ( 0.016 of the
111In-DTPA-peptide-biotin was in the tumor. This was
nearly 80-fold less than that achieved with the pretar-
geting method shown earlier, supporting the specific

targeting of 111In-DTPA-peptide-biotin to the StAv in
the pretargeting approach.
Dosimetry. In order to predict the therapeutic po-

tential for pretargeting, these extended biodistribution
studies were used to calculate radiation-absorbed doses
to the tissues and tumors if 90Y-labeled biotin was used.
Table 1 shows the maximum tumor dose projected to be
delivered at the maximum tolerated dose (MTD). In-
cluded in the table also are projections for 90Y-MN-14
IgG without second antibody clearance, using the data
from the 88Y-StAv-MN-14. In addition, radiation dose
estimates are provided from biodistribution studies con-
ducted in nude mice bearing size-matched GW-39 tumors
that were given 131I-MN-14 IgG with and without blood
clearance by gal-WI2 given at 24 h after the 131I-MN-
14 was administered. The MTD for 90Y-MN-14 IgG and
131I-MN-14 IgG without second antibody clearance has
been determined empirically to be 120 and 275 µCi, re-
spectively (4). However, without an empirical determi-
nation of the MTD for the other procedures, the following
assumptions were made to estimate a possible MTD. For
131I-MN-14 IgG cleared by a second antibody, tumor
doses were normalized to a maximum blood dose of 2500
cGy, which represented the blood dose delivered at the
MTD for each agent alone. Secondarily, the absorbed
dose could not exceed 7000 cGy to either the liver or
kidney. This limit is based on studies performed in nude
mice with 90Y-labeled MN-14 Fab fragments, which
showed animals tolerating this absorbed dose level (8).
The data indicate that 131I-MN-14 IgG cleared with

the gal-WI2 at 24 h would achieve the highest tumor
dose at the projected MTD, followed by 131I-MN-14 IgG
alone. Since the gal-WI2 clearance mechanism resulted
in sustained liver retention of the 131I-MN-14 IgG, liver
doses were determined to be dose-limiting before the 2500
cGy dose to the red marrow (as estimated from the blood
doses) could be achieved. Doses to the red marrow for
the pretargeting approach were the lowest of all methods,
being only 176 cGy. However, projected maximum tumor
doses for the pretargeting approach were nearly 8-fold
lower than that using 131I-MN-14 alone. Some of the
differences in tumor dose can be attributed to the very
small size of these tumors (i.e., ∼0.1 g), and thus, a large
portion of the radiation dose for a long-range â-emitting
particle such as 90Y would be lost to the surrounding
tissue. In addition, there are other inherent difficulties
in determining dosimetry for internally administered
radionuclides, and there is incomplete information re-
garding the relationship of toxicity to these radiation dose
estimates. Therefore, these dose estimates should be
interpreted cautiously. Nevertheless, the data suggest
that, in order for the pretargeting approach to compete
with a radiolabeled antibody with or without the second
antibody method for blood clearance, either the amount
of radiolabel delivered to the tumor needs to be increased,
doses to the normal tissues (notably liver and then

Table 1. Prediction of Maximum Radiation Dose Delivered to the Tumor Based on the Biodistribution of Each of the
Listed Radiolabeled Materialsa

method
maximum tumor

dose (cGy) MTD (mCi)
dose-limiting organ

(absorbed dose in cGy)
131I-MN-14 IgG alone 16716 0.275 red marrow (2500)
131I-MN-14 IgG/gal-WI2 at 24 h 20824 0.877 red marrow (2400)

liver (7000)
90Y-StAv-MN-14 IgG alone 4264 0.126 red marrow (2500)
pretargeting/90Y-biotin 2349 1.0 liver (7000)

red marrow (176)
kidney (2574)

a 111In-DTPA-peptide-biotin was used to predict the behavior of 90Y.

Figure 5. Comparison of 111In-DTPA-peptide-biotin uptake
in GW-39 with and without pretargeting. The data for the
StAv-MN-14 pretargeting group were taken from Figure 2. A
separate group of nude mice (n ) 5/observation) bearing small
GW-39 tumors (0.03 ( 0.01, 0.044 ( 0.017, 0.057 ( 0.015, and
0.048 ( 0.02 g at 1, 3, 24, and 48 h, respectively) were injected
intravenously with 40 µCi/6 µg of 111In-DTPA-peptide-biotin.
Due to the very rapid clearance of this agent, monitoring was
only possible over 48 h given the injected activity.
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kidney) need to decrease further, or a combination of both
needs to be used.
Attempts To Optimize the Pretargeting Ap-

proach. Initially, strategies to optimize the pretargeting
approach focused on reducing uptake in the liver. Due
to its accessibility to blood-borne agents, it was possible
that the liver may be acting as a sink for the 111In-
DTPA-peptide-biotin, thereby reducing the supply of
biotin able to reach the tumor. Thus, the first approach
that was evaluated involved a preinjection of unlabeled
biotin, the rationale being that a brief exposure of
unlabeled biotin may bind the StAv-biotin binding sites
in the liver, giving the radiolabeled biotin more op-
portunity to localize to StAv in the tumor. Nude mice
bearing GW-39 tumors were first pretargeted with 400
µg of StAv-MN-14 and cleared with gal-WI2 48 h later.
Two hours after the gal-WI2 injection, animals were
injected intravenously with 10 µg of unlabeled biotin,
followed 5 min later with the radiolabeled biotin. A
separate group was given the radiolabeled biotin without
preinjection of unlabeled biotin. Preinjection of unlabeled
biotin had the desired effect of reducing liver uptake of
the radiolabeled biotin, but there was also a significant
decrease in the amount of radiolabeled biotin targeted
to the tumor compared to tumor uptake seen when
unlabeled biotin was not preadministered (p ) 0.005,
Figure 6). The end result was that most tumor:nontumor
ratios remained unchanged (except tumor:kidney which
decreased). This study is important also because it shows
that binding of the radiolabeled biotin to the tumor can
be inhibited, thereby further supporting the possibility
that a specific interaction between biotin and StAv in the
tumor is occurring. In a separate study, animals were
pretargeted in an identical fashion but were given 1, 10,
or 100 µg of unlabeled biotin 5 min before the radiola-
beled biotin (not shown). This study indicated that 10
µg of biotin had sufficiently inhibited the biotin-binding
sites in the tissues, since no further reduction in normal
tissue uptake (or tumor) was seen with the 100 µg of
unlabeled biotin dose. However, since this procedure did
not enhance tumor uptake or tumor:nontumor ratios,
other strategies were pursued.
The next attempt was to use a different clearing agent.

Axworthy et al. (20) had used galactosylated, biotinylated
human serum albumin (HSA) as their clearing agent.
Although using an inert carrier, such as HSA, requires
biotinylation for the clearing agent to form a complex

with the circulating StAv-mab conjugate, this conjugate
configuration can also have a dual role by blocking StAv-
biotin binding sites in the tissues prior to the addition of
the radiolabeled biotin. Two groups of nude mice bearing
GW-39 tumors were pretargeted with 400 µg of StAv-
MN-14 IgG, and after 48 h, gal-HSA-biotin3 (81% of the
available lysines were modified with galactose) or gal-
WI2 was given at a 5-fold molar excess in relationship
to the amount of StAv-MN-14 in the blood. Two hours
later, 111In-DTPA-peptide-biotin was given. These dos-
ages and timing were consistent with that reported by
Axworthy et al. (20). Unlike the StAv-MN-14 that was
easily cleared by gal-WI2 to 0.5 ( 0.08% in the blood
within 5 h of the gal-WI2 injection, there was a
negligible effect on the clearance of StAv-MN-14 from
the blood with the gal-HSA-biotin, with 88Y-StAv-
MN-14 IgG blood concentrations at 16.3 ( 2.5% at 5 h
after the biotinylated HSA clearing agent was given
(Figure 7). Tumor uptake and tumor:blood ratios for
111In-DTPA-peptide-biotin were not improved and in
fact were much lower than that achieved using gal-WI2
as the clearing agent. Low tumor:blood ratios for the
111In-DTPA-peptide-biotin (only 2.8 ( 0.6 at 24 h) were
caused primarily by the higher concentration of 111In-
DTPA-peptide-biotin in the blood compared to the levels
seen in the pretargeting approach, when gal-WI2 was
used as a clearing agent (0.7 ( 0.08 vs 0.03 ( 0.007%
for gal-HSA-biotin vs gal-WI2 at 24 h, respectively).
The higher concentration of 111In-biotin in the blood is
most likely due to its association with residual StAv-
MN-14. Another experiment was performed with a 10-
fold excess of gal-HSA-biotin with similar results. The
failure of the HSA clearing agent to remove the StAv-
MN-14 conjugate could be explained by three possibili-
ties: the biotin on the HSA was unable to bind to the
StAv-MN-14 conjugate, it was cleaved by biotinidases,
or the StAv biotin-binding sites on the MN-14 conjugate
were already bound with biotin from endogenous sup-
plies. In vitro and in vivo data showed quantitative
complexation of StAv-MN-14 with gal-HSA-biotin3 or
HSA-biotin conjugates prepared for these studies (21),
suggesting the biotin was accessible. Thus, it was likely
that the StAv-MN-14 already had a portion of its biotin
binding sites occupied due to endogenous biotin. Given
the implications that endogenous biotin would have on
this type of pretargeting approach, additional studies
were designed to elucidate the nature of this problem.

Figure 6. Effect of preinjection of unlabeled biotin on the
biodistribution of pretargeted 111In-DTPA-peptide-biotin. Ani-
mals bearing GW-39 tumors (0.087 ( 0.038 and 0.098 ( 0.03 g
for 10 µg of unlabeled biotin and none, respectively) were given
400 µg of StAv-MN-14 IgG (contains the 88Y-StAv-MN-14
tracer). Two days later, 5× gal-WI2 was given. Two hours
thereafter, one group of animals (n ) 5) was injected intrave-
nously with 10 µg of unlabeled biotin and then 5 min later
received 111In-DTPA-peptide-biotin (6 µg/40 µCi), while the
other group received only the radiolabeled biotin (n ) 5). All
animals were necropsied 3 h after the 111In-biotin injection.
Note the scale difference for the blood data.

Figure 7. Evaluation of galactosylated, biotinylated HSA as
a clearing agent for the pretargeting approach. Nude mice
bearing GW-39 tumors (0.098 ( 0.03 and 0.118 ( 0.03 g at 3
and 24 h for the gal-WI2 group and 0.078 ( 0.023 and 0.145 (
0.079 g for the HSA group, respectively) were injected intrave-
nously with 400 µg of StAv-MN-14 IgG (containing 88Y-StAv-
MN-14). Forty-eight hours later, 200 µg of the gal-HSA-biotin
was given intravenously, and then 2 h later, the 111In-DTPA-
peptide-biotin was injected. Animals (n ) 5/group) were necrop-
sied 3 and 24 h after the radiolabeled biotin injection.
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In order to investigate this possibility, nude mice were
injected with 200 µg of StAv-MN-14 IgG containing a
trace of 88Y-StAv-MN-14. At 1, 24, and 48 h later, the
mice were bled. Serum was collected and then mixed
with varying amounts of the radiolabeled DTPA-peptide-
biotin. After incubation for 5 min at room temperature,
the samples were run over a size-exclusion HPLC col-
umn, and profiles were evaluated for the amount of
radiolabeled biotin associated with the high-molecular
weight StAv-MN-14 peak. Knowing the specific activity
of the StAv-MN-14 and the known amount of biotin
added to each sample, the number of biotin binding sites
remaining on the StAv-MN-14 was determined. Values
were compared to those of the same batch of StAv-MN-
14 that was not injected in vivo. The results, shown in
Table 2, indicate that StAv-MN-14 taken at 1 h retained
nearly 100% of its original biotin-binding capacity, where-
as StAv-MN-14 taken from animals after 24 and 48 h
had lost over 90% of its biotin-binding capacity. Since
our earlier findings showed complete retention of StAv-
MN-14 in binding biotin when incubated in vitro in serum
over a 24 h period (21), these in vivo results suggest that
continued exposure to body fluids provides greater op-
portunity for blockade of the biotin-binding sites. Indeed,
considering that the published serum level of biotin in
rats is 3.1 × 10-8 M (28) (4.5 × 10-11 mol in a mouse
assuming a 1.5 mL blood volume) and that 200 µg of
StAv-MN-14 contains 4.3 × 10-10 mol of StAv with its
full biotin-binding capacity (i.e., four binding sites/mole-
cule), there should have been sufficient biotin-binding
capacity to avoid this problem. Thus, with evidence that
a majority of the biotin-binding sites were blocked,
studies were designed to investigate the pretargeting
method in animals with diminished levels of biotin.
Rosebrough and Hartley (28) showed that endogenous

stores of biotin could be reduced in rabbits and dogs by
administering avidin. In order to investigate this pro-
cedure, nude mice bearing GW-39 tumors were given i.v.
injections of 20, 100, or 500 µg of StAv 24 h before the
administration of 200 µg of StAv-MN-14 IgG. Another
group of animals received 100 µg of StAv at the same
time that the StAv-MN-14 was given. After waiting 48
h, gal-WI2 was given, followed 2 h later with 111In-
DTPA-peptide-biotin. The animals were then necrop-
sied 3 h later. The results shown in Figure 8 indicate
no improvement in tumor retention compared to the
results from animals that did not receive additional StAv,
and in fact, at the higher StAv doses, increased uptake
of 111In-DTPA-peptide-biotin was seen in the liver and
blood, but more notably, in the kidneys, the major organ
where StAv is known to accrete (30). This also occurred
in animals that were coinjected with 100 µg of StAv on

the day of the StAv-MN-14 injection. Measurement of
StAv-MN-14’s ability in the blood at 48 h to bind biotin
showed that the StAv pretreatment did not reduce
endogenous biotin blockade of the conjugate (Table 2).
Prior to examination the use of a biotin-deficient diet

to reduce endogenous biotin stores, studies were con-
ducted to determine how the specific activity of the
labeled biotin affected its biodistribution, and to assess
if DOTA would provide an advantage over DTPA. In vivo
studies with 111In-DOTA-peptide-biotin suggested that
this conjugate has slower blood clearance than DTPA-
peptide-biotin (21) and that perhaps slowing the blood
clearance of the labeled biotin might provide a greater
opportunity for tumor binding. Four separate groups of
tumor-bearing nude mice were selected. Each animal
received 200 µg of StAv-MN-14 followed 2 days later
with gal-WI2. Two hours later, the animals received
an i.v. injection of either DTPA- or DOTA-conjugated
biotin labeled at either a high (1.2 × 10-9 mol of the
labeled biotin) or low (5.7× 10-9 mol of the labeled biotin)
specific activity. Only the high-specific activity DOTA
showed a significant increase in tumor uptake, and this
was apparent only 3 h after injection (p < 0.01, Figure
9). By 24 h after the biotin injection, all of the groups
had similar amounts of labeled biotin in the tumor. The
high-specific activity DOTA also had a higher level of
radioactivity in the blood, compared to the lower specific
activity DOTA or the DTPA-conjugated biotin. These
results were also most pronounced at 3 rather than at
24 h. However, since increasing the specific activity and
changing the chelate improved tumor uptake from 4 to
approximately 8% of the injected dose per gram, this
combination was used in the next study to determine the
effects of biotin-deficient diets.
Two groups of animals were initiated on either biotin-

deficient or standard lab chow diets immediately upon
receipt from the vendor. Within 2 days, a GW-39 tumor
suspension was given to initiate tumor growth, and then
on day 7, all animals were given 200 µg of StAv-MN-
14. Two days later, gal-WI2 was given, and 2 h later,
111In-DOTA-peptide-biotin (1.2 × 10-9 mol) was ad-

Table 2. Effect of Endogenous Biotin on the
Biotin-Binding Ability of StAv-MN-14 after i.v. Injection
in Tumor-Bearing Nude Micea

percent free biotin-binding sites
remaining on StAv-MN-14

condition

1 h after
StAv-Mn-14
injection

24 h after
StAv-Mn-14
injection

48 h after
StAv-Mn-14
injection

standard lab chow 100 2 2.4-2.9
StAv predose NDb ND 3.3
biotin-deficient diet ND ND 100

a Animals were injected intravenously with 200 µg of StAv-
MN-14 IgG. At the times indicated, two mice were bled and the
serum was either pooled or evaluated separately. Animals pre-
dosed with StAv had received a single injection of 500 µg of StAv
1 day prior to StAv-MN-14 injection, whereas animals which were
placed on a biotin-deficient diet were fed this diet for 7 days prior
to the StAv-MN-14 IgG injection. b ND, not determined.

Figure 8. Effect of StAv pretreatment to reduce endogenous
biotin levels on the biodistribution of 111In-DTPA-peptide-
biotin in nude mice. Animals in groups 1-4 were given varying
amounts of StAv and 1 day later given 200 µg of StAv-MN-14.
Group 5 received 100 µg of StAv on the same day the StAv-
MN-14 was given. Two days later, the StAv-Mn-14 was cleared
with gal-WI2; 2 h later, the 111In-DTPA-peptide-biotin was
given, followed by necropsy at 3 h. Each group of animals
contained three or four animals with an average tumor size of
0.042 ( 0.027, 0.038 ( 0.017, 0.068 ( 0.012, 0.035 ( 0.010, and
0.036 ( 0.01 g for groups 1-5, respectively.
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ministered. The animals were necropsied 3 and 24 h
after the radiolabeled biotin injection. Under these condi-
tions, tumors taken from animals given biotin-deficient
diets had a nearly 2-fold higher (16.9 ( 4.6) tumor uptake
than animals fed the standard lab chow (Figure 10). This
level of 111In-DOTA-peptide-biotin in the tumor was
sustained over the 24 h monitoring period. Although
tumor uptake was increased, uptake in all normal tissues
also increased. Interestingly, tumor:liver and kidney

ratios in animals given the biotin-deficient diet were not
significantly different at 24 h (Figure 11). Although
tumor:blood ratios were significantly lower in animals
given the biotin-deficient diet on day 1, the actual ratios
exceeded 50:1. Thus, even under these conditions, the
pretargeting method maintained its tumor:blood advan-
tage compared to a radiolabeled antibody alone. Analysis
of serum taken from these mice 48 h prior to administra-
tion of gal-WI2 revealed the conjugate had retained
100% of its original bitoin-binding capacity (Table 2).

DISCUSSION

Pretargeting approaches are very attractive for use
with radiolabeled antibodies because they offer excep-
tional tumor:blood ratios. This property is highly desir-
able for imaging and therapeutic applications. For
imaging, the simple use of an antibody fragment may be
preferred over the multiple steps involved in a pretar-
geting approach. The same can be said for therapy,
where the simplest approach will prevail over those
requiring multiple steps, unless these alternative ap-
proaches improve the therapeutic outcome.
The work presented herein, and in a companion article

(21), illustrates some of the complexities involved in
developing a two-step, streptavidin-biotin pretargeting
method. Multiple agents need to be prepared and tested,
dosages optimized, and appropriate dosing schedules
evaluated. After evaluation of a number of different
agents and parameters, a successful two-step pretarget-
ing approach was established that produced excellent
tumor:blood ratios within a few hours. The liver and
kidney were the major organs for retention of the
radiolabeled biotin, but even this uptake produced tumor:
nontumor ratios in excess of 2:1, which is acceptable for
imaging applications but may need to be improved for
therapy. A major concern for the pretargeting approach
was the fact that the percentage of radiolabeled biotin
targeted to the tumor was much lower than that observed
with a radiolabeled antibody alone. This may present a
problem for therapeutic applications that will require a
critical concentration of radioactivity in order to effect
changes in tumor growth. However, the primary issue
is not the percent of injected radioactivity delivered to
the tumor but the absolute amount of radioactivity that
can be delivered at the maximum tolerated dose for each
procedure in combination with the longevity of tumor
binding. Dosimetry estimates suggest that, with the
current pretargeting approach and 4% of the injected
dose per gram tumor, approximately 40 µCi could be
delivered (assuming 1 mCi is the MTD). At a 60%
injected dose per gram, an antibody labeled with 90Y could
deliver 72 µCi/g to the tumor (MTD of 120 µCi), whereas
an 131I-labeled antibody could deliver 165 µCi/g. From
this perspective, the pretargeting approach would need
to increase the percentage delivered to the tumor at least

Figure 9. Comparison of DTPA-peptide-biotin and DOTA-
peptide-biotin at low and high specific activities in the two-step
pretargeting approach. Nude mice bearing GW-39 tumors were
divided into four groups as indicated (tumor sizes were 0.11 (
0.019 and 0.127 ( 0.082, 0.104 ( 0.022 and 0.137 ( 0.056, 0.113
( 0.035 and 0.147 ( 0.027, and 0.122 ( 0.031 and 0.101 ( 0.064
g for groups 1-4 at 3 and 24 h, respectively). All animals
received an initial injection of 200 µg of StAv-Mn-14 IgG
followed 2 days later with clearance by gal-WI2, and then 2 h
later, the radiolabeled biotin was given. The low specific activity
contained 5.7 × 10-9 mol of radiolabeled chelate-peptide-biotin
(approximately 6 µg each), whereas the high specific activity
contained only 1.2 × 10-9 mol of radiolabeled chelate-peptide-
biotin. Animals were necropsied 3 and 24 h after the biotin
injection.

Figure 10. Effect of biotin-deficient diet on the biodistribution
of pretargeted 111In-DOTA-peptide-biotin. Nude mice were fed
standard autoclavable lab chow or a biotin-deficient diet (supple-
mented with 30% egg solids). On day 2, animals were inoculated
with GW-39 tumors, and on day 7, 200 µg of StAv-MN-14 was
injected. Gal-WI2 was given 2 days later, with 111In-DOTA-
peptide-biotin (1.2 × 10-9 mol) injected intravenously 2 h
thereafter. Animals were necropsied 3 and 24 h after the
radiolabeled biotin was given (n ) 5/group). Tumor sizes at 3
and 24 h were 0.052 ( 0.011 and 0.072 ( 0.016 g, respectively,
for the animals given the biotin-deficient diet and 0.71 ( 0.018
and 0.88 ( 0.033 g for the animals fed the normal rodent diet,
respectively.

Figure 11. Tumor:nontumor ratios for the study described in
Figure 10. Statistical evaluation was performed by a general
Student’s t test with p values given in the figure. N.S. means
not significant at a p < 0.05 level.
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2-fold, or if liver and kidney were reduced at least 2-fold
and this allowed a doubling in the administered dose,
then the pretargeting approach would be more competi-
tive with other forms of RAIT.
By itself, the labeled biotin is cleared very quickly from

all tissues. Our studies showed that, within 1 day, only
0.004 and 0.01% per gram of 111In-DTPA-peptide and
DOTA-peptide-biotin, respectively, remained in the
blood (21). The kidney was the organ with the highest
uptake, but it was as low as 0.22 and 0.17% per gram 1
day after the biotin injection. In animals given StAv-
MN-14 IgG, there were higher levels of radiolabeled
biotin in all the major organs. Thus, the altered distri-
bution was due to the radiolabeled biotin binding to the
StAv contained in these normal tissues. Indeed, it was
possible to show that, within just 5 min, biotin-binding
sites could be saturated with a preinjection of 10 µg of
unlabeled biotin.
Several approaches were examined to increase tumor

uptake or to reduce normal tissue uptake. Tumor uptake
was increased somewhat by raising the specific activity
of the labeled biotin and by using DOTA rather than
DTPA. Trying to inhibit biotin binding in tissues selec-
tively is difficult. In most instances, inhibition of residual
StAv biotin-binding sites caused a concomitant reduction
in the level of radiolabeled biotin targeted to the tumor,
thereby negating the value of the procedure. Another
important finding was the fact that endogenous biotin
levels in the mouse seriously inhibit this approach.
Hnatowich et al. (30) had brought this problem to
attention earlier, but it has not been studied in detail in
the literature. On the basis of published levels of biotin
in mouse serum, and our in vitro studies showing the
full biotin-binding capability of the conjugates, it was
assumed that there would be abundant biotin-binding
sites on the StAv with the doses administered. It was
interesting to discover that problems with endogenous
biotin could not be appreciated by incubating the conju-
gate in serum in vitro, but rather, the conjugate needed
to be injected in the mice and then assayed over time.
Our experience showed that, within 1 day, the vast
majority of biotin-binding sites on the conjugate were
blocked. Since tumor localization in nude mice generally
requires 2 days to achieve optimal tumor accretion, this
is a serious disadvantage for assessing this methodology
preclinically. The fact that 111In-biotin uptake in the
tumor and normal tissues could be reduced by a prein-
jection of unlabeled biotin clearly showed that not all
biotin-binding sites were blocked by endogenous biotin.
Fortunately, feeding animals a biotin-free diet can reduce
endogenous biotin levels, and temporary reductions in
biotin do not have a serious impact on the health of the
animals. Using this approach, unfortunately, exacer-
bates the problem of residual StAv in the tissues capable
of binding the radiolabeled biotin. Although biotin levels
in humans are reported to be more than 10-fold lower
than those in mice (28), it is still uncertain whether
endogenous biotin will play an equally important role in
humans because these measurements only account for
serum levels and do not account for other storage sites.
Thus, it is not merely a question of serum biotin levels
but a test subject’s capacity to restore serum biotin
homeostasis, either by liberation of biotin from intrac-
ellular stores or by an increase in absorption of dietary
biotin. Kalofonos et al. (31) showed that, 3 days after
the injection of only 1.0 mg of StAv-conjugated antibody,
the antibody in the blood of patients still retained its
ability to bind biotin. However, the precise number of
biotin-binding sites remaining was not reported. Nev-
ertheless, this result is encouraging, especially since

higher conjugate dosages will further reduce the influ-
ence of endogenous biotin in patients. At least in animal
models, which may predict whether human studies are
warranted, endogenous biotin is a serious problem.
We elected to evaluate the StAv-antibody, radiola-

beled biotin approach on the basis of early reports by
Axworthy et al. (20), who stated that they were able to
achieve > 20% injected dose per gram 111In-biotin tumor
uptake, similar to the level obtained with their radiola-
beled antibody alone. If identical tumor uptake with
markedly improved tumor:blood ratios is possible with
this pretargeting approach, as compared to the radiola-
beled antibody, then improved antitumor effects should
also be possible. Indeed, Axworthy et al. (32) have
reported improved therapeutic effects in animals with
this pretargeting approach. If a tumor uptake can be
achieved with this pretargeting approach identical to that
seen with the radiolabeled antibody, it would be most
encouraging. As pointed out by O’Connor and Bale (33),
only a small portion of an antibody will have an op-
portunity to pass through a tumor. With an agent that
is rapidly cleared from the blood, the portion passing
through the tumor would be substantially lower than a
substance that is cleared from the blood more slowly. This
relationship is evident when comparing tumor uptake of
whole IgG to antibody fragments; the uptake is always
substantially higher with the whole IgG. However, the
pretargeting approach offers other advantages that could
alter this relationship, namely an increase in the number
(maximum of four biotins/StAv) and affinity of the
binding sites in the tumor (i.e., StAv-biotin vs antibody-
antigen). Combined with the fact that, as a small
molecule, biotin is able to be distributed more quickly
and uniformly throughout the tumor than a large mac-
romolecule, this pretargeting approach has the potential
to compete effectively with directly radiolabeled antibod-
ies. However, the complexity of these procedures in
comparison to using radiolabeled antibodies, coupled with
the possibility of increased immunogenicity of StAv-mab
conjugates, makes it necessary that these procedures
exceed the therapeutic ability of the simpler approach.
Clinical trials will ultimately be required to make this
determination.
Despite some of the problems cited herein, we have yet

to investigate further modifications that could either
improve the total amount of radioactivity delivered to the
tumor or reduce the level in normal tissues. For example,
using WI2 in place of gal-WI2 may reduce the quantity
of StAv-MN-14 available in the liver, and perhaps
waiting 4-8 h between the injection of the clearing agent
until the labeled biotin is given will further reduce the
potential for high liver accretion. Once fully optimized,
it will also be important to establish empirically a
maximum tolerated dose level for the pretargeting ap-
proach rather than depending on dosimetry to decide the
fate of this promising procedure. Given the relatively
surprising finding that a single injection of 90Y-labeled
MN-14 Fab may have a therapeutic benefit comparable
to that of 90Y-IgG (8), we are encouraged to further
explore the potential therapeutic benefit that may be
afforded by such pretargeting approaches.

ACKNOWLEDGMENT

The authors thank Ms. Rosarito Aninipot for her
technical assistance in performance of the animal studies
and Mr. Mark Prysbylowski for the purification of the
antibodies. This study was supported in part by U.S.
Public Health Service Grants CA-37895 and CA-39841.

Avidin−Biotin Pretargeting for RAIT Bioconjugate Chem., Vol. 8, No. 4, 1997 603



LITERATURE CITED

(1) Blumenthal, R. D., Sharkey, R. M., Haywood, L., Natale,
A. M., Wong, G. Y., Siegel, J. A., Kennel, S. J., and Golden-
berg, D. M. (1992) Targeted therapy of athymic mice bearing
GW-39 human colonic cancer micrometastases with 131I-
labeled monoclonal antibodies. Cancer Res. 52, 6036-6044.

(2) Sharkey, R. M., Blumenthal, R. D., Hansen, H. J., and
Goldenberg, D. M. (1990) Biological considerations for radio-
immunotherapy. Cancer Res. 50 (Suppl.) 964s-969s.
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Sjögren, H.-O. (1993) A general, extracorporeal immunoad-
sorption method to increase the tumor-to-normal tissue ratio
in radioimaging and radioimmunotherapy. J. Nucl. Med. 34,
448-454.

(18) Lear, J. L., Kasliwal, R. K., Feyerabend, A. J., Pratt, J. P.,
Bunn, P. A., Dienhar, D. G., Gonsaly, R., Johnson, T. K.,
Bloedow, D. C., Maddock, S. W., and Glenn, S. D. (1991)
Improved tumor imaging with radiolabeled monoclonal anti-
bodies by plasma clearance of unbound antibody with anti-
antibody column. Radiology 179, 509-512.

(19) Goodwin, D. A., and Meares, C. F. (1997) Pretargeting:
General principles. Cancer (in press).

(20) Axworthy, D. B., Fritzberg, A. R., Hylarides, M. D., Mallet,
R. W., Theodore, L. J., Gustavson, L. M., Su, F.-M., Beaumier,
P. L., and Reno, J. M. (1994) Preclinical evaluation of an anti-
tumor monoclonal antibody/streptavidin conjugate for pre-
targeted 90Y radioimmunotherapy in a mouse xenograft
model. J. Immunother. 16, 158 (abstract).

(21) Karacay, H., Sharkey, R. M., Griffiths, G. L., Govindan,
S. V., McBride, W. J., Goldenberg, D. M., and Hansen, H. J.
(1997) Development of a streptavidin-anti-carcinoembryonic
antigen antibody, Radiolabeled Biotion pretargeting method
for radioimmunotherapy of colorectal cancer. Reagent Devel-
opment. Bioconjugate Chem. 8, 585-594.

(22) Hansen, H. J., Goldenberg, D. M., Newman, E. S., Grebenau,
R., and Sharkey, R. M. (1993) Characterization of second-
generation monoclonal antibodies against carcinoembryonic
antigen. Cancer 71, 3478-3485.

(23) Goldenberg, D. M., and Hansen, H. J. (1972) Carcinoem-
bryonic antigen present in human colonic neoplasms serially
propaged in hamsters. Science 175, 1117-1118.

(24) Sharkey, R. M., Motta-Hennessy, C., Pawlyk, D., Siege, J.
A., and Goldenberg, D. M. (1990) Biodistribution and radia-
tion dose estimates for yttrium- and iodine-labeled mono-
clonal antibody IgG and fragments in nude mice bearing hu-
man colonic tumor xeongrafts. Cancer Res. 50, 2330-
2336.

(25) Sharkey, R. M., Primus, F. J., and Goldenberg, D. M. (1987)
Antibody protein dose and radioimmunodetection of GW-39
human colon tumor xenografts. Int. J. Cancer 39, 611-617.

(26) Boerman, O. C., Sharkey, R. M., Wong, G. Y., Blumenthal,
R. D., Aninipot, R. L., and Goldenberg, D. M. (1992) Influence
of antibody protein dose on therapeutic efficacy of radioiodi-
nated antibodies in nude mice bearing GW-39 human tumors.
Cancer Immunol. Immunother. 35, 127-134.

(27) Mattes, M. J. (1987) Biodistribution of antibodies after
intraperitoneal or intravenous injection and effect of carbo-
hydrate modification. J. Natl. Cancer Inst. 79, 855-863.

(28) Rosebrough, S. F., and Hartley, D. F. (1995) Quantification
and lowering of serum biotin. Lab. Anim. Sci. 45, 554-557.

(29) Rosebrough, S. F. (1993) Pharmacokinetics and biodistri-
bution of radiolabeled avidin, streptavidin, and biotin. Nucl.
Med. Biol. 20, 663-668.

(30) Hnatowich, D. J. (1994) The in vivo uses of streptavidin
and biotin: a short progress report. Nucl. Med. Commun. 15,
575-577.

(31) Kalofonos, H. P., Rusckowski, M., Siebecker, D. A., Siv-
olapenko, G. B., Snook, D., Lavender, J. P., Epenetos, A. A.,
and Hnatowich, D. J. (1990) Imaging of tumor in patients
with indium-111-labeled biotin and streptavidin-conjugated
antibodies: Preliminary communication. J. Nucl. Med. 31,
1791-1796.

(32) Axworthy, D. B., Beaumier, P. L., Bottino, S., Goshorn, R.
W., Mallett, R. W., Stone, D. M., Su, F.-M., Theodore, L. J.,
Yau, E. K., and Reno, J. M. (1996) Preclinical optimization
of pretargeted radioimmunotherapy components: High ef-
ficiency, curative 90Y delivery to mouse tumor xenografts.
Tumor Targeting 2, 156-157 (abstract).

(33) O’Connor, S. W., and Bale, W. F. (1984) Accessibility of
circulating immunoglobulin G to the extravascular compart-
ment of solid rat tumors. Cancer Res. 44, 3719-3723.

BC970101V

604 Bioconjugate Chem., Vol. 8, No. 4, 1997 Sharkey et al.



TECHNICAL NOTES

Polymeric Conjugates of Gd3+-Diethylenetriaminepentaacetic Acid
and Dextran. 1. Synthesis, Characterization, and Paramagnetic
Properties

Richard Rebizak,† Michel Schaefer,‡ and EÄ dith Dellacherie*,†

Laboratoire de Chimie-Physique Macromoléculaire, URA CNRS 494, ENSIC-INPL, B.P. 451, 54001 Nancy
Cedex, France, and Guerbet-GCA, B.P. 15, 93601 Aulnay-sous-Bois, France. Received August 5, 1996X

Macromolecular conjugates of dextran and diethylenetriaminepentaacetic acid (DTPA), aimed to
complex gadolinium, were synthesized to obtain contrast agents for nuclear magnetic resonance
imaging with good paramagnetic properties and long intravascular persistence. These conjugates
were prepared from dextran 40 (Mh n ) 38 kg/mol and Mh w ) 43 kg/mol), which was first carboxy-
methylated. Then amines were introduced by reacting ethylenediamine with dextran carboxylic acid
groups in the presence of 2-ethoxy-1-(ethoxycarbonyl)-1,2-dihydroquinoline. DTPA was then covalently
linked to aminated dextran by using three different coupling procedures (DTPA bisanhydride,
dicyclohexylcarbodiimide/N-hydroxysuccinimide, and isobutyl chloroformate). The different final
products were compared in terms of DTPA contents, molecular masses, and sizes, and it was proved
that the last synthesis step led to a small fraction of cross-linked chains as Mh n was between 128 and
166 kg/mol and Mh w between 332 and 371 kg/mol. In spite of this partial cross-linking which
theoretically decreases the complexation capacity of the dextran-linked DTPA molecules, the Gd3+-
complexed conjugates exhibited relaxivities at 20 MHz/mol of gadoliniums2.5 times as great as that
of free GdDTPA2-.

INTRODUCTION

Today, the complexes most commonly used in humans
for nuclear magnetic resonance imaging are small mol-
ecules such as gadolinium-diethylenetriaminepentaace-
tic acid (GdDTPA2-) and gadolinium-tetraazacyclodode-
canetetraacetic acid (GdDOTA-) (1). These complexes
are very strong, and their thermodynamic stability
constants are, respectively, 1022.5 (2) and 1028 L mol-1 (3).
This high stability hampers the release in body, of
gadolinium , Gd3+, which is a very toxic ion. However,
because of their molecular size, these complexes are
totally and rapidly excreted via urine. In man, GdDTPA2-

has a 90 min biological half-life, and 5 min after its
injection, its blood concentration is only about 30% of the
initial dose (4). Therefore, for prolonged clinical tests,
injection of several doses of GdDTPA2- is necessary.
Recently, a number of investigations have aimed to

bind GdDTPA2- and GdDOTA- to polymers or macro-
molecules such as proteins (albumin, immunoglobulins)
(5-8), polylysine (8), or polysaccharides such as dextran
(9-13). The use of polymers as carriers of gadolinium
complexes has two advantages. The first is that, by
influencing the complex rotation speed, the r1 longitudi-
nal and r2 transversal relaxivities are increased. For
example, GdDTPA2- r1 relaxivity is 3.7 mM-1 s-1 at 20
MHz, while for polymers, r1 relaxivity can be >10 mM-1

s-1 (14). The second advantage is the increase in the
plasma persistence. A polylysine-GdDTPA-, studied by

Schuhmann-Giampieri et al. (15), exhibited a rabbit
plasma half-life of 1.9 h against 0.6 h for GdDTPA2-.
These new macromolecular contrast agents can thus be
used as blood pool tracers.
This paper describes the synthesis and properties of

dextran-linked DTPA. Dextran 40 (Figure 1, Mh w about
40 kg/mol) was chosen because of its biocompatibility and
biodegradability. It is commonly used as a plasma
expander to improve blood circulation and to prevent
blood platelet aggregation and as the basis of oxygen-
carrier blood substitutes (16). Different syntheses were
investigated to bind DTPA to previously aminated dex-
tran 40 (Figure 1), and the resulting DTPA-containing
polymers were compared in terms of molecular mass and
DTPA content. The aim was to obtain highly substituted
polymers with molecular mass as low as possible, because
high molecular mass polymers remain a long time in the
intravascular space before being excreted, which can
produce allergies. To limit the molecular mass, it was
important to hamper the cross-linking reactions between
amines of different polysaccharide chains and several
carboxylic groups of one DTPA molecule. Furthermore,
this reaction is also undesirable because the stability
constant of the gadolinium-DTPA complex decreases
when the number of DTPA carboxylic groups substituted
by amine functions increases (17-19).

EXPERIMENTAL PROCEDURES

Syntheses. Synthesis of Carboxymethyldextran (CMD).
Ten grams of dextran 40 (Pharmacia LKB, Uppsala,
Sweden) was dissolved in 82.5 mL of 6 N NaOH previ-
ously cooled in an ice bath. Then, 20.4 g (0.216 mol) of
chloroacetic acid (Aldrich-France, St Quentin-Fallavier,
France) was introduced. The mixture was maintained
at 60 °C for 50 min and then cooled at room temperature.
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Then the polymer was precipitated with methanol. CMD
was recovered by filtration and dried under vacuum at
50 °C.
Synthesis of Aminated Carboxymethyldextran (CMDA)

by Means of 2-Ethoxy-1-(ethoxycarbonyl)-1,2-dihydro-
quinoline (EEDQ). Ten grams of CMD (31 mmol of
COONa) was dissolved in 100 mL of water and the pH
was adjusted to 3 with 1 N HCl. Then an EEDQ solution
prepared with 15.4 g (62 mmol) of EEDQ (Fluka, Buchs,
Switzerland) and 233 mL of methanol was added drop-
wise. The resulting solution was added to 20.7 mL (310
mmol) of ethylenediamine (Aldrich) under stirring. After
4 h, CMDA was precipitated with methanol, then recov-
ered by filtration, and finally dried under vacuum at 50
°C.
Coupling of DTPA to Aminated Carboxymethyldextran

(CMDA-DTPA). (a) Method Using DTPA Bisanhydride
(DTPAba). DTPAba was previously prepared according
to a method deriving from that of Eckelman et al. (20).
One gram of CMDA (1.7 mmol of NH2) was dissolved in
10 mL of water. Then, 1/20 of this CMDA solution and
1/20 of the total DTPAba amount to be used (11 g, 30.8
mmol) were successively added to 20 mL of water. This
step was carried out by keeping the pH constant at 10
with 6 N NaOH. This operation was repeated until
consumption of all the reagents. The final mixture was
stirred for 4 h and then dialyzed against water for 3 days.
Finally, the polymer was recovered by freeze-drying. The
cellulosic dialysis tubes employed (Polylabo, Paris, France)
had a molecular mass cutoff of 6000-8000 g/mol.
(b) Method Using DTPA Succinimidic Ester (DTPA-

ONSu). One gram (2.54 mmol) of DTPA (Aldrich) was
dissolved in 10 mL of acetonitrile in the presence of
triethylamine (Aldrich) at 55 °C. After DTPA was
completely dissolved, the solution was cooled at room
temperature and then 0.371 g (1.80 mmol) of dicyclo-
hexylcarbodiimide (DCC; Aldrich) and 0.207 g (1.80
mmol) of N-hydroxysuccinimide (HONSu; Aldrich) were
simultaneously added. The DCC/HONSu and DTPA/
DCC molar ratios were, respectively, 1 and 1.4. The
solution was stirred for 90 min. The precipitated urea
was removed by filtration, and the resulting solution
containing DTPA-ONSu was dropped into a solution
prepared with 1 g of CMDA (1.7 mmol of NH2/g) and 10
mL of water. This operation was carried out by main-
taining a constant pH of 10. The solution was stirred
for 24 h, and then acetonitrile was removed by rotative
evaporation. Finally, the solution was dialyzed against
water for 3 days, and the final polymer was recovered
by freeze-drying.
(c) Method Using DTPAMixed Anhydride. First of all,

6.7 g (17 mmol) of DTPA was dissolved in 10 mL of
acetonitrile at 55 °C in the presence of triethylamine. The
solution was cooled at -10 °C and then dropped into 1.12
mL (8.6 mmol) of isobutyl chloroformate (IBCF; Aldrich).
This mixture was stirred for only 1 min and then was
added to a CMDA solution composed of 1 g of CMDA (1.7
mmol of NH2/g) and 10 mL of carbonate buffer (0.1 M,
pH 8.4) at room temperature. After 4 h at room tem-
perature, acetonitrile was removed by rotative evapora-
tion. The resulting solution was dialyzed against water
for 3 days, and the final polymer was recovered by freeze-
drying.
Preparation of CMDA-GdDTPA- from CMDA-DTPA.

CMDA-GdDTPA- was prepared as follows: CMDA-
DTPA was mixed at pH 6.5 with GdCl3‚6H2O (Aldrich)
using a molar ratio Gd3+/DTPA ) 1. Residual uncom-
plexed CMDA-DTPA (or Gd3+) concentration was deter-
mined, and when it was >1% of the CMDA-GdDTPA-

concentration, further GdCl3‚6H2O (or CMDA-DTPA)

was added. Gd3+ concentration was determined following
a colorimetric titration method with arsenazo, a com-
pound that leads to a complex with Gd3+ absorbing at
654 nm (21). The concentration of uncomplexed CMDA-
DTPA was determined using the potentiometric titration
method described in the next part for the measurement
of the DTPA content of CMDA-DTPA samples.
Physicochemical Methods. The carboxylate content

of CMD and the carboxylate and amine contents of
CMDA were determined according to a pH-metric method.
The equipment was composed of a titroprocessor (Metro-
hm E636, Herisau, Switzerland) coupled to a silver-glass
combined electrode.
DTPA contents were obtained by a complexometric

reverse dosage. CMDA-DTPA was dissolved in distilled
water with an excess of Gd3+ with respect to the expected
DTPA concentration. Then, the amount of uncomplexed
Gd3+ was dosed with EDTA. During this operation, the
potentiel fluctuations between a copper electrode and a
glass one were registered.
The substitution of CMDA amines by DTPA carboxylic

groups was checked by 13C NMR chemical shifts of amino
R-carbon upon being converted to an amido R-carbon. The
13C NMR spectra were recorded in a water-D2O mixture
(90/10 mL/mL) at room temperature on a Bruker AM 200
MHz spectrometer (Karlsruhe, Germany) with sodium
3-(trimethylsilyl)-1-propanesulfonate (DSS) as internal
reference.
Mh n and Mh w were determined by size exclusion chro-

matography coupled to low-angle laser light scattering
(SEC-LALLS). The LALLS detector was a Chromatix
KMX6 (Milton Roy, Riviera Beach, FL). The refracto-
metric detector was a Waters R 410 (Milford, MA). The
SEC columns were TSK PWG 4000 and G 6000 (Touzart
et Matignon, Courtaboeuf, France; 7.8 mm × 30 cm),
connected in series, and the eluent was a 0.15 M NaNO3
water solution.
The polymer hydrodynamic size distribution profiles

were determined by high-performance size exclusion
chromatography (HP-SEC). The experiments were car-
ried out on a system equipped with a refractometric
detector (Waters R 410) and with a 500 Ultrahydrogel
column (Waters; 7.8 mm × 30 cm). Eluent was a 0.05 M
phosphate buffer, pH 7.2.
Longitudinal (r1) relaxivity values were determined in

water at 10 and 20 MHz, at 37 °C with an IBM Research
field cycling relaxometer (Mons University, Belgium)
using an inversion recovery pulse sequence.

RESULTS AND DISCUSSION

Synthesis. The CMDA-DTPA synthesis was carried
out in three steps (Figure 1). The first step consisted of
introducing carboxylic functions on dextran 40 to obtain
carboxymethyldextran (CMD) without degrading the
polysaccharidic backbone. For this purpose, chloroacetic
acid, which can react with one (or more) of the three
hydroxylic groups of the glucopyranose unit, was used.
In the second step, the CMD carboxylic groups were
allowed to react with ethylenediamine by means of a
coupling agent, 2-ethoxy-1-(ethoxycarbonyl)-1,2-dihydro-
quinoline (EEDQ), to give aminated carboxymethyldex-
tran (CMDA). Finally, three different experimental
procedures were investigated to activate one of the DTPA
carboxylic functions so that it could react with CMDA
amines. The most commonly used method consists of
using DTPA bisanhydride (DTPAba). However, in most
cases, the reaction of DTPAba with aminated polymers
leads to polymers with a high molecular mass (22, 23).
DTPA can also be activated in the form of succinimidic
ester (DTPA-ONSu) by employing both dicyclohexylcar-
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bodiimide (DCC) andN-hydroxysuccinimide (HONSu) (8,
24) or in the form of a mixed anhydride by means of IBCF
(25, 26).
CMD was prepared according to the literature (27)

from dextran 40. At 60 °C, in one step and for a 50 mn
reaction time, a carboxymethylated polymer was obtained
that contained 2.8 mmol of COONa/g, i.e. 0.59 mol of
COONa/mol of glucose unit.
In the synthesis of CMDA, an increase in the amine

content was observed when the EEDQ/COONa molar
ratio increased (Table 1). However, the anhydride re-
sulting from the reaction between EEDQ and CMD
carboxylic groups is sensitive to hydrolysis. This side
reaction consumes reagents and hampers the synthesis
of highly aminated polymers. Accordingly, it can be seen
in Table 1 that an excess of EEDQ with regard to COONa
did not lead to the amidification of all the COONa
functions. Indeed, the CMDA sample prepared with
EEDQ/COONa ) 2 mol/mol still contained residual
unsubstituted COONa groups (0.21 mol of COONa/mol
of glucose unit).
The 13C NMR spectrum of CMDA (not shown) exhibited

two peaks at 39 and 41.7 ppm, corresponding to, respec-
tively, the amino R-carbon and the amido R-carbon, while,

in the case of CMDA-DTPA and whatever the synthesis
procedure (DTPA bisanhydride, activated ester, or mixed
anhydride), the peak corresponding to the amino R-car-
bon disappeared. It can thus be concluded that all of the
CMDA amino groups were substituted by DTPA.
To obtain a high substitution rate of CMDA amines

by DTPA in spite of the reagent hydrolysis (coupling
agent and activated DTPA), an excess of activated DTPA
with regard to the amine concentration was used. This
excess was different depending on the synthesis proce-
dure (Table 2). Under these conditions, the three CMDA-
DTPA samples, synthesized from the same CMDA (0.35
mol of NH2/mol of glucose unit), exhibited about the same
DTPA content, i.e. 0.75 mmol of DTPA/g (Table 2). This
value corresponds only to the dextran-monoamidified
DTPA since it was determined by a back-titration pro-
cedure using EDTA. In fact, the constant of complexation
of EDTA with Gd3+ is about 1017 L mol-1 (28), i.e. 100
times smaller than that of monoamidified DTPA [about
1019 L mol-1 (5, 17)], and the complex of Gd3+ with
dextran-monoamidified DTPA cannot be dissociated by
a low concentration of EDTA. On the other hand, it is
not the same situation with Gd3+ complexed to dextran-
diamidified DTPA, since the complex stability constant
is only about 1016 L mol-1 (17), i.e. smaller than that of
EDTA-complexed Gd3+, which leads to the removal of

Figure 1. Synthesis of CMDA-DTPA. EEDQ, 2-ethoxy-1-(ethoxycarbonyl)-1,2-dihydroquinoline.

Table 1. Influence of the EEDQ/COONa Molar Ratio on
the Amine Content of CMDA

CMDA composition

NH2 content COONa content

molar ratio
EEDQ/COONa mmol/g

mol/mol of
glucose mmol/g

mol/mol of
glucose

0.5 1.0 0.15 2.0 0.44
1 1.3 0.27 1.5 0.31
2 1.7 0.37 1.0 0.21

a Initial CMD contained 0.59 mol of COONa/mol of glucose unit.
The COONa and NH2 contents were determined by a pH-metric
measurement.

Table 2. DTPA Contents of CMDA-DTPA Samples
Synthesized According to Three Different Methodsa

no.
nature of the

activated DTPA

activated DTPA/NH2
molar ratio used in

the reaction

DTPA content
of polymer
(mmol/g)

1 DTPAba 17 0.74
2 DTPA succinimidic ester 8 0.76
3 DTPA mixed anhydride 5 0.74

a The DTPA contents were determined by complexometric
titration. The initial CMDA contained 0.35 mol of NH2/mol of
glucose unit.
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Gd3+ from its complex with dextran-diamidified DTPA
upon addition of EDTA.
Hydrodynamic Volumes and Average Molecular

Masses (Mh n and Mh w). The average molecular masses
of different polymeric derivatives of the same family are
shown in Table 3, and their hydrodynamic volume
distributions are presented in Figure 2.
As expected, CMD has average molecular masses

higher than those of initial dextran (Table 3) as a result
of the coupling of carboxymethyl groups, and the experi-
mental values are close to those that can be theoretically
calculated. Moreover, the experimental polydispersity
index is similar to that of dextran 40. These results prove
that the CMD chains are statistically substituted. The
CMD hydrodynamic volume estimated by HP-SEC (Fig-
ure 2) is higher than that of dextran 40. By using the
calibration plot of a 500 Ultrahydrogel column, obtained
with dextrans of known Mh w, the CMD hydrodynamic
volume was found to be close to that of a dextran with a
Mh w of 100 kg/mol. The great difference between the
molecular size of dextran 40 and that of CMD can be
explained by the fact that, under the applied ionic
strength conditions (0.05 M phosphate buffer, pH 7.2),

many repulsive electrostatic interactions exist inside the
polysaccharidic chains between the anionic groups.
During the CMDA synthesis, some cross-linking mech-

anisms can take place. Indeed, at the pH of CMDA
synthesis (pH 11), a part of the ethylenediamine mol-
ecules is totally nonprotonated (pKa

1 ) 7.5 and pKa
2 )

10.7) and can react with two activated carboxylic groups
of two different CMD chains. Therefore, to limit these
undesirable side reactions, an excess of ethylenediamine
with respect to COONa concentration (diamine/COONa
) 10 mol/mol) was used. Table 3 shows that the CMDA
molecular masses as measured by SEC-LALLS are a
little higher than those which can be theoretically
calculated from the CMDA composition. Moreover, the
experimental polydispersity index of CMDA (I ) 1.5) is
slightly greater than that of the parent CMD (I ) 1.2)
and its molecular mass distribution profile is a little less
symmetrical than that of CMD (not shown). All of these
results prove that the CMDA sample is cross-linked. The
CMDA average hydrodynamic molecular size as il-
lustrated by the HP-SEC profile (Figure 2) is much
smaller than that of CMD and close to that of initial
dextran, although the CMDAMh w value is higher. In fact,
the replacement of some CMD carboxylate groups by
amines leads, under the experimental conditions at which
the polymers are studied (0.05 M phosphate buffer, pH
7.2), to attractive electrostatic interactions between NH3

+

and COO- inside the CMDA chains, which results in a
shrinkage of the polymer chains.
The last step of this synthesis concerned the coupling

of DTPA with CMDA. As DTPA possesses five carboxylic
acid functions, there was a risk that more than one of
them would have been activated in the presence of a
coupling agent. In this case one DTPA molecule could
react with two (or more) amine functions carried by two
(or more) different CMDA chains. Therefore, the cou-
pling procedures (DTPAba, DCC/HONSu, and IBCF)
were optimized to limit these cross-linking reactions. In
the DTPAba procedure, to limit the probability that one
DTPAba molecule would react with two CMDA amines,
a very low molar amine concentration of about 3.4 × 10-3

mol/L was used. Concerning the procedures using both
HONSu and DCC, Spanoghe et al. (8) and Paxton et al.
(24) showed that it was possible to prepare a monoacti-
vated DTPA by using DCC/DTPA and HONSu/DTPA
molar ratios, respectively, of 1 and 0.7. These conditions
were applied for the synthesis of CMDA-DTPA by means
of DCC/HONSu. In the IBCF procedure, a IBCF/DTPA
molar ratio of 0.5 mol/mol was used. The other reaction
parameters (molar ratios of activated DTPA/NH2) are
those given in Table 2.
Theoretical Mh n, Mh w, and polydispersity index values

of, respectively, 95 and 142 kg/mol and 1.5 were calcu-
lated for a CMDA-DTPA containing 0.35 mol of DTPA
and 0.24 mol of COONa/mol of glucose unit. The
theoretical DTPA content was assumed to be 0.35 mol/
mol of glucose unit since the parent CMDA contained
0.35 mol of NH2/mol of glucose unit and since according
to the 13C NMR spectra all of the NH2 functions were
substituted. The content in COONa was that of the
parent CMDA. As shown in Table 3, the Mh n and Mh w
experimental values of the three CMDA-DTPA samples
are higher than those theoretically calculated. The same
remark can be made for the polydispersity indices, which
are >2 while that of the parent CMDA is 1.5. These
results lead to the conclusion that, whatever the experi-
mental procedure carried out to prepare the CMDA-
DTPA samples, a part of the DTPA molecules is polyac-
tivated, which gives rise to a few cross-linking reactions
and therefore to a fraction of high molecular mass

Table 3. Average Molecular Masses of Successive
Polymeric Derivativesa

Mh n (kg/mol) Mh w (kg/mol)
polydispersity

index, I

polymer measd calcd measd calcd measd calcd

dextran 40 38 43 1.1
CMD 45 49 56 56 1.2 1.1
CMDA 45 50 67 57 1.5 1.1
CMDA-DTPA 1b 128 345 2.7
CMDA-DTPA 2b 166 95 332 142 2.0 1.5
CMDA-DTPA 3b 137 371 2.7

a Molecular masses were determined by SEC-LALLS as de-
scribed under Experimental Procedures. The CMDA-DTPA
numbers refer to those of Table 2. The theoretical CMD and
CMDAmolecular masses (Mh n andMh w) were calculated using those
of initial dextran and the experimental chemical compositions of
CMD (0.59 mol of COONa/mol of glucose unit) and CMDA (0.24
mol of COONa and 0.35 mol of NH2/mol of glucose unit). b The
theoretical molecular masses of CMDA-DTPA samples were
calculated using those of parent CMDA and the COONa, amine,
and DTPA contents as determined by the CMDA-DTPA analysis.

Figure 2. HP-SEC elution profiles of dextran (- ‚ -), CMD
(- -), CMDA (s), and CMDA-DTPA 1 (- - -) prepared by means
of DTPAba (see Table 2), on a 500 Ultrahydrogel column:
eluent, 0.05 M phosphate buffer, pH 7.2; refractometric detec-
tion; flow rate, 0.7 mL/mn; void volume, V0 ) 6.4 mL; total
permeation volume, Vt ) 12 mL.
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molecules. This cross-linking phenomenon is clearly
proved in the CMDA-DTPAmolecular mass distribution
profiles. One example of these CMDA-DTPA profiles
is given in Figure 3 (sample 1 synthesized by means of
DTPAba), and it can be seen that the profile is widened
toward the high molecular masses.
The fact that all of the CMDA-DTPA samples present

some cross-linked chains proves that the monoamidifi-
cation is not the only reaction whatever the coupling
procedure and conditions employed. Among the four
types of polymers studiedsdextran, CMD, CMDA, and
CMDA-DTPAsthe last one has, by far, the largest
average hydrodynamic volume (Figure 2). For example,
the CMDA-DTPA sample 1 (prepared by means of
DTPAba) has a molecular size close to that of a dextran
with a Mh w of 140 kg/mol. This large increase in the
molecular size results of course from the cross-linking
reactions but above all from the presence on the polysac-
charidic chains of a great amount of COO- groups
(residual carboxymethyl and DTPA) which, in the used
HP-SEC eluent, strongly extends the polymer structure.
Figure 4 presents the HP-SEC profile of CMDA-DTPA

1 compared to that of CMDA-GdDTPA- obtained after
complexation of the DTPA carboxylate functions with
Gd3+. It shows that the Gd3+ complexation produces a
decrease in the polymer molecular size. Indeed, while

the molecular size of CMDA-DTPA can be compared to
that of a 140 kg/mol dextran, CMDA-GdDTPA- is now
comparable to a 77 kg/mol dextran. This result confirms
that uncomplexed CMDA-DTPA is really subjected to
repulsive electrostatic interactions which can no longer
exist in the final complex with Gd3+.
Paramagnetic Properties. As CMDA-GdDTPA-

has to be used as a contrast agent in NMR imaging, its
capacity in enhancing contrast was estimated by deter-
mining its r1 relaxivity at 10 and 20 MHz, at 37 °C. For
CMDA-GdDTPA- 1 (obtained from CMDA-DTPA 1,
Table 2), the r1 values at 10 and 20 MHz were, respec-
tively, 8.9 and 9.8 mM-1 s-1. These values are thus,
respectively, 1.9 and 2.5 times as great as those of
molecular complexes GdDTPA2- that are commonly used
in NMR imaging. This enhancement of the r1 value of a
paramagnetic element when bound to a macromolecule
has been already described and explained (14, 29). This
increase is caused by a “changeover” in the values of
correlation times, τR (rotation correlation time) and τS
(electron spin relaxation time), when the paramagnetic
species becomes bound to a macromolecule, which brings
about an increase in τC (effective correlation time) (14).

CONCLUSION

Polymeric conjugates of Gd3+-DTPA and dextran
described in this paper present some differences with
those already reported elsewhere: first, they are more
substituted than almost all of the dextran conjugates
described in the literature (10-13). The possibility of
using highly substituted polymers is important as it
allows one to inject small amounts of polymer while
achieving a good contrast and thus to limit the risks of
allergies. Only the conjugates presented by Armitage et
al. (9) possessed DTPA contents similar to those of this
paper, but in Armitage’s work, DTPA was linked directly
to the polysaccharide via an ester function, while in the
conjugates here described, a short spacer arm was used
and DTPA was linked to aminated dextran by an amide
function.
According to the analysis of the synthesized conjugates,

a small fraction of polymeric chains is cross-linked, which
means that a part of the dextran-linked DTPA molecules
is diamidified. This could lead to in vivo toxicity because
of the decrease of the complexation constant between
Gd3+ and DTPA due to the decrease of the number of free
carboxylate groups. In fact, while the thermodynamic
stability constant of GdDTPA2- is 1022.5 L mol-1 (2), that
of Gd3+-complexed monoamidified DTPA as determined
by Lauffer et al. (5) and Sherry et al. (17) is, respectively,
1019.1 and 1019.7 L mol-1 and that of Gd3+-complexed
diamidified DTPA is 1016.2 L mol-1 (17). To overcome the
difficulty caused by the potential in vivo Gd3+ release
from diamidified DTPA, the high molecular mass fraction
of conjugates should be removed, for example, by ultra-
filtration. Such experiments are now under investiga-
tion.
Finally, the CMDA-GdDTPA2- r1 relaxivity values at

10 and 20 MHz are higher, per mole of Gd, than those of
free ligand. Thus, during a clinical examination, the
gadolinium concentration needed to obtain contrast will
be lower with CMDA-GdDTPA- than with GdDTPA2-.
Moreover, as CMDA-GdDTPA- has an average molec-
ular size bigger than that of dextran 40, it is likely that
its plasma half-life will be greater than that of dextran,
which will be another advantage over GdDTPA2-.
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8-(ω-Aminoalkyl)theophyllines and Their Use in Preparing
Fluorescently Labeled Derivatives for Applications in Immunoassay
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Reaction of alkane-1,ω-diamines with 6-chloro-1,3-dimethylpyrimidine-2,4-dione under carefully
controlled conditions gives 6-(ω-aminoalkylamino)-1,3-dimethylpyrimidine-2,4-diones, which can be
readily separated from traces of products of disubstitution after benzyloxycarbonyl protection. A
sequence of nitrosation at the pyrimidine 5-position, thermal cyclization, and deprotection affords
8-(ω-aminoalkyl) derivatives of theophylline, an important drug in the treatment of asthma and related
diseases. These 8-(ω-aminoalkyl)theophyllines can be coupled to fluorescein-5-isothiocyanate and to
dansyl chloride, giving fluorescent derivatives of theophylline with applications in automated
immunoassay of the drug in biofluids using the fluorescence capillary fill device.

INTRODUCTION

Theophylline (1; Scheme 1) is a drug that is commonly
used as a bronchospasmolytic agent in the prevention and
treatment of asthma, apnoea, and obstructive lung
diseases and is an inhibitor of cyclic nucleotide phos-
phodiesterases (1-3). Drug-induced toxicity occurs at
plasma concentrations not far above those required for
therapy, and plasma concentrations vary greatly among
individuals given the same dose. Rapid and accurate
measurement of its concentration in biofluids is therefore
necessary (2, 3). Current methods for the determination
of theophylline in blood include ELISA (4), radioimmu-
noassay (5), and HPLC (6), although not all of these
completely fulfill criteria of speed, ease, and low cost of
assay. The fluorescence capillary fill device (FCFD) (7-
10) overcomes these drawbacks. To develop an immuno-
assay for theophylline in whole blood using this device,
we required fluorescent derivatives of theophylline that
have good immunoreactivity with appropriate anti-theo-
phylline antibodies. To be able to optimize both the
photoproperties of the fluorophore and the length and
lipophilicity of the link between theophylline and the
fluorophore, a series of 8-(ω-aminoalkyl)theophyllines
and related ethers was sought. Thus, a variety of widely
used fluorescent groups bearing isothiocyanate and sul-
fonyl chloride electrophiles could be attached.

EXPERIMENTAL PROCEDURES

Chemical Synthesis. IR spectra were recorded on a
Perkin-Elmer 782 spectrophotometer as potassium bro-
mide disks, unless otherwise stated. NMR spectra were
recorded using JEOL JNM GX270 and JNM EX400
spectrometers of samples in (CD3)2SO, except where
stated. Chemical shifts were measured relative to tetra-
methylsilane as internal standard. Mass spectra were
obtained using a VG7070E analytical mass spectrometer
using electron impact (EI) or fast atom bombardment
(FAB) techniques in the positive ion mode. Melting
points are uncorrected. Dioxane refers to 1,4-dioxane.
Chromatographic separations were carried out using

Sorbsil C60 (0.040-0.063) silica gel. Solvents were
evaporated under reduced pressure. Solutions in organic
solvents were dried over magnesium sulfate. Experi-
ments were conducted at ambient temperature unless
otherwise stated. Chemicals were purchased from Ald-
rich Chemical Co. (Gillingham, U.K.), Sigma Chemical
Co. (Gillingham, U.K.), and Maybridge Chemicals (Tin-
tagel, U.K.).
Phenylmethyl N-[[[6-(1,1-Dimethylethoxy)carbonyl]-

amino]hexyl]carbamate (3). Phenylmethyl chloroformate
(610 mg, 3.6 mmol) in CH2Cl2 (6 mL) was added during
30 min to 1,1-dimethylethylN-(6-aminohexyl)carbamate
hydrochloride (2) (900 mg, 3.6 mmol) and Et3N (720 mg,
7.1 mmol) in CH2Cl2 (12 mL). The mixture was stirred
for 24 h and was filtered. The filtrate was washed twice
with water and once with hydrochloric acid (2 M) and
dried. The solvent was evaporated to afford 3 as a white
crystalline solid (960 mg, 77%): mp 190 °C; IR 3340,
1680, 1550 cm-1; NMR δ (CDCl3) 1.44 (17 H, m,
CH2CH2CH2CH2CH2CH2 + But), 1.85 (1 H, br, NH), 3.11
(2 H, q, J ) 6 Hz, CH2N), 3.17 (2 H, m, CH2N), 4.85 (1
H, br, NH), 5.09 (2 H, s, PhCH2), 7.35 (5 H, s, Ar-H5);
MS (EI) 350 (M). Anal. Calcd for C19H30N2O4: C, 65.12;
H, 8.63; N, 7.99. Found: C, 65.41; H, 8.61; N, 8.17.
Phenylmethyl N-(6-Aminohexyl)carbamate Hydrochlo-

ride (4). HCl was passed through 3 (960 mg, 2.7 mmol)
in CH2Cl2 (100 mL) for 1 h. The solvent and excess
reagent were evaporated to afford 4 as white crystals (680
mg, 99%): mp 177-178 °C [lit. (11) mp 177-178 °C]; IR
3470, 3340-3280, 1700, 1630 cm-1; NMR δ (CDCl3) 1.18
(4 H, m, 2 × CH2), 1.35 (4 H, m, 2 × CH2), 2.93 (2 H, t,
J ) 6 Hz, CH2N+H3), 3.08 (2 H, q, J ) 6 Hz, CH2NH),
3.61 (3 H, br, N+H3), 5.07 (2 H, s, PhCH2), 7.39 (5 H, s,
Ar-H5); MS (EI) 287 (M).
1,3-Dimethyl-6-[[[[6-(phenylmethoxy)carbonyl]amino]-

hexyl]amino]pyrimidine-2,4-dione (6a). 1,3-Dimethyl-6-
chloropyrimidine-2,4-dione (5) (490 mg, 2.8 mmol), 4 (840
mg, 3.7 mmol), and Na2CO3 (600 mg, 5.7 mmol) were
boiled under reflux in dioxane (8 mL) for 4 h. The cooled
mixture was diluted with CHCl3, and the solution was
washed twice with water and once with saturated brine
and was dried. The evaporation residue was recrystal-
lized (EtOH) to give 6a as yellow crystals (600 mg,
54%): mp 128-130 °C; IR 3360, 3280, 1700, 1630 cm-1;
NMR δ 0.90 (4 H, m, 2 × CH2), 1.23 (4 H, m, 2 × CH2),
3.15 (2 H, t, J ) 6 Hz, CH2N), 3.17 (2 H, t, J ) 6 Hz,
CH2N), 3.06 (3 H, s, NMe), 3.23 (3 H, s, NMe), 4.21 (2 H,
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m, pyrimidine 5-H + NH), 4.69 (2 H, s, PhCH2), 6.79 (5
H, m, Ph-H5), 7.70 (1 H, br, NH); m/z (EI) 388 (M), 91
(100%). Anal. Calcd for C20H28N4O4: C, 61.82; H, 7.27;
N, 14.43. Found: C, 61.85; H, 7.36; N, 14.3.
1,3-Dimethyl-6-[[[[9-(phenylmethoxy)carbonyl]-

amino]nonyl]amino]pyrimidine-2,4-dione (6b). The chlo-
ropyrimidine 5 (1.00 g, 5.7 mmol) was boiled under reflux
with nonane-1,9-diamine (1.81 g, 11 mmol) and Na2CO3
(1.21 g, 1.4 mmol) in EtOH (40 mL) for 3 h. The mixture
was filtered and the solvent was evaporated. Recrystal-

lization (EtOH) afforded 1,3-dimethyl-6-[(9-aminononyl)-
amino]pyrimidine-2,4-dione (7b) as a white solid (1.09
g, 65%): mp 210-212 °C; IR 3500, 1660 cm-1; NMR δ 1.29
[14 H, m, (CH2)7], 2.54 (2 H, m, CH2NH2), 3.03 (2 H, m,
NHCH2), 3.03 (3 H, s, NMe), 3.26 (3 H, s, NMe), 4.65 (1
H, br, NH), 6.72 (1 H , s, pyrimidine 5-H); m/z (EI) 297
(M), 159 (100%). This material (3.16 g, 11 mmol) was
stirred with phenylmethyl chloroformate (1.91 g, 11
mmol) and Et3N (2.16 g, 21 mmol) in CH2Cl2 (150 mL)
for 24 h. The suspension was filtered, and the filtrate

Scheme 1. Structures of Theophylline 1 and Fluorescein-5-isothiocyanate 12 and Synthetic Routes to the
Fluorescent Theophylline Derivatives 13a-d and 14a

a Reagents: i, CbzCl, Et3N, CH2Cl2; ii, HCl, CH2Cl2; iii, 5, 1,4-dioxane, Na2CO3, ∆; iv, C5H11ONO, HCl, EtOH; v, BuOH, ∆; vi,
HBr, HOAc; vii, 12, K2CO3, dioxane, water, pH 9.0 ( 0.2; viii, 5-(dimethylamino)naphthalene-1-sulfonyl chloride, Na2CO3, dioxane,
water, pH 9.5-10.0.
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was washed twice with water and once with hydrochloric
acid (2 M) and was dried. Evaporation and chromatog-
raphy (CHCl3/EtOAc 4:1 f EtOAc) gave 6b as white
crystals (2.02 g, 43%): mp 105-106 °C; IR 3420, 1700,
1680 cm-1; NMR δ (CDCl3) 1.30 (4 H, br, 2 × CH2), 1.50
(2 H, quintet, J ) 7.3 Hz, CH2), 1.66 (8 H, m, 4 × CH2),
3.09 (2 H, q, J ) 7.3 Hz, NCH2), 3.18 (2 H, q, J ) 6.3 Hz,
NCH2), 3.31 (3 H, s, NMe), 3.39 (3 H, s, NMe), 4.35 (1 H,
br, NH), 4.79 (1 H, br, NH), 4.86 (1 H, s, 5-H), 5.09 (2 H,
s, PhCH2), 7.35 (5 H, s, Ph-H5); MS (EI) 431 (M), 336 (M
- PhCH2OH), 91 (100%). Anal. Calcd for C20H28N4O4:
C, 61.84; H, 7.27; N, 14.42. Found: C, 61.9; H, 7.35; N,
14.39.
1,3-Dimethyl-6-[[[[10-(phenylmethoxy)carbonyl]amino]-

decyl]amino]pyrimidine-2,4-dione (6c). The chloropyrimi-
dine 5 (1.35 g, 7.7 mmol) was treated with decane-1,10-
diamine (1.60 g, 9.3 mmol) as for the synthesis of 7b,
except that recrystallization was omitted, to give crude
1,3-dimethyl-6-[(10-aminodecyl)amino]pyrimidine-2,4-di-
one (7c) (1.24 g, 52%) as a white solid: mp 72-74 °C; IR
3400, 1660 cm-1; NMR δ (CF3CO2D) 1.41 [16 H, m,
(CH2)8], 1.82 (2 H, m, CH2N), 3.28 (2 H, m, CH2N), 3.60
(3 H, s, NMe), 3.69 (3 H, s, NMe); MS (EI) 310 (M), 173.
The amine 7c (800 mg, 2.6 mmol) was treated with
phenylmethyl chloroformate (440 mg, 2.6 mmol) as for
the synthesis of 6b, except that the chromatographic
eluant was CHCl3/MeOH 10:1, to afford 6c as white
crystals (620 mg, 54%): mp 100-102 °C; IR 3360, 3280,
1700, 1640 cm-1; NMR δ (CDCl3) 1.29 [12 H, m, (CH2)6],
1.49 (2 H, m, CH2), 1.65 (2 H, quintet, J ) 6.8 Hz, CH2),
3.08 (2 H, dt, J ) 5.1, 7.1 Hz, CH2), 3.18 (2 H, q, J ) 6.6
Hz, NCH2), 3.31 (3 H, s, NMe), 3.39 (3 H, s, NMe), 4.40
(1 H, br, NH), 4.81 (1 H, s, pyrimidine 5-H), 5.09 (2 H, s,
PhCH2), 7.35 (5 H, m, Ph-H5); MS (EI) 444 (M), 336 (M
- PhCH2OH), 91 (100%). Anal. Calcd for C24H36N4O4:
C, 64.82; H, 8.17; N, 12.61. Found: C, 65.1; H, 8.14; N,
12.65.
1,3-Dimethyl-6-[[[2-[2-(2-(phenylmethoxy)carbonyl]-

amino]ethoxyethoxyethyl]amino]pyrimidine-2,4-dione (6d).
The chloropyrimidine 5 (2.82 g, 16 mmol) was treated
with 3,6-dioxaoctane-1,8-diamine (6.0 g, 40 mmol) as for
the synthesis of 7b, except that recrystallization was
omitted, to give crude 1,3-dimethyl-6-[[2-[2-(2-amino-
ethoxy)ethoxy]ethyl]amino]pyrimidine-2,4-dione (7d) (3.03
g, 69%). This material was treated with phenylmethyl
chloroformate (1.90 g, 11 mmol), as for the synthesis of
6b, except that the chromatographic eluant was EtOAc
f EtOAc/MeOH 6:1, to afford 6d as a colorless gum (2.04
g, 44%): IR 3400-3280, 1740-1670 cm-1; NMR δ (CDCl3)
3.24 (2 H, q, J ) 6 Hz, NCH2), 3.31 (3 H, s, NMe), 3.36
(3 H, s, NMe), 3.40 (2 H, q, J ) 5.3 Hz, NCH2), 3.58 (2 H,
t, J ) 6 Hz, NCH2CH2), 3.62 (4 H, s, OCH2CH2O), 3.68
(2 H, t, J ) 6 Hz, NCH2CH2), 4.83 (1 H, s, pyrimidine
5-H), 5.00 (1 H, br, NH), 5.09 (2 H, s, PhCH2), 5.29 (1 H,
br, NH), 7.35 (5 H, s, Ph-H5); MS (EI) 421 (M), 91 (100%).
Anal. Calcd for C20H28N4O6: C, 57.12; H, 6.72; N, 13.33.
Found: C, 56.95; H, 6.78; N, 13.39.
1,3-Dimethyl-8-[[[5-(phenylmethoxy)carbonyl]amino]-

pentyl]purine-2,6-dione (10a). Pentyl nitrite (410 mg, 3.5
mmol) was added carefully to 6a (550 mg, 1.4 mmol) in
EtOH (25 mL) at 40 °C, and the solution was stirred for
10 min. Hydrochloric acid (9 M, 0.3 mL) was added, and
the mixture was stirred at ambient temperature for 16
h. The solvent was evaporated to afford crude 9a as a
red gum (430 mg, 73%). This material was boiled under
reflux in BuOH (3 mL) for 45 min until decolorization
had occurred. The evaporation residue was washed with
Et2O and recrystallized (BuOH) to give 10a as off-white
crystals (400 mg, 71% from 6a): mp 182-184 °C; IR
3300, 1700, 1680, 1660 cm-1; NMR δ 1.55 (2 H, quintet,

J ) 7.0 Hz, CH2), 1.67 (2 H, quintet, J ) 7 Hz, CH2),
1.90 (2 H, quintet, J ) 7.3 Hz, CH2), 1.92 (2 H, t, J ) 7.3
Hz, purine-CH2), 3.23 (2 H, q, J ) 6.4 Hz, CH2N), 3.45
(3 H, s, NMe), 3.59 (3 H, s, NMe), 5.23 (2 H, br, PhCH2),
7.54 (1 H, br, CbzNH), 7.58 (5 H, m, Ph-H5); MS (EI) 400
(M), 292 (M - PhCH2OH), 91 (100%). Anal. Calcd for
C20H25N5O4: C, 60.14; H, 6.31; N, 17.53. Found: C,
60.09; H, 6.34; N, 17.50.
1,3-Dimethyl-8-[[[8-(phenylmethoxy)carbonyl]amino]-

octyl]purine-2,6-dione (10b). The pyrimidine 6b was
treated with pentyl nitrite as for the synthesis of 9a, to
give crude 9b as a purple gum. This material was
heated, as for the synthesis of 10a, to give 10b as a cream
solid (26%): mp 145-147 °C; IR 3320, 1740, 1680 cm-1;
NMR δ 1.24 (8 H, m, 4 × CH2), 1.38 (2 H, quintet, J ) 6
Hz, CH2), 1.65 (2 H, quintet, J ) 6 Hz, CH2), 2.65 (2 H,
t, J ) 6.2 Hz, purine-CH2), 2.95 (2 H, q, J ) 6.2 Hz,
NCH2), 3.21 (3 H, s, NMe), 3.41 (3 H, s, NMe), 4.99 (2 H,
s, PhCH2), 7.22 (1 H, br, NH), 7.33 (5 H, m, Ph-H5), 13.15
(1 H, s, NH); MS (EI) 442 (M), 334 (M - PhCH2OH), 91
(100%). Anal. Calcd for C23H31N5O4: C, 62.57; H, 7.08;
N, 15.86. Found: C, 62.99; H, 7.35; N, 15.79.
1,3-Dimethyl-8-[[[9-(phenylmethoxy)carbonyl]amino]-

nonyl]purine-2,6-dione (10c). The 10-Cbz-aminodecyl-
aminopyrimidine 6c was treated with pentyl nitrite, as
for the synthesis of 9a, to afford crude 9c as a red-purple
oil. This material was boiled under reflux for 40 min in
BuOH, and the solvent was evaporated. Recrystalliza-
tion (BuOH) gave 10c as pale buff crystals (300 mg,
45%): mp 95-96 °C; IR 3300, 1730, 1700, 1650 cm-1;
NMR δ 1.24 [10 H, m, (CH2)5], 1.38 (2 H, t, J ) 6 Hz,
CH2), 1.67 (4 H, m, 2 × CH2), 2.66 (2 H, q, J ) 7.6 Hz,
NCH2), 2.97 (2 H, q, J ) 6.4 Hz, purine-CH2), 3.22 (3 H,
s, NMe), 3.41 (3 H, s, NMe), 4.99 (2 H, s, PhCH2), 7.22 (1
H, t, J ) 6 Hz, NH), 7.34 (5 H, m, Ph-H5); MS (EI) 455
(M), 347 (M - PhCH2OH), 194 (100%). Anal. Calcd for
C24H33N5O4: C, 63.26; H, 7.31; N, 15.38. Found: C, 63.6;
H, 7.28; N, 15.4.
1,3-Dimethyl-8-[2-[2-(phenylmethoxy)carbonyl]ethoxy-

ethoxymethyl]purine-2,6-dione (10d). The pyrimidine 6d
was treated with pentyl nitrite, as for the synthesis of
9a, to give 9d as a purple gum (97%). This material was
heated as for the synthesis 10a, to give 10d as a yellow
gum (66%): IR 3420, 3250, 1740, 1680 cm-1; NMR δ 3.15
(2 H, q, J ) 5.9 Hz, NCH2), 3.23 (3 H, s, NMe), 3.40 (2 H,
m, NCH2CH2), 3.42 (3 H, s, NMe), 3.55 (2 H, m) and 3.59
(2 H, m) (OCH2CH2O), 4.53 (2 H, s, purine-CH2), 5.00 (2
H, s, PhCH2), 7.33 (6 H, m, Ph-H5 + NH), 13.57 (1 H, br,
purine-NH); m/z (EI) 431 (M), 91 (100%). Anal. Calcd
for C20H25N5O6: C, 55.68; H, 5.84; N, 16.23. Found: C,
55.40; H, 5.72; N, 16.39.
8-(5-Aminopentyl)-2,4-dimethylpurine-1,3-dione Hydro-

bromide (11a). The Cbz-protected amine 10a (230 mg,
0.58 mmol) was stirred with HBr in AcOH (30%, 0.8 mL)
for 15 min. Dry Et2O (10 mL) was added, the suspension
was stirred vigorously for 5 min, and the Et2O was
decanted. This washing procedure was repeated five
times, and the solid was dried to afford 11a as an off-
white powder (200 mg, 100%); mp 250-252 °C; IR 3500-
3400, 3240, 1740, 1680 cm-1; NMR δ 1.31 (2 H, quintet,
J ) 6.7 Hz, CH2), 1.56 (2 H, quintet, J ) 7.3 Hz, CH2),
1.70 (2 H, quintet, J ) 7.3 Hz, CH2), 2.70 (2 H, t, J ) 7.7
Hz, purine-CH2), 2.75 (2 H, t, J ) 7.7 Hz, NCH2), 3.22 (3
H, s, NMe), 3.41 (3 H, s, NMe), 7.74 (3 H, br, N+H3); MS
(FAB) 266 (M + H), 180 (100%). Anal. Calcd for
C12H20BrN5O2: C, 41.63; H, 5.82; N, 20.23. Found: C,
41.57; H, 5.77; N, 20.22.
8-(8-Aminooctyl)-2,4-dimethylpurine-1,3-dione Hydro-

bromide (11b). The Cbz-protected amine 10bwas treated
with HBr, and the solid was washed with Et2O, as for
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the synthesis of 11a, to give 11b as a white powder
(100%): mp 239-241 °C; IR 3440, 3200, 1760, 1680 cm-1;
NMR δ 1.27 [8 H, m, (CH2)4], 1.52 (2 H, m, CH2), 1.67 (2
H, quintet, J ) 6.7 Hz, CH2), 2.68 (2 H, t, J ) 7.6 Hz,
purine-CH2), 2.76 (2 H, sextet, J ) 6.4 Hz, NCH2), 3.22
(3 H, s, NMe), 3.41 (3 H, s, NMe), 7.72 (3 H, br, N+H3);
MS (FAB) 308 (M + H), 180 (100%). Anal. Calcd for
C15H26BrN5O2: C, 46.42; H, 6.75; N, 18.04. Found: C,
46.41; H, 6.67; N, 18.10.
8-(9-Aminononyl)-2,4-dimethylpurine-1,3-dione Hydro-

bromide (11c). The Cbz-protected amine 10cwas treated
with HBr, and the solid was washed with Et2O, as for
the synthesis of 11a, to give 11c as an off-white powder
(87%): mp 218-219 °C; IR 3160, 1720, 1680 cm-1; NMR
δ 1.25 (10 H, br, CH2CH2CH2CH2CH2CH2CH2CH2CH2),
1.51 (2 H, m, CH2), 1.67 (2 H, m, CH2), 2.68 (2 H, t, J )
7.5 Hz, purine-CH2), 2.75 (2 H, m, NCH2), 3.22 (3 H, s,
NMe), 3.41 (3 H, s, NMe), 7.71 (3 H, s, N+H3); MS (FAB)
322 (M + H), 180 (100%). Anal. Calcd for C16H28-
BrN5O2: C, 47.77; H, 7.01; N, 17.41. Found: C, 47.84;
H, 7.11; N, 17.22.
8-[2-(2-Aminoethoxy)ethoxymethyl]-2,4-dimethylpurine-

1,3-dione Hydrobromide (11d). The Cbz-protected amine
10d was treated with HBr, and the solid was washed
with Et2O, as for the synthesis of 11a, to give 11d as a
pale yellow solid (100%): mp 220-221 °C; NMR δ 2.97
(2 H, sextet, J ) 6 Hz, NCH2), 3.23 (3 H, s, NMe), 3.43
(3 H, s, NMe), 3.62 (6 H, m, OCH2CH2OCH2), 4.55 (2 H,
s, purine-CH2), 7.83 (3 H, br, N+H3); m/z (FAB) 298 (M
+ H), 180 (100%). Anal. Calcd for C12H20N5O4Br: C,
38.11; H, 5.33; N, 18.52. Found: C, 38.15; H, 5.27; N,
18.46.
5-[[N-[5-(2,4-Dimethyl-1,3-dioxopurin-8-yl)pentyl]thio]-

ureido]-3′,6′-dihydroxyspiro[isobenzofuran-1(3H),9′-
(9H)xanthen]-3-one (13a). 3′,6′-Dihydroxy-5-isothio-
cyanatospiro[isobenzofuran-1(3H),9′-(9H)xanthen]-3-
one (fluorescein-5-isothiocyanate; 12) (340 mg, 870 µmol)
was suspended in water (12 mL) and brought to pH 9.0
by dropwise addition of aqueous K2CO3 (1 M). To this
stirred solution was added 11b (300 mg, 870 µmol) in
water (6.7 mL) and dioxane (3.3 mL) during 30 min. The
mixture was stirred for 3 h. During this time, the pH
was maintained at 9.0 ( 0.2 by dropwise addition of
aqueous K2CO3 (1 M). The solution was acidified to pH
6.0 by dropwise addition of hydrochloric acid (2 M).
Water (200 mL) was added, and the mixture was freeze-
dried for 24 h to reveal an orange fluffy solid. Chroma-
tography (EtOAc f EtOAc/MeOH 10:1) gave 13a as an
orange-yellow solid (280 mg, 50%): mp 197-198 °C; IR
3480, 1710, 1660 cm-1; NMR δ 1.37 (2 H, m, CH2), 1.62
(2 H, m, NCH2CH2), 1.76 (2 H, m, purine-CH2CH2), 2.73
(2 H, t, J ) 7.7 Hz, purine-CH2), 3.24 (3 H, s, NMe), 3.40
(3 H, s, NMe), 3.53 (2 H, m, NCH2), 6.56 (2 H, dd, J )
8.8, 2.2 Hz, xanthene 2′,7′-H2), 6.61 (2 H, d, J ) 8.8 Hz,
xanthene 1′,8′-H2), 6.70 (2 H, d, J ) 2.2 Hz, xanthene
4′,5′-H2), 7.20 (1 H, d, J ) 8.2 Hz, Ar 3-H), 7.73 (1 H, m,
Ar 4-H), 8.25 (1 H, br, NH), 8.27 (1 H, br, Ar 6-H), 9.93
(1 H, br, NH), 10.13 (2 H, s, 2 × OH), 13.21 (1 H, br,
purine NH); MS (FAB) 655 (M + H). Anal. Calcd for
C33H30N6O7S: C, 60.53; H, 4.62; N, 12.84. Found: C,
60.61; H, 4.57; N, 12.72.
5-[[N-[8-(2,4-Dimethyl-1,3-dioxopurin-8-yl)octyl]thio]-

ureido]-3′,6′-dihydroxyspiro[isobenzofuran-1(3H),9′-
(9H)xanthen]-3-one (13b). The 8-(8-aminooctyl)purine
salt 11b was treated with 12, as for the synthesis of 13a,
to give 13b as an orange-yellow solid (72%): mp 182-
183 °C; IR 3500-3100, 1710, 1660 cm-1; NMR δ 1.30 (8
H, m, 4 × CH2), 1.55 (2 H, m, NCH2CH2), 1.66 (2 H, m,
purine-CH2CH2), 2.67 (2 H, t, J ) 7.3 Hz, purine-CH2),
3.22 (3 H, s, NMe), 3.41 (3 H, s, NMe), 3.49 (2 H, m,

NCH2), 6.53 (2 H, dd, J ) 8.8, 2.2 Hz, xanthene 2′,7′-
H2), 6.58 (2 H, d, J ) 8.8 Hz, xanthene 1′,8′-H2), 6.68 (2
H, d, J ) 2.2 Hz, xanthene 4′,5′-H2), 7.19 (1 H, d, J ) 8.4
Hz, Ar 3-H), 7.70 (1 H, m, Ar 4-H), 8.27 (1 H, br, Ar 6-H),
10.23 (2 H, s, 2 × OH); m/z (FAB) 697 (M + H). Anal.
Calcd for C36H36N6O7S: C, 62.05; H, 5.21; N, 12.01.
Found: C, 62.11; H, 5.27; N, 12.02.
5-[[N-[9-(2,4-Dimethyl-1,3-dioxopurin-8-yl)nonyl]thio]-

ureido]-3′,6′-dihydroxyspiro[isobenzofuran-1(3H),9′-
(9H)xanthen]-3-one (13c). The 8-(9-aminononyl)purine
salt 11c was treated with 12, as for the synthesis of 13a,
to give 13c as an orange-yellow solid (68%): mp 178-
179 °C; IR 3400-3000, 1740, 1700, 1650 cm-1; NMR δ
1.29 (10 H, br, 5 × CH2), 1.56 (2 H, m, NHCH2CH2), 1.68
(2 H, m, purine-CH2CH2), 2.67 (2 H, t, J ) 7.5 Hz, purine-
CH2), 3.22 (3 H, s, NMe), 3.41 (3 H, s, NMe), 3.48 (2 H,
m, NCH2), 6.56 (2 H, dd, J ) 8.8, 2.2 Hz, xanthene 2′,7′-
H2), 6.59 (2 H, d, J ) 8.8 Hz, xanthene 1′,8′-H2), 6.67 (2
H, d, J ) 2.2 Hz, xanthene 4′,5′-H2), 7.17 (1 H, d, J ) 8.4
Hz, Ar 3-H), 7.70 (1 H, m, Ar 4-H), 8.06 (1 H, br, CH2NH),
8.22 (1 H, brs, Ar 6-H), 9.86 (1 H, br, Ar-NH), 10.18 (2
H, s, 2 × OH), 13.35 (1 H, purine NH); MS (FAB) 711 (M
+ H). Anal. Calcd for C37H38N6O7S: C, 62.52; H, 5.39;
N, 11.82. Found: C, 62.45; H, 5.41; N, 11.75.
5-[N-[2-[2-(2,4-Dimethyl-1,3-dioxopurin-8-ylmethoxy)-

ethoxyethyl]thio]ureido]-3′,6′-dihydroxyspiro[isobenzo-
furan-1(3H),9′-(9H)xanthen]-3-one (13d). The purine
derivative salt 11d was treated with 12, as for the
synthesis of 13a, to give 13d as an orange-yellow solid
(77%): mp 1971-1998 °C; IR 3400-3200, 1740, 1700,
1650 cm-1; δ 3.22 (3 H, s, NMe), 3.41 (3 H, s, NMe), 3.63
(8 H, m, OCH2CH2OCH2CH2), 4.54 (2 H, s, purine-CH2),
6.56 (2 H, dd, J ) 8.8 and 2.2 Hz, xanthene 2′,7′-H2), 6.59
(2 H, d, J ) 8.8 Hz, xanthene 1′,8′-H2), 6.66 (2 H, d, J )
2.2 Hz, xanthene 4′,5′-H2), 7.18 (1 H, d, J ) 8.4 Hz, Ar
3-H), 7.73 (1 H, brd, J ) 8.5 Hz, Ar 4-H), 8.1 (1 H, br,
NH), 8.26 (1 H, br, Ar 6-H), 10.05 (1 H, br, NH), 10.14 (2
H, s, 2 × OH), 13.6 (1 H, purine NH); MS (FAB) 687 (M
+ H). Anal. Calcd for C33H30N6O9S: C, 57.71; H, 4.41;
N, 12.24. Found: C, 57.61; H, 4.45; N, 12.22.
2,4-Dimethyl-8-[5-[5-(dimethylamino)naphthalene-1-

sulfonylamino]pentyl]purine-1,3-dione Hydrobromide (14).
The aminopentylpurine salt 11a (200 mg, 580 µmol) in
water (8 mL) and dioxane (4 mL) was brought to pH 9.5
by addition of aqueous Na2CO3 (0.5 M). 5-(Dimethyl-
amino)naphthalene-1-sulfonyl chloride (160 mg, 580
µmol) in dioxane (10 mL) was added. The mixture was
stirred for 3 h. During this time, the pH was maintained
at 9.5-10.0 by dropwise addition of aqueous Na2CO3 (0.5
M). The solution was neutralized to pH 7.0 by addition
of hydrochloric acid (2 M). Water (25 mL) was added and
the mixture was freeze-dried for 24 h to reveal an orange
fluffy solid. The residue, in ethyl acetate, was washed
with water and dried. The solvent was evaporated, and
the residue was recrystallized (EtOH) to give 14 as a
green-yellow solid (160 mg, 55%): mp 183-185 °C; NMR
δ 1.14 (2 H, quintet, J ) 7 Hz, CH2CH2CH2CH2CH2), 1.29
(2 H, quintet, J ) 7 Hz, CH2CH2N), 1.46 (2 H, quintet, J
) 7 Hz, purine-CH2CH2), 2.76 (2 H, t, J ) 5.9 Hz, purine-
CH2), 2.81 (6 H, s, NMe2), 3.22 (3 H, s, NMe), 3.39 (5 H,
m, NMe + CH2N), 7.24 (1 H, d, J ) 7.3 Hz, naphthalene
6-H), 7.58 (1 H, t, J ) 8.1 Hz, naphthalene 3-H or 6-H),
7.61 (1 H, d, J ) 7.7 Hz, naphthalene 8-H), 7.87 (1 H, t,
J ) 7.9 Hz, naphthalene 6-H or 3-H), 8.08 (1 H, d, J )
7.3 Hz, naphthalene 4-H), 8.29 (1 H, d, J ) 8.4 Hz,
naphthalene 2-H), 13.1 (1 H, br, purine-NH); MS (FAB)
531.2020 (M + H) (C24H31N6O4S requires 531.2026).
Immunoassay. The FCFD devices were fabricated

according to the method of Badley et al. (7). The lower
base plate was activated with (3-aminopropyl)trimeth-
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oxysilane. Anti-theophylline IgA mouse monoclonal an-
tibody was dissolved in HEPES buffer (0.1 M) containing
NaCl (0.2 M) to a final concentration of 200 µg mL-1.
Aliquots of this solution (15 µL) were used for coupling
of the antibody to the lower plate according to a car-
bonyldiimidazole method. The plates were then as-
sembled in the usual way. Solutions of the theophylline-
fluorescein conjugates 13a-d were prepared in Tris-HCl
buffer at pH 8.8. All assays using the FCFDs were
performed in duplicate following incubation at ambient
temperature for 20 min to ensure that the system had
come fully to equilibrium. Total binding of 13a-d to the
antibody was measured by incubating the FCFDs with
concentrations of conjugates from 0 to 5 µM. Nonspecific
binding of 13a-d to the antibody-loaded devices was
measured in the presence of theophylline (1 mM). The
specific binding isotherms were constructed by plotting
(total fluorescence signal observed minus signal in the
presence of excess theophylline) vs concentration of 13a-
d. From these plots (not shown) were obtained the
binding affinities of each conjugate for the immobilized
antibody (Table 1).

RESULTS AND DISCUSSION

Chemistry. Synthesis of 8-(2-aminoethyl)theophylline
has been reported (12) involving acylation of 5,6-diamino-
1,3-dimethylpyrimidine-2,4-dione (a relatively unstable
compound) with N-protected 3-aminopropanoic acid, fol-
lowed by cyclization under drastic conditions. We sought
to develop a method that started with more readily
available 1,ω-diamines and which did not use vigorous
conditions for cyclization. Fuchs et al. (12) have sug-
gested that treatment of 6-chloro-1,3-dimethylpyrimidine
(5) with 1,ω-diamines would give the products of 1,ω-
disubstitution. Thus, our initial approach involved set-
ting up a synthon for hexane-1,6-diamine, which is
protected at one amine only. Exchange of protecting
groups on the commercially available mono-Boc hexane-
1,6-diamine (2) was achieved by benzyloxycarbonylation
at the free amine to give the orthogonally protected
biscarbamate 3, followed by acidolytic removal of Boc in
excellent yield. The Cbz protection in 4 was designed to
survive the reaction conditions in later steps, which
would cleave Boc. Substitution of the chlorine of the
6-chloropyrimidinedione 5 with the amine 4 was effected
in boiling 1,4-dioxane in the presence of inorganic base
to give 6a in satisfactory yield, as shown in Scheme 1.
An attempt to raise the yield by use of refluxing ethanol
as the reaction medium gave only a small amount of 6a
but encouraged substitution of chlorine by the solvent
to give largely 1,3-dimethyl-6-ethoxypyrimidine-2,4-di-
one. Following the general method of Goldner et al. (13),
nitrosation at C-5 of the pyrimidine was carried out with
pentyl nitrite, in a reaction catalyzed by a small quantity
of acid. Thermal cyclization/condensation of the brightly
colored 5-nitrosopyrimidine 9a to the Cbz-protected 8-(5-
aminopentyl)theophylline 10a was rapid and high yield-
ing in boiling butanol. Deprotection using hydrogen
bromide in acetic acid was virtually quantitative in
furnishing the 8-(5-aminopentyl)theophylline salt 11a,

which carries the required link and nucleophilic amine
for attachment of electrophilically substituted fluoro-
phores.
Selective monoprotection of longer chain alkane-1,ω-

diamines, particularly 3,6-dioxaoctane-1,8-diamine, proved
to be troublesome. However, by careful selection of
reacting quantities and conditions, it proved possible to
obtain good yields of the unprotected 6-[ω-amino(oxa)-
alkylamino]pyrimidines 7b-d, which could be separated
with difficulty from traces of the products of 1,ω-disub-
stitution. Nevertheless, direct reaction of the crude
product mixture with benzyl chloroformate gave the
easily purified Cbz-protected 6-[ω-amino(oxa)alkylamino]-
pyrimidines 6b-d. As before, the sequence of nitro-
sation, thermal cyclization, and deprotection furnished
the required 8-[ω-amino(oxa)alkylamino]theophylline salts
11b-d.
The aminoalkyltheophyllines 11a-c enabled study of

the effect of the length of the link between hapten and
fluorophore on the immunoreactivity of the final deriva-
tives, whereas comparison of these with the diether
linked compounds derived from 11d indicated the im-
portance of hydrophilicity of the link.
Fluorescein has absorption and fluorescence emission

maxima at wavelengths that are appropriate for the
FCFD device, with a large Stokes shift and a high
quantum yield. The 5-isothiocyanate or mixtures of the
4- and 5-isothiocyanates have frequently been used for
fluorescent labeling of amino groups of biological mol-
ecules in aqueous media (15, 16). Fluorescein also
confers aqueous solubility on its derivatives, a factor
important for the target fluorescent theophylline deriva-
tives. To have a chemically defined system, the 5-isothio-
cyanate was used to thiocarbamoylate the amines 11a-
d. It was found necessary to control closely the pH of
the aqueous reaction mixture in the range 9.0 ( 0.2 to
ensure that the amine was not protonated and that the
isothiocyanate was not subject to base-catalyzed hydroly-
sis. To provide an alternative fluorescent derivative of
theophylline for our studies with different wavelength
maxima for excitation and fluorescence, 8-(5-amino-
pentyl)theophylline (11a) was also coupled with dansyl
chloride [5-(dimethylamino)naphthalene-1-sulfonyl chlo-
ride] under aqueous basic conditions, although this
reaction tolerated a higher pH (9.5-10.0), owing to the
lower lability of dansyl chloride to hydrolysis. The
dansylaminopentyltheophylline 14 was formed in good
yield.
The 1H NMR spectra of the fluorescein-theophylline

derivatives 13a-d were examined in solution in deute-
riodimethyl sulfoxide. The signals for the xanthene
moiety show considerable symmetry, in which H-1′ and
H-8′ are magnetically equivalent, as are H-2′ and H-7′
and H-4′ and H-5′, respectively. Most interestingly, the
phenolic OH signal appears as a 2 H singlet at δ 10.2,
confirming that the fluorescein is present in this solvent
as the tautomer shown, rather than the lactone-opened
carboxylate tautomer.
Straightforward syntheses of a range of 8-[ω-amino-

(oxa)alkyl]theophyllines have been achieved, providing
convenient access to fluorescent derivatives with applica-
tions in automated immunoassays for theophylline.
Immunoassay. The initial requirement of the study

was to determine the antibody-binding affinities of the
fluorescent theophylline conjugates 13a-d, and it was
sensible to carry out these experiments on the im-
mobilized antibody within the FCFD by introducing the
conjugates in solution to the FCFD in the presence and
absence of excess theophylline. The FCFD reader was
able to determine the relative intensity of surface fluo-

Table 1. Binding Affinities of the
Theophylline-Fluorescein Conjugates 13a-d to the
Antibody Immobilized in the FCFD Device

conjugate linker unit binding affinity Ka (M-1)

theophylline (1) (0.06 ( 0.02) × 106
13a (CH2)5 (3.1 ( 1.5) × 106
13b (CH2)8 (1.4 ( 0.6) × 106
13c (CH2)9 (3.2 ( 1.8) × 106
13d CH2O(CH2)2O(CH2)2 (1.0 ( 0.4) × 106
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rescence, and the antibody-bound fluorescence was de-
termined by subtracting the nonspecific fluorescence, in
the presence of excess theophylline, from the total
fluorescence. Initial experiments were conducted to
establish the equilibration time of the system, by record-
ing the total fluorescence at 30 s intervals over a 30 min
period. Binding equilibrium was achieved within ap-
proximately 10 min, and a standard incubation time of
20 min was adopted for further studies. Specifically
bound fluorescence was plotted against concentration of
each conjugate, according to the Langmuir equation, to
allow determination of the binding affinities of 13a-d
(Table 1). The binding affinity of theophylline could then
be determined by competition with a fluorescent deriva-
tive, in this case with 13a (Table 1). The binding
affinities of the conjugates compared well with that of
theophylline, indicating that this antibody could tolerate
substitution of theophylline at position 8. The affinities
were almost independent of the length [(CH2)5 vs (CH2)9]
or the hydrophobic/hydrophilic nature of the link [(CH2)9
vs CH2O(CH2)2O(CH2)2] between the theophylline hapten
and the fluorophore. Compound 13a was identified by a
small margin as being the conjugate of choice and was
selected for further testing and development of assay
procedures. Briefly, it was established that the fluores-
cent conjugates had the appropriate antibody-binding
properties for development of an FCFD-based assay for
theophylline, within a concentration range which would
be useful for clinical use (0-300 µM theophylline).
Compound 13a was used at a concentration of 10-6 M
within the FCFD device, with low levels of interference
from nonspecific surface-bound fluorescence. Theophyl-
line competed with 13a such that the signal recorded by
the FCFD reader decreased from maximum to minimum
levels between theophylline concentrations of 5 and 500
µM. Precision was determined at theophylline concen-
trations of 25, 50, and 125 µM, the coefficients of
variation being 6.5%, 6.0%, and 5.2% (within-assay) and
8.0%, 7.5%, and 5.0% (between-assay), respectively. This
concentration range corresponded to a useful clinical
range, although the precision of the assay in estimating
the concentration of theophylline was compromised by
insufficient total fluorescence. This total fluorescence
could be increased by immobilizing a higher mass of
antibody to the bottom plate of the FCFD. Nevertheless,
the FCFD devices studied here would be capable of
distinguishing between low (5 µM) and high (250 µM)
clinical levels of theophylline, which could be useful in
acute conditions to establish whether a patient is pre-
senting with overdose or underdose of theophylline.
Preliminary experiments were carried out to test the

cross-reactivity of the system with other xanthines,
including caffeine, theobromine, and metabolites of theo-
phylline. Initial results suggested that the concentration
of each xanthine required to displace 13a was at least
100 times greater than that for theophylline. Thus, little
interference can be expected from other blood-borne
xanthines. It was also established that the assay worked
as well in the presence of 5 mg mL-1 human serum
albumin, with a slight loss of sensitivity presumably due
to interactions between xanthines and albumin, which
reduced the effective concentration of free xanthines in
the FCFD.

The results of further studies on the development and
validation of the immunoassays will be reported in full
elsewhere.
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COMMUNICATIONS

Identification of Preferred Distamycin-DNA Binding Sites by the
Combinatorial Method REPSA
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The combinatorial method restriction endonuclease protection, selection, and amplification (REPSA)
was used to determine the preferred duplex DNA binding sites of the peptide N-methylpyrrolecar-
boxamide antibiotic distamycin A. After 12 rounds of REPSA, several sequences were identified that
bound distamycin with an apparent affinity of 2-20 nM. Among these, the highest-affinity sites
averaged 10 bp in length, suggesting that these sites may be occupied by multiple, cooperatively
interacting distamycin molecules. Presently, REPSA is the only combinatorial approach that allows
the identification of preferred DNA targets for small molecule ligands at physiologically relevant
concentrations in solution. As such, it should prove useful in the design and screening of sequence-
specific DNA-binding molecules.

Many drugs important in anticancer chemotherapy
bind duplex DNA noncovalently and with some sequence
specificity (1). Their mechanisms of action, while not
fully elucidated, are thought to rely on the strength and
selectivity of these interactions. Considerable efforts
have been made to identify the preferred binding sites
of these small molecules, primarily employing either
chemical or enzymatic cleavage protection methods (2,
3). Such “footprinting” methods, while capable of defin-
ing a drug-binding site down to base pair resolution,
typically only survey 100-200 bp per experiment. Sur-

veys of several million base pairs, however, are required
to identify their hypothetical best binding sites, those
presumably recognized at physiological drug concentra-
tions.
To survey large numbers of potential binding sites,

combinatorial methods involving multiple rounds of
ligand-nucleic acid complex selection and PCR amplifi-
cation are usually employed. These methods have suc-
ceeded in identifying preferred duplex DNA binding sites
for many proteins and triplex-forming oligonucleotides
(4, 5). The methods all relied on a physical separation
of ligand-DNA complexes from free DNAs, either as a
result of altered chemical properties of the ligand-DNA
complex (e.g., increased mass-to-charge ratio and reduced
electrophoretic mobility) or through the use of affinity
methods (e.g., ligand-specific antibodies). However, such
methods cannot be used to selectively isolate drug-DNA
complexes; thus, no combinatorial method has as yet been
available for their study.
We have recently described a combinatorial method,
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restriction endonuclease protection selection and ampli-
fication (REPSA), for the identification of preferred
nucleic acid and protein binding sites on duplex DNA (6).
Unlike conventional methods, REPSA relies on the
inhibition of an enzymatic process, DNA cleavage by a
type IIS restriction endonuclease (IISRE), in selecting
complexed DNAs. Thus, potentially, any ligand capable
of being investigated by footprinting should also be
amenable to analysis by REPSA.
As a test of REPSA’s applicability to the identification

of preferred small molecule-DNA binding sites, the
method was used to investigate the sites recognized by
the natural product antibiotic distamycin A. Distamycin
A, a tripeptide tri-N-methylpyrrolecarboxamide (Figure
1), binds as a 1:1 ligand-DNA complex in the minor
groove of duplex DNA, preferentially at AT-rich se-
quences 4-5 bp in length (7, 8). For a series of (A/T)4
sequences, distamycin demonstrated binding affinities
ranging from 0.1 to 1.0 µM (9). Numerous studies have
shown that distamycin effectively inhibits DNA cleavage
by both nonspecific endonucleases and restriction endo-
nucleases (reviewed in ref 10) and that higher-affinity,
multimeric distamycin binding sites exist in heteroge-
neous DNA (11). Taken together, these findings suggest
that distamycin would provide an ideal test for REPSA.
A round of REPSA involves three steps: complex

formation between a ligand and a subpopulation of
DNAs, preferential cleavage of the uncomplexed DNAs,
and PCR amplification of the uncleaved templates (Fig-
ure 2). Selection of bound DNAs is made possible
through the use of IISREs, restriction endonucleases that
cleave duplex DNA not at a specific sequence but rather
at a fixed distance from their recognition sites (12).
Given the proper ligand/IISRE combination, it is possible
to efficiently cleave uncomplexed DNAs while maintain-
ing the complexed DNAs intact. These intact DNAs then
serve as templates for PCR amplification, thereby in-
creasing the representation of these sequences within the
pool. These steps can then be repeated for a number of
rounds, until a desired population of ligand-binding
sequences emerges.
Central to REPSA is the design of a selection template,

which allows the probing of a region of randomized
sequence by IISREs. The selection template used in this
analysis, ST3, is shown schematically in Figure 3. ST3
incorporates a central 21 bp cassette of randomized
sequence, flanked by defined sequences containing dif-
ferent IISRE recognition sites. This length of random
sequence is many times that of an individual distamycin
binding site (5 bp). Thus, ST3 allows screening for
multimeric distamycin binding sites, which are believed
to have higher affinities (11). The flanking sequences
were designed to allow interconversion of the IISRE sites,
from BpmI to BsgI or Eco57I, depending on the primers
used. Such a design provides greater flexibility with this
template and allows the rotation of IISREs in different
REPSA rounds, which can be essential for preventing
artifact selection (e.g., selection of sequences bound by
proteins present in the commercial restriction endonu-

clease preparations) (6). Each of the IISREs has an
identical span (16 nucleotides in the top strand, 14
nucleotides in the bottom strand) between binding and
cleavage sites. Also, having identical IISRE sites on both
flanks increased the efficiency of template probing by
some of the less efficient IISREs (e.g., BsgI) (6).
To initiate REPSA, 1 ng of ST3 was incubated (30 min,

25 °C) with 0.1 µM distamycin in 10 µL of a buffer
suitable for subsequent IISRE cleavage. The amount of
selection template used (25 fmol) was optimal for sub-
sequent manipulations and provided a good representa-
tion of all possible 17-mer sequences; the concentration
of distamycin corresponded to its lowest dissociation
constant reported for binding to a 4 bp A/T-rich sequence
(9). After drug binding, 2 units of BpmI (New England
Biolabs) was added and cleavage allowed to proceed for
an additional 30 min at 37 °C. Afterward, the entire

Figure 1. Structure of the DNA-binding antibiotic distamycin
A.

Figure 2. Flow chart for the combinatorial method restriction
endonuclease protection, selection, and amplification (REPSA).
The tricyclic ligand represents the DNA-binding drug distamy-
cin A; a type IIS restriction endonuclease is represented by a
scissors (nonspecific cleaving domains) attached to gray ovals
(sequence-specific DNA-binding domains).

Figure 3. Design of the selection template, ST3, used for the
identification of preferred distamycin-DNA binding sites by
REPSA. Locations of restriction endonuclease binding (brackets)
and cleavage (arrows) sites are indicated. Long horizontal
arrows correspond to the sequences of the PCR amplimers
indicated. N represents random nucleotides.
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mixture was added to a standard PCR reaction mixture
(6) containing 200 ng each of BsgI(L) and BsgI(R) primers
and amplified for 6, 9, and 12 cycles with a profile of 94
°C for 1 min of denaturation, 25 °C for 3 min of annealing,
and 50 °C for 2 min of elongation. The annealing step
was added to facilitate hybridization between the BsgI
primers and the BpmI site-containing ST3, given the two
base mismatches. After PCR, an aliquot of each reaction
mixture was analyzed by PAGE to determine relative
levels of amplification; the remainder was purified by
phenol extraction and ultrafiltration, essentially as previ-
ously described (6). Selections in subsequent rounds
were with BsgI (rounds 2, 5, 8, and 11), Eco57I (rounds
3, 6, 9, and 12), or BpmI (rounds 1, 4, 7, and 10), with
the appropriate amplimers being used in the preceding
round of PCR.
After 12 rounds of REPSA, the selected DNAs were

subcloned into pUC19 and individual colonies sequenced.
Sequences of 15 clones containing the entire 21 bp
cassette were obtained (Table 1). These selected se-
quences were substantially enriched in A’s and T’s with
respect to the starting distribution (83.2 versus 58.5%).
Using a ø2 analysis, we identified possible consensus
distamycin binding sequences. For each possible 4, 5,
and 6 bp combination, only the sequences TATA, ATATA,
and AATTAT occurred with substantially higher than
expected frequencies (P < 0.05). Most notably, the 9 bp
sequence ATAAATTAT was found twice among these 15
sequences (P < 0.01), suggesting this could be a highly
preferred distamycin binding site under our experimental
conditions.
To better ascertain the exact distamycin binding sites

and their relative binding affinities, a DNase I footprint-
ing analysis was performed. An autoradiogram of a
footprinting analysis for clone 2 (Table 1) is shown in
Figure 4. DNase I cleavage protection was first observed
when 3 nM distamycin was present, with cleavage
protection occurring over an 11 bp region centered on the

sequence ATAAATTAT (Table 1, underlined). At a 10-
fold higher distamycin concentration, cleavage protection
extended over the entire 21 bp cassette. Note that, under
these conditions, the more extensive cleavage protection
most likely reflected the binding of multiple distamycin
molecules to the DNA. Using densitometry, it was
possible to estimate the concentration of distamycin
necessary to afford 50% DNase I protection. This value
corresponded to the apparent binding affinity of dista-
mycin for this sequence. Similar footprinting analyses
were performed for the other REPSA-selected sequences;
initial distamycin-binding sites (underlined) and binding
affinities are presented in Table 1. From this analysis,
we found that the distamycin binding affinity of these
sequences ranged from 2 to 20 nM and that the initial
protections typically incorporated the consensus se-
quences identified by statistical means. Noticeably, these
binding affinities are 10-100-fold greater than those
previously described for most distamycin binding sites
(9), indicative of the preferred nature of REPSA-selected
sequences. Also note that these initial binding sites are

Table 1. REPSA-Selected Distamycin Binding Sequences

clone sequencea Kapp (nM)b

a Sequences obtained following 12 rounds of REPSA with 0.1
mM distamycin. Distamycin binding sites, as determined by
DNase I footprinting, are underlined. b Concentrations of dista-
mycin that afforded 50% DNase I cleavage protection.

Figure 4. DNase I footprinting analysis of distamycin A
binding to REPSA-selected clone 2. A 160 bp footprinting probe
was generated by PCR using the pUC sequencing primers
TGTTGTGTGGAATTGTG and CAAGGCGATTAAGTTGG, the
latter being end-labeled with [γ-32P]ATP and T4 kinase. Foot-
printing reactions were performed essentially as previously
described, except with the addition of 50 mMKCl in the binding
reaction (13). The extents of the DNase I protection afforded by
3 and 30 nM distamycin are indicated at the right of the figure.
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larger than those typically described for distamycin
(averaging 10 bp for the highest-affinity sites). This
suggests that these preferred sites may actually be bound
by multiple, cooperatively interacting distamycin mol-
ecules. Alternatively, these sites could be composed of
several overlapping subsites with the sum of their
protections yielding an apparently higher-affinity site.
However, the relatively uniform DNase I protection
observed throughout each site would argue against the
latter hypothesis.
These studies demonstrate that REPSA can be used

to identify the preferred DNA-binding sequences of small
molecule ligands such as distamycin. Binding sites in
the nanomolar range were obtained, and possible con-
sensus sequences were identified. The observed cluster-
ing of binding affinities (13 of the 15 sequences had
affinities in the range of 2-8 nM) could reflect the actual
limit for distamycin binding, though it may instead
reflect a limitation of the selection conditions used (e.g.,
100 nM final distamycin concentration). Further REPSA
with this selected population at a reduced distamycin
concentration should help to address this question.
Similarly, identification of a single consensus sequence
was not possible with this limited data set. Upon
identification of a selected population possessing maximal
affinity, and with a sufficiently large number of se-
quences, it should be possible to define a best binding
sequence for this molecule. Nonetheless, the sequences
identified by REPSA are a considerable improvement
over prior defined sequences and should be of great utility
in many future studies on this class of molecules. (e.g.,
for better understanding of DNA recognition by minor
groove-binding ligands; to test for direct regulation of
specific gene transcription by DNA-binding drugs).
Beyond being the only combinatorial approach suitable

for investigating drug-binding sites on duplex DNA,
REPSA possesses the additional benefits of being suitable
for studies with complex mixtures of relatively unchar-
acterized ligands. This fact was demonstrated in our
REPSA investigation of purine-motif triplex-forming
sequences, in which consensus sequences for proteins
present in the IISRE preparation were also identified (6).
Thus, it is conceivable that a combinatorial method like
REPSA could be used to survey a library of compounds
and identify a series of preferred binding sites. These
selected sequences could then be back-selected against
an array of these compounds, thereby identifying the
sequence recognized by a particular compound. Indeed,
it may be possible to use a combinatorially derived series
of compounds to ascertain the range of sequences recog-
nized by a series of related compounds. Such a two-
dimensional combinatorial study could be especially
useful in the development of small molecules with defined
sequence specificities, e.g., the N-methylpyrrole/2-meth-
ylimidazole polyamides (14, 15), these being potentially
useful for catalyzing gene replacements or for a phar-
macological regulation of specific gene expression.
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INTRODUCTION

Peptides are compounds that contain amino acids (R-
aminocarboxylic acids) linked by amide (peptide) bonds.
Designed by nature for stimulating, inhibiting, or regu-
lating numerous life functions, peptides for a long time
have been considered ideal agents for therapeutic ap-
plications (1). Although the 111In-labeled peptide was
first explored for use in nuclear medicine in 1981 (2), it
was not until recently that 99mTc-labeled peptides have
emerged as an important class of radiopharmaceuticals
in diagnostic nuclear medicine. Of particular interest are
99mTc-labeled chemotactic peptides (3-11), small peptides
based on platelet factor 4 (12), and tuftsin receptor
antagonists (13-15) for imaging focal sites of infection,
somatostatin analogs for imaging tumors (16-20), and
platelet glycoprotein IIb/IIIa (GPIIb/IIIa) receptor an-
tagonists for imaging thrombi (21-34).
In the past two decades, monoclonal antibodies (MAbs)

or their fragments, F(ab′) or F(ab′)2, have been widely
used as vehicles to carry radionuclides of diagnostic or
therapeutic characteristics to a specific target such as a
tumor (35-40). Although considerable progress has been
made in this area (40-43), clinical studies with radiola-
beled MAbs have often demonstrated limited accumula-
tion in the tumor, and relatively slow blood clearance due
to their high molecular weight, resulting in only modest
target-to-background ratios. The poor match between the
pharmacokinetics and the physical half-life of 99mTc has
limited the development of 99mTc-labeled MAbs and their
fragments as commercial target-specific radiopharma-
ceuticals.
The difference between proteins and peptides is their

sizes. The term “peptides” is usually used to refer to
those compounds containing fewer than 100 amino acids
with a molecular mass of about 10 000 Da (44). Small
peptides refers to peptides with fewer than 30 amino
acids or molecular mass of <3500 Da. Compared to
antibodies, small peptides offer several advantages. Pep-
tides are necessary elements in more fundamental bio-
logical processes than any other class of molecule, and
in many cases the affinities of small peptides for their
receptors are significantly greater than that of antibodies
or their fragments (7). Small peptides are easy to
synthesize and modify, are less likely to be immunogenic,
and can have rapid blood clearance. The faster blood
clearance results in adequate target-to-background ratios
(T/B) earlier so that it is practical to use 99mTc, which is
the preferred radionuclide for diagnostic nuclear medi-
cine. All of these factors make small peptides excellent
candidates for the development of target-specific radio-
pharmaceuticals.
This review is intended to address some important

issues associated with the 99mTc labeling of highly potent

small peptides. Instead of covering all of the 99mTc-
labeled peptides, which have been reviewed recently (1,
7, 44, 45), it will focus on the following topics: clinical
requirements for new 99mTc radiopharmaceuticals, vari-
ous radiolabeling approaches, different chelating systems
and their 99mTc-labeling kinetics, and examples of 99mTc-
labeled peptides as radiopharmaceuticals.

REQUIREMENTS FOR NEW 99mTc-BASED
RADIOPHARMACEUTICALS

In the development of a new 99mTc-based radiophar-
maceutical several factors need to be considered to satisfy
the clinical requirements. First, the new radiopharma-
ceutical has to demonstrate its biological efficacy (high
uptake in the target organ, high T/B, and favorable
pharmacokinetics). Second, a kit formulation is required
due to the 6 h half-life of 99mTc. A kit contains the
substance to be labeled [a ligand for the technetium
complex radiopharmaceutical or a bifunctional chelating
agent (BFCA) derivatized peptide conjugate for the
peptide-based radiopharmaceutical], a reducing agent
such as stannous chloride, if necessary, and other com-
ponents such as a bulking agent or a weak transfer
ligand. Kits can be purchased and stored for daily
preparation. In many cases, the 99mTc labeling can be
accomplished simply by adding [99mTc]pertechnetate to
the kit. Third, the new radiopharmaceutical should have
high radiochemical purity (RCP g 90%) and high solution
stability with a shelf life preferably g6 h. Finally, the
99mTc-labeling should be accomplished in 10-30 min,
preferably at room temperature.

TECHNETIUM-99m AND TECHNETIUM CHEMISTRY

99mTc is the metastable nuclear isomer of the long-lived
99Tc ground state. Nearly 80% of all radiopharmaceuti-
cals used in nuclear medicine are 99mTc-labeled com-
pounds. The reason for such a preeminent position of
99mTc in clinical use is its extremely favorable physical
and nuclear characteristics. The 6 h half-life is long
enough to allow a radiochemist to carry out radiophar-
maceutical synthesis and for nuclear medicine practitio-
ners to collect useful images. At the same time, it is short
enough to permit the administration of millicurie amounts
of 99mTc radioactivity without significant radiation dose
to the patient. The monochromatic 140 keV photons are
readily collimated to give images of superior spatial
resolution. Furthermore, 99mTc is readily available from
commercial 99Mo-99mTc generators at low cost.

99mTc is produced from a parent radionuclide, 99Mo, a
fission product with a half-life of 2.78 days. In a 99Mo-
99mTc generator, [99Mo]molybdate is absorbed to an
alumina column and 99mTc is formed by decay of 99Mo.
The 99mTc in the form of [99mTc]pertechnetate is eluted
from the column with saline. 99mTc produced by the
generator is never carrier-free. Fifteen percent of 99Mo

* Author to whom correspondence should be addressed [tele-
phone (508) 671-8696; fax (508) 436-7500].
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decays directly to the long-lived isotope 99Tc (t1/2 ) 2.13
× 105y), which is also the single decay product of 99mTc.
The specific activity of eluted 99mTc is dependent upon
the prior elution time because the longer the time
between generator elutions, the more 99mTc decays to 99Tc.
The mole fraction of 99mTc to total technetium (99mTc and
99Tc) present in the generator eluent varies from 0.836
at 0.5 h postelution to 0.277 at 24 h postelution and to
0.077 at 72 h postelution. The concentration of total
technetium (99mTc and 99Tc) in the 99Mo-99mTc generator
eluent is in the range of 10-7-10-6 M. The exact value
depends on factors such as the generator age and prior
elution time.
Diverse Redox Chemistry of Technetium. The

two isotopes (99mTc and 99Tc) of technetium have identical
chemical properties. 99mTcO4

- is negatively charged and
no effective chemistry exists that can be used to attach
the negatively charged pertechnetate anion to a small
peptide. Therefore, it is necessary to reduce Tc(VII) in
99mTcO4

- to a lower oxidation state to produce a stable
99mTc-peptide complex or to a reactive intermediate
complex from which 99mTc can be easily transferred to a
BFCA-peptide conjugate. When 99mTcO4

- is reduced, the
oxidation state of technetium in the complex formed
depends upon the nature of the reducing agent, the
ligand(s) available, and the reaction conditions employed
in the synthesis. The following examples illustrate this
quite dramatically. On the macroscale (using 99TcO4

-)
the brown-black insoluble TcO2‚2H2O is readily produced
in an aqueous solution when Na2S2O4 is used as the
reducing agent (46). If ethane-1,2-dithiol is present, an
orange Tc(V) complex, [TcO(SCH2CH2S)2]-, is obtained
(47). If pentane-2,4-dione is used as a ligand, the red
Tc(III) complex, [Tc(acac)3], results (48), while the N-
substituted pyridinone ligands form very stable tris-
ligand Tc(IV) complexes [Tc(L)3]+ (L ) N-substituted
pyridinonate) (49). If the ligand contains P donors,
Tc(IV), Tc(III), and Tc(I) complexes are isolated depend-
ing on the number of P donors and coligands in the
complex (50-52). Isonitrile ligands form colorless Tc(I)
complexes, [(Tc(CNR)6]+, almost quantitatively (53). Table
1 summarizes various oxidation states and coordination
geometries of technetium. The rich and diverse redox
chemistry of technetium makes it difficult to control the
oxidation state and the stability of the Tc complex. At
the same time, it provides more opportunities to modify
the structure and properties (such as the overall complex

charge and lipophilicity) of Tc complexes by the choice
of the ligand system or through the use of donor atoms
having high affinity for a specific oxidation state of the
Tc, as well as by the introduction of nondonating func-
tional groups.
Isomerism in Technetium Complexes. Another

aspect of technetium chemistry is isomerism. Isomers
are compounds having the same chemical composition
but different structures. These include geometric iso-
mers, epimers, enantiomers, and diastereomers. Epimers
are often found in square pyramidal or octahedral oxo-
technetium complexes containing chelating ligands with
functional groups on the ligand backbone or a tertiary
amine-N donor atom (54-79). The formation of these
isomers is due to the relative orientation (anti and syn)
of the functional groups to the TcdO core. One of the
two epimers is often predominant. Enantiomers are
often found in oxotechnetium complexes such as [TcO-
(MAG3)]- because of the asymmetrical bonding of MAG3

4-

to the TcdO core even though the free ligand H4MAG3
does not have a chiral center. If a technetium complex
contains two or more chiral centers, diastereomers may
be formed. These chiral centers can be on the ligand
backbone or one on the ligand backbone and the other
on the Tc center. Diastereomers can often be separated
using appropriate HPLC methods.
Isomers often have different lipophilicities and biodis-

tributions in biological systems. This has been well
documented (54-59, 74, 75) and is particularly true for
technetium complex radiopharmaceuticals as their bio-
logical properties are determined exclusively by the
physical and chemical characteristics of the technetium
complex. For example, the complex [TcO(map)]- [map
) 2,3-bis(mercaptoacetamido)propanoate], has two epimers
(anti and syn) due to the disposition of the COOH group
on the chelate ring relative to the TcdO core. It was
reported that in humans 58% of the syn isomer was
excreted at 30 min as compared to only 19% of the anti
isomer (74). For receptor-based radiopharmaceuticals,
the target uptake is largely dependent on the receptor
binding affinity of the peptide and the blood clearance,
which is determined by the physical properties of both
the peptide and technetium chelate. Therefore, the
formation of isomers can have significant impact on the
biological properties of a radiopharmaceutical.

TECHNETIUM CORES FOR 99mTc LABELING

The technetium core determines the design of the
BFCA framework and the choice of donor atoms. Figure
1 shows three different technetium cores, which can be
used for 99mTc labeling. In Figure 1A, the technetium
core is a “naked” Tc atom, which is completely wrapped

Table 1. Oxidation States and Stereochemistry of
Technetiuma

oxidn
state example

coord
geometry

coord
no.

magnetic
moment (µB)

+7 (d0) [TcH9]2- trig prismatic 9 diamagnetic
TcO4

- tetrahedral 4 diamagnetic
+6 (d1) TcO4

2- tetrahedral 4 1.60
+5 (d2) [Tc(NCS)6]- octahedral 6 diamagnetic

[Tc(Diars)2Cl4]+ dodecahedral 8 0.9 (?)
TcOCl4- sq pyramidal 5 diamagnetic
[TcO(ECD)] sq pyramidal 5 diamagnetic
[TcO(d,l-HM-PAO)] sq pyramidal 5 diamagnetic
[TcO2(tetrofosmin)]+ octahedral 6 diamagnetic

+4 (d3) [TcCl6]2- octahedral 6 4.05
+3 (d4) [Tc(Diars)2Cl2]+ octahedral 6 diamagnetic
+2 (d5) [TcCl2(PhP(OEt)2)4] octahedral 6 1.4
+1 (d6) [Tc(CNC(CH3)3)6]+ octahedral 6 diamagnetic
0 (d7) [Tc2(CO)10] octahedral 6 diamagnetic
-1(d8) [Tc(CO)5]- trig bipyramidal 5 diamagnetic

a Examples of technetium complexes are selected from the
following two references: (1) N. N. Greenwood and Earnshaw, Eds.
(1984) Chemistry of the Elements, p 1217, Pergamon Press, New
York. (2) Tisato, F., Refosco, F., and Bandoli, G. (1994) Structural
survey of technetium complexes. Coord. Chem. Rev. 135/136, 325-
394.

Figure 1. Three technetium cores for 99mTc labeling.
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by a hexadentate BFCA. The oxidation state for the Tc
can be 3+ or 4+, and the donor atoms can be all imine
nitrogens such as those in BATOs (80-82) or a combina-
tion of amine nitrogens and phenolate oxygens (83).
Because of the chelate or macrocyclic effect, technetium
complexes of this type are stable. The use of a polyden-
tate chelate is also beneficial for minimizing isomerism.
BATOs (boronic acid adducts of technetium dioximes) (84,
85) and DTPA (86) have been used as BFCAs for the
99mTc labeling of antibodies.
Since the [TcdO]3+ core is very stable in the presence

of a strong chelating ligand in aqueous media, it has
become the most frequently used technetium core in 99mTc
radiopharmaceuticals. The [TcdO]3+ core forms square
pyramidal oxotechnetium complexes, often with tet-
radentate ligands, which include N4 propylene amine
oxime (87), N3S triamidethiols (24, 54, 55, 57-59), N2S2
diamidedithiols (24, 31, 32, 54, 74), N2S2 monoamidemo-
noaminedithiols (69, 77, 79), and N2S2 diaminedithiols
(61-65). Functionalization on the ligand backbone of
these chelators results in syn and anti isomers due to
the relative orientation of the functional group to the
TcdO core (58-79).
The [OdTcdO]+ core forms octahedral technetium

complexes with polydentate ligands with either amine
N/thioether S donors (88) or phosphine P donor atoms
(89). An example of a technetium radiopharmaceutical
using the [OdTcdO]+ core is [99mTcO2(tetrofosmin)2]+
[tetrofosmin ) 1,2-bis[bis(2-ethoxyethyl)phosphino]eth-
ane], in which the two bidentate phosphine ligands bind
to the Tc at the four equatorial positions and the oxo O
donors at the two apical positions (89). This complex was
developed as a heart-imaging agent because of its cationic
character (90-92). The [OdTcdO]+ core has also been
used in 99mTc labeling of a macrocyclic tetraamine-
derivatized somatostatin analog (19).
Recently, Abrams and co-workers (93, 94) reported the

use of the [Tc]HYNIC core (Figure 1C) in the 99mTc
labeling of polyclonal IgG. The [Tc]HYNIC core was also
used for the 99mTc labeling of chemotactic peptides (4-
11). The HYNIC group is of particular interest because
it can be easily labeled with very high efficiency (rapid
and high yield radiolabeling). Since the HYNIC can only
occupy one or two coordination sites, a coligand such as
glucoheptonate is required to complete the square pyra-
midal or octahedral coordination sphere of the techne-
tium. Tricine was also used as a coligand in the 99mTc
labeling of a HYNIC-conjugated polyclonal IgG (95, 96)
and a HYNIC-modified cyclic platelet GPIIb/IIIa receptor
antagonist (24, 27). The success of using HYNIC as a
bonding group for the 99mTc clearly demonstrates that a
BFCA does not have to be a polydentate chelating agent
as long as it can form a stable bond with Tc.

THREE RADIOLABELING APPROACHES

A large number of radiolabeling techniques have been
developed and extensively reviewed (97-110). They can
be classified into three main categories: direct labeling,
the preformed chelate approach, and the indirect labeling
approach. The direct labeling approach (Chart 1) usually
uses a reducing agent to convert a number of disulfide
linkages in a protein into free thiols, which are able to
bind the Tc very efficiently. The advantage of this
approach is that it is easy to carry out. It has been
reported that both thiolate sulfur and imidazole nitrogen
are involved in bonding to the Tc (111). However, very
little is known about the number of these donor atoms
and the coordination geometry around the Tc center.
There is little control over the stability of the 99mTc
complex or the nonspecific binding. In addition, this

method applies only to proteins or their fragments
because many small peptides do not have any disulfide
bonds, or in some cases the disulfide bond is too critical
for maintaining their biological properties to be reduced.
The preformed chelate approach, an example of which

is shown in Chart 2, involves formation of the 99mTc
complex with a BFCA and conjugation of the 99mTc-
BFCA complex to a protein or peptide in a separate step
on the tracer level. Several thiol-containing BFCAs such
as mapt [4,5-bis(mercaptoacetamido)pentanoic acid] and
MeMAG2-gaba [N-[2-(mercapto)propionyl]glycylglycyl-γ-
aminobutyric acid] have been used in 99mTc labeling of
proteins (112-115) and small peptides (25, 116). In this
approach, the chemistry is better defined, and the peptide
or protein is not exposed to the sometimes forcing
conditions used in the chelation step. However, this
approach is too complex and time-consuming for routine
clinical use. The multiple-step tracer level synthesis
makes it very difficult to develop an instant kit formula-
tion.
In the indirect labeling approach (Chart 3), a BFCA is

first attached to the peptide or protein to form a BFCA-
peptide (protein) conjugate. The BFCA can be attached
to the C terminus or N terminus via a linker, if needed.
It can also be attached to the side chain of the peptide or
incorporated in the peptide backbone (31-34) provided
that incorporation of the BFCA does not significantly
affect the receptor binding affinity of the peptide. The
radiolabeling can be achieved either by direct reduction
of 99mTcO4

- in the presence of a BFCA-peptide conjugate

Chart 1. Direct Labeling Approach

Chart 2. Preformed Chelate Approach
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or by ligand exchange with an intermediate 99mTc com-
plex such as [99mTc]glucoheptonate. This approach com-
bines the ease of direct labeling with the well-defined
chemistry of the preformed chelate approach. Therefore,
the indirect labeling is the most practical approach for
the development of peptide-based target-specific radio-
pharmaceuticals.

BIFUNCTIONAL CHELATORS AND THEIR
99mTc-LABELING KINETICS

In simple technetium complex radiopharmaceuticals
such as [99mTc]sestamibi, [99mTc(MIBI)6]+ and [99mTc]-
bicisate, [99mTcO(ECD)], the ligand (MIBI and ECD,
respectively) is always present in large excess. The main
factor influencing the 99mTc-labeling kinetics is the nature
of the donor atoms and the radiolabeling conditions. For
receptor-based peptide radiopharmaceuticals, however,
the use of large amount of BFCA-peptide may result in
receptor site saturation, blocking the docking of the 99mTc-
labeled BFCA-peptide conjugate, as well as unwanted
side effects. To avoid these problems, the concentration
of the BFCA-peptide conjugate in each kit has to be very
low (usually 5-20 µg/mL, corresponding to 5 × 10-6 to 2
× 10-5 M for a BFCA-peptide conjugate with molecular
mass of 1000 Da and IC50 values in the nanomolar range).
Otherwise, a postlabeling purification is often needed to
remove excess unlabeled peptide, which is time-consum-
ing and thus not amenable for clinical use. Compared
to the total technetium concentration (∼5 × 10-7 M) in
100 mCi of [99mTc]pertechnetate eluate (24 h prior elu-
tion), the BFCA-peptide conjugate is not in overwhelm-
ing excess. In this situation, the 99mTc-labeling yield and
the labeling kinetics may be affected by the amount of
both BFCA-peptide conjugate and total technetium (99m-
Tc and 99Tc) in the kit. Therefore, the BFCA attached
to the peptide must have very high radiolabeling ef-
ficiency. The design of new and efficient BFCA systems
provides a challenge for inorganic chemists interested in
99mTc labeling of highly potent small peptides.
A BFCA can be divided into three parts: a binding

unit, a conjugation group, and a spacer (if necessary). An
ideal BFCA is that which is able to form a stable 99mTc
complex in high yield at very low concentration of the
BFCA-peptide conjugate. There are several require-
ments for an ideal BFCA. First, the binding unit can
selectively stabilize an intermediate or lower oxidation
state of Tc so that the 99mTc complex is not subject to
redox reactions; oxidation state changes are often ac-
companied by transchelation of 99mTc from a [99mTc]-

BFCA-peptide complex to the native chelating ligands
in biological systems. Second, the BFCA forms a 99mTc
complex that has thermodynamic stability and kinetic
inertness with respect to dissociation. Third, the BFCA
forms a 99mTc complex with a minimum number of
isomers since different isomeric forms of the 99mTc-labeled
chelate may have significant impact on the biological
andpharmacokinetic characteristics of the [99mTc]BFCA-
peptide complex. Finally, the conjugation group can be
easily attached to the peptide.
Various chelators have been used as BFCAs in labeling

proteins, peptides, and other biologically active molecules
with 99mTc. These include N3S triamidethiols (25, 116),
N2S2 diamidedithiols (112-115, 117), N2S2 monoamide-
monoaminedithiols (77), N2S2 diaminedithiols (114-123),
PnAO (propyleneamine oxime) (16), tetraamines (17),
BATOs (84, 85), and HYNIC (4-6, 8-11, 24, 27). How-
ever, there are very few comparative data on these
chelators obtained under similar controlled conditions.
Recently, we studied the relative labeling efficiency of
several potentially tetradentate thiol-containing chelators
(Figure 2) by competing them with glucoheptonate in
[99mTc]glucoheptonate (128). We also studied the labeling
efficiency of 2-hydrazinopyridine (HYPY), which was used
as a model compound for HYNIC.
There are several factors that influence the labeling

efficiency of a chelator. These include the identity of
donor atoms, the chelator concentration, the presence of
protecting groups, and reaction conditions such as tem-
perature, time, and pH. If the chelator concentration is
fixed, the conditions used for the 99mTc labeling are
largely dependent upon the nature of donor atoms. For
example, high pH and heating at 100 °C for 30 min are
required for the successful 99mTc labeling of N3S tria-
midethiol (H4L1) and N2S2 diamidedithiol (H4L2), while
the N2S2 monoamidemonoaminedithiol (H3L3) can be well
labeled under milder conditions. For the N2S2 di-
aminedithiol (H3L4), the ligand exchange can be com-
pleted within 60 min at room temperature. It is obvious
that substitution of an amine-N for an amide-N enhances
the rate of 99mTc labeling.
Unlike tetradentate thiol-containing chelators (H4L1-

H3L4), which replace the glucoheptonate in [99mTc]glu-
coheptonate, HYPY reacts with the [TcdO]3+ core and
bonds to the Tc as a mono- or bidentate ligand. The
radiolabeling efficiency of HYPY using glucoheptonate
as coligand is better than that of H4L1 or H4L2, slightly
better than that of H3L3, and comparable to that of H3-
L4. Therefore, HYNIC and N2S2 diaminedithiols are
better candidates as BFCAs in labeling small peptides
with very high potency.

Chart 3. Indirect Labeling Approach

Figure 2. Unprotected thiol-containing chelators and 2-hy-
drazinopyridine.
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It should be noted that the 99mTc-labeling efficiency of
a BFCA is also affected by the presence of protecting
groups on the donor atom(s) and the identity of the
exchange ligand (coligand for HYNIC). For example, it
has been reported that tricine as a coligand gives much
better radiolabeling efficiency and higher specific activity
for the 99mTc-labeled HYNIC-IgG than glucoheptonate
(94-96). The use of protecting group(s) for thiol-contain-
ing chelators (129, 130) usually slows down the rate of
radiolabeling. The use of the appropriate combination
of BFCA and exchange ligand (or coligand) is needed for
the successful 99mTc labeling of biologically active small
peptides.
99mTc-LABELED PEPTIDES AS
PHARMACEUTICALS

Thrombus Imaging. Venous and arterial thrombus
formations are common and potentially life-threatening
events. It has been estimated that in United States
approximately 5 million patients experience one or more
episodes of deep vein thrombosis (DVT) per year and that
over 500 000 cases of pulmonary embolism occur, result-
ing in 100 000 deaths (131). It also has been estimated
that >70% of pulmonary emboli arise from DVT in the
lower extremities (132). However, existing diagnostic
modalities are inadequate to diagnose and determine the
morphology of the evolving thrombus (133-137). Thus,
the development of agents that will not only detect the
location but, in addition, determine the age of the thrombi
is a critical unmet need in diagnostic nuclear medicine.
A venous thrombus is an intravascular deposit pre-

dominantly comprising fibrin, and aggregates of platelets
and red blood cells. Platelet aggregation is mediated by
fibrinogen, which binds via the Arg-Gly-Asp (RGD)
tripeptide sequence to the GPIIb/IIIa receptor expressed
on activated platelets. Much of the early work in
thrombus imaging was focused on the radiolabeling of
fibrinogen (138, 139). In 1976, it was reported that
platelets can be labeled very efficiently with [111In]oxine
(140). Since then, 111In-labeled platelets have been used
to detect left ventricular thrombi (141, 142), pulmonary
emboli (143), and DVT (144, 145). However, imaging
using 111In-labeled platelets suffers from several limita-
tions. The technique is too complex and time-consuming
for routine clinical use (146). It usually takes 24-72 h
to get useful images. The 111In-labeled platelets cannot
detect small thrombi such as coronary artery thrombi due
to the relatively high background (blood pool) activity
(147). The slow blood clearance and poor T/B severely
limit the use of 111In-labeled platelets.
Platelet activation and deposition are the initial events

in acute thrombus formation and may continue for a
variable period as thrombus organization proceeds (31).
Activated platelets express the GPIIb/IIIa receptor, which
recognizes proteins and peptides bearing the RGD tri-
peptide sequence, while nonactivated platelets express
virtually none of the receptor in its active conformation.
A number of RGD-containing small peptides (33, 148-
151), which are antagonists of the platelet GPIIb/IIIa
receptor, have been synthesized and studied for their
antithrombotic activities. These small peptides represent
a rapidly growing class of antithrombotics.
Recently, DeGrado and co-workers (152-155) reported

a series of very potent cyclic GPIIb/IIIa receptor antago-
nists, two (I and II) of which are shown in Figure 3.
Peptides I and II have very high selectivity and binding
affinity for the GPIIb/IIIa receptor, with IC50 values in
the nanomolar range for inhibition of both platelet
aggregation and fibrinogen binding (153). This makes
them candidates of choice as targeting molecules to carry

the radionuclide (99mTc) to thrombi. Since the RGD
tripeptide sequence is vital for maintaining biological
activity, the functionalized cyclic peptides III-V were
prepared by incorporation of a lysine residue between the
arginine residue and the Mamb [mamb ) m-(amino-
methyl)benzoic acid] or by attachment of a 6-aminocap-
roic acid linker on the benzene ring of the Mamb moiety
(156, 157). The use of the 6-aminocaproic acid linker
keeps the Tc center far from the RGD sequence to
minimize the effect of 99mTc labeling on the receptor
binding affinity. Since the GPIIb/IIIa receptor is ex-
pressed only on activated platelets, the 99mTc-labeled
cyclic GPIIb/IIIa receptor antagonists should only be
bound to platelets intimately involved in the thrombolic
event. The rapid blood clearance of small peptides allows
the use of 99mTc and permits earlier imaging of rapidly
growing thrombi.
The preformed chelate approach has been used to label

several cyclic GPIIb/IIIa receptor antagonists with 99mTc
(25). It was found that both the cyclic peptide and the
BFCA contribute to the differences in physical and
biological properties of the [99mTc]BFCA-peptide complex
(25, 26). In a canine arteriovenous shunt (AV shunt)
model four complexes, [99mTcO(L1-III)]-, [99mTcO(L2-
III)]-, [99mTcO(L1-V)]-, [99mTcO(L2-V)]-, were found to
be incorporated into the growing thrombus under both
arterial and venous conditions. The differences in the
uptake of these complexes under both arterial and venous
conditions are related to the receptor binding affinity of
the peptide and the rate of clearance of technetium
complexes from the blood circulation. In a canine DVT
model, the complex [99mTcO(L1-V)]- was incorporated in
the growing thrombus with images clearly detectable
within 15 min postinjection. At 2 h postinjection, throm-
bus-to-blood and thrombus-to-muscle ratios were ap-
proximately 7:1 and 10:1, respectively. This clearly
demonstrated that the complex [99mTcO(L1-V)]- has the
potential for rapid diagnosis of thromboembolic events
occurring under both arterial and venous conditions.
The indirect labeling approach (Chart 3) has been used

to synthesize the complex [99mTcO(L1-V)]- (117). The
synthesis of the complex [99mTcO(L1-V)]- was carried out
using the ligand exchange method, in which the
(EOE)2H2L1-V conjugate was allowed to react with
[99mTc]glucoheptonate. It usually requires at least 200
µg of (EOE)2H2L1-V conjugate in each reaction vial to
achieve a successful 99mTc labeling. This is consistent
with the low labeling efficiency of N2S2 diamidedithiols.

Figure 3. Cyclic GPIIb/IIIa receptor antagonists.
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HYNIC was also used to label the peptide V with 99mTc
(24) (Chart 4). The advantage of using HYNIC as the
BFCA is its high labeling efficiency and the choice of
various coligands, which allows control of the hydrophi-
licity and pharmacokinetics of the 99mTc-labeled small
peptides. Among various coligands, tricine gives the best
radiolabeling efficiency. For example, very high specific
activity (e20 000 mCi/µmol) can be achieved for the
complex [99mTc(HYNIC-V)(tricine)2]. However, it was
found that the complex [99mTc(HYNIC-V)(tricine)2] is not
stable, particularly in dilute solutions, and exists as
multiple species, which we have attributed to different
bonding modalities of the hydrazine moiety of the
HYNIC-V and the tricine coligands. Although the animal
studies in a canine arteriovenous (AV) shunt and a DVT
model show that [99mTc(HYNIC-V)(tricine)2] is able to
image both arterial and venous thrombi (23, 29), it would
still be difficult to develop for clinical use because of the
solution instability and the presence of the many isomeric
forms.
To prepare [99mTc]HYNIC-V complexes with higher

solution stability and less isomerism, EDDA (ethylene-
diamine-N,N′-diacetic acid), which is more symmetrical
and potentially tetradentate, was used as the coligand
for the radiolabeling (Chart 4). It was found that EDDA
forms a complex, [99mTc(HYNIC-V)(EDDA)], with much
higher solution stability and less isomerism (24). How-
ever, the HPLC data showed that the complex [99mTc-
(HYNIC-V)(EDDA)] exists in at least three isomeric
forms.
In an alternative approach (Figure 4), a water soluble

phosphine (TPPTS, TPPDS, and TPPMS) is used as an
additional coligand to form a ternary ligand system (27).
These monodentate phosphines react readily with [99mTc-
(HYNIC-V)(tricine)2], replace one of its two tricine coli-
gands, and form complexes, [99mTc(HYNIC-V)(tricine)(L)]
(RP444, L ) TPPTS; RP445, L ) TPPDS; RP446, L )

TPPMS) in high yield and high specific activity (g20 000
Ci/mmol). RP444, RP445, and RP446 are formed as
equal mixtures of two isomeric forms, which is due to
the resolution of diastereomers resulting from the chiral
centers on the peptide backbone and the chirality of the
technetium chelate (158). The composition of these
complexes was determined to be 1:1:1:1 for Tc:HYNIC-
V:L:tricine through a series of mixed ligand experiments
on the tracer (99mTc) level. This composition is main-
tained over a wide range of relative ligand ratios.
In the canine AV shunt model (28), RP444, RP445, and

RP446 were adequately incorporated into the arterial and
venous portions of the growing thrombus (7.8-9.9 and
0.2-3.7% ID/g, respectively). Figure 5 shows representa-
tive unfiltered images of RP444, RP445, and RP446 in
the DVT imaging model at 15, 60, and 120 min postin-
fusion. All three complexes had thrombus uptake (%ID/g
) 2.86 ( 0.4, 3.4 ( 0.9, 3.38 ( 1.1 for RP444, RP445,
and RP446, respectively) that far exceeded that of the
negative control, [99mTc]albumin. They also show similar
blood clearance with a t1/2 values of approximately 90
min. Visualization of DVT can be as early as 15 min
postinjection and improves over time with the thrombus/
muscle ratios of 9.7 ( 1.9, 13.8 ( 3.6, and 9.4 ( 2 for
RP444, RP445, and RP446, respectively, at 120 min
postinjection. The administration of RP444, RP445, and
RP446 did not alter platelet function, hemodynamics, or
the coagulation cascade. Therefore, all three complexes
have the capability to detect rapidly growing venous and
arterial thrombi. RP444 was selected for clinical studies

Chart 4. 99mTc Labeling of HYNIC-V

Figure 4. Proposed structures for ternary ligand technetium
complexes.

Figure 5. Representative DVT images of complexes RP444,
RP445, and RP446 at 15, 60, and 120 min postinfusion. The
bar to the right of the images indicates the scale from 0 (white)
to 506 (greatest/black). The images have not been filtered.
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as a new thrombus imaging agent for both arterial
thrombi and DVT.
Obviously, the use of this new ternary ligand system

offers several major advantages. First, bonding of the
phosphine coligand to the Tc dramatically reduces the
number of isomeric forms of the [99mTc]HYNIC-V com-
plexes. Second, the solution stability of [99mTc]HYNIC-
V complexes is dramatically improved. RP444 was found
to be stable for at least 6 h under dilute conditions, while
the HPLC-purified corresponding 99Tc analog, [99Tc-
(HYNIC-V)(tricine)(TPPTS)], remains stable in aqueous
solution for more than 6 months without any decomposi-
tion (158). It is amazing that three different ligands
(HYNIC-V, tricine, and phosphine) combine with Tc and
form technetium complexes with only two detectable
isomers and with extremely high solution stability.
Finally, the hydrophilicity of [99mTc]HYNIC-V complexes
with this ternary ligand system can be tuned either by
altering the number of sulfonato groups or by using water
soluble phosphines with other polar functionality. The
tricine coligand can also be substituted by other poten-
tially tetradentate aminocarboxylates such as dicine
[N-bis(hydroxymethyl)methylglycine] and bicine [N,N-
bis(hydroxyethyl)glycine]. However, the specific activity
of [99mTc]HYNIC-V complexes using dicine and bicine as
coligands is not as high as that of the corresponding
tricine complexes. This is consistent with the literature
results reported by Abrams and co-workers (93-96), who
found that the [99mTc]tricine precursor complex has the
highest reactivity with hydrazines. Using the combina-
tion of a polydentate aminocarboxylate and a phosphine
ligand, HYNIC-conjugated peptides and other HYNIC-
derivatized small molecules can be readily labeled with
99mTc in high specific activity and high stability for
potential use as radiopharmaceuticals.
The technetium oxidation state and the exact nature

of bonding between these three ligands (HYNIC, tricine,
and phosphine) and the Tc are not yet clear. It has been
proposed that the technetium oxidation state in the
[99mTc]tricine complex is 5+ (92, 93). However, the
oxidation state might change when the HYNIC group and
phosphine coligand are bonded to the Tc center. Fur-
thermore, the technetium oxidation state largely depends
on how the HYNIC group binds to the Tc and how one
counts the charge on the HYNIC ligand.
Complexes containing Tc-hydrazido and Tc-diazenido

bonds have been previously reported and characterized
by X-ray crystallography (159-165). Recently, Davison
and co-workers (166, 167) reported a series of technetium-
(III) and rhenium(III) complexes of 2-hydrazinopyridine.
It was found that unlike phenylhydrazine, 2-hydrazi-
nopyridine has several bonding modalities: neutral bi-
dentate pyridyldiazene (166, 167), neutral monodentate
pyridiniumdiazenido (166), and anionic monodentate
pyridyldiazenido (167). Various Tc/Re complexes can be
prepared depending upon the starting material and
reaction conditons. For example, the reaction of NH4-
[TcO4] with 2-hydrazinopyridine dihydrochloride gives
[TcCl3(HNdNC5H4N)(NdNC5H4NH)]. The reaction of
[ReCl3(HNdNC5H4N)(NdNC5H4NH)] with triphenylphos-
phine (PPh3) in the presence of a base such as diisopro-
pylethylamine produces the complex [ReCl2(PPh3)-
(NdNC5H4N)(NdNC5H4NH)], in which the NdNC5H4N
moiety was found to be an anionic monodentate pyridyl-
diazenido (166). We also found that NH4[TcO4] or
[n-Bu4N][TcOCl4] reacts with HYPY‚2HCl in the presence
of excess PPh3 to give the complex [Tc(NdNC5H4N)(PPh3)2-
Cl2]. The NMR data suggest that the NdNC5H4Nmoiety
is likely bidentate pyridyldiazenido (158).
When the HYNIC binds to the Tc, it likely forms either

a terminal Tc-diazenido or Tc-hydrazido bond. If one
assumes that the coordination geometry around the Tc
in the ternary ligand complexes is distorted octahedral,
the tricine coligand is expected to be tetradentate with
the carboxylate O, amine N, and hydroxy O occupying
equatorial positions and one of the two remaining hy-
droxy O’s occupying the apical site of the Tc (Figure 4).
Efforts are continuing to better understand the coordina-
tion chemistry of this unique, versatile, and complex
ternary ligand system.
Lister-James and co-workers (31-34) also used 99mTc-

labeled IIb/IIIa receptor antagonists for the development
of new thrombus imaging agents. P280 is a small
oligopeptide made of two identical, linked, cyclic 13 amino
acid monomers. Each monomer contains a (S-aminopro-
pylcysteine)-Gly-Asp tripeptide sequence, which is mi-
metic of the RGD sequence found in molecules such as
fibrinogen and fibronectin. P280 has high affinity for the
GPIIb/IIIa receptor with an IC50 of 87 nM for inhibition
of human platelet aggregation (31). Each monomer
contains a Cys(Acm)-Gly-Cys(Acm) tripeptide sequence,
which forms an N2S2 diamidedithiol bonding unit for 99m-
Tc labeling. Because of the low labeling efficiency of N2S2
diamidedithiols and the presence of protecting group on
the two thiol groups, the 99mTc labeling of P280 requires
the use of a large amount of peptide (g250 µg) and
heating at 100 °C for 15 min when prepared by ligand
exchange with [99mTc]glucoheptonate. The specific activ-
ity for the [99mTc]P280 complex is low (60 mCi/µmol)
compared to that of RP444 (g20 000 mCi/µmol). [99mTc]-
P280 was reported to give excellent images of DVT in a
canine DVT model. However, the thrombus uptake at 4
h postinjection is only 0.0059 ( 0.0025 %ID/g (31), which
is much lower than that of RP444 (2.8 ( 0.4 %ID/g) (28).
The low thrombus uptake is most likely related to the
lower binding affinity of P280 (IC50 ) 87 nM) for the
GPIIb/IIIa receptor and faster blood clearance 99mTc-
P280 (t1/2R ) 1.6 min and t1/2â )20 min) as compared to
the binding affinity of peptide V (IC50 ) 6 nM) and the
blood clearance of RP444 (t1/2 ) 90 min).
P748 is another platelet GPIIb/IIIa receptor antagonist

under investigation for imaging pulmonary embolism (33,
44). P748 has a higher receptor binding affinity (IC50 )
28 nM against aggregation of human platelets) than P280
(IC50 ) 87 nM), and [99mTc]P748 has slower blood clear-
ance with t1/2R ) 9.6 min and t1/2â ) 145 min. It is not
surprising that [99mTc]P748 shows a higher uptake
(%ID/g ) 0.018 ( 0.0068 at 4 h postinjection) and a
higher T/B than [99mTc]P280. Unlike P280, P748 uses
an N3S aminediamidethiol chelating unit. Because of the
asymmetric character of the chelator, two epimers are
seen, one of which is predominant. It was reported that
P748 can be easily labeled by ligand exchange with
[99mTc]glucoheptonate at room temperature. The re-
ported highest specific activity for [99mTc]P748 is about
2000 mCi/µmol. Apparently, the presence of the amine
N donor and a unprotected thiol in the chelator dramati-
cally improves the radiolabeling efficiency.
Infection/Inflammation Imaging. Imaging focal

sites of infection or inflammation using radiolabeled
peptides is another important area in diagnostic nuclear
medicine. Accurate and rapid localization of infectious
and inflammatory foci facilitate elucidation of the cause
of disease and the implementation of a tailored thera-
peutic regimen (169). Current imaging procedures such
as X-ray computed tomography (CT), ultrasound (US),
conventional radiography, and magnetic resonance imag-
ing (MRI) rely primarily on focal changes in tissue
density to define lesions. In the early stage of an
inflammatory lesion, lesion localization using these pro-
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cedures may be difficult because the tissue changes
associated with necrosis have not occurred (6).
For a number of years, imaging of inflammation and

infection has been performed using either [67Ga]citrate
or 111In-labeled white blood cells (WBCs) (170, 171).
99mTc-labeled nonspecific polyclonal IgG’s were also used
for detection of infection foci (92, 94, 172-177). Although
these agents are well-accepted and efficacious, it usually
takes 24 h to obtain diagnostically useful images. Re-
cently, two new radiopharmaceuticals were introduced
for imaging sites of infection: [99mTc]hexamethylpro-
pylene amine oxime (HMPAO)-WBCs (178-180) and
[99mTc]albumin colloid-WBCs (181). Imaging using both
agents can be completed on the same day, but these
procedures may impose significant risks to laboratory
personnel and patients, particularly with the increasing
prevalence of human immunodeficiency virus in the
population (6, 182, 183).
WBCs, particularly polymorphonuclear leukocytes

(PMNLs) and monocytes, accumulate in high concentra-
tions at sites of infection. Therefore, most attention has
been directed toward radiolabeling small molecules that
bind to both circulating granulocytes and leukocytes.
These include chemotactic peptides, analogs of N-formyl-
methionylleucylphenylalanine (fMLF) (3-11), small pep-
tides based on platelet factor 4 (12), and tuftsin receptor
antagonists (13-15).
The chemotactic peptide fMLF is a bacterial product

that initiates leukocyte chemotaxis by binding to high-
affinity receptors on inflammatory cells. Fischman and
co-workers (4-11) have investigated a series of radiola-
beled chemotactic peptides as infection/inflammation
imaging agents. These peptides were modified with
HYNIC (for 99mTc labeling) or DTPA (for 111In labeling)
at the C terminus. The 99mTc labeling of HYNIC-modified
chemotactic peptides can be achieved using various
coligands such as glucoheptonate, mannitol, and glucam-
ine (5). It was reported that very high specific activity
(g20 000 mCi/µmol) could be achieved using glucohep-
tonate as the coligand. Different biodistributions were
observed for various coligands (5). Animal studies have
shown evidence of binding to leukocytes in vivo and
localization at sites of infection (6-11). In a rabbit
infection model, a 99mTc-labeled fMLF analog gave a
target to background ratio greater than or equal to that
achieved with [111In]WBCs (11).
We also labeled a chemotactic peptide-HYNIC conju-

gate (fMLFK-HYNIC) using tricine or glucoheptonate
as coligand (183). It was found that tricine and gluco-
heptonate form technetium complexes, [99mTc(fMLFK-
HYNIC)(L)2] (L ) tricine and glucoheptonate), with many
isomeric forms. These technetium complexes are not
stable in the absence of excess coligand. The combination
of tricine and TPPTS forms a stable ternary ligand
complex [99mTc(fMLFK-HYNIC)(tricine)(TPPTS)], which
was evaluated in two animal (guinea pig and rabbit)
models of focal infection. It was found that the ternary
ligand complex was superior with a T/B of 5-7:1 at 4 h
postinjection, reflecting an increased clearance from the
normal muscle. In the rabbit infection model a transient
decrease in WBC count of 35% was observed in all three
groups during the first 30 min postinjection (183). A
similar neutropenic response was also reported for the
99mTc-labeled chemotactic peptides, [99mTc]RP050 and
[99mTc]RP056 (184).
Apparently, the 99mTc labeling of these highly potent

agonists suffers a drawback, severe reduction of periph-
eral leukocyte count because of the unlabeled peptide
even at very low doses. There are two approaches to
avoid this problem. The first approach is to separate the

radiolabeled peptide from the excess unlabeled peptide
using HPLC. This results in a product almost at its
theoretical specific activity but is inconvenient for routine
clinical use. The alternative approach is to use antago-
nist peptides, which bind to the receptor but do not
trigger the neutropenic effect, as targeting molecules.
However, the receptor binding affinities of the antago-
nists tested to date appear to be much lower than that
of the agonists (185).
Platelet factor 4 (PF-4) is a 29 kDa homotetrameric

protein for which receptors have been identified on
PMNLs, monocytes, endothelium, fibroblasts, and hepa-
tocytes. Peptide P483 (acetyl-Lys-Lys-Lys-Lys-Lys-Cys-
Gly-Cys-Gly-Gly-Pro-Leu-Tyr-Lys-Lys-Ile-Ile-Lys-Lys-
Leu-Leu-Glu-Ser) is an analog of the C-terminal
tridecapeptide of human PF-4. It contains a Cys-Gly-
Cys tripeptide chelating unit for 99mTc labeling and a
pentalysine sequence on the N terminus to promote renal
clearance (12). It was reported that complexation of
[99mTc]P483 with heparin substantially enhanced the
binding to WBCs and resulted in improved uptake in
sites of infection in a rabbit infection model (12). The in
vitro distribution in human blood suggests that [99mTc]-
P483H associates with specific WBCs, particularly mono-
cytes. In the rabbit infection model, [99mTc]P483H showed
slightly higher infection uptake (0.062 ( 0.022 %ID/g)
than [111In]oxine-WBCs (0.051 ( 0.008 %ID/g), and a
6-fold higher T/B, probably due to the rapid blood
clearance (12).
Tuftsin is a tetrapeptide (TKPR) derived from the Fc

portion of IgG. It promotes phagocytosis and chemotaxis
of neutrophils and monocyte/macophages. Recently, a
99mTc-labeled tuftsin receptor antagonist [Pic-SC(Acm)G-
TKPPR; Pic ) picolinic acid] was used for imaging
inflammation (13). The Pic-SC(Acm)G sequence forms
an N3S chelating unit for 99mTc bonding. Radiolabeling
was achieved by ligand exchange with [99mTc]glucohep-
tonate. In rats with infectious (Escherichia coli) inflam-
mation (13), the 99mTc-labeled tuftsin antagonist was able
to give excellent images with the T/B of 3.6, 5.0, and 16.2
at 0.5, 3, and 17 h postinjection, respectively. Another
99mTc-labeled tuftsin receptor antagonist is [99mTc]RP128
[RP128 ) dimethylGSC(Acm)G-TKPPR]. In an inflam-
matory bowel disease (IBD) model, [99mTc]RP128 showed
much better imaging quality than [111In]oxine-WBCs (14).
The target (inflamed terminal colon) to background
(proximal noninflamed colon) ratios of 2.14, 2.51, 2.90,
and 1.90 were obtained at 0.5, 1, 3, and 18 h postinjection,
respectively. Both agents were rapidly excreted via the
renal system.
Tumor Imaging. There is an unmet need for the

development of new target-specific tumor-imaging agents.
Radiolabeled receptor-based biomolecules such as small
peptides are of particular interest because they have the
potential to detect primary sites, identify occult meta-
static lesions, guide surgical intervention, stage tumors,
and predict efficacy of therapeutic agents. When labeled
with a suitable radionuclide, they can also be used as
radiotherapeutic agents.
The peptide that has attracted greatest interest is

somatostatin, a tetradecapeptide which exhibits an in-
hibitory effect on the secretion of numerous hormones,
including growth hormone, thyrotrophin, insulin, glucogon,
vasoactive intestinal peptide (VIP), and secretin. Soma-
tostatin receptors are overexpressed on a number of
human tumors and their metastases (186-189), thereby
serving well as the target for tumor imaging. Although
the first report of in vivo imaging with a somatostatin
analog appeared in 1976 (190), further development was
hampered due to rapid degradation of the native peptide
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by plasma and tissue proteases (191). For this reason,
analogs of somatostatin have been synthesized using
D-amino acids to prolong the in vivo half-life by inhibiting
the action of amino and carboxypeptidases. Octreotide
(Sandostatin, SMS 201-995) is a metabolically stable
analog of somatostatin and has been successfully used
for the treatment of acromegaly and GEP tumors (192-
194).
Derivatives of octreotide have been radiolabeled with

γ-emitting radionuclides such as 123I (195, 196) and 111In
(197-204), and these radiotracers have been successfully
used to detect somatostatin receptor-positive tumors by
γ-scintigraphy. [111In]DTPA-octreotide (OctreoScan) has
been approved in many countries in Europe and North
America and has become one of the most commonly used
radiopharmaceuticals in clinical tumor imaging. How-
ever, this agent suffers several drawbacks such as the
long half-life (t1/2 ) 67 h, γ ) 173 keV, 89%, and 247 keV,
94%) and the high cost of 111In. For diagnostic purposes,
99mTc is more desirable because of its low cost, easy
availability, and ideal nuclear characteristics, which
better match the rapid blood clerance and fast tumor
accumulation of octreotide.
In the past several years, various somatostatin analogs

have been labeled with 99mTc using different BFCAs,
including N2S2 diamidedithiols (19, 20), N3S triamide-
thiols (19, 20), N3S aminediamidethiols (19, 20), PnAO
(propyleneamine oxime) (16), and tetraamines (17). Of
particular interest are 99mTc-labeled peptides P587 and
P829. Both peptides contain the Tyr-(D-Trp)-Lys-Val
sequence, which is responsible for somatostatin receptor
binding. The cyclic peptide backbone does not contain
the S-S disulfide linkage and is not susceptible to
reductive cleavage. In P587, the Gly-Gly-Cys tripeptide
constitutes an N3S triamidethiol chelator for 99mTc bond-
ing, while P829 uses the (â-Dap)-Lys-Cys tripeptide
sequence to form an N3S aminediamidethiol chelating
unit. Studies in CA20948 tumor-bearing rats showed
that the tumor uptake of [99mTc]P587 and [99mTc]P829 is
comparable to or better than that of [111In]DTPA-oct-
reotide (19). [99mTc]P829 is excreted predominantly
through the renal system and has been selected for
clinical trials.
HYNIC was also used to label somatostatin analogs

with 99mTc (205, 206). It was conjugated to the N
terminus of octreotide either directly or via a â-alanine
or diaminobutanesuccinyl linker. The use of tricine as
coligand produced a very high specific activity (∼6000
mCi/µmol). In a tumor bearing mouse model (AR4-2J),
all three 99mTc-labeled HYNIC-octreotide conjugates
showed comparable tumor uptake to [111In]DTPA-oct-
reotide (205, 206). The observed high blood activity is
probably related to the instability of [99mTc]HYNIC-
octreotide-tricine complexes and plasma protein binding.
Somatostatin analogs (e.g. BIM-23014, RC-160, and

Sandostatin), which contain a S-S disulfide bond in the
cyclic peptide backbone, have also been radiolabeled by
the direct labeling approach (1, 18, 207, 208). It is
believed that when the S-S bond is reduced, the thiolate
S atoms bond to the Tc center and form stable 99mTc
complexes (18). It was also reported that these 99mTc-
labeled somatostatin analogs have not shown any ap-
parent loss of biological activity, nor have they shown
any abnormal blood clearance in experimental animals
compared to that with [111In]DTPA-octreotide (1, 207,
208). However, several critical questions remain to be
answered for this approach. First, how many peptides
are bonded to the Tc center? If only one peptide binds
to the Tc, which tripeptide sequence (Cys-AA-AA or AA-
AA-Cys) is involved in Tc bonding? How many 99mTc

species are in the radiolabeled kit? What is the impact
of 99mTc labeling on the receptor binding affinity of the
cyclic peptide?

CONCLUSIONS

From the discussion above, it is apparent that signifi-
cant progress has been made in the development of
peptide-based target specific radiopharmaceuticals. 99mTc
labeling of biologically active peptides stemmed from the
studies of 99mTc-labeled antibodies for diagnosis or therapy
of various tumors. In a very short period of time, 99mTc-
labeled peptides have become an important class of
imaging agents for the detection of not only tumors but
also thrombosis and infection/inflammation. 99mTc-
labeled peptides such as RP444, [99mTc]P280, [99mTc]-
P483H, [99mTc]P748, [99mTc]P829, and [99mTc]RP128 are
now being evaluated in clinical trials. Results from
preeclinical studies have lived up to their expectations:
high specificity, high uptake in the target organ, and high
T/B due to rapid blood clearance of the 99mTc-labeled
small peptides. Hopefully, some of these 99mTc-labeled
small peptides will soon become commercial products and
serve the nuclear medicine community for decades.
Radiolabeled small peptides continue to attract interest

because of their favorable physical and chemical char-
acteristics compared to antibodies and their fragments.
Small peptides, once the receptor binding sequence is
identified, can be easily synthesized and modified ac-
cording to their pharmacokinetic requirements. Ideally,
a peptide-based radiopharmaceutical should have the
following characteristics: rapid uptake by target tissues,
metabolic stability, and fast renal clearance. This is
particularly important for infection and tumor imaging
because rapid renal clearance minimizes the accumula-
tion of radioactivity in the abdominal area and results
in improved T/B. The isotope of choice for radiolabeling
will continue to be 99mTc rather than 111In for diagnostic
radiopharmaceuticals because of cost and convenience.
The experience learned from 99mTc labeling of small
peptides can be applied to other highly potent receptor
binding small molecules. In addition, these biologically
active small peptides can also be used for the develop-
ment of therapeutic radiopharmaceuticals when labeled
with appropriate radionuclides such as 186Re.
In the area of tumor imaging, 99mTc-labeled substance

P (SP) and vasoactive intestinal peptide (VIP) as well as
their analogs may become new classes of tumor-imaging
agents. [111In-DTPA-Arg1]SP has been successfully used
to visualize SP-positive processes such as adjuvant
arthritis and atransplantable pancreatic tumor (209).
Studies using [123I]VIP have clearly demonstrated its
ultility in localizing intestinal adenocarcinoma and en-
docrine tumors as well as metastatic tumor sites in
humans (210). Of course, the next logical step is 99mTc
labeling of substance P (SP) and vasoactive intestinal
peptide (VIP) analogs with favorable pharmacokinetics.

99mTc labeling of highly potent small peptides is dif-
ferent from that of simple organic chelators. Because of
the possible side-effects, the BFCA-peptide conjugate
has to be labeled at very low concentrations (usually
5-20 µg/mL, corresponding to 5 × 10-6 to 2 × 10-5 M for
a BFCA-peptide conjugate with molecular mass of 1000
Da and IC50 values in the nanomolar range) to achieve
high specific activity. One of the challenges for inorganic
chemists is to design new ligand systems that have very
high labeling efficiency and form technetium complexes
with minimal isomerism.
It should be noted that the development of new 99mTc-

labeling technologies and synthesis of new biologically
active peptides with high receptor binding affinities are
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equally important. Improvement of the pharmacokinet-
ics of 99mTc-labeled peptides can be achieved by modifica-
tion of both the peptide and the Tc chelate. The devel-
opment of 99mTc-labeled peptide radiopharmaceuticals is
a multidisciplinary effort and requires the collaboration
from scientists in several areas, including organic chem-
istry, inorganic chemistry, biochemistry, biology, formu-
lation chemistry, and nuclear medicine. As Jurrisson
(211) stated: “Without their joint efforts nuclear medicine
would not be where it is today, nor will it progress”.
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(78) Meegalla, S., Plössl, K., Kung, M-P., Stevenson, D. A.,
Liable-Sand, L. M., Rheingold, A. L., and Kung, H. F. (1995)

First example of a 99mTc complex as a dopamine transporter
imaging agent. J. Am. Chem. Soc. 117, 11037-11038.
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Protein Conjugates with Water-Soluble Poly(alkylene oxide)s
Entrapped in Hydrated Reversed Micelles
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Conjugates of R-chymotrypsin (ChT) with poly(ethylene glycol) (PEG) and block copolymers of ethylene
and propylene oxides (proxanols) have been synthesized. The molecular mass of the polymers used
was 2 kDa. The conjugates contained five to seven polymer chains per enzyme molecule. Hydrolysis
of N-trans-cinnamoylimidazole catalyzed by the conjugates of ChT with poly(alkylene oxide)s was
studied in 0.05 M Tris-HCl buffer at pH 8.0 and in the system of the hydrated reversed micelles of
aerosol OT (AOT) in octane at 25 °C. The deacylation rate constant k3 for the conjugates in buffer
solution was 1.5-1.8-fold higher than that for native ChT. The value of the [H2O]:[AOT] ratio
corresponding to the maximum on k3 versus [H2O]:[AOT] curves for the conjugates (ca. 16) allows the
dimensions of their molecules to be evaluated. The radius of the conjugate molecules was found to be
about 2.8 nm. The value of k3 for the conjugate of ChT with PEG, as in the case of native ChT,
remains constant when the concentration of AOT is varied. However, the deacylation rate constant
for the conjugates of ChT with proxanols decreases with the increase in AOT concentration, which
indicates that these conjugates are able to interact with the micellar matrix and therefore may be
considered membranotropic compounds.

INTRODUCTION

Modification of proteins with hydrophilic polymers, e.g.
poly(ethylene glycol), is widely used to impart new useful
properties to proteins: solubility in organic solvents,
protracted retention in blood circulation, reduced immu-
nogenicity and antigenicity, etc. (1-5). We were pioneers
in applying block copolymers of ethylene and propylene
oxides (proxanols) to modification of proteins; conjugates
of proxanols with R-chymotrypsin, BSA, cytochrome c,
and superoxide dismutase were synthesized (6-10). The
modification of proteins with proxanols allows products
with new properties stemming from the amphiphilic
nature of polymer-modifier to be obtained. In particular,
conjugates with membranotropic properties were pre-
pared (6, 7).
The structures of protein conjugates with poly(alkylene

oxide)s are presented in Figure 1. Poly(alkylene oxide)s
with a molecular mass of 2 kDa were used for protein
modification. The relative dimensions of the protein
molecule in the scheme correspond to those of the ChT1

molecule. Conjugate I is a product of modification of a
protein by PEG. Proxanols of types RPE and REP (R is

a starting radical, P is propylene oxide, and E is ethylene
oxide) used for the modification had identical composi-
tions but differed in the position of blocks toward the end
functional group:

Conjugates IIa and IIb differ in the type of polymer chain
distribution on the surface of the protein globule. Con-
jugates IIa are characterized by a clustered distribution
of polymer chains, whereas a statistical distribution of
polymer chains is characteristic of conjugates IIb. In
conjugate III, the hydrophobic poly(propylene oxide)
block is directly attached to protein, whereas the hydro-
philic poly(ethylene oxide) block is located at the periph-
ery of the conjugate molecule.
In previous papers (6, 7), the membranotropic proper-

ties of protein conjugates with proxanols were studied
by their effect on the rate of oxygen consumption by
thymus lymphocytes. On the basis of the results ob-
tained, we proposed that conjugates of type IIa are
capable of translocation across the membrane of T-
lymphocytes. Conjugates of the other types do not exhibit
such properties.
In order to obtain additional information about the

physicochemical properties of protein conjugates with
poly(alkylene oxide)s, in the present work, we used the
micellar systems containing hydrated reversed micelles
of aerosol OT (AOT) in octane. Previously, Levashov and
co-workers (11-14) substantiated the possibility of ap-
plication of hydrated reversed micelles to the detection
of the ability of proteins and its derivatives to interact
with biological membranes.
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Institute of Biochemistry, Russian Academy of Sciences, Len-
insky Prospekt 33, Moscow 117071, Russia. Telephone: (007-
095) 952-30-66. Fax: (7-095) 954-27-32.
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1 Abbreviations: AOT, Aerosol OT [sodium salt of bis(2-

ethylhexyl)sulfosuccinic acid]; ChT, R-chymotrypsin; PEG, poly-
(ethylene glycol); (RPE)5-ChT(statist) and (RPE)7-ChT(clust),
conjugates of ChT with proxanols of type RPE with a statistical
or clustered distribution of polymer chains on the surface of the
protein globule, respectively.

C4H9O[CH(CH3)CH2O]14(CH2CH2O)25-H RPE

C4H9O(CH2CH2O)25[CH(CH3)CH2O]14-H REP
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In recent years, much attention has been focused on
the formation of nonlinear lipid structures in biomem-
branes, built like the reversed micelles or close to them
(hexagonal phase HII) (15-17). Such structures can
participate in many cellular processes, such as fusion of
membranes, formation of the intercellular contacts, the
transmembrane transfer of low- and high-molecular
weight substances, and regulation of the activity of
membrane-bound enzymes. Integral membrane-bound
proteins are assumed to be able to distort the bilayer
organization of biomembrane with formation of the
structures of the type of reversed micelles. For instance,
De Kruijff et al. (18) suggested that incorporation of
cytochrome c in an intramembrane reversed micelle
allows it to contact cytochrome c oxidase embedded in
the membrane. Interactions of integral membrane-bound
proteins of photosynthetic membranes mediated by the
formation of nonbilayer structures were presumed by
Murphy (19). Thus, the protein-containing hydrated
micelles may be considered models of the structural
organization of certain membrane-bound proteins, pro-
ducing local disturbances in the lipid bilayer (20-22).
Besides, the systems of hydrated reversed micelles may

be a useful source of information about the dimensions
of conjugate supramolecules in aqueous solutions and
hence the structural organization of conjugates, namely
the character of disposition of polymer chains near the
protein globule.

EXPERIMENTAL PROCEDURES

Chemicals. Crystalline R-chymotrypsin (ChT, EC
3.4.21.1) from bovine pancreas with an activity of 40-
60 IU/mg and N-trans-cinnamoylimidazole were pur-

chased from Sigma. Monomethyl ether of poly(ethylene
glycol) with a molecular mass of 1.9 kDa was purchased
from Serva. Proxanols, block copolymers of ethylene and
propylene oxides, differing in the type of arrangement
of poly(ethylene oxide) and poly(propylene oxide) blocks
(molecular mass of 2 kDa; both containing 40 wt %
propylene oxide), were purchased from the Scientific
Manufacturing Association “NIOPIK” (Russia). The
sodium salt of bis(2-ethylhexyl)sulfosuccinic acid (AOT,
Merck, Germany) was used without additional purifica-
tion. According to infrared spectroscopy data, the content
of water in the AOT preparation was 0.85 mol of H2O
per mole of AOT. This water content was taken into
account when calculating the degree of hydration of
reversed micelles of AOT in organic solvent. Hydrated
reversed micelles of AOT were obtained in n-octane
(“Reakhim”, Russia). Tris (Reanal, Hungary) was used
for preparation of buffer solutions.
Synthesis of Conjugates. The procedure proposed

in ref 9 was used for modification of ChT with monoal-
dehyde derivatives of PEG and proxanols. The content
of protein in conjugates and the amount of attached
polymer chains were measured as described in ref 9. The
content of the active sites in conjugates was calculated
from the data on the titration byN-trans-cinnamoylimid-
azole (23). The content of the active enzyme in the
preparation of ChT was 70%.
Enzymatic Assay. The enzymatic activity of ChT and

its conjugates with proxanols was measured with the
nonspecific substrate, N-trans-cinnamoylimidazole, by
the spectrophotometric method. The time course of the
change in optical absorbance at 335 nm has a two-phase
character, indicating that the acylation step proceeds
essentially faster than the deacylation step. The slope
of the steady-state part of the kinetic curve (after the
completion of the fast stage) gives the rate of deacylation
of N-trans-cinnamoyl-ChT. In the kinetic experiments,
5 µL of a 0.1 M solution of N-trans-cinnamoylimidazole
in acetonitrile and 0-160 µL of a buffer solution (0.05 M
Tris-HCl at pH 8.0) were added to 2 mL of a 0.03-0.3 M
solution of AOT in octane. After vigorous shaking, a 10-
15 µL aliquot of the enzyme solution in buffer was added,
and the mixture was shaken again. The rate of the
enzymatic reaction was measured in the system formed,
which was optically transparent. The rates of the
enzymatic hydrolysis of N-trans-cinnamoylimidazole were
corrected for nonenzymatic hydrolysis. The final con-
centrations of the enzyme and substrate in the reaction
mixture were 2.5 × 10-6 and 2.5 × 10-4 M, respectively.
Spectrophotometric measurements were performed at 25
°C in an Ultraspec spectrophotometer (LKB, Sweden)
equipped with the thermostated cell holder. When
calculating the rate of the enzymatic reaction, we take
into account the fact that the molar extinction coefficient
of N-trans-cinnamoylimidazole in the system AOT-
water-octane differs from the corresponding value in
water (9370 M-1 cm-1) and varies from 2200 M-1 cm-1

in practically dry micelles to 3600 M-1 cm-1 when [H2O]:
[AOT] ) 20 (24).
Sedimentation Analysis. Sedimentation of the re-

versed micelles containing ChT and its conjugates with
poly(alkylene oxide)s was studied using a Spinco model
E analytical ultracentrifuge (Beckman, Austria), equipped
with an absorption optical system, a monochromator, and
a photoelectric scanner. Assays were carried out at 25
°C. We used 12 mm bisection cells and an An-G-Ti rotor
in the sedimentation experiments. The rotor speed was
40 000 rpm. Scanning was performed at 300 nm (empty
micelles were not registered at this wavelength).

Figure 1. Molecular models of protein conjugates (9): (I) with
PEG, (II) with proxanols of type RPE, and (III) with proxanols
of type REP. The poly(propylene oxide) blocks of the polymer
chains are shaded.
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RESULTS AND DISCUSSION

The characteristics of the protein-polymer conjugates
synthesized are given in Table 1. As has been shown
previously (9), conjugates 3 and 4 synthesized from
proxanol RPE in media with different polarity differ in
the type of polymer chain distribution on the surface of
the protein globule. Conjugate 3 synthesized in aqueous
solution is characterized by a clustered distribution of
amphiphilic polymer chains, whereas synthesis in water-
organic medium gives conjugate 4 with a statistical
distribution of polymer chains (designations clust and
statist are used, respectively).
When studying the catalytic properties of native ChT

and its conjugates with poly(alkylene oxide)s, we found
that the rate constant for deacylation of N-trans-cin-
namoyl-ChT (k3) for all the conjugates studied is higher
than that for native enzyme (see Table 2, last column).
It should be noted that we also observed an enhancement
of the catalytic constant in comparison with that of native
ChT, when enzymatic hydrolysis of the N-benzoyl-L-
tyrosine ethyl ester catalyzed by such conjugates was
studied (9). The effect, however, was markedly less than
that in the case with N-trans-cinnamoylimidazole as a
substrate.
Figure 2 shows the results of measuring the catalytic

activity of native ChT and its conjugates with poly-
(alkylene oxide)s entrapped in hydrated reversed micelles
of AOT in octane at different values of water content in
the micellar system. The deacylation rate constant k3
for native ChT reaches a maximum when the [H2O]:
[AOT] ratio is equal to approximately 11. This finding
is in line with the data reported by other investigators
(24, 25). According to the concept developed by Levashov
and his colleagues, the position of the optimum on the
catalytic activity versus [H2O]:[AOT] curve corresponds
to the conditions under which the dimensions of the inner
cavity of the micelle coincide with those of the molecule
of solubilized protein. The molecule of ChT measures 4
× 4 × 5 nm (26) and may be approximated to a sphere
with a radius of 2.15 nm. The inner cavity of the reversed
micelle has the same radius when [H2O]:[AOT] ) 11.6
(27).
It is worth noting that at the optimum [H2O]:[AOT]

ratio the value of k3 for ChT is significantly higher (by a
factor of 1.5) than the corresponding value measured in
buffer solution. On the basis of the spin-label studies,
Levashov and co-workers (25) concluded that the increase
in the catalytic activity of ChT in micelles of the optimum

size was due to the enhancement of the rigidity of the
enzyme active site.
Previously, we studied the physicochemical properties

of protein-proxanol conjugates by the methods of sedi-
mentation analysis, differential scanning calorimetry,
and hydrophobic chromatography and concluded that the
conjugates were peculiar intramolecular micelles, in
which polymer chains “enveloped” the protein globule (9).
It is of interest that this conclusion is also valid for
protein-PEG conjugates. The proposed structure of
protein-PEG conjugates may be explained on the basis
of the concept of poly(alkylene oxide) solubility in water
(28), according to which the solubility of PEG in water
is due to its ability to fix into the crystal structure of
water. The fragments of the PEG molecule located near
the protein globule lose this ability and in consequence
become hydrophobic.
The position of the maximum on k3 versus [H2O]:[AOT]

curves for all the conjugates studied is shifted toward
higher degrees of micelle hydration ([H2O]:[AOT]opt = 16)
compared with that of native ChT. Knowing the opti-
mum value of the [H2O]:[AOT] ratio and the data on the
dimensions of the inner cavity of reversed micelles (27),
the dimensions of the conjugate molecules may be
estimated; the radius of the molecule for all the conju-
gates studied is about 2.8 nm. Thus, the thickness of
the polymer layer in the conjugates is 0.65 nm. From
the comparison of this value with the undisturbed
dimensions of isolated polymer chains, namely with the
root-mean-square end-to-end distance [3.4 nm for PEG
(29) and 3.2 nm for proxanols], it may be concluded that
the polymer chains in conjugates are highly packed and
form a dense polymer layer near the surface of the
protein globule.
The value of k3 for conjugates of ChT with proxanols

reaches the limiting value corresponding to that for buffer
solution with the increase in the [H2O]:[AOT] ratio in a
more complex manner than in the case of native ChT.

Table 1. Properties of Conjugates of ChT with
Poly(alkylene oxide)s

no. polymer
wt %
of ChT

molar ratio
of polymer
to ChT

content
of active
sites

designation
of conjugate

1 PEG 69 5:1 41 (PEG)5-ChT
2 REP 67 6:1 62 (REP)6-ChT
3 RPE 61 7:1 73 (RPE)7-ChT(clust)
4 RPE 70 5:1 62 (RPE)5-ChT(statist)

Table 2. Properties of Micellar Systems Containing ChT
and Its Conjugates with Poly(alkylene oxide)sa

ChT and its
conjugates ([H2O]

[AOT])opt k3,max × 103,
s-1

k3 × 103, s-1

(for buffer)

ChT 11 7.4 5.0
(PEG)5-ChT 16 7.3 7.8
(REP)6-ChT 16 7.6 7.7
(RPE)7-ChT(clust) 16 7.9 7.8
(RPE)5-ChT(statist) 16 8.7 8.9

a 0.05 M Tris-HCl buffer at pH 8.0 and 25 °C.

Figure 2. Dependences of the rate constant for deacylation of
N-trans-cinnamoyl-ChT (k3) on the content of water solubilized
in the system AOT (concentration in octane is 0.1 M)-0.05 M
Tris-HCl buffer (pH 8.0)-octane for native ChT (1) and its
conjugates (PEG)5-ChT (2), (REP)6-ChT (3), (RPE)7-ChT-
(clust) (4), and (RPE)5-ChT(statist) (5) (25 °C). The upper scale
is the radius of the inner aqueous cavity of a micelle. Dashed
horizontal lines are the values of k3 measured for ChT and its
conjugates in buffer solution.
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As seen from Figure 2, when [H2O]:[AOT] = 25, the
dependence of k3 on [H2O]:[AOT] passes through the
minimum. The following explanation may be given for
the increase in the value of k3 for conjugates when [H2O]:
[AOT] > 25. When the content of water in the system
rises, both the protein globule and polymer chains are
hydrated. The ability of poly(ethylene oxide)s to bind
water and modify its structure is well-known (28).
Therefore, one would expect that in the case of conjugates
the k3 value will reach the limiting value corresponding
to that for buffer solution with the increasing [H2O]:
[AOT] ratio at a higher content of water in the micellar
system. This feature of conjugates manifests itself as a
minimum following a maximum on k3 versus [H2O]:[AOT]
curves.
The increase in the catalytic activity of conjugates at

a [H2O]:[AOT] ratio of higher than ∼25 may be connected
with association of ChT conjugates, as happens, for
example, with glycosylated ChT (13). In order to check
this suggestion, we studied sedimentation of conjugates
of ChT entrapped in reversed micelles using an analytical
ultracentrifuge. Figure 3 shows the results of sedimen-
tation studies for (PEG)5-ChT and (RPE)5-ChT(statist)
conjugates. As illustrated in Figure 3, at the [H2O]:[AOT]
values corresponding to the maximum on k3 versus [H2O]:
[AOT] curves and at a higher content of water in the
micellar system, the sedimentation boundaries are sym-
metrical, suggesting that the conjugates entrapped in
reversed micelles do not tend to aggregate. The sedi-
mentation coefficients for the reversed micelles contain-
ing the (PEG)5-ChT conjugate were 19.7, 20.7, and 24.4
S with [H2O]:[AOT] ratios of 15.8, 22.5, and 30.0,
respectively. In the case of the micelles containing the
(RPE)5-ChT(statist) conjugate, the sedimentation coef-
ficients were 18.5 and 25.0 S with [H2O]:[AOT] ratios of
15.8 and 22.5, respectively. The sedimentation coef-
ficients for the reversed micelles containing conjugates
of ChT are close to those for the micelles containing
native ChT (30). This fact is not surprising since previ-
ously we showed that the sedimentation coefficients for

conjugates of ChT with poly(alkylene oxide)s and for
native ChT were practically identical (9).
Membranotropic properties of enzymes entrapped in

reversed micelles may be demonstrated through the
study of their catalytic activity at various concentrations
of surfactant (11-14). The catalytic activity of the
enzymes which are able to interact with biological
membranes changes when the concentration of surfactant
is varied (in such experiments, the [H2O]:[surfactant]
ratio is held constant). Such an effect was observed, for
example, for horseradish peroxidase (EC 1.11.1.7), pros-
taglandin H synthetase (EC 1.14.99.1) from vesicular
glands of ram, acid phosphatase (EC 3.1.3.2) from wheat
germs, and laccase (EC 1.10.3.2) from Coriolus versicolor.
Therefore, we expected that the study of the catalytic
properties of different conjugates in the system of hy-
drated reversed micelles of AOT-octane would allow us
to reveal the membranotropic properties of conjugates.
Figure 4 shows the dependences of the k3 value on the

concentration of AOT when [H2O]:[AOT] ) 16. The value
of k3 for native ChT remains constant on variation of
[AOT]. This fact is consistent with the results obtained
in refs 11-14 and indicates that the native enzyme does
not exhibit membranotropic properties. The same be-
havior is observed for conjugates of ChT with PEG.
However, in the case of (REP)6-ChT, (RPE)7-ChT(clust),
and (RPE)5-ChT(statist) conjugates, the value of k3
decreases markedly with increasing AOT concentration.
These results suggest that the conjugates studied interact
with the micellar matrix. Membranotropic properties of
the (RPE)7-ChT(clust) conjugate coincide with its capa-
bility of translocation across the membrane of T-lympho-
cytes (6, 7). (RPE)5-ChT(statist) and (REP)6-ChT con-

Figure 3. Sedimentation of (PEG)5-ChT (a and b) and
(RPE)5-ChT(statist) (c and d) entrapped in hydrated reversed
micelles of AOT in octane. The [H2O]:[AOT] ratios are 15.8 (a
and c), 22.5 (d), and 30.0 (b). The concentration of conjugates
was 1.5 mg/mL (calculated on ChT). The rotor speed was 40 000
rpm. The times of sedimentation (minutes) were 28 (a), 30 (b),
32 (c), and 33 (d).

Figure 4. Dependences of the rate constant for deacylation of
N-trans-cinnamoyl-ChT (k3) on AOT concentration in the mi-
cellar system AOT-Tris-HCl buffer-octane for ChT (1) and its
conjugates (PEG)5-ChT (2), (REP)6-ChT (3), (RPE)7-ChT-
(clust) (4), and (RPE)5-ChT(statist) (5). [H2O]:[AOT] ) 16 at
25 °C.
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jugates, as was demonstrated previously (7), do not pass
through the cell membrane. However, their membrano-
tropic properties established in the system of hydrated
reversed micelles suggest that such conjugates are able
to interact with biological membranes, for example, by
incorporating in the lipid bilayer.
It is worth noting that the use of the system of

hydrated reversed micelles allows the membranotropic
properties of ChT modified with stearic acid (12) and
D-glucosamine (13) to be demonstrated.
Variations in the concentration of AOT in octane at a

fixed degree of micelle hydration ([H2O]:[AOT] ) con-
stant) result in a change in the concentration of reversed
micelles (31). At the same time, the average radius of
the inner cavity of a micelle and the width of distribution
over the micelle size remain practically unchanged.
Therefore, one can expect that the catalytic activity of
solubilized enzymes at a fixed degree of hydration must
be independent of the concentration of surfactant. In
order to explain the experimentally obtained dependences
of the catalytic activity of solubilized enzymes on the
concentration of surfactant, it was assumed that empty
micelles were able to interact with enzyme-containing
micelles with the formation of “deformed” micelles, in
which the enzyme loses the catalytic activity (12, 14).
Thus, hydrated reversed micelles may serve as a

simple and very informative tool in the study of the
physicochemical properties of polymer-protein conju-
gates. The dimensions of protein conjugates with poly-
(alkylene oxide)s determined using this approach allowed
us to describe their morphological structure which is
consistent with the micellar model for conjugates of such
a type proposed in our previous works (9). The ability
of conjugates of ChT with proxanols to interact with the
micellar matrix may be considered a manifestation of
their membranotropic properties.
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Induced Thermostability of Poly(ethylene oxide)-Modified
Hemoglobin in Glycols
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The thermostability and redox activity of poly(ethylene oxide) (PEO)-modified human hemoglobin in
PEO200 (PEO containing KCl, average MW of 200, <0.3% H2O) were investigated by UV-vis
spectroscopy, by circular dichroism spectroscopy, and by cyclic voltammetry. Using PEO oligomers
as a solvent, PEO-modified hemoglobin was reduced and oxidized at an indium tin oxide glass electrode
in the temperature range of -10 to 120 °C. The thermostability of PEO-modified hemoglobin was
affected by the molecular weight of the solvent PEO. In lower-molecular weight glycols (MW of <150),
PEO-modified hemoglobin was denatured within a few minutes at 80 °C. On the other hand, the
absorbance at the Soret band for PEO-modified hemoglobin was unchanged for 2 h at 80 °C in PEO200.
A decrease in the water content of solvent PEO200 also improved the thermostability of PEO-modified
hemoglobin. Improvement in the thermostability was attributed to physicochemical characteristics
such as the relatively low molecular motion of PEO oligomers used as a solvent.

INTRODUCTION

We use poly(ethylene oxide) (PEO)1 oligomers as a
nonaqueous medium for heme proteins. PEO has been
used as a key material in preparing ion conductive
polymers. Since PEO can dissolve inorganic salts by its
large dipole moment and can transport the dissociated
ions through segmental motion, it shows a high bulk ionic
conductivity (1-3). PEO has recently been applied as a
polymer solvent for electrochemical reactions of many
substrates, including heme proteins (4-8). Although
native heme proteins are insoluble and redox inactive in
dehydrated PEO oligomers, these heme proteins are
soluble and show redox activity even in PEO oligomers
when they are chemically modified with PEO (9-12).
PEO modification of proteins has already found an

application, for example in suppressing antigenicity of
medicinal materials (13-15). Similarly, PEO-modified
human hemoglobin (PEO-Hb) has been developed as an
artificial red blood cell, and the detailed bioactivity of
PEO-Hb as an oxygen carrier has been studied (13, 16).
However, there are only a few studies on the electro-
chemical redox reactions of hemoglobin in an aqueous
medium at a chemically modified electrode (17), because
hemoglobin shows no electron transfer reaction in vivo.
PEO modification of proteins also supports the solubil-

ity of proteins in nonaqueous media (13). Papers on the
enzymatic activities (18, 19) and structure (20) of PEO-
modified enzymes in homogeneous solutions of organic
solvents such as benzene exist. The electrochemical
characteristics of PEO-modified proteins in nonaqueous
media have also been reported (21). These works studied
nonaqueous biology in organic solvents only, and heme
proteins were expected to exhibit both a redox activity
and an excellent thermostability in the oligomers used
as a solvent. With PEO as the solvent, PEOmodification

onto the proteins was essential to improve their solubility
while keeping their functions unchanged from those in
organic solvents. PEO-Hb proved to be soluble in PEO
oligomers and showed direct electron transfer reactions
at an indium tin oxide glass electrode without any
mediator (9, 10). The redox reaction has been reported
for other PEO-modified heme proteins, such as myoglobin
(11, 12), cytochrome c (22), and peroxidase (23), in PEO
oligomers. Incorporated in a polymer matrix, PEO-
modified proteins are expected to exhibit characteristic
behavior even under severe conditions such as high
temperatures. We studied PEO-Hb as a new redox active
biomaterial in PEO oligomers at various temperatures.
The thermostability of PEO-Hb in PEO oligomers has
already been reported (24); however, a detailed study of
the thermostability of PEO-Hb in PEO oligomers has not
been carried out.
In the present study, the PEO-Hb/PEO oligomer

system was used as a typical example of a new biocon-
jugate/nonaqueous system. Here, we show the effective-
ness of the new PEO-heme protein conjugates/PEO
oligomers system, which shows excellent thermostability
through using the PEO-protein conjugate and the
polymer solvent. The effects of several factors on the
thermostability of PEO-Hb in PEO oligomers were also
analyzed.

EXPERIMENTAL PROCEDURES

Materials. Human hemoglobin (Hb) and PEO-modi-
fied Hb pyridoxalated (PEO-Hb) were donated by Ajino-
moto Co. Ltd. PEO activated withN-hydroxysuccinimide
was in reaction with amino groups on the surface of Hb,
according to the method reported previously (16). We
used PEO-Hb having six PEO chains (average MW of
3000) on average (16) for all experiments.
PEO200 (average MW of 200) containing no antioxidant

additive was purchased fromNOF Co. Ltd. Except where
otherwise stated, PEO containing 0.50 M KCl was used
as a solvent after drying in vacuo at 60 °C for 3 days.
Ethylene glycol, di(ethylene glycol), and tri(ethylene
glycol) were purchased from Kanto Chemical Co. Ltd.
These glycols were dried in vacuo at room temperature
for 3 days after mixing with 0.50 M KCl. All other
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423-88-7024. Fax: +81-423-88-7012. E-mail: ohnoh@cc.tuat.ac.jp.
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1 Abbreviations: PEO, poly(ethylene oxide); Hb, human
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indium tin oxide; DSC, differential scanning calorimetry; CD,
circular dichroism.
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analytical grade reagents not noted here were purchased
from Kanto Chemical Co. Ltd.
An indium tin oxide (ITO) glass electrode (ITO layer

thickness of 130 nm, surface resistance of 30.9 Ω/square)
was purchased from Oji Tobi Co. Ltd. This was used as
a working electrode for both visible spectroscopy and
cyclic voltammetry measurements after washing with
acetone followed by chloroform.
Water Content Determination. The water content

of the glycols used here was determined by the Karl
Fischer titration method. The water content of every
glycol used was calculated to be less than 0.2 wt %
according to the Karl Fischer moisture titrator (Kyoto
Electronics MKS-210). The water content was the aver-
age of at least three measurements for each sample. The
total water content of every PEO-Hb/glycol solution
containing KCl was determined to be less than 0.3 wt
%.
Circular Dichroism Spectroscopy. Circular dichro-

ism spectra were recorded at various temperatures with
a JASCO J-720 spectropolarimeter. The protein solution,
with a final concentration of 1.0 × 10-5 M, was placed in
a quartz cuvette with a 1.00 mm light path length
(JASCO 165-01). The sample temperature was controlled
by a cell holder incorporating a Peltier device (JASCO
PTC-343).
Differential Scanning CalorimetryMeasurement.

The thermodynamics of Hb and PEO-Hb denaturation
in 0.10 M potassium phosphate buffer solution at pH 7.0
were studied using a high-sensitivity differential scan-
ning calorimeter (Seiko Instrument Inc. DSC 120). The
protein sample solution (0.2 g mL-1, 70 µL), located in a
Ag pan, was measured with a scanning rate of 1.0 °C
min-1.
Cyclic Voltammetry Measurement. The redox

reaction of PEO-Hb in PEO200 was also analyzed by cyclic
voltammetry (Fuso Seisakusho HECS 326PC) at various
temperatures. The temperature was controlled as in
UV-vis spectrophotometry. All measurements were
carried out with the ITO electrodes as a working electrode
(working area of 1 cm2) and as a counter electrode and
Ag wire (φ ) 0.5 mm) as a reference electrode. Sufficient
nitrogen gas was bubbled through to expel oxygen from
the solutions in the electrochemical cell.
UV-Vis Spectroscopy under Potential. Glycol

solutions of PEO-Hb with a final concentration of 1.0 ×
10-4 M, containing 0.50 M KCl as a supporting electro-
lyte, were prepared by a gentle mixing of all components
for 1 h at room temperature. UV-vis absorption spectra
were recorded from -10 to 20 °C with a Shimadzu UV-
2200 A spectrophotometer under an applied potential
(Nikko Keisoku, potentiostat NPOT-2501) using a thin
layer cell system (11). A thin layer cell was used with
light path length of 100 µm, constructed with the ITO
electrode as a working electrode. Since an ITO electrode
has little absorption in the visible spectrum, the visible
spectral change of PEO-Hb was monitored under the
given potential (-1.2 to ∼1.2 V vs Ag). A homogeneous
PEO solution of PEO-Hb was first put in a quartz cell.
The thin layer cell was soaked in the quartz cell in order
to raise the homogeneous PEO solution in the thin layer
cell by capillarity. Ag and Pt wires were also introduced
into the cell to act as reference and counter electrodes,
respectively. This cell system was sealed under a nitro-
gen atmosphere before setting it in a UV-vis spectrom-
eter. The temperature was controlled with a water-
jacketed cell holder connected to a thermostated water
bath (Tokyo Rika Kikai US-10S).

RESULTS AND DISCUSSION

Stability of PEO-Hb in PEO200 at High Tempera-
tures. Poly(ethylene oxide)-modified hemoglobin (PEO-
Hb) was dissolved in PEO200 (average MW of 200). The
electrochemical redox reaction of PEO-Hb in PEO200,
which was analyzed with UV-vis spectrometry, has
already been reported by the present authors (24). The
electron transfer reaction of PEO-Hb with the ITO glass
electrode in PEO200 at temperatures of up to 120 °C is
confirmed by cyclic voltammetry as shown in Figure 1.
Typical redox peaks of PEO-Hb were clearly observed in
PEO200 upon keeping the temperature settled for 20 min.
The formal redox potential for PEO-Hb, calculated from
the cathodic (48 mV vs Ag) and anodic (-110 mV vs Ag)
peak potentials, was -31 mV vs Ag in PEO200 at 30 °C.
The electrochemical response for PEO-Hb at the ITO
glass electrode in PEO200 was stable even under continu-
ous potential cycling for at least 24 h at 30 °C. The ratio
of the anodic to cathodic peak current was almost unity
at all temperatures (30 -120 °C). The peak potential
separation of PEO-Hb in PEO200 was also unchanged by
alterations in this temperature range. However, the
peak current and the charge for PEO-Hb in PEO200
increased with increasing temperatures. PEO-Hb, solu-
bilized in PEO200, was stable and redox active up to 120
°C. A redox response of PEO-Hb in PEO200 was found
even at 140 °C, although the charge for PEO-Hb in
PEO200 at 140 °C was smaller than that at 120 °C. This
observation suggests that PEO-Hb in PEO200 was gradu-
ally denatured at 140 °C. The thermostability of porcine
pancreatic lipase in an organic medium was also reported
by Klibanov’s group (25). There is also a report on the
thermostability of the membrane protein in two-dimen-
sional films at 140 °C (26). These results suggest that
proteins themselves are thermally stable in the absence
of water.
A detailed study was carried out to elucidate the factors

responsible for this thermostability. The thermal re-
sponse of Hb and PEO-Hb is first verified by differential
scanning calorimetry (DSC). Both native Hb and PEO-
Hb in 0.10 M potassium phosphate buffer (pH 7.0)
showed a characteristic endothermic peak at 60 °C as
shown in Figure 2. This peak can be attributed to
conformational change and especially to the unfolding of
the polypeptide chain. Both Hb and PEO-Hb in a buffer
solution were denatured and formed irreversible ag-
gregates above 60 °C. The DSC study clearly showed

Figure 1. Cyclic voltammograms for PEO-Hb at an ITO
electrode recorded with a scan rate of 33 mV s-1 in PEO200
containing 0.50 M KCl at 30-120 °C.
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that PEO modification of Hb did not improve the ther-
mostability in a buffer solution. These DSC results
strongly suggest that the excellent thermostability is due
to the use of PEO oligomers as a solvent.
Figure 3 shows circular dichroism (CD) spectra of

native Hb in buffer (A) and PEO-Hb in PEO200 (B) at
various temperatures. It is known that native Hb shows
about 75% R-helix content (27). Native Hb in 0.10 M
potassium phosphate buffer at pH 7.0 showed two strong
negative absorptions at 208 and 222 nm due to the
R-helix structure at room temperature (Figure 3A).
These were also observed for PEO-Hb in PEO200 (Figure
3B). The R-helix content for PEO-Hb was confirmed to
be reduced little even in PEO200 with CD measurement.
We have already reported that the R-helix content of
PEO-modified myoglobin in PEO oligomers was almost
the same as that in buffer (12). In a buffer solution at
pH 7.0, the R-helix content of Hb decreased with increas-
ing temperatures (Figure 3A). This change was irrevers-
ible, and the R-helix content was not recovered even after
cooling. The R-helix content of PEO-Hb in PEO200 also
decreased with increasing temperatures, but only slightly
(Figure 3B). This change was smaller than that in a
buffer solution, and the R-helix content of PEO-Hb was
mostly recovered by cooling. Although heating up to 100
°C induces a slight conformational change of PEO-Hb in

the PEO oligomer, this change is reversible and less
dramatic. Thermal denaturation of PEO-Hb in PEO
oligomers should differ from that in the phosphate buffer
solution.
To confirm the effect of the KCl concentration on the

thermal response of PEO-Hb in PEO200, a series of
experiments was carried out to compare certain physi-
cochemical characteristics of the solvent. It is known
that the ionic conductivity, the glass transition temper-
ature, and the degree of crystallinity of the PEO matrix
are considerably affected by the concentration of the
supporting electrolytes (28). The absorbance at the λmax
for oxidized PEO-Hb in PEO200 solutions containing
different concentrations of KCl was recorded at 80 °C
under a constant potential of 0.5 V vs Ag, as shown in
Figure 4. The absorbance for PEO-Hb in PEO200 con-
taining different concentrations of KCl was not changed
at 80 °C for 2 h, indicating no dependence on the salt
concentration. The effect of the concentration of sup-
porting electrolytes in PEO200 should be small in the
concentration range of 0.05-0.50 M.
Figure 5 shows the effect of molecular weight of the

solvent PEO on the thermostability of oxidized PEO-Hb
at 80 °C under an applied potential of 0.5 V vs Ag. When
tri(ethylene glycol) and PEO200 were used as a solvent,
the absorbance at the λmax for oxidized PEO-Hb was

Figure 2. DSC thermograms for native Hb and PEO-Hb in
0.10 M potassium phosphate buffer at pH 7.0 with a scan rate
of 1 °C min-1. The protein concentration was 0.2 g mL-1.

Figure 3. CD spectra for native Hb in 0.10 M potassium
phosphate buffer at pH 7.0 (A) and PEO-Hb in PEO200 contain-
ing 0.50 M KCl (B).

Figure 4. Absorbance changes at the λmax for oxidized PEO-
Hb at 80 °C in PEO200 under an applied potential of 0.5 V vs
Ag. The concentrations of KCl were 0.05 (2), 0.10 (1), 0.20 ([),
and 0.50 M (b).

Figure 5. Absorbance changes at the λmax for oxidized PEO-
Hb at 80 °C in different glycols under an applied potential of
0.5 V vs Ag. The solvents were PEO200 (b), tri(ethylene glycol)
(1), di(ethylene glycol) (9), ethylene glycol (2), and 0.10 M
potassium phosphate buffer at pH 7.0 ([). Every solvent
contains 0.50 M KCl.
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constant at 80 °C for 2 h. After longer incubation times,
PEO-Hb in PEO200 was confirmed to be more stable upon
heating than PEO-Hb in tri(ethylene glycol). However,
in a phosphate buffer, ethylene glycol, and di(ethylene
glycol), the absorbance of PEO-Hb decreased by more
than 20% within a few minutes upon incubation at 80
°C. The decrease in the absorbance for PEO-Hb was
more marked when glycols with smaller molecular weights
and phosphate buffer were used as solvents. The molec-
ular weight of PEO oligomers used as solvents consider-
ably affected the thermostability of proteins. As men-
tioned above, an increase in the molecular weight of the
solvent made protein more stable for several hours at 80
°C. The secondary structure of PEO-Hb is expected to
be solvated with polar groups of the solvent glycols, such
as the terminal OH groups. The segmental motion of the
polypeptide chain itself is influenced by the surrounding
molecular motion of the solvent molecules. This result
suggests that the reduced thermal motion of the oligomer
solvent at high temperatures should improve the ther-
mostability of proteins.
There would also be reduced thermostability of pro-

teins in a mixed PEO/water solvent system if the pres-
ence of a low-molecular weight solvent was the major
factor causing reduced thermostability. The effect of the
total water content for the PEO-Hb solution on the
thermostability of PEO-Hb in PEO200 is shown in Figure
6. PEO-Hb/PEO200 solution containing KCl (<0.3% H2O)
was mixed with different amounts of water. The absor-
bance at the λmax for oxidized PEO-Hb decreased remark-
ably with the water content. This result suggests that
the water in PEOs considerably reduces the thermosta-
bility of the proteins. Since mixed PEO/water solvent is
known to be a precipitant for some proteins (29), there
is a possibility of inducing a conformational change of
the protein in such mixed solvents. We must therefore
discuss the effect of water molecules in a mixed solvent.
We observed no precipitation of PEO-Hb in mixed PEO/
water solvent regardless the water content. A detailed
discussion on the conformational characteristics of PEO-
Hb in this mixed solution will be given elsewhere.
Characteristics of PEO-Hb in PEO200 below the

Physiological Temperature. Figure 7 shows UV-vis
spectra of oxidized (Fe3+) and reduced (Fe2+) forms of
deoxy-PEO-Hb in PEO200 containing 0.50 M KCl below

the physiological temperature. Dashed and solid lines
refer to data for oxidized and reduced PEO-Hb, respec-
tively. These data were recorded under the fixed poten-
tials of 0.5 and -1.2 V vs Ag, respectively. The oxidized
PEO-Hb was reduced and reoxidized in PEO200 even at
-10 °C. The change in the UV-vis spectrum at -10 °C
was similar to that at room temperature. Even below
room temperature, no significant effects on the UV-vis
spectra and redox activity for PEO-Hb were recognized
in PEO200 except for the apparent rate constant. Al-
though an aqueous solution was not used as a solvent
below 0 °C, this result clearly shows that protein is
electrochemically active below 0 °C when PEO is used
as a solvent. However, the electrochemical redox reaction
requires a longer time at lower temperatures. This is
due to a slow diffusion of PEO-Hb in PEO, which should
be improved by the use of a less viscous matrix or another
reaction system. No effect of PEO modification on the
absorption maximum at the Soret band of PEO-Hb,
arising from π-π* transitions of the heme active site,
has been reported (24). The heme active site for Hb was
therefore considered to be unchanged by PEO modifica-
tion. In PEO200, the absorption maximum at Soret bands
of deoxy-PEO-Hb for both oxidized and reduced forms
shifted slightly to a shorter wavelength compared to that
in a buffer solution. This suggests little structural
change around heme for PEO-Hb in PEO200. For other
PEO-modified heme proteins in nonaqueous media, a
structural change of the heme active site has been
reported (20, 22).
The maximum absorbance at a λmax of 423 nm for

reduced PEO-Hb was altered by the polarity change of
the given potential in PEO200 at 80, 30, and -10 °C as
shown in panels A-C of Figure 8, respectively. The
absorbance at 423 nm increased upon applying negative
potential and decreased with positive potential in PEO200
at all temperatures examined. The rates of oxidation and
reduction of PEO-Hb increased with elevating tempera-
ture as is clearly seen in Figure 8, suggesting the
diffusion control systems. Supporting evidence for the
redox activity of PEO-Hb in PEO200 at -10 °C is provided
by the cyclic voltammetry observations as shown in
Figure 9. Typical redox responses of PEO-Hb were also
obtained in PEO200 below room temperature. Both the
peak current and the charge for PEO-Hb decreased with

Figure 6. Absorbance changes at the λmax for oxidized PEO-
Hb in PEO200 containing 0.50 M KCl at 80 °C under an applied
potential of 0.5 V vs Ag. The water contents were 0.3 (b), 10
(2), and 20 wt % ([).

Figure 7. UV-vis spectra of PEO-Hb in PEO200 at a temper-
ature below the physiological temperature. The spectra of
oxidized (- - -) and reduced (s) PEO-Hb were recorded under
applied potentials of 0.5 and -1.2 V vs Ag, respectively.
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decreasing temperatures. This may be due to the re-
duced ionic conductivity of PEO oligomer as a solvent,
and slow diffusion of PEO-Hb, at lower temperatures.
However, the peak separation at -10 °C, which was
estimated from the cathodic (17 mV vs Ag) and anodic
(-127 mV vs Ag) peak potentials, was almost the same
as that at 30 °C in PEO200. This observation suggests
that the rate of redox reaction of PEO-Hb in the vicinity
of the ITO electrode below 0 °C was almost the same as
that at room temperature.

CONCLUSION

We have found that PEO-Hb showed quasi-reversible
direct electron transfer in PEO200 at -10 to 120 °C. The
molecular weight and water content of solvent PEO
strongly affected the thermostability of PEO-Hb. Both
a high molecular weight and a decrease in the water
content of the solvent improved the thermostability of

PEO-Hb in PEO200. The use of dehydrated polyethers
allowed the preparation of protein redox systems that
proved to be highly stable against heating.
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Interactions of Pluronic Block Copolymers with Brain Microvessel
Endothelial Cells: Evidence of Two Potential Pathways for Drug
Absorption
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Pluronic block copolymers have been previously reported to increase the delivery of agents to the
brain [Kabanov et al. (1992) J. Controlled Release 22, 141-158]. In the present study, primary cultured
bovine brain microvessel endothelial cells (BBMEC) were used as an in vitro model of the blood-
brain barrier to examine the membrane interactions of Pluronic P85 (P85) and potential mechanisms
for drug absorption. At concentrations below the critical micelle concentration (cmc), P85 enhanced
the accumulation of the fluorescent probe rhodamine 123 (R123) in BBMEC through inhibition of
P-glycoprotein (P-gp)-mediated drug efflux. The effects of P85 on the cellular accumulation of R123
were also observed in KBv cells (P-gp positive) but not in human umbilical vein endothelial cells
(P-gp negative). In contrast to the effects with P85 below the cmc, the enhanced absorption of R123
observed with Pluronic micelles was transient and not dependent on P-gp. A transient increase in
R123 accumulation was observed in both P-gp positive cells (brain microvessel endothelial cells and
KBv) and P-gp negative cells (human umbilical vein endothelial cells). Therefore, it appears that
P85 affects the absorption of drugs in brain microvessel endothelial cells through (1) inhibition of the
P-gp-mediated drug efflux at low concentrations of the copolymer and (2) increased vesicular transport
at higher concentrations of the copolymer. Furthermore, both interactions of P85 with the brain
endothelial cells appear to be energy-dependent as demonstrated by the inhibitory effects of the
metabolic inhibitor 2-deoxyglucose.

INTRODUCTION

Amphiphilic block copolymers, such as Pluronic co-
polymers with the basic poly(ethylene oxide)a-poly-
(propylene oxide)b-poly(ethylene oxide)a structure, are
of interest as potential drug delivery and drug targeting
systems due to their ability to form self-assembling
micelles (1-7). However, little is known about the
interactions of the block copolymers with cellular mem-
branes. Studies in Jurkat T lymphoma cells and MDCK
cells suggest that the micelles of Pluronic copolymers are
absorbed through an endocytic pathway (8). In addition,
recent studies suggest that Pluronic copolymers can
increase drug absorption in multiple-drug-resistant can-
cer cells by inhibition of the P-glycoprotein (P-gp1) drug
efflux system in cells (9, 10). Together these studies
indicate that Pluronic copolymers may enhance drug
absorption in the cell through separate and distinct
pathways.
The present study examines the interactions of Plu-

ronic copolymers with brain microvessel endothelial cells

that form the blood-brain barrier (BBB). Pluronic P85
(P85) micelles have been previously reported to enhance
the delivery of haloperidol to the brain, resulting in a
significant increase in neuroleptic activity of the drug (2,
4). The mechanisms for the enhanced brain delivery of
haloperidol with P85 are unknown. Brain microvessel
endothelial cells have reduced levels of vesicular activity
compared to peripheral endothelial cells (11), as well as
increased expression of P-gp (12, 13). Thus, the enhanced
delivery of haloperidol to the brain observed with P85
may be attributable to enhanced endocytosis and/or
inhibition of P-gp in the brain endothelial cells.
Using primary cultured bovine brain microvessel en-

dothelial cells (BBMEC) as an in vitromodel of the BBB,
we report that P85 can affect the absorption of drugs in
brain microvessel endothelial cells through (1) inhibition
of P-gp at low concentrations of the copolymer and (2)
increased vesicular transport at higher concentrations of
the copolymer. Furthermore, both interactions of P85
with the brain endothelial cells appear to be energy-
dependent processes. Understanding the properties of
the Pluronic copolymers that are required to interact with
the two absorption pathways may allow further develop-
ment of more effective approaches for enhancing drug
delivery to the brain.

MATERIALS AND METHODS

Cell Isolation and Culturing. BBMEC were iso-
lated from fresh cow brains using a combination of
enzymatic digestion and density centrifugation as de-
scribed previously (14). The BBMEC were seeded at a
density of 50 000 cells/cm2 onto collagen-coated, fibronec-
tin-treated 24-well plates using MEM:F12 culture media
supplemented with 10% horse serum, heparin sulfate
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(100 µg/mL), amphotericin B (2.5 µg/mL), and gentamicin
(50 µg/mL). Medium was replaced every other day, and
studies were performed on confluent BBMECmonolayers
(10-13 days). To examine the P-gp-mediated responses
with P85, two additional cell types were also used.
Human umbilical vein endothelial cells (HUVEC) were
isolated and cultured as described by Kasakoff and
colleagues (15). Both functional and biochemical studies
with HUVEC indicate that these cells express little, if
any, P-gp (12, 13). The multidrug-resistant KBv cell line,
which expresses high levels of P-gp, was also used (16).
To maintain the high expression of P-gp in the KBv cells,
the cells were cultured in DMEM supplemented with 10%
FBS and 1 µg/mL vinblastine. Both the HUVEC and
KBv cells were grown in 24-well culture plates and used
in accumulation experiments after reaching confluency.
Confluency of all the cell monolayers was determined by
visual inspection using an inverted light microscope.
Preparation of Pluronic Block Copolymer Solu-

tions. The present study uses P85, a poly(ethylene
oxide)-block-poly(propylene oxide)-block-poly(ethylene ox-
ide) copolymer provided by BASF Co. (Parisppany, NJ).
The molecular mass of the propylene oxide segment in
this sample was 2500, and the content of ethylene oxide
chains was 50% w/w. P85 solutions were prepared on a
percent weight basis by dissolving various amounts of
the copolymer in assay buffer. At concentrations above
the critical micelle concentration (cmc) (0.03% w/v) P85
self-assembles into micelles of approximately 15 nm in
diameter (4). The rhodamine compounds, R123 and
R110, were added to the P85 solutions and incubated at
37 °C for at least 1 h prior to use in the experiments.
Cellular Accumulation of R123, R110, and LY.

The cellular accumulation of the fluorescent dyes (R123,
R110, and LY) was used to examine the effects of Pluronic
copolymers on the cell monolayers. Previous studies with
R123 (13) and LY (17) in BBMEC monolayers indicate
that these fluorescent markers are good probes for
examining P-gp and fluid-phase endocytic activity, re-
spectively. Furthermore, compared to R123, the struc-
tural analog R110 has little interaction with P-gp (18).
Cell monolayers were washed and preincubated for 30
min at 37 °C with assay buffer. After this, the assay
buffer was removed and the cells were exposed to R123
(3.2 µM), R110 (3.2 µM), or LY (0.5 µM) in either assay
buffer or assay buffer containing various concentrations
of Pluronic copolymers (BASF). The cells were incubated
with dye solutions for up to 120 min at 37 °C. After that,
the dye solutions were removed and cell monolayers were
washed three times with ice-cold PBS. The cells were
then solubilized in 1.0% Triton X-100, and aliquots (0.25
mL) were removed for determination of cellular dyes
using a Shimadzu RF5000 fluorescent spectrophotom-
eter: λex ) 505 nm, λem ) 540 nm for R123 and R110; λex
) 430 nm, λem ) 540 nm for LY. Samples were also taken
for protein determination using the Pierce BCA method.
In separate experiments, the cellular accumulation of
R123 or LY was determined using the metabolic inhibi-
tor, 2-deoxyglucose (DG). For these experiments, the
cells were preincubated for 60 min at 37 °C in assay
buffer containing DG (40 mM). Cellular accumulation
of R123 (3.2 µM) or LY (0.5 mg/mL) was then performed
in assay buffer or in P85 solutions containing 40 mMDG.
In separate studies, BBMEC were grown on collagen-

coated, fibronectin-treated chamber slides (Fisher, St.
Louis, MO) for examining R123 cellular accumulation
using fluorescent microscopy. The BBMEC were exposed
to the various R123 solutions for either 15 or 90 min at
37 °C. After this incubation period, the R123 solutions
were removed and the BBMEC were washed a total of

three times with ice-cold PBS and examined using a Leitz
fluorescent microscope.
Cellular Accumulation of [3H]P85. [3H]P85 with

specific radioactivity of 0.3 Ci/mmol was provided by the
Faculty of Chemistry, Moscow State University (Russia).
The uptake of [3H]P85 was examined in confluent BBMEC
monolayers at 37 °C for 0-90 min time intervals. For
these studies, the culture medium was removed from the
BBMEC monolayers and replaced with assay buffer.
After a 30 min preincubation at 37 °C, the assay buffer
was removed and 0.5 mL of 0.5 µCi/mL (1.6 nM) [3H]-
P85 solution was added to the monolayers. The cellular
accumulation of [3H]P85 was done in the presence and
absence of the metabolic inhibitor, DG. For this study,
BBMEC monolayers were pretreated with 40 mM DG as
described in the previous section. After the pretreat-
ment, BBMECmonolayers were exposed to [3H]P85 with
40 mM DG. The uptake experiments were stopped by
removing the radiolabeled copolymer solutions and wash-
ing the BBMEC monolayers three times with 0.5 mL of
ice-cold PBS. The BBMEC monolayers were solubilized
in 1.0% Triton X-100 (0.5 mL), and aliquots were taken
for determining (1) cell-associated radioactivity using a
Hewlett-Packard liquid scintillation counter and (2)
protein content using the Pierce BCAmethod. Data from
the [3H]P85 uptake studies were expressed as amount
of cell-associated copolymer per milligram of protein.
Determination of R123 and R110 Partitioning in

P85 Micelles. The partitioning coefficients of R123 and
R110, P, were determined as previously described for
daunorubicin (9) from the dependence of drug fluores-
cence at λex ) 512 nm and λem ) 540 nm on P85
concentration

where I0 is the fluorescence intensity in the absence of
P85, I is the fluorescence at the given P85 concentration,
[P85], and Imax is the fluorescence at a “saturating”
concentration of P85 (when fluorescence reaches the
maximal value). The value of P was 110 for R123 and
32 for R110. The fractions of drug that is incorporated
into the micelles were determined from the equation

where the cmc was determined using a fluorescent probe
(pyrene) technique as previously described (19).

RESULTS

Concentration-Dependent Effects of P85 on R123
Accumulation. The cellular accumulation of R123 in
BBMEC monolayers was examined in the presence of
various concentrations of P85 (Figure 1). The effects of
P85 on R123 accumulation in BBMEC monolayers were
concentration-dependent. At concentrations below the
cmc (0.03%) there was a steady increase in cell-associated
R123, with both 0.001 and 0.01% P85 causing a signifi-
cant increase in R123 accumulation in the BBMEC
monolayers. The increase in cellular R123 occurring with
concentrations of P85 below the cmc was comparable with
that observed following treatment with the P-gp inhibi-
tor, CSA (Figure 1). In contrast, at concentrations of P85
above the cmc (0.1-5% P85), there was a significant
decrease in R123 accumulation in the BBMEC monolay-

Imax - I
I - I0

) 119
P([P85] - cmc)

- 1
P

(1)

R )
P([P85] - cmc)

119 + (P - 1)([P85] - cmc)
(2)
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ers. The decreased accumulation of R123 in BBMEC
monolayers observed with the higher concentrations of
P85 was inversely correlated with the extent of R123
partitioning into P85 micelles.
Cellular Interactions with P85 Unimers. To fur-

ther examine the mechanism of the concentration-de-
pendent responses with P85, the cellular accumulation
of R123 was examined using a concentration of P85 below
(unimer) the cmc. In the BBMEC monolayers, R123
accumulation was increased significantly with 0.001%
P85 compared to that in the control group (Figure 2A).
The effects of 0.001% P85 on R123 accumulation in the
BBMEC monolayers were observed after approximately
15 min. The greatest increases in R123 accumulation
in BBMECmonolayers treated with 0.001% P85 occurred
at the later time points (60-90 min; Figure 2A). A
similar enhancement of R123 accumulation was also
observed in the P-gp expressing KBv cell monolayers in
the 0.001% P85 treatment group (Figure 2B). In con-
trast, R123 accumulation was not increased in HUVEC
and only slightly increased in the KB monolayers follow-
ing treatment with 0.001% P85 (Figure 2C,D).
Studies comparing the cellular accumulation of the

non-P-gp substrate, R110, were also performed in the
presence and absence of 0.001% P85 in BBMEC mono-
layers (Figure 3). Unlike the studies with R123, the
amount of cell-associated R110 in BBMEC monolayers
was low and only slightly affected by 0.001% P85. The
P-gp modifying agent CSA also had no significant effect
on R110 accumulation in BBMEC monolayers. In con-
trast, CSA exposure increased R123 accumulation by
approximately 2-fold over a 2 h time period compared to
control monolayers receiving only R123 (Figure 3).
Cellular Interactions with P85 Micelles. The

effects of P85 at concentrations above the cmc were also
evaluated. In the BBMEC monolayers, treatment with
1.0% P85 caused an initial increase in the amount of cell-
associated R123 compared to control monolayers receiv-
ing assay buffer (Figure 4A). This effect was transient
and peaked within 15 min. At time points >15 min, the
amount of cell-associated R123 began to decline, reaching

levels near control values within 60 min (Figure 4A).
Although smaller in magnitude, a qualitatively similar
pattern of cellular accumulation of R123 was also ob-
served in KBv monolayers treated with 1.0% P85 (Figure
4B). The transient increase in R123 accumulation pro-
duced by P85 micelles was not confined to only the P-gp
positive cells, as both HUVEC and KB monolayers
showed an initial enhancement of R123 accumulation
when treated with 1.0% P85 (Figure 4C,D). Further-
more, enhanced accumulation of R110 was also observed
in BBMEC monolayers following treatment with 1.0%
P85 (Figure 5).
Fluorescent Microscopy Studies in BBMECMono-

layers. Fluorescence microscopy studies confirm the
time-dependent effect of P85 unimers and micelles on
R123 accumulation in BBMEC (Figure 6). Following a
15 min exposure to R123, there is a clear increase in
cellular fluorescence in the P85 unimer and micelle
treatment groups, compared to control groups receiving
assay buffer (Figure 6A-C). The fluorescence is highest
at 15 min in the P85 micelle treatment group as an
increase in R123 is seen throughout the entire cell. In
contrast, the enhanced accumulation of R123 in the P85-
unimer-treated cells at 15 min appears to be confined to
the cytosol (Figure 6). At the 90 min R123 exposure
period, there is an increase in R123 accumulation in the
BBMEC treated with P85 unimers compared to control
BBMEC. The increased accumulation of R123 in the P85
unimer treatment group at the 90 min time appears as
an increased fluorescence in the cytosol of the cell (Figure
6D,E). In contrast, the fluorescence observed in the P85-
micelle-treated BBMEC following 90 min exposure to
R123 is substantially less than that of either the 90 min
control or the 15 min P85 micelle treatment groups
(Figure 6).
Role of Endocytosis in Interactions of P85 with

BBMEC Monolayers. The possible involvement of
endocytosis in the interactions of P85 with BBMEC
monolayers was examined. As shown in Figure 7,
cellular accumulation of the fluid phase endocytosis
marker, LY, in BBMEC monolayers is time-dependent.
Furthermore, exposure to the metabolic inhibitor, DG,
resulted in a significant decrease in cell-associated LY
in BBMEC monolayers (Figure 7A). In contrast, at the
concentrations used in the present study, DG had no
significant effect on R123 accumulation in BBMEC
monolayers in the absence of P85 (Figure 7B).
The effect of DG on R123 accumulation in BBMEC

monolayers exposed to P85 micelles is shown in Figure
8A. Within the first hour of exposure, there was a
significant increase in cell-associated R123 in BBMEC
monolayers treated with 1.0% P85 compared to control.
Pretreatment of the BBMEC monolayers with DG re-
sulted in a significant decrease in the amount of cell-
associated R123 in the 1.0% P85 treatment group (Figure
8A). Exposure to DG had a similar inhibitory effect on
R123 accumulation in BBMECmonolayers in the 0.001%
P85 treatment group (Figure 8B).
The effects of DG on P85 unimer interactions with the

BBMEC monolayers were further examined using [3H]-
P85. At concentrations of [3H]P85 below the cmc
(0.0007%) the accumulation of [3H]P85 was time-depend-
ent (Figure 9). Addition of DG resulted in a significant
decrease in the amount of [3H]P85 accumulating in the
BBMEC monolayers at all time points above 15 min
(Figure 9).

DISCUSSION

The results of the present study provide evidence
supporting at least two potential pathways for enhancing

Figure 1. Concentration-dependent effects of P85 on R123
accumulation in BBMEC monolayers. Accumulation of R123 in
BBMECmonolayers (60 min, 37 °C) was examined under control
conditions, in the presence of 2 µg/mL CSA, and in the presence
of various concentrations of P85. Values represent the mean (
SEM of four monolayers per treatment group. The solid circles
show the fraction of R123 solubilized into micelles at the various
concentrations of P85. The cmc of the P85 solution is shown by
the vertical arrow.
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drug absorption in the brain microvessel endothelial cells
with P85 block copolymer. At concentrations below the
cmc, P85 apparently inhibits P-gp function, thereby
reducing drug efflux out of the brain microvessel endo-
thelial cells. At concentrations above the cmc, P85
appears to increase vesicular transport of the drug into
the brain microvessels.
There are several pieces of evidence supporting inhibi-

tion of P-gp as the cellular mechanism responsible for
the enhanced absorption of R123 observed with unimer
concentrations of P85 in BBMEC monolayers. First, the
increased accumulation of R123 in BBMEC monolayers
treated with P85 unimers resembles the increases in cell-
associated R123 observed following exposure to CSA, a
known inhibitor of P-gp function (13, 20). Under the
conditions of the present study, inhibition of a drug efflux
system, such as P-gp, would result in an increase in the
amount of substrate in the cell. Therefore, the similari-
ties in the effects of CSA and P85 unimers are consistent
with the inhibition of P-gp-mediated removal of R123
from BBMEC.
Additional evidence supporting P-gp inhibition by P85

unimers can be found in the studies examining R123
accumulation in KBv, KB, and HUVEC monolayers. In
KBv cells, a cancer cell line that overexpresses P-gp (16),
the P85 unimers produced an increase in cell-associated
R123 similar to that observed in the BBMECmonolayers.
Furthermore, in HUVECmonolayers, which express little

Figure 2. Effects of P85 unimers on R123 accumulation in
various cells. Accumulation of R123 (3.2 µM) was examined
using assay buffer (open circles) and 0.001% P85 (solid circles)
in BBMEC (A), KBv (B), HUVEC (C), and KB monolayers (D).
Values represent the mean ( SEM of four monolayers.

B

Figure 3. Accumulation of R123 and R110 in BBMEC mono-
layers. The accumulation of R123 (O, b) and R110 (0, 9) was
examined in BBMEC monolayers over a 2 h period in the
presence (solid symbols) and absence (open symbols) of 2 µg/
mL CSA (A). The accumulation of R110 in BBMEC monolayers
using assay buffer (]) and 0.001% P85 ([) was also examined
(B). Values shown represent the mean ( SEM of three mono-
layers per treatment group.
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if any P-gp (12), there was no enhancement of the cellular
accumulation of R123 with the P85 unimers. While there
was a small but significant enhancement of R123 ac-
cumulation with P85 unimers in the KB cells, this is
probably due to inhibition of P-gp that may be expressed
at a low intrinsic level in these cells. The fact that R123
is a substrate for P-gp (13, 21, 22) and the fact that its
cellular accumulation is enhanced by the unimers of P85
in those cells expressing the protein suggest that P85 is
inhibiting the function of P-gp. The minimal effects of
0.001% P85 on R123 accumulation in the KB and
HUVEC monolayers also argues against a nonspecific
increase in membrane permeability as the mechanism
for the enhanced absorption observed with the unimers
in BBMEC monolayers.
The final evidence supporting specific interactions of

P85 unimers with P-gp are the studies with the zwitter-
ionic analog of R123, R110. In the present studies,
0.001% P85 had little effect on R110 accumulation in
BBMECmonolayers. Likewise, the P-gp inhibitor, CSA,
had no significant effect on R110 accumulation in BBMEC
monolayers. Despite structural similarities, R123 and
R110 have significantly different transport capacities
with respect to the P-gp drug efflux system (18). The
reduction in P-gp activity with R110 appears to result
from the electroneutrality of R110 compared to the
positive charge associated with R123. The ability of the
P85 unimers to selectively enhance R123 accumulation
in the BBMEC monolayers is consistent with inhibition
of P-gp-mediated transport out of the cells.
Previous studies have reported that various surfac-

tants can inhibit P-gp-related drug efflux in cells (23-
25). Furthermore, Pluronic copolymers have been shown
to reverse multidrug resistance in cancer cells through
what appears to be inhibition of P-gp-mediated drug
efflux out of the cell (9, 10). On the basis of the results
of the present study, it would appear that it is the unimer
form of P85 that inhibits P-gp. Similar unimer effects
were reported previously for Pluronic copolymers in
multidrug-resistant cancer cells (9). It is also interesting
to note that studies by Nerurkar et al. (23) report
inhibition of drug efflux transport systems in Caco-2 cell
monolayers with various surfactants at concentrations
below the cmc.

Figure 4. Effects of P85 micelles on R123 accumulation in
various cells. Accumulation of R123 (3.2 µM) was examined
using assay buffer (open circles) and 1.0% P85 (solid circles) in
BBMEC (A), KBv (B), HUVEC (C), and KB monolayers (D).
Values represent the mean ( SEM of four monolayers.

Figure 5. Effects of P85 micelles on the cellular accumulation
of R110 in BBMEC monolayers. The accumulation of R110 in
BBMEC monolayers was examined using assay buffer (open
circles) and 1.0% P85 (solid circles) over a 90 min period. Values
represent the mean ( SEM of three monolayers.
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The fact that the apparent effects of P85 on P-gp-
mediated transport systems are seen at concentrations
below the cmc implies that the unimer is interacting
either directly with the protein or with the lipid mem-

brane microenvironment surrounding the protein. Re-
gardless of the exact mechanism, it appears that the
inhibition of P-gp with P85 unimers is related to vesicular
transport since the effect of the unimers is completely
abolished when endocytosis is inhibited with DG. The

Figure 6. Fluorescent microscopy of R123 accumulation in BBMEC. The BBMEC were exposed to R123 in either assay buffer [A
(top left), D (bottom left)], 0.01% P85 [B (top middle), E (bottom middle)], or 1.0% P85 [C (top right), F (bottom right)] for 15 min
[A-C (top row)] or 90 min [D-F (bottom row)]. The cellular fluorescence was determined at 100× magnification using a Leitz
fluorescent microscope. (The figure is reproduced here at 47% of the original.)

Figure 7. Energy dependency of LY and R123 accumulation
in BBMEC monolayers. Accumulation of LY (A) and R123 (B)
in BBMEC monolayers was examined in the presence (b) and
absence (O) of 40 mM DG. Values represent the mean ( SEM
of four monolayers.

Figure 8. Energy dependency of P85 effects on R123 ac-
cumulation in BBMEC monolayers. The effects of 1.0% (A) and
0.001% P85 (B) on R123 accumulation in BBMEC monolayers
was examined in the presence (solid circles) and absence (open
circles) of 40 mM DG. Values represent the mean ( SEM of
four monolayers per treatment group.
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likely explanation is that to reach the site of action within
the membrane, the P85 unimers must first undergo
endocytic transport into the cell. This conclusion is also
supported by the observation that DG inhibits the
accumulation of the [3H]P85 unimers in BBMEC cells.
Internalization of the unimers through endocytic path-
ways may help explain the effects on R123 accumulation
observed with the unimers, as there would be a lag time
required for the unimer to undergo vesicular transport
and be subsequently released from the endosome prior
to interaction with P-gp.
The presence of P-gp in brain capillary endothelial cells

and in cultured brain microvessel endothelial cells has
been well-documented (12, 13, 26). The expression of the
protein in the BBB is important in limiting the passage
of potential neurotoxins from the blood to the central
nervous system (27). However, recent studies suggest
that the presence of P-gp in the endothelial cells that
form the BBB may also influence the delivery, and
ultimately the biological activity, of various central
nervous system drugs (28). The results of the present
study suggest that Pluronic copolymers, at concentrations
below the cmc, may be useful for increasing the brain
delivery of selective neuroleptic agents that interact with
the P-gp drug efflux system. Indeed, given the recent
studies suggesting haloperidol is a weak substrate for
P-gp (28), inhibition of P-gp in the BBB may explain, in
part, the enhanced brain delivery of haloperidol observed
previously in mice treated with P85 (2, 4).
In addition to the effects of P85 unimers on P-gp, there

appears to be another pathway that is involved with R123
accumulation in BBMEC monolayers at concentrations
of P85 above the cmc. The kinetics associated with this
pathway is markedly different from that observed with
P85 unimers or free R123. Furthermore, the R123
accumulation in the cells following treatment with 1.0%
P85 does not appear to be dependent on the presence of
P-gp. The transient and rapid increase in cell-associated
R123 in BBMEC monolayers treated with 1.0% P85 was
also observed in HUVEC and to a lesser extent in KB
cells. Furthermore, in contrast to P85 unimers, the
accumulation of the P-gp-sensitive R123 and P-gp-
insensitive R110 were similar with P85 micelles. Taken
together, these experiments suggest a major difference
in the transport mechanisms observed with the P85
unimers and micelles.

One possible route for R123 absorption in BBMEC
monolayers in the presence of P85 micelles is through
endocytosis. Previous studies have shown that block
copolymers can direct vesicular transport of solubilized
drugs into cells (8). In the present study, there were some
qualitative similarities in the initial uptake kinetics
associated with R123 in the presence of 1.0% P85 and
that observed with the fluid phase endocytosis marker,
LY, in BBMEC monolayers. While the cell-associated
R123 in the P85 micelle study could represent cell-
polymer interactions on the extracellular surface of the
BBMEC, the fluorescent microscopy studies indicate that
R123 is found throughout the cytosol of the cell, with
some fluorescence even observed in the nucleus. Fur-
thermore, the decreased accumulation of R123 in the
micelle treatment group following exposure to the meta-
bolic inhibitor, DG, provides additional evidence sup-
porting the presence of R123 within the cell. The use of
DG as an inhibitor of endocytosis in BBMECmonolayers
has been reported previously (17). In the present study,
DG inhibited uptake of the fluid phase endocytosis
marker, LY, in BBMEC monolayers. The inhibition of
cell-associated R123 in the presence of P85 micelles
following treatment with DG suggests endocytosis of the
micelle-solubilized R123 is also occurring in the BBMEC
monolayers. Together, these findings suggest that the
P-gp-independent absorption process observed with mi-
celle concentrations of P85 in BBMECmonolayers is due
to endocytosis.
Compared to the absorption of R123 and R110 in assay

buffer, the enhanced absorption observed with the P85
micelles was transient, reaching a maximum within the
first 15 min of exposure. The reason for the transient
increase in absorption produced by the P85 micelles is
unclear. However, the fluorescence microscopy studies
indicate that the transient increases in cell-associated
R123 are due to changes within the cell and not merely
changes in binding or association of the micelles with the
plasma membrane.
Potential toxicity issues concerning the P85 micelles

do not appear to be involved in the transient increase in
R123 absorption observed as previous cytotoxicity studies
have shown no significant toxicity to cells within the
concentration range of P85 used in the present study (9).
Furthermore, if the micelles were killing the cells, one
would not expect DG, the metabolic inhibitor, to produce
such a dramatic decrease in R123 accumulation in the
P85 micelle treatment group. Indeed, if the micelles were
toxic to the cells, then the R123 accumulating in the cells
would be anticipated to steadily increase throughout the
time course of the experiments due to the loss of
membrane integrity.
An alternative explanation of the transient effects of

P85 micelles on R123 accumulation may involve a change
in the endocytic rate of the BBMEC during exposure to
the micelles. Previous studies indicate that endocytic
activity can be influenced by Pluronic copolymers (un-
published results). Whether such a mechanism is in-
volved in the transient increase in absorption with the
P85 micelles in the current study is under investigation.
In summary, the present studies indicate that Pluronic

copolymers interact with the brain microvessel endothe-
lial cells that form the BBB in two distinct ways. The
copolymer unimers increase the uptake of the drug
through the P-gp-dependent pathway. As a result of the
effects of the unimers on drug efflux systems in the BBB,
the permeability of selective drugs that are P-gp sub-
strates may be enhanced. Alternatively, at concentra-
tions of P85 above the cmc, drugs that are solubilized
within the copolymer micelles may penetrate the BBB

Figure 9. Energy dependency of [3H]P85 accumulation in
BBMEC monolayers. Accumulation of R123 in BBMEC mono-
layers was examined in the presence (b) and absence (0) of 40
mMDG. Values represent the mean ( SEM of three monolayers
per treatment group.
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through vesicular transport within the brain microvessel
endothelial cells. Since the unimer effects on P-gp are
dependent on the amount of free drug, the contribution
of the P-gp pathway will diminish as the copolymer
concentration reaches the cmc and the drug begins to
solubilize into micelles. Both the interactions of the
unimers and the micelles of P85 are energy-dependent,
suggesting that the membrane interactions with P85
have an initial endocytic component.
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Formation of Microscale Gradients of Protein Using
Heterobifunctional Photolinkers
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Gradients of biological molecules on a microscale have been postulated to elicit cellular responses,
such as migration. However, it has been difficult to prepare such gradients for experimental testing.
A means for producing such gradients has been developed using a heterobifunctional photolinking
agent with laser light activation. The photolinking agent synthesized includes an N-hydroxysuccin-
imide group and a photoreactive benzophenone (BP) separated by a tetraethylene glycol (TEG) spacer.
The presence of the tetraethylene glycol spacer renders the photolinker hydrophilic, a desirable trait
for conjugation in aqueous solutions. The linker was then conjugated to R-phycoerythrin (R-PE), a
fluorescent protein. The resulting photolinker-R-phycoerythrin conjugate (BP-TEG-PE) was then
immobilized onto a polystyrene surface by laser irradiation on a motorized stage. By varying exposure
time of the sample to the beam, the amount of BP-TEG-PE immobilized on the surface was changed
over an order of magnitude over a distance of 250 µm. This method can be applied to prepare gradients
of proteins that elicit biological responses, such as extracellular matrix proteins or growth factors,
and to study the biological effects of such gradients.

INTRODUCTION

Immobilizing proteins and peptides on surfaces is a
powerful method for studying the response of cells to
these molecules. Growth factors, cell adhesion molecules,
and peptides have all been immobilized on surfaces in a
variety of means for that purpose (1-3). Of particular
interest is the patterning of molecules that promote the
adhesion of cells to a surface. For instance, nerve cells
have been shown to preferentially attach to and extend
neurites along pathways of adhesion that have been
patterned using lithographic techniques (4-8). The sizes
and shapes of these patterns have also been shown to
influence cell behavior (9-11). One goal of this research
has been to find ways to control cell behavior, in
particular, migration, by manipulating the adhesiveness
of a substrate. A deeper understanding of cell migration
could allow researchers to construct paths through
matrices for cell migration and the formation of in-
nervated, vascularized tissue.
Formation of tissues in vitro will require a better

understanding of the means by which the cells native to
these tissues migrate. In many cases, gradients of
various molecules have been speculated to be the direct-
ing force in the migration of cells from one location in a
tissue to another. For example, neuronal cells extend
neurites on laminin, but what are the necessary signals
for migration of the growth cone to a specific target?
Halfter reported that axons from chick retinal explants
show directional migration up both steep and shallow
gradients of basal lamina or merosin (12). Additionally,

Snow and Letourneau studied the response of three types
of neuronal cells to a step gradient of chondroitin sulfate
proteoglycan (CS-PG) on laminin. The number of neu-
rites extending into each region of the gradient decreased
as the concentration of CS-PG increased (13). In con-
trast, McKenna and Raper found that shallow gradients
of laminin did not confer any directionality to neurite
extension (14). Although direct comparison of the results
from Halfter and McKenna and Raper is difficult because
of the differences in gradient analysis (one quantitative,
one qualitative), it can be speculated that the gradient
profile (how steep or shallow) may be a key factor in
determining the effects of these gradients on cell behav-
ior. Since cells may only be capable of detecting differ-
ences in molecule concentrations through receptors lo-
cated in the cell membrane, it may be necessary for the
gradients to have sufficient change in concentration
within those dimensions to elicit a cellular response.
Unfortunately, investigating this hypothesis has proved
to be difficult because a reproducible and quantifiable
method for producing microscale gradients in vitro to
study cell response has yet to be developed. Lithography
offers the ability to produce patterns with submillimeter
dimensions (5, 10, 15, 16), but its use for the preparation
of immobilized gradients has not been reported. To
overcome this limitation, we have investigated the pos-
sibility of creating microscale gradients using photore-
active cross-linking agents, with activation through laser
light exposure. This method offers a flexible means of
controlling the amount of protein or peptide immobilized
on a surface because the exposure time of the sample to
the laser is easily varied during substrate processing. By
focusing the laser, the dimensions of the patterns pro-
duced can be controlled to submillimeter dimensions.
Gradients can be prepared by a raster pattern of irradia-
tion in which the laser moves over the surface at
progressively faster speeds.
In this paper, we describe the preparation of stable

gradients using the above approach. A conjugation
reagent containing a photoactivatable benzophenone

* Address correspondence to this author at the Depart-
ment of Chemistry, University of Minnesota, 207 Pleasant
St. S.E., Minneapolis, MN 55455 (e-mail distefan@
chemsun.chem.umn.edu).

† Department of Chemical Engineering andMaterials Science.
‡ Department of Chemistry.
§ School of Physics and Astronomy.
X Abstract published in Advance ACS Abstracts, August 1,

1997.

658 Bioconjugate Chem. 1997, 8, 658−663

S1043-1802(97)00125-0 CCC: $14.00 © 1997 American Chemical Society



(BP), a water-soluble tetraethylene glycol (TEG) spacer,
and an amine reactiveN-hydroxysuccinimide (NHS) ester
was prepared and used to derivatize R-phycoerythrin (R-
PE). This conjugate was then cross-linked to a polysty-
rene surface using a focused laser and a programmable
stage. The resulting cross-linked patterns and gradients
were visualized by measuring the intrinsic phycoerythrin
fluorescence that remained on the surface after extensive
washing.

MATERIALS AND METHODS

General Procedures. Tetrahydrofuran (THF) was
dried over sodium benzophenone ketyl, and N,N-dimeth-
ylformamide (DMF) was dried over 4 Å molecular sieves.
Analytical TLC was performed on precoated Polygram
Sil G/UV254 plates from Macherey-Nagel and visualized
under UV irradiation or by staining with iodine. Flash
column chromatography was performed on silica gel
(230-400 mesh) (Merck/Bodman, Aston Township, PA).
Reversed phase chromatography was performed on C18
Sep-Pak cartridges (Waters Corp., Milford, MA). NMR
spectra were obtained on a Varian 300 MHz spectrom-
eter. Coupling constants are reported in hertz.
Linker Synthesis. A heterobifunctional photoreac-

tive cross-linking agent containing the reactive BP and
NHS moieties with a TEG spacer was synthesized
(Scheme 1). All materials were obtained from Aldrich
Chemical Co., Inc. (Milwaukee, WI) unless otherwise
specified. Compound 2 was prepared according to the
literature (17).
Benzyl 14-Hydroxy-3,6,9,12-tetraoxatetradecan-

oate (3). 14-Hydroxy-3,6,9,12-tetraoxatetradecanoic acid
(2) (2.01 g, 7.99 mmol) in dry DMF (31 mL) under N2
was combined with KHCO3 (973.0 mg, 9.72 mmol) and
benzyl bromide (1.15 mL, 9.67 mmol). The mixture was
stirred at 23 °C for 22 h, and the solvent was removed
by vacuum distillation. The resulting dark yellow oil was
dissolved in CH2Cl2, and the solids were removed by
filtration. Purification by flash column chromatography
(SiO2, MeOH/CH2Cl2) gave a very light-colored yellow oil
(959 mg; Rf ) 0.63, SiO2, 10% MeOH/CH2Cl2). A second
fraction was obtained (539 mg; Rf ) 0.72), which was
indistinguishable from the slower moving fraction (Rf )
0.63) by 1H NMR:1 combined yield, 55%; 1H NMR (CDCl3,

300 MHz) δ 7.34-7.31 (m, 5H), 5.16 (s, 2H), 4.18 (s, 2H),
3.74-3.64 (m, 6H), 3.63 (br s, 8H), 3.58-3.55 (m, 2H),
2.84 (br t, J ) 5.7, 1H); 13C NMR (CDCl3, 75 MHz) δ
170.23, 135.29, 128.48, 128.30, 72.43, 70.81, 70.47, 70.41,
70.38, 70.16, 68.52, 66.41, 61.57; HRFABMS calcd for
C17H27O7 [M + H]+ 343.1757, found 343.1741.
Benzyl 14-N-Phthalimido-3,6,9,12-tetraoxatetrade-

canoate (4). To PPh3 (1.31 g, 5.00 mmol) and phthal-
imide (1.10 g, 7.46 mmol) under N2 at 23 °C was added
benzyl 14-hydroxy-3,6,9,12-tetraoxatetradecanoate (3)
(0.84 g, 2.47 mmol, Rf ) 0.63 as noted above) dissolved
in 10 mL of THF. The mixture was diluted with 20 mL
of THF to completely dissolve all solids. Diethyl azodi-
carboxylate (DEAD; 800 µL, 5.08 mmol) was added, and
the mixture was stirred for 4 days. The solvent was
removed under reduced pressure and the crude oil
partially purified by flash column chromatography (EtOAc/
hexanes, 1:1 v/v) to give 4 contaminated with a significant
amount of triphenylphosphine oxide (TPPO). The mate-
rial was used without further purification.2 A sample of
pure 4 was obtained by rebenzylation of the purified free
acid 5. To 5 (28 mg, 0.073 mmol) in dry DMF at 23 °C
under N2 was added KHCO3 (22 mg, 0.22 mmol) and
benzyl bromide (12 µL, 0.10 mmol). The mixture was
stirred for 3 days, and the solvent was removed by
vacuum distillation. The residue was dissolved in CH2-
Cl2, filtered through Celite, and purified by flash
column chromatography (0-75% EtOAc/hexanes) to
give 4 as a very light-colored yellow oil (Rf ) 0.42,
SiO2, 75% EtOAc/hexanes): 1H NMR (CDCl3, 300 MHz)
δ 7.83 (dd, J ) 5.2, 3.1, 2H), 7.70 (dd, J ) 5.5, 3.0, 2H),
7.34 (br s, 5H), 5.18 (s, 2H), 4.18 (s, 2H), 3.88 (t, J ) 5.7,
2H), 3.74-3.70 (m, 4H), 3.66-3.61 (m, 4H), 3.59-3.57
(m, 6H); 13C NMR (CDCl3, 75 MHz) δ 170.31, 168.20,
135.39, 133.87, 132.08, 128.56, 128.37, 123.18, 70.87,
70.55, 70.52, 70.49, 70.02, 68.62, 67.85, 66.45, 37.19;
HRFABMS calcd for C25H30NO8 [M + H]+ 472.1971,
found 472.1985.
14-N-Phthalimido-3,6,9,12-tetraoxatetradecan-

oic Acid (5). Compound 4, contaminated with TPPO,
was dissolved in absolute EtOH (50 mL), 10% Pd/C (0.25
g) was added, and the mixture was stirred under 1 atm
of H2 at 23 °C for 23 h. The catalyst was removed by
filtration through Celite and the filtrate concentrated
under reduced pressure. Purification by flash column
chromatography (0-2% MeOH/CH2Cl2 and then 2%
MeOH/CH2Cl2 containing 0.03% HOAc) gave a liquid
containing very slight impurities, which was used with-
out further purification (343 mg, 36% yield from com-
pound 3).2 A small sample was repurified by flash
column chromatography to give a yellow, crystalline
solid: 1H NMR (CDCl3, 300 MHz) δ 8.55 (br s, 1H), 7.83
(dd, J ) 5.4, 3.0, 2H), 7.70 (dd, J ) 5.4, 3.0, 2H), 4.13 (s,
2H), 3.89 (t, J ) 5.7, 2H), 3.74-3.70 (m, 4H), 3.66-3.62
(m, 4H), 3.60-3.56 (m, 6H); 13C NMR (CDCl3, 75 MHz)
δ 172.96, 172.62, 168.27, 133.92, 132.03, 123.21, 71.17,
70.48, 70.38, 70.32, 70.18, 70.12, 68.82, 67.94, 37.20;
HRFABMS calcd for C18H24NO8 [M + H]+ 382.1502,
found 382.1520.

1 Both fractions are believed to be compound 3. One fraction
may contain materials complexed as a potassium salt. See ref
17.

2 Another 110 mg of 5 was obtained by eluting the SiO2
column used for the purification of 4 with 10% MeOH/CH2Cl2
to provide a second more crude faction of 4. This material was
subjected to hydrogenation as described for the preparation of
compound 5. The crude orange oil isolated contained 54.5% of
5 by weight (as estimated by NMR). Combined yield of 5: 48%
from compound 3.

Scheme 1. Preparation of Linker (BP-TEG-NHS)a

a Linker based on benzophenone, tetraethylene glycol, and
NHS.
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14-Amino-3,6,9,12-tetraoxatetradecanioc Acid (6).
To 14-N-phthalimido-3,6,9,12-tetraoxatetradecanoic acid
(5) (228 mg, 0.598 mmol) in absolute EtOH (6 mL) under
N2 was added NH2NH2‚H2O (50 µL, 1.03 mmol). The
mixture was refluxed for 5 h, cooled in an ice bath, and
filtered, and the filtrate was concentrated under reduced
pressure. The residue was dissolved in a small amount
of absolute EtOH and water added to give a cloudy
suspension. After further filtration and concentration,
water was again added. After a third filtration and
concentration of the filtrate with absolute EtOH, a
viscous yellow oil was obtained, which crystallized on
standing (94% purity by NMR; 93% yield). This material
was further purified by reversed phase chromatography
(H2O/MeOH): 1H NMR (CDCl3, 300 MHz) δ 7.96 (br s,
3H), 3.86 (s, 2H), 3.79 (t, J ) 4.6, 2H), 3.66-3.54 (m,
12H), 3.06 (t, J ) 4.8, 2H); 13C NMR (CDCl3, 75 MHz)3 δ
175.50, 71.28, 70.35, 69.78, 69.51, 69.43, 69.36, 69.26,
67.04, 39.62; HRFABMS calcd for C10H22NO6 [M + H]+
252.1447, found 252.1448.
14-(4-Benzoylbenzamido)-3,6,9,12-tetraoxatetrade-

canoic Acid (7). To 14-amino-3,6,9,12-tetraoxatetrade-
canoic acid (6) (95 mg, 0.38 mmol) in dry DMF (8 mL)
under N2 was added 4-benzoylbenzoic acid N-hydrox-
ysuccinimide ester (298 mg, 0.92 mmol). The tempera-
ture was raised to 73 °C and the reaction stirred for 25
h. After vacuum distillation to remove the solvent, the
crude material was purified by flash chromatography to
remove excess NHS ester (100% CH2Cl2). The product
7 and N-hydroxysuccinimide were then eluted from
the column with 50% MeOH/CH2Cl2 containing HOAc
(∼0.5%). Removal of the solvents gave a viscous orange
residue. Water was added to the residue to give a cloudy
suspension. The precipitate (4-benzoylbenzoic acid) was
removed by centrifugation and the supernatant (a pre-
cipitate forms on standing) concentrated. The residue
was dissolved in CH2Cl2/H2O, the layers were separated,
and the aqueous layer was extracted twice more with
CH2Cl2. The combined CH2Cl2 layers were washed once
with saturated NaCl, decanted into a dry flask, and
concentrated. Further purification by flash column chro-
matography (using 2%MeOH/CH2Cl2 to remove residual
4-benzoylbenzoic acid) gave a very light-colored yellow
oil (81 mg; 46.5% yield): 1H NMR (CDCl3, 300 MHz)4 δ
9.22 (br s, 1H), 8.16 (d, J ) 7.8, 2H), 7.76-7.72 (m, 4H),
7.57 (tt, J ) 7.4, 1.6, 1H), 7.45 (dd, J ) 7.5, 7.5, 2H),
3.84 (s, 2H), 3.66-3.52 (m, 16H); 13C NMR (CDCl3, 75
MHz)5 δ 196.30, 175.25, 166.88, 139.45, 137.86, 137.12,
132.70, 130.00, 129.75, 128.34, 127.72, 70.82, 70.21,
69.52, 69.28, 69.01, 68.63, 39.73; HRFABMS calcd for
C24H28NO8Na2 [M - H + 2Na]+ 504.1610, found 504.1626.
14-(4-Benzoylbenzamido)-3,6,9,12-tetraoxatetrade-

canoic Acid N-Hydroxysuccinimide Ester (8). To
14-(4-benzoylbenzamido)-3,6,9,12-tetraoxatetradecan-
oic acid (7) (59.0 mg, 0.13 mmol) in 4 mL of EtOAc
(material is not completely soluble) was added N-hydrox-
ysuccinimide (16.4 mg, 0.14 mmol) and dicyclohexylcar-
bodiimide (DCC) (26.9 mg, 0.13 mmol). CH2Cl2 (5 mL)
was then added to completely dissolve the solids. The

mixture was stirred at 23 °C for 17.5 h, and the solvents
were removed under reduced pressure. A small amount
of CH2Cl2 was added to the residue and the mixture
cooled to 0 °C under N2. The precipitate was removed
by filtration and the filtrate concentrated (precipitation
and filtration performed twice) to give a yellow-brown
oil containing impurities (84.7 mg; theoretical yield )
71.2 mg; purity e 85%): 1H NMR (CDCl3, 300 MHz) δ
7.98-7.89 (m, 2H), 7.82-7.74 (m, 4H), 7.59 (tt, J ) 7.5,
1.9, 1H), 7.47 (dd, J ) 7.5, 7.5, 2H), 4.46 (s, 2H), 3.74-
3.60 (m, 16H), 2.82 (s, 4H); 13C NMR (CDCl3, 75 MHz) δ
196.01, 168.78, 166.76, 165.88, 139.85, 137.72, 136.96,
132.78, 130.00, 129.95, 128.35, 127.06, 71.15, 70.73,
70.45, 70.41, 70.35, 70.12, 69.55, 66.39, 39.92, 33.58.
Reaction of BP-TEG-NHS, 8, with Alanine. To

the photolinker 8 as an oily residue was added excess
alanine (racemic) as a cold aqueous solution. The
mixture was stirred at 0 °C for 1.5 h (all materials
dissolve). Excess alanine was removed by CH2Cl2 extrac-
tion (three times) of any TEG-containing compounds.
Purification by multiple elution (six times) of a prepara-
tive TLC plate (SiO2, dipped first in 2% HOAc/MeOH and
dried, then loaded and eluted with 5% MeOH/CH2Cl2
containing 0.05% HOAc) and extraction of the band at
Rf ) 0.30 gave a white solid.6 The crude material was
dissolved in MeOH/H2O, excess disodium EDTA‚2H2O
was added, the MeOH was removed under reduced
pressure, and the sample was warmed to completely
dissolve the EDTA. The aqueous solution was extracted
with CH2Cl2 (three times) to remove the Ala-linker
adduct, and the CH2Cl2 layers were concentrated. 1H
NMR (CDCl3, 300 MHz) δ 7.97 (ddd, J ) 8.4, 1.8, 1.8,
2H), 7.84 (ddd, J ) 8.4, 1.8, 1.8, 2H), 7.80 (ddd, J ) 6.9,
1.6, 1.6, 2H), 7.65-7.56 (m, 3H), 7.50 (ddt, J ) 7.5, 7.5,
1.6, 2H), 4.66 (quintet, J ) 7.5, 1H), 4.07 (d, J ) 16.2,
1H), 3.94 (d, J ) 15.9, 1H), 3.83-3.58 (m, 16H), 1.46 (d,
J ) 7.2, 3H); 1H NMR (CD3OD, 300 MHz) δ 7.97 (ddd, J
) 8.4, 1.9, 1.9, 2H), 7.84 (ddd, J ) 8.4, 1.8, 1.8, 2H), 7.79
(ddd, J ) 6.9, 1.6, 1.6, 2H), 7.66 (tt, J ) 7.2, 1.6, 1H),
7.54 (ddt, J ) 7.3, 7.3, 1.5, 2H), 4.31 (q, J ) 7.2, 1H),
3.97 (s, 2H), 3.74 (s, 2H), 3.71-3.58 (m, 14H), 1.38 (d, J
) 7.2, 3H).
Conjugation of Phycoerythrin to BP-TEG-NHS,

8 (Scheme 2). R-Phycoerythrin (Molecular Probes,
Eugene, OR) was pelleted by centrifugation from a

3 The 13C NMR spectrum is concentration dependent. The four
resonances from δ 69.51 to 69.26 coalesce to two peaks at δ 69.57
and 69.47 upon dilution.

4 The 1H NMR spectrum of the free acid 7 is also concentra-
tion dependent. The aromatic resonance at δ 8.01 and the R-CH2
resonance at δ 4.06 shift to δ 8.11 and 3.92, respectively, upon
dilution.

5 In the 13C spectrum of 7, the methylene carbons of the TEG
unit show a decrease in intensity relative to that of the aromatic
and carbonyl carbons when compared to other spectra in the
series.

6 The product is believed to bind Ca2+ (a binding material
contained within the preparative plates). See ref 17.

Scheme 2. Conjugation of BP-TEG-NHS to R-PE

a Reaction scheme resulting in formation of BP-TEG-PE and
subsequent immobilization to dish surface through C-H bond.
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suspension of 4 mg/mL in 60% ammonium sulfate, pH
7, and resuspended in 0.1 M NaCl/0.1 M Na2HPO4, as
suggested by the supplier. For conjugation, 2 mL of R-PE
at a concentration of 0.2 mg/mL was combined with 100
µL of BP-TEG-NHS, 8, at 5 mg/mL in distilled water
to achieve a final molar ratio of 1:500 R-PE:BP-TEG-
NHS. The reaction was carried out at 4 °C in darkness
for 24 h. The solution was then dialyzed against ap-
proximately 750 mL of 0.1 M NaCl/0.1 M Na2HPO4, pH
7.0, overnight at 4 °C, with two changes of the dialysis
solution. After dialysis, the BP-TEG-PE was aliquoted
and stored at 4 °C.
Immobilization of BP-TEG-PE, 9. The BP-TEG-

PE solution was diluted to a final concentration of 400
ng/mL in 0.1 M NaCl/0.1 M Na2HPO4. A 60 µL drop of
this solution was placed onto a 35 mm Petri dish (Falcon,
Becton Dickinson Labware, Lincoln Park, NJ) and al-
lowed to air-dry at room temperature. The Petri dish
was then placed on the stage and irradiated using a Cd/
He laser (4 mW, 325 nm, Model 3056-4, Omnichrome
Corp., Chino, CA). The laser beam passes through a
computer-controlled electronic shutter (Newport/Klinger,
Garden City, NY), followed by a 190 µm pinhole and a
5× objective lens before reaching the sample on the stage.
Stage motion was mediated through the use of three
mutually perpendicular 850-B actuators (Newport/
Klinger). The actuators and shutter were controlled with
the Motion Master 2000 system (Newport/Klinger). The
pattern of irradiation was generated by controlling the
direction and the speed of stage movement during laser
exposure. The focal point of the laser beam has a width
of approximately 20 µm. Patterns of immobilized PE
were generated by manipulating the path of laser ir-
radiation. The exposure time of the laser at any given
point along the path was controlled by the speed of
movement of the stage on which the sample was placed.
Lines of uniform exposure to laser irradiation can be
created readily by maintaining a constant stage velocity.
Lines with varying exposure are produced by changing
the speed of the stage movement during exposure to laser
irradiation. A shutter is used to block out laser irradia-
tion to create discrete patterns. An irradiated area
greater than the width of the laser beam was created
using repetitive line scans with the laser. To minimize
the possibility of a gap or a low irradiation region
between lines, the irradiated area in two consecutive line
scans was allowed to overlap by a distance smaller
(typically about half) than the width of laser beam. An
area with a gradient of laser exposure was created by
gradually changing the exposure time in the consecutive
lines.
After irradiation, the Petri dishes were sonicated for

5 min at room temperature in each of the following five
solutions: ethanol; methanol; 1:1 (v/v) methanol/distilled
water; distilled water; methanol.
Fluorescence Detection. An epifluorescence in-

verted microscope (Nikon Diaphot, Nikon Inc., Melville,
NY) equipped with a confocal scanning laser system
(Multiprobe 2001, Molecular Dynamics, Sunnyvale, CA)
was used to detect fluorescence from the immobilized
BP-TEG-PE. Samples were excited at 488 nm with an
argon laser light source, and emission wavelengths above
510 nm were collected using a long-pass filter and a
pinhole aperture of 100 µm. The voltage of the photo-
multiplier tube for fluorescence intensity was kept con-
stant for all scans. The acquired images (512 × 512, pixel
size 1.3 or 0.6 µm) were collected on a Silicon Graphics
Indigo workstation (Iris, Silicon Graphics, Inc., Mountain
View, CA) using ImageSpace software (Molecular Dy-
namics). The resulting images were stored as two-

dimensional arrays of pixel intensity and position. Plots
of fluorescence intensities were generated for each image
by determining the average intensity for each column of
pixels. These averages were normalized on the basis of
the highest fluorescence intensity of the image. The
background intensity (determined from each image) was
subtracted, and these values were plotted against their
position in the image. The levels of background fluores-
cence for irradiated samples were comparable to levels
found in the control dish.

RESULTS

Synthesis of Photolinker. A new water soluble
heterobifunctional cross-linking agent 8 was synthesized
which incorporates a TEG spacer and the photoreactive
BP group. The synthesis of 8 was accomplished in seven
steps from TEG (Scheme 1). Compound 2 was prepared
according to the literature (17). After protection of 2 as
its benzyl ester 3, conversion of the free alcohol to the
phthalimide 4, and complete deprotection (compounds 5
and 6), the desired spacer 6 was obtained. Incorporation
of the BP moiety was accomplished by acylation of 6 with
4-benzoylbenzoic acid NHS ester to give 7. Activation
of the free acid 7 as its NHS ester gave photolinker 8.
All compounds were characterized by 1H and 13C NMR
and HRMS. It is interesting to note that although these
compounds are water soluble, they are readily soluble
in chlorinated solvents. These unusual solubility proper-
ties manifest themselves as peculiarities in their CDCl3
1H and 13C spectra.3-5 To demonstrate the solubility and
reactivity of our new photolinker under mild conditions
compatible with proteins, 8 was treated with alanine in
aqueous solution and the adduct isolated and character-
ized by 1H NMR. Compound 8 was then used to attach
the BP-TEG moiety to R-PEphycoerythrin. The result-
ing conjugate was purified by dialysis and then used in
subsequent photoimmobilization experiments.
Immobilization of BP-TEG-PE. BP-TEG-PE

was immobilized onto a polystyrene surface by irradiation
with a Cd/He laser. Four lines, each 500 µm in length,
were scanned to generate the pattern of a square. After
unbound BP-TEG-PE was washed off, the pattern of
immobilized phycoerythrin was visualized with a micro-
scope. Figure 1 shows the image of a square produced
in this fashion. The width of the fluorescent path of the
outline is approximately 20 µm. The pattern is clearly

Figure 1. Square of immobilized BP-TEG-PE; fluorescent
confocal image of the square outline. Image was created using
black-to-white (low intensity to high intensity) gray-scale
palette. Box ) 20 µm.
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visible over the background fluorescence. A control was
also included in which the surface was irradiated using
unmodified phycoerythrin (instead of BP-TEG-PE) on
the surface. The fluorescent intensity of this control was
identical to the background level (data not shown). Thus,
the background fluorescence is attributed in part to
residual BP-TEG-PE that remained adsorbed to the
surface after extensive washing. Clearly, the square
pattern as shown in Figure 1 is due to the immobilization
of phycoerythrin on the surface.
Gradient of Phycoerythrin. A surface with a con-

centration gradient of phycoerythrin was created by
scanning the Cd/He laser across the surface in a raster
pattern but with increasing scanning speed in consecu-
tive lines. The width of the laser beam, i.e., the width of
each scanned line, was approximately 20 µm. In the
rastering process, each line was moved 10 µm down from
the previous one and scanned in a parallel direction. The
scanning speed along each single line was kept constant.
Two types of scans were used. In the first the scanning
speed for all rasters was invariant; in the other, the
scanning speed was increased by 40% in each consecutive
line. The lowest scanning speed used was 1/11 of the
highest one. A square of 250 µm × 250 µm was irradi-
ated to create a patch of immobilized phycoerythrin with
a decreasing concentration from one end to the other.
Figure 2 shows the images of a solid square with uniform
irradiation and one irradiated with a varying scanning
speed. The square generated by uniform irradiation
shows a relatively uniform fluorescence intensity above
the background level (Figure 2a). The second surface,
irradiated with an increasing speed of laser scanning,
shows a gradual decrease in fluorescence (Figure 2b). The
average fluorescence intensity of all pixels along the
direction of line scan was calculated and plotted along

the direction of adjacent lines of scanning. The results
are shown in Figure 2c. This difference between the
uniform surface and the surface with a gradient is
evident. In one, the fluorescence intensity varied little
over the 250 µm distance, while in the other it decreased
approximately 1 order of magnitude over the same
distance.

DISCUSSION

A wide range of heterobifunctional cross-linking agents
for protein conjugation has been reported in the litera-
ture, many of which are commercially available (18, 19).
Most of these compounds contain aryl azides as the
photoreactive component. BP-containing reagents, how-
ever, are also being used (7, 20, 21), and are attractive
alternatives. BPs can be manipulated in ambient light
and are activated at wavelengths that are less damaging
to proteins. Most importantly, BPs cross-link with higher
efficiency than other photoreactive functionalities (22).
This can be attributed to the reversible nature of the
photoexcited state of BP.
The photoreactive cross-linking agent used in this

study incorporates a BP unit (present as a benzoylben-
zamide) and an NHS ester as the reactive groups, coupled
with a TEG spacer. The NHS ester was chosen as the
protein reactive group because of previous evidence that
reactions between the R-PE and NHS esters do not result
in a loss of intrinsic R-PE fluorescence (15). TEG is
hydrophilic, in contrast to the alkane-based spacers used
in many cross-linking agents, and was used to produce
a linker that had an increased solubility in the aqueous
solutions used for reactions with proteins. This modular
design of the linker allows the properties of the linker to
be systematically varied in future experiments with other
proteins.
By combining photoreactive cross-linking agents and

laser scanning, we have developed a method of creating
a surface with a gradient of immobilized protein mol-
ecules. Increasing the exposure time of the surface to
the laser beam increased the amount of BP-TEG-PE
immobilized on the surface. Higher laser scanning
velocities (shorter exposure times) resulted in lower
concentrations of immobilized protein than at slower
velocities. It is important to note that R-PE alone was
not immobilized after laser exposure. Therefore, it is the
modification of the R-PE with the photolinker that allows
us to produce the patterns visualized. This method now
serves as a model for future experiments involving other
proteins or peptides.
Immobilization of proteins and peptides using bifunc-

tional cross-linking agents has been accomplished by a
number of researchers (7, 23-25). In many cases, these
techniques have been combined with lithography to
pattern proteins on surfaces. This is an effective means
for immobilization, and the use of lithography allows for
the production of patterns with dimensions on the order
of micrometers (subcellular). However, lithographic tech-
niques alone do not provide a means for immobilizing
proteins and peptides with a gradient of density at a
microscale distance. The results presented here demon-
strate the ability to produce gradients of molecules on
surfaces using heterobifunctional photoreactive cross-
linking agents and laser light activation. This method
provides a means for testing current hypotheses on the
effects of gradients in cell behavior. ECM proteins,
growth factors, and even peptides can be immobilized as
gradients to determine the effects of these gradients on
cell behavior.

Figure 2. Comparison of uniform and gradient squares;
comparison of fluorescent confocal images of solid square (a) and
gradient (b). Graph (c) shows normalized average fluorescence
intensity for both (a) and (b). A black-to-white palette was used.
Box ) 10 µm.
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Treatment of diabetes mellitus by insulin injections provides long-term control of the disease but
lacks any feedback response to glucose concentration changes, which finally leads to a number of
life-threatening conditions. The purpose of this study was to improve and optimize an implantable,
concanavalin A (Con A) based, glucose-responsive insulin delivery system studied earlier [Jeong, S.
Y., Kim, S. W., Holmberg, D. L., and McRea, J. C. (1985) J. Controlled Release 2, 143-152], which
can be used for long-term diabetes treatment. To optimize the “insulin component” of the delivery
system, we prepared PheB1 insulin amino group monosubstituted monoglucosylpoly(ethylene glycol)
(G-PEG) insulin conjugates (PEG Mr 600 or 2000), which showed preserved bioactivity, significantly
improved solubility and solution stability at neutral pH, and substantially suppressed hexamerization/
dimerization. To improve the delivery system further, we synthesized and characterized a conjugate
of Con A and monomethoxypoly(ethylene glycol) (mPEG, Mr 5000) grafted hydrophilic poly(vinylpyr-
rolidone-co-acrylic acid) (PVPAA) withMr of 250 000. The optimal conjugate contained around eight
PEG chains and two to three Con A tetramers attached through the amide bonds to the PVPAA chain.
The Con A sugar binding characteristics were preserved, and, more importantly, Con A solubility at
pH 7.4 substantially increased. This also holds true for a complex formed by the Con A conjugate
and G-PEG insulin, which is soluble and does not precipitate under the physiologically relevant
conditions under which the complex formed by the Con A conjugate and glycosyl insulin immediately
precipitates. Finally, no leakage of the Con A conjugate from a membrane device was detected.
Preliminary in vitro release experiments with Con A conjugate and G-PEG insulin complex enclosed
in the membrane device showed a pulsative, reversible release pattern for G-PEG insulin in response
to glucose challenges of 50-500 mg/dL, demonstrating the feasibility of the release system for use in
planned, chronic in vivo studies with diabetic (pancreatectomized) dogs.

INTRODUCTION

The need to improve the control of glucose homeostasis
and to avoid frequent chronic hyperinsulinemic episodes
caused by conventional parenteral insulin injections in
the treatment of diabetes led in the late 1970s to the
development of different continuous insulin delivery
systems (1). However, most of these systems suffered
from the lack of feedback regulation utilizing some kind
of glucose level monitoring in vivo; therefore, new ap-
proaches have been used to develop glucose-responsive
insulin delivery systems (2-8). Our group has been
working for a long time on a unique delivery system
based on competitive binding (9), namely the displace-
ment of glycosylated insulin by glucose from concanavalin

A (Con A).1 The system is enclosed in a polymeric
membrane device that is permeable to glucose and
glycosylated insulin and nonpermeable to Con A. The
current version of the system is a rechargeable pouch that
can be implanted into the peritoneal cavity and then be
refilled from the outside (10). Nevertheless, the perfor-
mance of such a device is hampered by the limited
solubility of glycosylated insulin-Con A complex, which
causes a long unwanted lag phase for the onset of release
of glycosylated insulin derivative when the device is
challenged by high glucose concentration (11). The
physicochemical basis for this phenomenon is the tet-
rameric nature of the Con A molecule (12) and the
limited, yet partially preserved, ability of glycosylated
insulin derivatives to form dimers and hexamers (13).
This especially holds true for GlyA1 substituted deriva-
tives that comprise the major component in glycosylated
insulin preparations used in the release studies so far
(14).
Recently, we worked out a new synthetic scheme for

glycosylated insulins enabling us to attach a sugar moiety
specifically to the PheB1 amino group (15). Generally,
this site-specific modification does not have a negative
impact on the binding of such derivatives to insulin
receptors, and thus their biological activity is more or
less preserved (16). We have also shown that these
glycosylated derivatives are predominantly dimeric over
the considered concentration range (15). We hypoth-
esized that by placing a sufficiently long poly(ethylene
glycol) (PEG) spacer between the sugar moiety and the
above specified amino group of the insulin molecule
(Scheme 1), we would achieve further reduction in the
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utah.edu].
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1 Abbreviations: Con A, concanavalin A; PEG, poly(ethylene

glycol); G-PEG, glycosyl(glucosyl)poly(ethylene glycol); mPEG,
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dimerization of glycosylpoly(ethylene glycol) insulin (G-
PEG insulin), thus preventing precipitation of its complex
with Con A and improving its release profile from a
pouch.
Moreover, the attachment of PEG chain(s) to the

insulin molecule should have a beneficial impact on
several important characteristics of the hormone, such
as diminished immunogenicity and antigenicity, as has
already been demonstrated for PEG insulin conjugates
(17), reduced susceptibility to proteolysis, and increased
plasma half-life as well as significantly improved physical
stability, as has been shown for many pharmaceutically
relevant proteins (18). The last feature is especially
important for the pouch design since insulin solutions
at elevated temperature (37 °C) and constant irregular
motions (hydrodynamic stress) tend to form insoluble
fibrils with negligible bioactivity (19-22).
To further optimize physicochemical and biological

features of the glucose-responsive insulin delivery system
described above for in vivo use, unsolved problems
associated with Con A had to be also addressed. Origi-
nally, unmodified Con A was used, which was slowly
leaking from a pouch (23). To prevent the leakage, new
insoluble Con A systems were designed based on Con A
immobilized onto a solid support (24) or Con A cross-
linked as microspheres (14), which had the disadvantage
that the beads or microspheres settled to the bottom of
the pouch, preventing reliable and reproducible insulin
release during glucose challenge experiments. Thus,
soluble Con A oligomer (Mr > 300 000) was prepared by
glutaraldehyde cross-linking (25). Still, reproducibility
problems persisted because of limited solubility of Con

A oligomer and the insolubility of Con A oligomer-
glycosylated insulin complex. To increase Con A solubil-
ity and prevent Con A leakage from the pouch as well as
precipitation of the complex, we decided to synthesize a
conjugate of Con A and hydrophilic copolymer poly-
(vinylpyrrolidone-co-acrylic acid) (PVPAA) with highMr
of 250 000 (Scheme 2). Grafting of mPEG-NH2 molecules
to PVPAA before Con A conjugation should further
increase the solubility of Con A and its complex with
glycosylated insulin and especially with G-PEG insulin.
This paper describes the synthesis, purification, and

chemical, physical, and biological characterization of
G-PEG insulin derivatives with various lengths of PEG
spacer. Preparation and characterization of a high Mr
and soluble Con A conjugate with mPEG-grafted PVPAA
(mPEG-PVPAA) are also described. Finally, the release
behavior of G-PEG insulin from mPEG-PVPAA-Con A
conjugate enclosed within a porous polymer membrane
device at various glucose concentrations was studied to
demonstrate the feasibility of using this system for self-
regulating insulin delivery in vivo.

EXPERIMENTAL PROCEDURES

Materials. Poly(ethylene glycol) diacid (PEG diacid,
Mr 600 and 2000) was purchased from Fluka (Ronkonko-
ma, NY), and aminomethoxypoly(ethylene glycol) (mPEG-
NH2) ofMr 5000 was obtained from Shearwater Polymers
(Huntsville, LA) and dried over P2O5 under vacuum
before use. Human crystalline Zn-insulin was obtained
from Bayer Corp. (Kankakee, IL). p-Aminophenyl R-D-
glucopyranoside, methyl R-D-mannopyranoside, dansyl
chloride, ammonium bicarbonate, anisole, urea, Trizma
base, Hepes, and concanavalin A-Sepharose were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Con-
canavalin A (Sigma) was purified by precipitation of the
fragmented fraction in ammonium bicarbonate (12).

Scheme 1. Preparation of PheB1-Substituted Mono-
glycosyl Poly(ethylene glycol) Insulin

Scheme 2. Preparation of mPEG-NH2 Grafted Poly-
(vinylpyrrolidone-co-acrylic acid) and Conjugation of
Concanavalin A
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Acetic (AcOH), trifluoroacetic (TFA), and sulfuric acids,
isobutylchloroformate (IBCF), tributylamine (TBA), tri-
ethylamine (TEA), di-tert-butyl dicarbonate (Boc dicar-
bonate), and all other reagents as well as all organic
solvents used were at least ACS grade and purchased
from Aldrich Chemical Co. (Milwaukee, WI). Spectra/
Por dialysis tubing (MWCO 1000 and 3500) and Spectra/
Por RC DispoDialyzer (1 mL, MWCO 10 000, 25 000,
50 000) were purchased from Spectrum Medical Indus-
tries (Houston, TX). Ultrafiltration membranes (PCMK
regenerated cellulose disks) with MWCO 300 000 were
from Millipore (Bedford, MA). Poly(vinylpyrrolidone-co-
acrylic acid) (PVPAA) (Mr 250 000, VP/AA molar ratio )
75/25) was obtained from ISP Technologies, Inc. Insulin
radioimmunoassay kits from ICNMicromedics, Horsham,
PA, were used.
Synthesis of Glucosyl-PEG Diacid (G-PEG Di-

acid). The mixed anhydride method of amide bond
formation was used to couple one of the carboxylic groups
of PEG diacid to the amino group of glucoside (26). A 1
g (1.67 mmol) portion of PEG diacid (Mr 600) containing
3.34 mmol of free carboxyl groups was dissolved in 3 mL
of dry dimethylformamide (DMF) containing 1.83 mmol
of TBA in an ice bath under N2. IBCF (1.83 mmol)
dissolved in 1 mL of dry DMF was added and the mixture
stirred for 15 min. p-Aminophenyl R-D-glucoside (1.67
mmol) dissolved in 3 mL of dry DMFwas added dropwise,
and the mixture was stirred for an additional 15 min in
an ice bath and for 3 h at room temperature. The product
was precipitated in an excess of dry ether (200 mL). The
precipitate was dissolved in 20 mL of distilled water,
dialyzed against distilled water (tubing with MWCO
1000), and freeze-dried. The unreacted PEG diacid was
removed from the mixture on a Con A-Sepharose column
under conditions described later (see G-PEG Insulin
Synthesis). The fraction eluted by 0.1 M methyl R-D-
mannopyranoside was collected, dialyzed extensively
against water, and freeze-dried. Alternatively, PEG
diacid (Mr 2000) was used and an identical procedure
followed.
Synthesis and Purification of PheB1-Substituted

G-PEG Insulins. Di-NR-Boc-GlyA1, Nε-Boc-LysB29 in-
sulin was synthesized and purified as described earlier
(27). DiBoc-GlyA1, LysB29 insulin derivative (26 µmol)
was dissolved in 6 mL of dry dimethyl sulfoxide (DMSO)
and activated G-PEG diacid (Mr 600) added. To prepare
activated G-PEG diacid, 173 mg of the G-PEG diacid
mixture containing 130 µmol of free carboxyl groups was
dissolved in 3 mL of dry DMF containing 130 µmol of
TBA and 130 µmol of IBCF and stirred for 15 min under
N2 in an ice bath. Finally, the reaction mixture was
stirred for 3 h at room temperature under N2 and the
reaction stopped by the addition of excess of aminoetha-
nol (1.3 mmol). The resulting insulin derivative was
precipitated in excess of dry acetone (100 mL) containing
65 µL of 6 N HCl. The precipitate was washed with 10
mL of ethanol twice, dissolved, dialyzed against 0.01%
NH4HCO3, and finally lyophilized. This material was
dissolved in 5 mL of anhydrous TFA with 5% anisole as
a scavenger and kept under N2 at 0 °C for 1 h to remove
Boc groups. Deprotected insulin derivative was precipi-
tated in an excess of dry ether, dissolved, dialyzed against
0.01% NH4HCO3, and lyophilized. Alternatively, PEG
diacid (Mr 2000) was used and an identical procedure
followed.
Purification of G-PEG insulin derivatives (PEG 600,

PEG 2000) was achieved first using FPLC on a Mono S
preparative column (Pharmacia AB) using 1 M AcOH and
7 M urea as eluent and a gradient of NaCl as described
earlier (13, 15). In each case, only the major peak was

collected, dialyzed, and lyophilized. Final purification
was achieved by affinity chromatography on a Con
A-Sepharose column. The lyophilisate (40 mg) was
dissolved in 40 mL of 0.02 M Tris buffer, pH 7.4,
containing 0.5 M NaCl, 3 mM CaCl2, and 3 mM MnCl2
and loaded on a Con A-Sepharose column (40 mL) at a
flow rate 0.15 mL/min. The column was eluted until
absorbance at 280 nm (A280) dropped below 0.01 value,
and then identical buffer containing 0.1 M methyl R-D-
mannopyranoside was applied. The specifically eluted
peak of G-PEG insulin derivative was detected by moni-
toring A280, collected, dialyzed against water and 0.01%
NH4HCO3, and finally lyophilized.
Characterization of G-PEG Insulins. To assess

physical stability, G-PEG insulin derivatives were dis-
solved in 0.01 M PBS (0.15 M NaCl, 0.01% sodium azide),
pH 7.4, at 80 µM concentration and filtered through a
0.22 µm filter. Zn-Insulin, as well as Zn-free insulin
solutions prepared in the same manner were used as
controls. The aggregation was evaluated in 5 mL of
borosilicate glass vials (1.2 mL filling volume) at 37 °C,
100 strokes/min. Individual vials (n ) 12) were periodi-
cally withdrawn at preselected periods of time, and the
remaining soluble fraction of insulin derivative was
determined after filtration (PVDF membrane, 0.22 µm)
using ultraviolet spectroscopy or HPLC.
The biological activity of insulin derivatives was tested

in a rat model (male Sprague-Dawley rats, 250 ( 50 g)
by measuring blood glucose depression levels. All pro-
cedures in handling animals adhered to the “Principles
of Laboratory Animal Care” (NIH Publication 85-23,
revised 1985). The animals were fasted overnight (16
h) prior to the experiment. In the morning, the rats were
anesthetized with sodium pentobarbital intraperitoneal-
ly. Each animal received an intravenous (iv) injection
(tail vein) of the particular insulin derivative [3.4 nmol
(mL of NS)-1 /kg-1]. Blood samples were taken from the
jugular vein 15 and 5 min before injection and 15, 30,
60, 90, 120, 180, and 240 min after injection. Blood
glucose levels were measured with an Accucheck III blood
glucose monitor (Boehringer Mannheim). Bioactivities
of insulin derivatives were calculated from area under
the curve (AUC) values and the AUC value for the same
dose of unmodified human insulin.
Synthesis of Comb-Type Graft Copolymer of PV-

PAA and mPEG-NH2. One gram of PVPAA was dis-
solved in 20 mL of dry DMF containing 0.48 mL of TEA
in an ice-water bath. The solution was purged with dry
nitrogen for 10 min. IBCF (18, 36, or 72 µmol, respec-
tively) was added to the above solution with stirring.
After 5 min, 90, 180, or 360 mg (18, 36, or 72 µmol) of
mPEG-NH2 respectively, dissolved in 5 mL of dry DMF
was added dropwise. The mixture was kept at 0 °C for
30 min and at room temperature for an additional 30
min. The reaction solution was then poured into 500 mL
of ethyl ether, and the precipitate was collected and
washed with ethyl ether. mPEG-PVPAA was purified
by ultrafiltration using membrane with MWCO of 300 000
until no mPEG-NH2 was detected in the ultrafiltrate by
the ninhydrin method (28). Finally, the product was
dialyzed against distilled water and lyophilized. The
amount of grafted mPEG in the copolymer was analyzed
by 1H-NMR spectroscopy (200 MHz, D2O) through the
integration of PEG polymer signal (δ 3.62).
Synthesis and Characterization of mPEG-PV-

PAA-Con A Conjugate. mPEG-PVPAA copolymer (50
mg) was dissolved in 1.0 mL of DMSO containing 140
µL of TEA and the solution purged with nitrogen. IBCF
(1 µmol) was added and the mixture stirred for 5 min at
room temperature. The activated polymer solution was
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then added to 20 mL of Hepes buffer (0.05 M, pH 7.4, 3
mM CaCl2, 3 mMMnCl2, and 0.9% NaCl) containing 100
mg of Con A at 0 °C. The reaction was allowed to proceed
for 30 min at 0 °C and then for 30 min at ambient
temperature. The product was purified by ultrafiltration
using membrane with MWCO of 300 000 until no A280
was detected in the ultrafiltrate. Traces of turbidity were
removed by centrifugation (5000 rpm, 4 °C, 30 min). The
Con A content in the final concentrated solution of the
conjugate was assayed by A280 (25).
To compare the binding characteristics of conjugated

Con A with that of free Con A, a glycogen precipitation
assay was employed. Glycogen in the Hepes buffer (see
above, 100 µL) was added to a 1 mL stirred UV cuvette
containing mPEG-PVPAA-Con A or Con A in the same
buffer (900 µL). The final concentrations of Con A (in
both free and conjugated forms) and glycogen were 200
and 60 µg/mL, respectively. The increase in turbidity
was monitored continuously through absorbance changes
at 480 nm (29).
Solubility of complexes formed by mPEG-PVPAA-

Con A or free Con A and glycosyl insulin or G-PEG
insulin was also investigated. Known amounts of Con
A or mPEG-PVPAA-Con A and insulin derivatives in
Hepes buffer were mixed in a 1 mL UV cuvette and
incubated at 37 °C for 10 min. The concentration of free
Con A or Con A in the polymer conjugate was 1 mg/mL;
the concentration of insulin derivatives varied from 4 to
40 µM. The solubility of complexes was assayed by
turbidity measurements at 480 nm.
Preliminary in Vitro G-PEG Insulin Release Ex-

periments. One milliliter of Hepes buffer containing
mPEG-PVPAA-Con A conjugate (4 mg/mL of Con A)
and appropriate insulin derivative (500 µg/mL) was
transferred into a DispoDialyzer with a sample volume
of 1 mL (membrane MWCO 25 000). The loaded mi-
crodialyzer was placed into a small column (inner volume
of 6 mL) equipped with a water jacket. The temperature
was maintained at 37 °C. The column with microdialyzer
was washed upward at a constant flow rate of 9 mL/h
with Hepes buffer containing glucose. The glucose
concentration changed every 4 h between 50 and 500 mg/
dL. Sixty minute fractions of the eluent were collected
and assayed for G-PEG insulin using RIA commercial kit
(Coat-A-Count) according to the manufacturer’s instruc-
tions. An RIA standard curve was constructed using
G-PEG insulin samples of known concentrations.
Analytical Methods. Quantitative analysis of sugar

residue (hexose type) content in the conjugates was
performed by using the phenol/sulfuric acid method (30).
p-Aminophenyl R-D-glucopyranoside was used to con-
struct calibration curves. Alternatively, a UV spectro-
photometric assay was used taking advantage of the
strong chromophoric acylamidophenoxy group presence
in the PEG conjugates. p-Succinamidophenyl R-D-glu-
copyranoside (15) was used as a standard to the construct
calibration curve at 244 nm (ελmax ) 1.02× 104 M-1 cm-1).
Free N-terminal amino acids in insulin derivatives

were determined by the N-terminal dansylation tech-
nique. Released dansyl amino acids were identified after
acid hydrolysis (6 N HCl, 105 °C, 8 h) by two-dimensional
TLC (31).
UV absorption spectra were obtained on a Perkin-

Elmer UV-vis Lambda 19 spectrophotometer. CD ab-
sorption spectra for G-PEG insulin derivatives were
obtained by the use of a JASCO J-720 spectropolarimeter.
In this case, samples (0.5 mg/mL or lower) were dissolved
in phosphate-buffered saline (0.01 M phosphate; 0.15 M
NaCl) (PBS), pH 7.4, containing 0.01% azide, and the

ellipticity of the solution was measured in a cylindrical
quartz cell (0.1 cm optical path length).
Analytical Chromatographic Procedures. The

concentration dependence of the elution volume for
G-PEG insulins was examined by size exclusion chro-
matography (SEC) on a Superose 12 (10 mm × 30 cm)
column (Pharmacia AB) using FPLC. The column was
eluted with 0.05 M Tris/HCl, pH 8.0, at a flow rate 0.4
mL/min at 22 °C. A 0.2 mL sample was injected, and
the eluent was continuously monitored at 280 nm. The
column was calibrated with molecular weight standards
to generate a calibration curve (logMr vs Ve/Vo) to enable
calculation of the apparent Mr of insulin derivatives.
Homogeneity and concentration of insulin derivatives

in solution were determined using reversed phase HPLC
(Waters modular system with Waters Model 745 integra-
tor). The Vydac C4 column (4.6 mm × 25 cm) was
equilibrated with 0.1% TFA and 20% acetonitrile (solvent
A) at a flow rate of 1 mL/min. A 100 µL volume of each
sample was injected, and a linear gradient of solvent B
(0.1% TFA in 90% acetonitrile) with a slope of 2% B/min
was applied. A280 of the eluent was recorded and
processed to evaluate insulin derivative content. Alter-
natively, homogeneity was examined on analytical Mono
S HR 5/5 column (Pharmacia AB) equilibrated with 1 M
AcOH, 7 M urea, and 0.01 M NaCl under conditions
described earlier (15).

RESULTS AND DISCUSSION

G-PEG Diacid Synthesis and Characterization.
To achieve specific binding of PEG insulin derivative to
concanavalin A, an aminophenyl glucopyranosyl moiety
had to be first attached to PEG diacid (Scheme 1). A
mixed anhydride method to activate carboxylic groups
of PEG diacid was used. The molar chloroformate/PEG
diacid ratio used was kept slightly over 1.0 (exactly 1.1:
1) because of the traces of water from PEG diacid
preparation that were very difficult to remove. These
conditions resulted in quantitative coupling and prefer-
ential formation of monoglucosyl-PEG (monoG-PEG)
diacid conjugate. As expected according to the statistical
nature of the reaction, however, diglucosyl-PEG (diG-
PEG) diacid conjugate, as well as unreacted PEG diacid,
was also present in the mixture. The molar ratio of the
three components comprising the mixture was 2 (monoG-
PEG diacid):1 (diG-PEG diacid):1 (PEG diacid). This was
indirectly shown by volumetric titration analysis, which
revealed that 51 ( 3 mol % of carboxylic groups were no
longer available, and by glucose content determination
(phenol/sulfuric acid destruction method and UV spec-
trophotometric method; see Experimental Procedures),
which was 1.05 ( 0.09 mol/mol of conjugate. In both
cases, theMr of the conjugate was considered to be equal
to the Mr of monoG-PEG diacid.
Unreacted PEG diacid was removed from the mixture

by affinity chromatography on a Con A-Sepharose
column (unbound fraction). The specifically eluted frac-
tion was a mixture of monoG-PEG diacid and diG-PEG
diacid conjugates at a molar ratio 2:1, again as deter-
mined through glucose residues quantitation (1.3 mol of
glucose/mol of PEG diacid) and titration of carboxylic
groups (0.7 mol of COOH/mol of PEG diacid). The
presence of disubstituted PEG diacid derivative does not
interfere with insulin modification, and unreacted PEG
diacid, the presence of which would result in formation
of covalent insulin dimers (through PEG chain spacer),
has been removed. Thus, the Con A-Sepharose-purified
G-PEG diacid fraction was used directly for insulin
modification. The overall yield was 30%.
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PheB1-Substituted G-PEG Insulin Synthesis and
Purification. It is a well-documented fact that the
reactivity of the PheB1 amino group of insulin toward
an electrophilic substitution group is low compared to
that of the GlyA1 and LysB29 amino groups (32). We
previously overcame this problem by the reversible
protection of GyA1 and LysB29 amino groups by a Boc
group and synthesizing diBoc-GlyA1, LysB29 insulin
derivative. Using this intermediate (Scheme 1), specific
modification reaction on the PheB1 amino group can be
accomplished. Specifically, a 5 molar excess of activated
monoG-PEG diacid (Mr 600 or 2000) over diBoc-insulin
(taking into account 33 mol % contamination with diG-
PEG diacid, see above) had to be used to achieve
quantitative modification of the PheB1 amino group.
After the removal of Boc groups with TFA, PheB1-
substituted G-PEG insulin was purified by two-step
chromatography on Mono S and concanavalin A columns
to separate residual unreacted G-PEG derivatives and
other impurities. The 5 molar excess of activated monoG-
PEG diacid could result not only in the specific acylation
of the only available insulin PheB1 amino group but also
in side reactions, specifically O-acylation of insulin
molecule through insulin hydroxyl groups. However, if
any esters of monoG-PEG diacid and insulin were formed,
they were later hydrolyzed by very extensive dialysis in
ammonium bicarbonate under basic conditions. The
overall yield was about 25%, and homogeneity of syn-
thesized G-PEG insulins was established by analytical
ion exchange (Figure 1) and reversed phase chromatog-
raphy (Figure 2).
Characterization of G-PEG Insulins. The PheB1

amino group of insulin as the site of attachment of G-PEG
moiety was confirmed by N-terminal group analysis. Only
dansylglycine and dansyl-ε-lysine, which corresponds to
a single inner-chain lysine residue, were detected by two-
dimensional TLC. No dansylphenylalanine was found
(Table 1). Glucose content also pointed to the presence
of exactly one G-PEG moiety in both conjugates. More-
over, the retention time of G-PEG insulins on an analyti-
cal Mono S column coincided exactly with that of other
monosubstituted (monoamidated) insulin derivatives (15).
To have further proof that only one G-PEG moiety was
attached to the insulin molecule and, thus, no G-PEG

moieties were coupled to the insulin molecule through
O-acylation, UV spectra of G-PEG insulins were exam-
ined. The UV spectrum of G-PEG(600) insulin is shown
in Figure 3 and compared to the UV spectrum of Zn-free
insulin and PheB1-LysB29-diglucosyl insulin that con-
tains two succinamidophenyl R-D-glucopyranoside moi-
eties coupled to the insulin molecule (15). Not shown,
for visual clarity, are the UV spectra of PheB1-monoglu-
cosyl insulin, containing one succinamidophenyl R-D-
glucopyranoside group, and G-PEG(2000) insulin, which
both coincided with the UV spectrum of G-PEG(600)
insulin. It is evident that the region between 240 and
260 nm is very sensitive to the number of succinami-
dophenyl R-D-glucopyranoside groups coupled to the
insulin molecule. Thus, identical spectra of PheB1-G-

Figure 1. Analytical cation exchange chromatography of
G-PEG(600) insulin on a Mono S HR 5/5 column (Pharmacia
AB). The column was equilibrated with buffer A (1 M AcOH, 7
M urea, 0.01 M NaCl) at a flow rate 1 mL/min. Sample (200
µL, 1 mg/mL buffer A) was injected and the column eluted with
a linear gradient of buffer B (1 M AcOH, 7 M urea, 0.3 M NaCl)
with a slope 2% B/min.

Figure 2. Analytical reversed phase HPLC of G-PEG(600)
insulin on a Vydac C4 column (Separations Group). The column
was equilibrated with buffer A (0.1% TFA, 20% acetonitrile) at
a flow rate 1 mL/min. Sample (100 µL, 1 mg/mL solvent A) was
injected and the column washed isocratically for 5 min. A linear
gradient of solvent B (0.1% TFA, 90% acetonitrile) with a slope
2% B/min was then applied.

Table 1. Characterization of Glucosyl-PEG Insulins

derivative

N-termin-
al amino
acid

glucose
content
(mol/mol)

biol act.a
( SD

(IU/mg)

fibrillation
period ( SD

(days)

insulin Gly, Phe 0.05 25.2 ( 4.7 0.5 ( 0.2
G-PEG(600)b insulin Gly 1.05 21.2 ( 4.2 26.4 ( 5.4
G-PEG(2000)b insulin Gly 0.89 15.2 ( 3.6 32.3 ( 4.3

a The biological activity of each derivative was determined with
at least six animals. b The site of G-PEG attachment is PheB1
amino group.

Figure 3. UV spectra of Zn-free insulin (I), G-PEG(600) insulin
(II), and PheB1-LysB29-diglucosyl insulin (III) at concentration
68 µM. UV spectra of G-PEG(2000) insulin and PheB1-mono-
glucosyl insulin overlapped with that of G-PEG(600) derivative
and therefore have not been included.
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PEG insulins and PheB1-monoglucosyl insulin, together
with a failure to detect any trace of dansyl-Phe, can be
taken as a direct proof that only one G-PEG moiety is
attached specifically to the insulin PheB1 amino group.
The bioactivity of the conjugates was tested in vivo by

blood glucose depression test in rats using an iv dose of
3.4 nmol kg-1 mL-1 of a specific derivative (Table 1;
Figure 4). It can be concluded that the bioactivity of the
G-PEG insulin derivative with lowerMr of attached PEG-
(600) has slightly lower bioactivity than insulin, but this
difference is not statistically significant (Student’s t-test,
p > 0.2), which agrees with the findings of Neubauer et
al. (33). As the Mr of attached PEG is increased (2000),
the bioactivity decreases further and the difference
becomes significant (p < 0.002). To exclude the possibil-
ity that changes in secondary/tertiary structure of the
insulin molecule occurred because of modification, CD
spectra of G-PEG insulins were compared to that of Zn-
free insulin (Figure 5). The spectra practically overlap,
indicating that no spatial structural changes occurred.
Previously, PheB1-substituted high Mr PEG (5500) in-
sulin conjugate was synthesized and found to be practi-
cally devoid of any biological activity (34). Its CD
spectrum, contrary to our findings, was substantially
changed. It has been well established that PheB1 and
its vicinity are not involved in the binding to insulin
receptor (16, 35). Thus, in our case, the negative effect
of PEGmoiety attached to PheB1 on bioactivity of G-PEG
insulins can be most likely explained by nonspecific
sterical hindrance to the receptor binding by the PEG
moiety, caused by its large hydrodynamic volume (36).
Also, as the attached PEGmoietyMr is increasing further
and becoming comparable to insulin (34), it has a direct
negative effect on the insulin conformation, thus decreas-
ing the conjugate bioactivity further.
The long-term physical stability of PheB1-substituted

G-PEG insulins was investigated by assessing their
ability to form fibrils in an accelerated shaking test (19,
22). Insulin aggregation constitutes a major problem in
a long-term steady insulin administration by insulin
pumps (1). Solutions of G-PEG insulins (80 µM) were
vigorously shaken at 37 °C for extended periods of time.
Samples were periodically withdrawn and filtered, and
the residual concentration of insulin derivative was

measured by UV or HPLC. In parallel, CD spectra for
these samples were recorded to ensure that no confor-
mational changes took place in the soluble fractions of
the samples. Zn-insulin and Zn-free insulin were used
as controls (Table 1). G-PEG insulins showed excellent
physical stability, even 2-3 times higher than that of
PheB1-substituted glycosylated insulins (15). Also, some
effect of PEG spacer length was observed, even though
the difference was not significant.
Since insulin forms dimers and hexamers depending

on its concentration, association properties of G-PEG
insulins were evaluated using SEC on a Superose 12
column (Table 2). It is evident that attachment of PEG
derivative chains to PheB1 has the same effect as was
observed in the case of glycosylated insulins (13, 15),
significantly suppressing hexamer formation without
having a large impact on dimer formation. This can be
taken as an independent indication that the spatial
structure of G-PEG insulin derivatives is preserved. It
also indicates, however, that the G-PEG coupling to
PheB1 insulin amino group did not sufficiently suppress
the dimerization ability of these insulin derivatives.
Indeed, when G-PEG(600) insulin solution (1 mg/mL) was
intermixed with Con A solution (4 mg/mL), precipitate
formed instantly (see further).
In general, G-PEG insulin with the smaller Mr PEG

spacer of 600 (hereafter, G-PEG insulin) seemed to be
suitable for use in a self-regulated insulin delivery system
based on concanavalin A, because of its preserved bio-

Figure 4. Effect of insulin and G-PEG(600) insulin on blood
glucose levels in vivo. The peptides were administered to fasted
rats by intravenous injection of a dose of 3.4 nmol/kg. Vertical
bars represent standard deviation (n g 6). See Experimental
Procedures for further details.

Figure 5. Far-UV CD spectra of Zn-free insulin and G-PEG-
(600) insulin in PBS, pH 7.4, at a concentration of 75 µM. Mean
residual ellipticity (θ)λ was calculated using the expression (θ)λ
) θλM0/104Cl, where θλ is the observed ellipticity at wavelength
λ, M0 is the mean residue molecular weight, which for G-PEG-
(600) insulin was calculated to be 132, C is the protein
concentration in g/mL, and l is the optical path length in cm.
The CD spectrum of G-PEG(2000) insulin overlapped with that
of G-PEG(600) derivative and therefore has not been included.

Table 2. Concentration Dependence of Association State
of G-PEG Insulins As Determined by SECa

association state (Mr app/Mr monomer)

derivative
c )

0.17 mM
c )

0.43 mM
c )

0.87 mM
c )

1.73 mM

2Zn-insulin 2.0 3.4 4.2 4.6
G-PEG(600) insulin 1.2 1.6 1.9 2.2
G-PEG(2000) insulin 1.1 1.6 2.2 2.3

a On Superose 12 column.
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activity and increased solution stability, and was used
exclusively in further studies. However, its partially
preserved dimerization ability causing precipitation of
G-PEG insulin-Con A complex still hampered its use in
this specific delivery system (see below). Therefore, our
efforts then concentrated on improving the solubility of
Con A, and especially its complex with G-PEG insulin,
through Con A covalent conjugation to mPEG-grafted
hydrophilic polymer PVPAA.
mPEG-PVPAA-Con A Conjugate Synthesis and

Characterization. At first, we intended to synthesize
a simple conjugate of Con A and PVPAA to prevent Con
A leakage from the pouch and increase solubility of Con
A and especially of Con A-G-PEG insulin complex. It
turned out, however, that this was not feasible because
the high degree of cross-linking resulted in an insoluble
conjugate (data not shown). Thus, to limit or prevent
cross-linking, we decided to graft mPEG-NH2 chains onto
a PVPAA backbone (Scheme 2). Three different molar
ratios of mPEG-NH2 to PVPAA, 17:4, 34:4, and 68:4, were
used, which resulted in grafting 4.2, 7.8, and 16.1 PEG
chains to one molecule of PVPAA, respectively, as dem-
onstrated by 1H NMR spectroscopy. Using these grafted
copolymers for Con A conjugation (see Experimental
Procedures for details), we discovered that the low-degree
PEGylated PVPAA still gave rise to a cross-linked, mostly
insoluble, material, while the high-degree PEGylated
PVPAA reacted with Con A with very low efficiency. Only
mPEG-PVPAA graft copolymer with a medium degree
of substitution (7.8 mol of PEG/mol of PVPAA) gave an
mPEG-PVPAA-Con A complex that was soluble. This
complex contained about 2.5 mol of Con A tetramer per
mole of mPEG-PVPAA copolymer. No leakage of Con
A or the conjugate was detected from Spectra/Por Dispo-
Dialyzers (with different MWCO of up to 50 000) over a
1 week period, as assayed by UV spectroscopy of sur-
rounding dialyzate (5 mL) under static conditions (no
flow, see further). This conjugate was used in further
studies.
The rate of appearance of turbidity resulting from the

reaction of glycogen and Con A reflects the state of
saccharide-binding activity of Con A in mPEG-PVPAA-
Con A conjugate. As shown in Figure 6, the time courses
of precipitation with glycogen for mPEG-PVPAA-Con

A conjugate or free Con A do not differ significantly,
which indicates that the coupling reaction of Con A and
mPEG-PVPAA did not occur within the saccharide
binding sites of Con A. The glycogen turbidity curve (see
Figure 6 for conditions) after 1 week of preincubation of
the conjugate in the precipitation buffer (Hepes buffer,
pH 7.4, 37 °C) was identical to the turbidity curve
obtained with mPEG-PVPAA-Con A conjugate freshly
dissolved in the precipitation buffer and incubated with
glycogen, indicating that the Con A binding activity in
the conjugate is preserved for at least 7 days.
Having established that the binding characteristics of

Con A in the conjugate are preserved, we investigated
the solubility of complexes formed by mPEG-PVPAA-
Con A and glycosyl-PheB1-insulin (15) or G-PEG insulin
as a function of the insulin derivatives’ concentrations
(Figure 7). For comparison, turbidity measurements for
free Con A and glycosyl insulin or G-PEG insulin
complexes are also included. It is evident that the
solubility of the complex formed by mPEG-PVPAA-Con
A conjugate and G-PEG insulin is superior to those of
other complexes formed, even though for high G-PEG
insulin concentration a very slight turbidity was detected
(Figure 7). Insulin replacement therapy usually requires
administration of 1-2 mg of insulin per day per patient.
Thus, to be closer to therapeutically relevant conditions,
we also investigated long-term solubility/stability of
mPEG-PVPAA-Con A conjugate and G-PEG insulin
mixture at concentrations 4 and 0.5 mg/mL, respectively.
No precipitate was detected at 37 °C for at least 7 days.
In contrast, if glycosyl insulin at the same concentration
was used, macroscopic precipitate formed sediment in <1
h. Using free Con A (4 mg/mL) and glycosyl or G-PEG
insulin (0.5 mg/mL), the precipitate formed instantly or
in a matter of minutes. In summary, it is evident that
the novel self-regulated insulin delivery system based on
G-PEG insulin and mPEG-PVPAA-Con A conjugate is
superior to Con A based insulin delivery systems de-
signed previously (10, 11, 14, 25), from both points of view
of solubility/stability and prevention of Con A leakage.
In Vitro Release of G-PEG Insulin in Response

to Glucose Stimulus. The feasibility of the new system
was tested using a DispoDialyzer with a 1 mL sample

Figure 6. Time course of turbidity formation for free Con A
and mPEG-PVPAA-Con A conjugate in glycogen precipitation
test. Concentration of free Con A or Con A in the conjugate was
200 µg/mL, and concentration of glycogen was 60 µg/mL in 0.05
M Hepes buffer, pH 7.4, containing 3 mM CaCl2 and MnCl2 and
0.9% NaCl.

Figure 7. Solubility of complexes formed by free Con A or
mPEG-PVPAA-Con A conjugate and glucosyl insulin or G-
PEG(600) insulin. Concentration of Con A or Con A in the
conjugate was 1 mg/mL in 0.05 M Hepes buffer, pH 7.4. The
concentration of insulin derivatives was varied, and turbidity
formed was measured by absorbance increase at 480 nm, 10
min after mixing.
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volume and membrane MWCO 25 000. Using this MWCO
guaranteed that no leakage of the conjugate (Con A)
occurred, while the membrane was freely permeable to
G-PEG insulin. A flow-through experimental setup was
used. The loaded microdialyzer was placed in a cylindri-
cal flow cell, and release buffer containing low glucose
concentration (50 mg/mL) was pumped through the cell
at a flow rate of 9 mL/h to establish the baseline G-PEG
insulin release from the system (Figure 8). After 4 h,
the glucose concentration in the eluent was changed to
500 mg/mL, which resulted in increased G-PEG insulin
release. When glucose concentration was brought back
to 50 mg/mL after 4 h, the insulin release rate returned
to the original baseline levels. The system is fully
reversible as demonstrated by alternation of glucose
concentration six different times over a 2 day period. In
addition, the relative release rate of G-PEG insulin
decreases as a function of time due to the depletion of
loaded G-PEG insulin. The relatively large delay in
G-PEG insulin release in response to stepwise changes
of the glucose concentration is predominantly caused by
the large dead volume and long diffusional distances of
the current experimental system used.
In general, in vitro release data for the described

system are very encouraging. Future studies will focus
on optimization of G-PEG insulin release using an
implantable, rechargeable pouch for which transport-
related phenomena should be negligible; thus, the G-PEG
insulin release in response to glucose challenges will be
prompt. We also plan to use a new type of biocompatible
membrane (P. Tresco, unpublished data), which will
enable chronic in vivo studies using pancreatectomized
dogs.
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(15) Baudyš, M., Uchio, T., Mix, D., Wilson, D., and Kim, S. W.
(1995) Physical stabilization of insulin by glycosylation. J.
Pharm. Sci. 84, 28-33.

(16) Murray-Rust, J., McLeod, A. N., Blundell, T. L., and Wood,
S. P. (1992) Structure and evolution of insulins: Implications
for receptor binding. BioEssays 14, 325-330.
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Tumor-Targeted Radiopharmaceutical
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Folate-conjugated metal chelates have been proposed as potential imaging agents for cancers that
overexpress folate receptors. In a previous study, folic acid was linked through its γ-carboxyl group
to deferoxamine (DF), and the 67Ga-labeled complex ([67Ga]DF-folate) was examined for in vivo tumor
targeting efficiency in athymic mice with a human tumor cell implant. Although superb tumor-to-
background contrast was obtained, slow hepatobiliary clearance would compromise imaging of
abdominal tumors such as ovarian cancer. In the present study, folic acid was conjugated to an
alternative chelator, diethylenetriaminepentaacetic acid (DTPA), via an ethylenediamine spacer. The
desired DTPA-folate(γ) regioisomer was synthesized by two different approaches, purified by reversed
phase column chromatography, and characterized mainly by analytical HPLC, mass spectroscopy,
and NMR. In cultured tumor cells, uptake of [111In]DTPA-folate(γ) was found to be specific for folate
receptor-bearing cells, and the kinetics of uptake were similar to those of free folate and other folate-
conjugated molecules. In the normal rat, intravenously administered [111In]DTPA-folate(γ) was found
to be rapidly excreted into the urine, giving intestinal levels of radiotracer 10-fold lower than those
observed with [67Ga]DF-folate(γ) at 4 h. In a preliminary mouse imaging study, a folate receptor-
positive KB cell tumor was readily visualized by γ scintigraphy 1 h following intravenous administra-
tion of [111In]DTPA-folate(γ).

INTRODUCTION

The membrane-associated folate receptor is a tumor
marker that is overexpressed on a variety of neoplastic
tissues, including breast, cervical, ovarian, colorectal,
renal, and nasoparyngeal tumors, but highly restricted
in most normal tissues (Rettig et al., 1988; Campbell et
al., 1991; Coney et al., 1991; Weitman et al., 1992; Garin-
Chesa et al., 1993; Holm et al., 1994; Franklin et al.,
1994; Ross et al., 1994; Stein et al., 1991; Li et al., 1996).
Previously, it has been shown that the natural receptor-
mediated endocytosis pathway for the vitamin folic acid
can be exploited to selectively and nondestructively
deliver folate-conjugated small molecules, macromol-
ecules, and drug carriers such as liposomes into cultured
tumor cells (Wang et al., 1996; Leamon and Low, 1991,
1993; Lee and Low, 1994). When folate is covalently
linked to a molecule via its γ-carboxyl moiety, its affinity
for its cell surface receptor (Kd ∼ 10-9 M; McHugh and
Cheng, 1979; Antony et al., 1985; Kamen and Capdevila,
1986; Kane and Waxman, 1989; Luhrs et al., 1992;
Matsue et al., 1992) remains essentially unaltered.
Further, following binding to the cell surface receptor,
the conjugated folate is internalized by the cell in much
the same manner as the unmodified vitamin (Leamon
and Low, 1991; Lee et al., 1996). Recycling of the folate
receptor can then lead to further accumulation of the
folate conjugates in such target cells.
To evaluate the potential of a radiolabeled folate

conjugate in tumor diagnostic imaging, the metal chelator

deferoxamine (DF)1 was linked to folic acid, labeled with
67Ga, and imaging was performed in an athymic mouse
tumor model using the [67Ga]DF-folate radiopharma-
ceutical (Wang et al., 1996; Mathias et al., 1996a). The
[67Ga]DF-folate conjugate was found to afford excellent
tumor/blood, tumor/muscle, and tumor/liver contrast
(Mathias et al., 1996a,b). The greatly enhanced tumor/
background contrast (tumor to blood ratio averaged 409
after 4 h and 1500 after 46 h postinjection) indicated the
high specificity and efficiency of folate-targeted delivery,
probably due to its small size, and therefore the very
rapid clearance rate from blood and other nontarget
tissues such as liver and muscle. However, it was also
shown that approximately 30% of the administered
[67Ga]DF-folate was excreted via the hepatobiliary route
into the intestines (Mathias et al., 1996b), making the
clearance rate through the GI tract a major factor in
determining the time frame over which imaging of
abdominal tumors would be feasible.
Our goal in this study has been to optimize radiotracer

performance for tumor imaging by development of a
folate receptor-targeted agent that is cleared more rapidly
and selectively from the body into the urine. Diethylene-
triaminepentaacetic acid (DTPA) was chosen for this
purpose because of its high water solubility, relatively
simple conjugation chemistry (Hnatowich et al., 1983),
and strong metal-chelating interaction with 111In, a 67.4
h half-life γ-emitting radionuclide with nuclear properties
desirable for tumor imaging.

EXPERIMENTAL PROCEDURES

Materials. Folic acid, dimethyl sulfoxide (DMSO),
N-hydroxysuccinimide (NHS), carboxypeptidase G2, fluo-
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§ Department of Medicinal Chemistry and Molecular Phar-
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1 Abbreviations: DMSO, dimethyl sulfoxide; NHS,N-hydroxy-
succinimide; FITC, fluorescein isothiocyanate; TFA, trifluoro-
acetic acid; EDA, ethylenediamine; DTPA, diethylenetriamine-
pentaacetic acid; DF, deferoxamine; PBS, phosphate-buffered
saline; tR, retention time.
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rescein isothiocyanate (FITC), tetrabutylammonium phos-
phate, and cyclic DTPA dianhydride were purchased from
Sigma Chemical Co. (St. Louis, MO). The bicinchoninic
acid protein assay kit was obtained from Pierce (Rock-
ford, IL). Acetonitrile (HPLC grade), dicyclohexylcarbo-
diimide, trifluoroacetic acid (TFA), and ethylenediamine
(EDA) were purchased from Aldrich (Milwaukee, WI).
[111In]Indium(III) chloride was purchased from Mallinck-
rodt Medical, Inc. (St. Louis, MO). Tissue culture
products were obtained from GIBCO (Grand Island, NY),
and cultured cells were received as a gift from the Purdue
Cancer Center (West Lafayette, IN).
Cell Culture. KB cells, a human nasopharyngeal

epidermal carcinoma cell line that overexpresses the
folate binding protein, and A549 cells, a human lung
carcinoma cell line that expresses no detectable folate
receptors, were cultured continuously as a monolayer at
37 °C in a humidified atmosphere containing 5% CO2 in
folate-deficient modified Eagle’s medium as described
previously (Wang et al., 1996). Forty-eight hours prior
to each experiment, the cells were transferred to 35 mm
culture dishes at 5 × 105 cells per dish and grown to
∼80% confluence.
Synthesis and Purification of the EDA-Deriva-

tized Folic Acid. (Method A) Synthesis of a Mixture of
EDA-Folate(R) and EDA-Folate(γ). Folic acid (441 mg,
1 mmol) slowly dissolved in 20 mL of DMSO was reacted
with 1.2 molar equiv of dicyclohexylcarbodiimide and 2.0
molar equiv of NHS at 50 °C for 6 h. The resulting
folate-NHS was mixed with 10 molar equiv of EDA plus
100 µL of pyridine and allowed to react at 25 °C for ∼5
h, by which time the reaction had reached completion
by TLC analysis (silica gel plate, 2-propanol/chloroform
) 7/3, Rf values for folic acid and the mixture of EDA
isomers were 0.2 and 0.4, respectively). The crude
product was precipitated by addition of 20 mL of aceto-
nitrile, centrifuged, and then washed three times with
diethyl ether before drying under vacuum. A fine dark
yellow powder (390 mg) was obtained. The γ-isomer of
EDA-folate (58 mg, 12% yield) was separated from the
R-isomer and unreacted folic acid by HPLC on a Mi-
crosorb preparative C-18 reversed phase column (250 mm
× 21 mm) using a linear gradient (eluant A, water with
0.05% TFA at pH 3.5; eluant B, acetonitrile; gradient, 0
to 15% B over 20 min at a flow rate of 10 mL/min). The
elution times for EDA-folate(γ) and EDA-folate(R) were
7.6 and 10.3 min, respectively.
The chemical purities and identities of the two EDA-

folate monoisomers were examined by analytical HPLC
on an Econosphere C-18 reversed phase column (150 mm
× 4.6 mm) [EDA-folate(R), tR ) 12.9 min; EDA-folate-
(γ), tR ) 15.0 min; eluent A, 5 mM phosphate buffer at
pH 7; eluent B, acetonitrile; gradient, 1 to 10% B over
15 min at a flow rate of 0.7 mL/min]. Mass spectroscopic
analysis and the carboxypeptidase G2 hydrolysis assay
were conducted as described previously (Wang et al.,
1996).
(Method B) Regiospecific Synthesis of EDA-Folate(γ)

(Figure 1). To 2.8 g of tetramethylguanidinium L-methyl
folate(γ) [5.95 mmol, a new compound of which the
synthesis was reported by Luo et al. (1997)] was added
20 mL of ethylenediamine (0.3 mol) with stirring at 25
°C. The solid gradually dissolved as it reacted with the
diamine. The reaction was complete in 3 h as indicated
by analytical HPLC under the same conditions described
in method A, and filtration gave a clear solution which
was then transferred to a well-stirred mixture of aceto-
nitrile and diethyl ether (1/1 v/v, 500 mL). The precipi-
tated solid was collected by centrifugation and redis-
solved in 500 mL of water, followed by addition of 5%

hydrochloric acid until pH 7.0, which resulted in precipi-
tation of the product. The solid was collected by cen-
trifugation and washed thoroughly with 3 × 250 mL of
water to remove any trace of ethylenediamine (1H NMR
was used to assay for the presence of the diamine). A
yellow solid (2.1 g, 88% yield) was obtained after washing
once with 100 mL of acetonitrile and 3 × 50 mL of diethyl
ether and drying for 24 h under vacuum. Analytical
HPLC showed a single peak at 15.2 min under the same
analysis conditions as above or at 3.0 min using an ion-
pair agent tetrabutylammonium phosphate (eluant A, 10
mM tetrabutylammonium phosphate buffer at pH 7;
eluant B, acetonitrile; gradient, 15 to 50% B over 30 min
at a flow rate of 0.7 mL/min). 1H NMR (300 MHz,
DMSO-d6/CF3CO2D,∼10/1 v/v): δ 8.75 (s, 1H, C7-H), 7.66
(d, J ) 8.6 Hz, 2H, Ar), 6.63 (d, J ) 8.6 Hz, 2H, Ar), 4.57
(s, 2H, C9-H2), 4.34 (dd, J ) 4.0, 9.6 Hz, 1H, C19-H),
3.28-3.13 (m, 2H, C25-H2), 2.80 (m, 2H, C26-H2), 2.16
(m, 2H, C22-H2), 2.15-1.85 (m, 2H, C21-H2). 13C NMR
(75 MHz, D2O/NaOD): δ 178.8 (C20), 176.0 (C23), 173.1
(C17), 169.5 (C2), 164.0 (C4), 155.5 (C8a), 151.1 (C11),
147.3 (C6), 147.2 (C7), 129.0 (C13 and C15), 128.2 (C4a),
121.4 (C14), 112.5 (C12 and C16), 55.3 (C19), 45.8 (C9),
42.0 (C25), 39.8 (C26), 32.8 (C22), 28.0 (C21) (see the
Supporting Information). High-resolution MS (fast atom
bombardment): C21H25N9O5 [M + H]+ 484.2057, found
484.2062. Decomposition point: ∼278 °C.
Evaluation of FITC-EDA-Folate Affinity for Cell

Surface Receptors. Five milligrams of each of the R-
and γ-isomers of EDA-folate from method A were
dissolved in 1 mL of DMSO and reacted with 3 molar
equiv of FITC at room temperature for 3 h. The folate-
conjugated FITC was precipitated with 10 mL of cold
acetone, after which unreacted FITC was removed by
washing the pellet three times with cold acetone. Con-
jugation was confirmed by UV-visible spectroscopy of the
product by demonstrating that the resulting spectrum
approximated the sum of the spectra of folate and FITC.
Affinities of the two folate derivatives for cell surface

Figure 1. Regioselective synthesis of the DTPA-folate conju-
gate.
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folate receptors were determined by incubating KB cells
with various concentrations of the conjugates at 4 °C for
30 min. The cells were then washed with 3 × 1 mL of
phosphate-buffered saline (PBS, 136.9 mM NaCl, 2.68
mM KCl, 8.1 mM Na2HPO4, and 1.47 mM KH2PO4 at pH
7.4) and dissolved in 2 mL of 1% TX-100. Cell-associated
fluorescence was measured on a Perkin-Elmer MPF-44A
fluorescence spectrophotometer. Cellular protein was
determined by the bicinchoninic acid assay (Lee and Low,
1994). Competition between the folate conjugates and
free folic acid for cell surface receptors was examined by
including 1 mM folic acid in the incubation medium.
Production of DTPA-Folate. One gram of EDA-

folate(γ) (2.1 mmol) was dissolved in 50 mL of DMSO by
bath sonication overnight. Then the dark yellow solution
was slowly added to a stirring suspension of 2.0 g of
DTPA dianhydride (5.6 mmol) in 10 mL of anhydrous
DMSO. The mixture became homogeneous by the end
of addition. Analytical HPLC showed the absence of the
starting material EDA-folate after 30 min, at which time
the reaction mixture was filtered through a pad of Celite
to remove traces of solid residue. After the temperature
of the reaction mixture was reduced with an ice bath, 10
mL of 2.5 N NaOH was added to quench the reaction and
to neutralize the solution. The resulting precipitate
containing the majority of the DTPA-folate(γ) produced
was separated by centrifugation from the supernatant.
The yellow pellet was then washed with 100 mL of
acetonitrile and dissolved in 50 mL of water, and the pH
of the solution was adjusted to 7 with concentrated HCl.
After filtration to remove the solid residue, the clear
orange solution was directly purified on a LiChroprep
C-18 reversed phase MPLC column (310 mm × 25 mm,
45-60 µm) using 10 mM ammonium bicarbonate buffer
as the eluant (tR ) 20-35 min, flow rate of 10 mL/min).
The collected product was concentrated by vaccum and
further purified by preparative HPLC on the Microsorb
C-18 column with a gradient (eluant A, 10 mM am-
monium bicarbonate buffer at pH 7.4; eluant B, aceto-
nitrile; gradient, 0 min at 4% B, 10 min at 12% B, and
15 min at 15% B at a flow rate of 10 mL/min; tR ) 6.3
min) to remove residual bis-conjugated side product
(Figure 1) and to obtain 0.85 g of DTPA-folate after
lyophilization with a purity above 99% and a yield of 47%.
Analytical HPLC on the Econosphere C-18 reversed
phase column (150 mm × 4.6 mm) revealed a single peak
with a retention time of 11.74 min (eluant, 10 mM
tetrabutylammonium phosphate buffer (pH 7) at 75% and
acetonitrile at 25%; flow rate of 0.7 mL/min). 1H NMR
(300 MHz, D2O): δ 8.46 (s, 1H, C7-H), 7.41 (d, J ) 8.3
Hz, 2H, Ar), 6.34 (d, J ) 8.3 Hz, 2H, Ar), 4.24 (dd, J )
4.4, 8.4 Hz, 1H, C19-H), 4.15 (s, 2H, C9-H2), 3.53 (s, 4H),
3.47 (s, 2H), 3.42 (s, 2H), 3.18-2.97 (overlap, 14H), 2.28
(m, 2H, C22-H2), 2.28-1.83 (m, 2H, C21-H2) (see the
Supporting Information). 13C NMR (75 MHz, D2O): δ
178.9, 178.0, 175.9, 175.7, 173.6, 173.2, 169.0, 164.8 (C4),
154.4 (C2), 152.8 (C8a), 150.2 (C11), 148.3, 148.2, 128.9
(C13 and C15), 126.5 (C4a), 120.7 (C14), 111.7 (C12 and
C16), 58.6, 58.2, 57.9, 55.6, 55.4, 51.9, 51.6, 51.1, 50.6,
45.4 (C9), 38.8 (C25), 38.5 (C26), 32.8 (C22), 28.1 (C21)
(also see the attached spectrum for assignment). Low-
resolution MS (matrix-assisted laser desorption ioni-
zation): C35H45N12O14 [M - H]- 857.3, found 857.8.
Radiotracer Synthesis. The [111In]DTPA-folate ra-

diopharmaceutical was obtained in high radiochemical
yield by ligand exchange from [111In]citrate. Briefly,
111In3+ (0.2-5.4 mCi) in HCl (0.05 M, 2-55 µL) was
transferred to a test tube and buffered by addition of 200
µL of 3% aqueous sodium citrate. The resulting [111In]-
citrate was mixed with 300-350 µg of DTPA-folate in

water (2 mg/mL, pH 7-8). Two to 24 h later, the
radiochemical purity of the [111In]DTPA-folate was
determined by TLC on C-18 reversed phase plates eluted
with methanol and consistently found to exceed 98%
([111In]DTPA-folate Rf ) 0.8; [111In]citrate Rf ) 0.0). The
[111In]DTPA-folate product was diluted with normal
saline, as needed, prior to use in the animal biodistribu-
tion experiments. [67Ga]DF-folate was prepared as
described previously (Mathias et al., 1996a).
Cellular Uptake of [111In]DTPA-Folate. Cultured

KB and A549 cells in 35 mm dishes were incubated with
100 nM [111In]citrate or [111In]DTPA-folate in 1 mL of
folate-deficient medium at room temperature for various
lengths of time. The cells were then washed with 3 × 1
mL of PBS and suspended in 1 mL of PBS by scraping.
The amount of cell-associated radioactivity was deter-
mined using an automatic γ counter. Cellular protein
content was measured by the bicinchoninic acid assay.
In folate competition experiments, the same protocol was
used except that 1 mM folic acid was included in the
incubation medium.
Biodistribution and Imaging Studies with [111In]-

DTPA-Folate. All animal studies were carried out in
accordance with procedures approved by the Purdue
Animal Care and Use Committee. The biodistributions
of [111In]DTPA-folate and [67Ga]DF-folate were deter-
mined in normal male Sprague-Dawley rats following
intravenous injection under diethyl ether anesthesia, as
described previously (Tsang et al., 1994). In addition, a
γ scintillation image of a female athymic mouse Nu/Nu
(22 g) was obtained using a PhoGamma 37GP camera
fitted with a 300 keV parallel hole collimator. The
animal used for this imaging study was maintained for
3 weeks on a folate-free diet (to reduce its serum folate
to a level near that of human serum) and had been
implanted subcutaneously in the interscapular region
with human KB tumor cells, as described previously
(Mathias et al., 1996a). The tumor mass at the time of
the imaging study was approximately 0.25 g. The animal
was imaged for 1 h following intravenous administration
of [111In]DTPA-folate (200 µCi in 0.1 mL) via the femoral
vein under diethyl ether anesthesia. To promote clear-
ance of the radiotracer from the urinary bladder, 1.5 mL
of sterile saline was administered by ip injection im-
mediately following the intravenous radiotracer injection.
For imaging, the mouse was re-anesthetized with ket-
amine (60 mg/kg) and xylazine (6 mg/kg) immediately
prior to the image acquisition period. The total admin-
istered mass of the DTPA-folate conjugate was 13 µg
(0.57 mg/kg).

RESULTS

Production of the EDA-Derivatized Folic Acid.
Ethylenediamine (EDA) was conjugated to the γ-carboxyl
of folic acid either by carbodiimide activation or by
regioselective methyl folate synthesis (Figure 1) to serve
as a linker between the vitamin and the metal chelator,
DTPA. High-resolution FABmass spectroscopic analysis
showed the EDA-folate [M + H]+ parent ion peak atm/e
) 484.2062 (calculated 484.2057), indicating the desired
1/1 conjugation ratio. The chemical purity and identity
of EDA-folate(γ) was confirmed by analytical HPLC and
NMR spectroscopy (see the Supporting Information). The
1H NMR spectrum shows that one of the amine groups
on EDA is conjugated to the γ-carboxylate of folic acid,
shifting the protons on the ethylene group to a lower field.
Derivatization of the folate at the γ-carboxyl, in contrast
to the R-carboxyl, rendered the conjugate a substrate of
the hydrolytic enzyme carboxypeptidase G2 (Levy and
Goldman, 1967; Fan et al., 1991).
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Synthesis of DTPA-Folate. The amide-linked
DTPA-folate(γ) conjugate (Figure 1) was obtained by
reaction of cyclic DTPA anhydride with the purified
EDA-folate(γ), followed by chromatographic purification
to remove the major side product DTPA-bis-folate(γ,γ’)
and other impurities (Figure 2). The chemical structure
of purified DTPA-folate was characterized by MS and
NMR (see the Supporting Information), and the purity
was confirmed by analytical HPLC. The ion-pair agent
in the mobile phase was found to be essential for a
quantitative HPLC analysis, probably due to the com-
plete neutralization of the multiple charges on DTPA-
folate(γ) which allowed adequate interaction between the
sample compound and the hydrocarbon stationary phase.
Affinities of FITC-EDA-Folate for Cell Surface

Receptors. To determine the affinities of EDA-folate
for cell surface folate receptors, the R- and γ-isomers were
labeled with the fluorophore FITC and incubated with
KB cells overexpressing the receptor. As shown in Figure
3, 1.6 nM FITC-EDA-folate(γ) isomer was required to
reach 50% maximal binding, similar to that of folic acid
and DF-folate(γ). Excess folic acid in the incubation
medium effectively competed with the receptor binding
of FITC-EDA-folate(γ). On the other hand, the R-iso-
mer of FITC-EDA-folate had virtually no affinity for
the cell surface receptors. The low level of nonspecific
uptake observed with both isomers was probably due to
the hydrophobicity of the FITC conjugates.
Cellular Uptake of [111In]DTPA-Folate. The ki-

netics of the cellular uptake of the [111In]DTPA-folate
complex were evaluated by a time-dependent binding
assay. As shown in Figure 4, the time needed to reach
50% saturation of available folate receptors was ∼3 min
at room temperature, similar to that observed for folic
acid and folate conjugates such as [67Ga]DF-folate (Wang

et al., 1996) and [125I]BSA-folate (Leamon et al., 1991).
Coincubation with 1 mM free folic acid completely
blocked conjugate uptake (Figure 4, inverted triangles),
further confirming that cell association of the radioactiv-
ity was mediated by folate receptors. A549 cells which
lack folate receptors did not show significant [111In]-
DTPA-folate uptake at any time point. Nonspecific
uptake of the complex was also not observed in either
cell line, probably due to the sufficient hydrophilicity of
the entire molecule. Cellular uptake of [111In]citrate, on
the other hand, was not saturable and virtually identical
in the cell line expressing (KB cell) and not expressing
(A549 cell) the folate receptor.
Biodistribution of [111In]DTPA-Folate. Following

intravenous administration to rats, the [111In]DTPA-
folate radiotracer was found to be efficiently cleared from
the blood and primarily excreted into the urine (Table
1). Only 3.7 ( 1.4% of the injected 111In dose was found
in the intestines at 4 h postinjection (Table 1), a value
10-fold lower than the intestinal radioactivity observed
with [67Ga]DF-folate in the rat model at the same time

Figure 2. Purification of DTPA-folate(γ) by HPLC. Fifty
milligrams of the reaction crude product dissolved in 0.5 mL of
H2O was loaded onto a Microsorb preparative C-18 reversed
phase column and eluted with the gradient shown above the
chromatogram. The desired DTPA-folate(γ) conjugate was
eluted at 6.3 min, while the peak at 9.2 min was found to be
the DTPA-bis-folate(γ,γ′) side product. Other peaks were the
impurities present in tetramethylguanidinium L-γ-methyl folate.

Figure 3. Determination of the affinities of FITC-EDA-folate
isomers for cell surface folate receptors. KB cells were incubated
with various concentrations of the R-isomer (O) or γ-isomer (b)
of the conjugate at 4 °C for 30 min. Cell-associated fluorescence
was measured as described in Experimental Procedures. Com-
petition for the receptor binding of FITC-EDA-folate(γ) by
excess folic acid (1) was also evaluated.

Figure 4. Cellular uptake of 111In-labeled imaging agents. KB
and A549 cells were treated with 100 nM [111In]citrate (O) or
[111In]DTPA-folate(γ) with (1) or without (b) competition by 1
mM folic acid for various lengths of time. Cell-associated
radioactivity was measured by automated γ counting as de-
scribed in Experimental Procedures.
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point (Table 2). Since it is clinically desirable to be able
to initiate imaging as rapidly as possible following
radiotracer injection, [111In]DTPA-folate may offer ad-
vantages over [67Ga]DF-folate for imaging abdominal
tumors, due to a more favorable pattern of clearance from
nontarget tissues. The [67Ga]DF-folate and [111In]DTPA-
folate tracers also differ in the amount of radiotracer
found in the “bladder and contents” at 4 h postinjection;
however, this difference is of questionable significance,
since no provision was made to prevent spontaneous
voiding of the urinary bladder. By 24 h postinjection,
both the [111In]DTPA-folate and [67Ga]DF-folate radio-
labels are largely cleared from the body, with only the
kidneys exhibiting substantial levels of radioactivity
(Tables 1 and 2). This prolonged renal retention of a
fraction of both agents probably reflects radiopharma-
ceutical binding to the folate receptor known to be
present in the proximal tubules (Selhub and Franklin,
1984; Selhub et al., 1987a,b).
The ability of [111In]DTPA-folate to target folate

receptors in vivo also appears to be demonstrated in a
preliminary imaging study with an athymic mouse bear-
ing a subcutaneous folate receptor-positive human KB
cell tumor. The KB cell tumor is readily apparent in the
γ image obtained 1 h following intravenous administra-
tion of the [111In]DTPA-folate radiopharmaceutical (Fig-
ure 5). While radiotracer uptake is also apparent in the
kidneys, the tumor/background tissue contrast is other-
wise quite good, even at this relatively short time
postinjection.

DISCUSSION

The development of new and improved tumor-selective
radiopharmaceuticals is clinically desirable as a means

of (i) detecting and/or confirming the presence and
location of primary and metastatic lesions, (ii) probing
biochemical features of neoplastic tissue that have im-
plications for tumor staging and/or subsequent treat-
ment, and (iii) monitoring tumor response to treatment.
If sufficiently high tumor specificity can be achieved,
radiopharmaceuticals labeled with an appropriate R- or
â-emitting nuclide could also provide an attractive means
for site-selective delivery of radiation therapy.
It has been demonstrated that only those folate con-

jugates containing the adduct attached at the γ-carboxyl
of folic acid retain the ability to bind to cell surface folate
receptors with the same affinity as free folic acid (Wang
et al., 1996). In this paper, two synthetic methods were
employed to conjugate the EDA linker to folic acid.
Although method A represents a relatively simple and
fast synthetic route, its lack of regioselectivity yields both
an inactive R-conjugate and the active γ-conjugate. Also,
the requirement for HPLC purification to separate the
two isomers and the poor water solubility of the EDA-
folate intermediate severely limit large scale production
of the desired product.
Regiospecific functionalization of the γ-carboxylate on

folic acid was achieved, however, by converting folic acid
to pteroyl azide and then attaching the commercially
available 5-methyl glutamate to form γ-methyl folate
(Luo et al., 1997). In this procedure (method B), produc-
tion of large amounts of EDA-folate(γ) could be ac-
complished simply by dissolving the γ-methyl folate in
EDA. The overall yield from folic acid to EDA-folate(γ)
was 52%, and a chemical purity of above 90% was
achieved without column purification. Importantly, this

Table 1. Biodistribution of [111In]DTPA-Folate in
Normal Male Rats Following Intravenous Injection

percentage of injected
111In dose per organ (tissue)a

4 h 24 h

blood 0.078 ( 0.005 0.029 ( 0.006
heart 0.021 ( 0.002 0.017 ( 0.002
lungs 0.024 ( 0.003 0.022 ( 0.001
liver 0.25 ( 0.01 0.17 ( 0.01
spleen 0.019 ( 0.004 0.017 ( 0.003
kidneys (two) 13.5 ( 1.4 12.1 ( 1.3
intestines and contents 3.7 ( 1.4 1.2 ( 0.3
bladder and contents 0.39 ( 0.63 0.09 ( 0.14
a Values shown represent the mean ( standard deviation of data

from three animals (188 ( 7 g). Blood was assumed to account for
7% of the total body mass. The DTPA-folate dose was 0.268 (
0.021 mg/kg.

Table 2. Biodistribution of [67Ga]Deferoxamine-Folate
([67Ga]Df-Folate) in Normal Male Rats Following
Intravenous Injection

percentage of injected
67Ga dose per organ (tissue)a

5 min 4 h 24 h

blood 8.7 ( 0.2 0.072 ( 0.004 0.045 ( 0.019
heart 0.20 ( 0.01 0.020 ( 0.002 0.017 ( 0.001
lungs 0.51 ( 0.07 0.023 ( 0.004 0.016 ( 0.001
liver 8.1 ( 0.4 0.23 ( 0.03 0.203 ( 0.002
spleen 0.099 ( 0.012 0.007 ( 0.001 0.0075 ( 0.0017
kidneys (two) 8.63 ( 0.35 11.5 ( 1.0 10.2 ( 0.7
intestines and 10.3 ( 1.1 39.3 ( 1.3 2.7 ( 3.5

contents
bladder and 12.6 ( 3.2 12.8 ( 3.2 0.02 ( 0.02

contents

a Values shown represent the mean ( standard deviation of data
from three animals (186 ( 7 g). Blood was assumed to account for
7% of the total body mass. The Df-folate dose was 0.262 ( 0.012
mg/kg.

Figure 5. Whole body γ image (dorsal view; 200 000 counts)
of a female athymic mouse with a subcutaneous folate receptor-
positive tumor in the right shoulder 1 h following intravenous
administration of [111In]DTPA-folate(γ). Radiotracer uptake is
apparent in both the tumor (upper right) and kidneys.
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unique regiospecific activation of the γ-carboxyl on folic
acid can potentially be applied in the preparation of many
folate-targeted anticancer agents.
Our previous imaging study with [67Ga]DF-folate(γ)

in the athymic mouse KB cell tumor model demonstrated
the feasibility of targeting tumor folate receptors in vivo
with simple folate-chelate conjugates (Mathias et al.,
1996a). However, roughly 30% of the [67Ga]DF-folate-
(γ) radiopharmaceutical was found to be excreted via the
GI tract, where its presence could interfere with clear
and rapid visualization of abdominal cancers. In order
to overcome this obstacle, in the present study, [111In]-
DTPA-folate(γ) was synthesized and shown to have
affinity for the folate receptor in vitro. In preliminary
rat and tumor-bearing mouse studies, the [111In]DTPA-
folate(γ) appears to afford targeting to folate receptors
in vivo, while also providing reasonably selective clear-
ance of unbound radiotracer into the urine. This second-
generation folate-chelate imaging agent would appear
to offer advantages over the previously reported folate-
deferoxamine conjugate for imaging tumors in the ab-
dominal region, where the intestinal levels of [67Ga]DF-
folate(γ) are expected to contribute undesirably high
background activity. While further experiments will
clearly be required to better define the suitability of
[111In]DTPA-folate(γ) as a radiopharmaceutical for im-
aging folate receptor-positive tumors and to prove the role
of the folate receptor in mediating tumor uptake of the
111In radiolabel, the reported imaging results with the
athymic mouse tumor model (Figure 5) support the
conclusion that this agent can provide tumor-selective
radionuclide delivery in vivo.
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Photoaffinity Analogue for the Anti-inflammatory Drug
r-Trinositol: Synthesis and Identification of Putative Molecular
Targets
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R-Trinositol (RT), or Ins(1,2,6)P3, is a semisynthetic inositol trisphosphate produced commercially by
the partial degradation of phytic acid with phytase. The molecular targets mediating the mechanism
of action of this novel anti-inflammatory, analgesic, and antivasoconstrictive drug are unknown. A
new photoaffinity analogue, 4-[3H]BZDC-RT, has been prepared in which the [3H]-p-benzoyldihydro-
cinnamoyl ([3H]BZDC) photophore is tethered through an O-(5-aminopentanoyl) linkage to the 4-OH
of RT. Photoaffinity labeling experiments with two human tissues, umbilical cord vascular smooth
muscle cells and platelet membranes, revealed proteins that were selectively labeled by 4-[3H]BZDC-
RT. Thus, co-incubation with RT but not with Ins(1,3,4,5)P4 during photolysis competitively displaced
labeling of a 55 kDa platelet protein. In vascular epithelial cells, RT and Ins(1,3,4,5)P4 both displaced
labeling of a 55 and 43 kDa proteins. The identification of putative protein targets for RT in smooth
vascular tissue may have important implications in elucidation of the mechanism of action of this
unusual drug.

INTRODUCTION

D-myo-Inositol 1,4,5-trisphosphate, or Ins(1,4,5)P3,1 is
released from phosphatidylinositol 4,5-bisphosphate by
ligand-induced activation of phospholipase C and has
multiple roles in cellular calcium signaling (1, 2). A
regioisomeric inositol trisphosphate, R-trinositol (1) [Ins-
(1,2,6)P3, or RT] (Figure 1), has been synthesized in bulk
by controlled hydrolysis of phytic acid with a specific
phytase (3), and its physiological properties can been
explored. Rather than acting simply as a mimic of Ins-
(1,4,5)P3, RT (1) exhibited a number of useful pharma-
cological properties, including inhibition of inflammation
(4), inhibition of edema formation in skin burn injury (5),
inhibition of vasoconstriction evoked by neuropeptide Y
(NPY) and ATP (6), and prevention of diabetic complica-
tions (7). The vascular effects ofmyo-inositol and a series
of D-myo-inositol phosphate derivatives have been studied
in rat heart membranes, guinea pig basilar artery (in
vitro), and pithed rats (8). Inhibition of the NPY-induced
pressor response in vivo by RT was reminiscent of a new
class of synthetic non-peptide drugs that inhibit the
vascular effects of NPY without binding to the NPY
receptor itself (9). Moreover, RT facilitated the flexor
reflex but did not block the depressive effect of NPY (10).
In rat aortal rings, RT acted on the plasmalemma and

modulated Ca2+ influx from the extracellular space (11).
Finally, the edema-preventing effects of RT may occur
through modulation of â1-integrin function (12).
Despite this plethora of physiological data, neither the

molecular target(s) nor the molecular mechanism of
action of RT is known. To investigate potential molecular
targets, a new photoaffinity analogue (3) of RT was
prepared, in which the 4-OH was modified as the 5-ami-
nopentanoate and then derivatized as the photoactivat-
able [3H]-p-benzoyldihydrocinnamoyl ([3H]BZDC) amide
(13). We further describe the use of this photoaffinity
label to identify putative target proteins for RT in human
platelet membranes and umbilical cord vascular smooth
muscle cells. Direct autoradiography using the latter
cells had previously shown distinct and selective high-
affinity binding sites for RT and Ins(1,3,4,5)P4 (14).

EXPERIMENTAL PROCEDURES

Materials and Methods. All NMR spectral data
were obtained on either QE-300 or AC-250 instruments.
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Utah, Salt Lake City, UT 84112 [telephone (801) 585-9051; fax
(801) 585-9053; e-mail gprestwich@deans.pharm.utah.edu].

† Present address: Department of Medicinal Chemistry, 308
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1 Abbreviations: RT, R-trinositol [Ins(1,2,6)P3 ]; DIBAL, di-
isobutyl aluminum hydride; EA, ethyl acetate; H, hexane; [3H]-
BZDC, [3H]-p-benzoyldihydrocinnamoyl; Ins(1,4,5)P3, D-myo-
inositol 1,4,5-trisphosphate; InsP4, D-myo-inositol 1,3,4,5-
tetrakisphosphate; NPY, neuropeptide Y; PEG, poly(ethylene
glycol); PMB, p-methoxybenzyl; rt, room temperature; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis; TEAB, triethylammonium bicarbonate; TCA, trichloroacetic
acid.

Figure 1. Structures of RT and photoaffinity analogues: 1,
RT [Ins(1,2,6)P3]; 2, [3H]BZDC-P-5-(O-aminopropyl) Ins(1,2,5,6)-
P4; 3, [3H]BZDC-4-O-(5-aminopentanoate) Ins(1,2,6)P3.
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All reagents were obtained from Aldrich Chemical Co.
(Milwaukee, WI). All solvents used were of reagent or
HPLC grade. CH2Cl2 was distilled from CaH2, and DMF
was dried by storage over molecular sieves. The normal
workup procedure involved extraction three times with
the appropriate solvent, washing the combined organic
extracts once, drying over anhydrous MgSO4, filtration,
and concentration by rotary evaporation. EN3HANCE
was obtained from NEN Life Science Products (Boston,
MA). Chromatographic purification was performed over
“flash” grade SiO2 using ethyl acetate (EA)/hexane (H)
mixtures. HPLC retention times are denoted tR. Only
diagnostic NMR resonances are reported. Mass spec-
trometry analysis was performed at the Mass Spectrom-
etry Laboratory in the Department of Chemistry at The
University of Utah.
Methyl 2-O-Benzyl-4,6-O-(benzylidene)-r-D-glu-

copyranoside (5). Methyl 4,6-O-benzylidene-R-D-glu-
copyranoside (20 g, 0.06 mol), tetrabutylammonium
hydrogen sulfate (4.07 g, 0.012 mol), and benzyl bromide
(12.2 mL, 0.102 mol) were dissolved in 1000 mL of CH2-
Cl2; 100 mL of aqueous NaOH (5% w/v) was added, and
the mixture was refluxed for 48 h. The mixture was then
cooled, the layers were separated, and the organic layer
was washed with water, dried (MgSO4), and concen-
trated. The syrup obtained was triturated with hexane
twice to give a white precipitate, which was dissolved in
2:1 EA/H (Rf ) 0.5), filtered, and concentrated to yield
11.2 g of a white solid (50.4% yield, mp 121-122 °C): 1H
NMR (300 MHz, CDCl3) δ 7.8-7.3 (10 H, phenyl CH, m),
5.4 (1H, CH, s), 4.8 (s, 2H), 4.6 (m, 1H), 4.4-4.2 (3H, m),
4.0-3.6 (3H, m), 3.4 (3H, OCH3, s), 2.68 (1H, bs); HRMS
calcd for C21H24O6 372.1573, found 372.1572.
Methyl 2-O-Benzyl-4,6-O-(benzylidene)-3-O-(p-

methoxybenzyl)-r-D-glucopyranoside (6). NaH (3 g,
2.3-fold excess) was washed (THF), suspended in 450 mL
of DMF, and treated with a solution of 5 in 300 mL of
DMF followed in 5 min by 16.5 mL of p-methoxybenzyl
chloride. The mixture was stirred for 12 h at 45 °C,
quenched (CH3OH, then H2O), extracted (ether), and
purified on SiO2 (50% EA/H, Rf ) 0.6) to give 6 in 90%
yield: 1H NMR (300 MHz, CDCl3) δ 7.4-7.1 (12H, phenyl
CH, m), 6.7 (2H, d), 5.4 (1H, CH, s), 4.8-4.6 (m, 2H),
4.59 (1H, d), 4.25 (dd, 1H), 4.1 (m, 3H), 3.75 (s, 3H, PMB-
OCH3), 3.7-3.6 (4H, m), 3.3 (3H, OCH3, s); HRMS calcd
for C29H32O7 492.2148, found 492.2153.
Methyl 2,4-Di-O-benzyl-3-O-(p-methoxybenzyl)-r-

D-glucopyranoside (7). A solution of 1 g (1.86 mmol)
of 6 in 100 mL of dry CH2Cl2 was cooled to -30 °C, and
9.3 mL of 1 M DIBAL-H (9.3 mmol) in CH2Cl2 was added
dropwise. The solution was stirred at -30 °C for 0.5 h
and quenched (CH3OH, then 0.5 M aqueous NaHSO4 at
0 °C). The organic layer was washed (H2O, brine), dried
(MgSO4), concentrated, and purified on SiO2 (25% EA/H,
Rf ) 0.3) to yield 0.5 g of a colorless oil (55% yield): 1H
NMR (300 MHz, CDCl3) δ 7.4-7.1 (12H, phenyl CH, m),
6.7 (2H, d), 4.8-4.6 (m, 4H), 4.59 (2H, d), 4.25 (m, 1H),
3.75 (s, 3H, PMB-OCH3), 3.7-3.6 (4H, m), 3.3 (3H,
OCH3, s), 2.8 (1H, bs).
Methyl 2,4-Di-O-benzyl-3-O-(p-methoxybenzyl)-r-

D-glucohexodialdo-1,5-pyranoside (8). A solution of
1.19 mL (6.81 mmol) of (COCl)2 in 75 mL of CH2Cl2 was
cooled to -78 °C. and 2.0 mL of dry DMSO was added
dropwise. The solution was stirred at -78 °C for 10 min,
and then a solution of 7 (2.706 mmol, 3.5 g) in 25 mL of
CH2Cl2 was added via cannula under argon. The mixture
was stirred for 30 min, triethylamine (22 mmol, 6.1 mL)
was added dropwise, and the solution was stirred,
warmed to room temperature (rt), and worked up as
described to give a near-quantitative yield of crude

aldehyde 8 (observed by TLC using 25% EA/H, Rf ) 0.7)
that was employed without further purification: 1H NMR
(250 MHz, CDCl3) δ 9.8 (1H, s), 7.4-7.1 (12H, phenyl CH,
m), 6.7 (2H, d), 4.59 (2H, d), 4.25 (dd, 1H), 4.1 (m, 3H),
3.75 (s, 3H, PMB-OCH3), 3.7-3.6 (4H, m), 3.3 (3H,
OCH3, s), 2.8 (1H, bs); HRMS calcd for C29H32O7 492.2148,
found 492.2151.
Methyl (Z)-2,4-Di-O-benzyl-3-O-(p-methoxybenzyl)-

6-O-acetyl-r-D-gluco-5-enopyranoside (9). Anhy-
drous K2CO3 (3.56 mmol, 0.49 g) was added to a stirred
solution of compound 8 (0.539 mmol, 0.289 g) in 30 mL
of dry CH3CN and stirred for 10 min at rt. The solution
was then treated with excess Ac2O, refluxed at 80 °C for
8 h, cooled, quenched with H2O, diluted with ether, and
product isolated as usual with purification on SiO2 (25%
EA/H, Rf ) 0.43) to give 0.2 g (70% yield) of enol acetate
9: 1H NMR (250 MHz, CDCl3) δ 7.4-7.1 (12H, phenyl
CH, m), 6.7 (2H, d), 4.59 (1H, m), 4.25 (dd, 1H), 4.1 (m,
3H), 3.75 (s, 3H, PMB/OCH3), 3.7-3.6 (4H, m), 3.3 (3H,
OCH3, s), 2.2 (3H, s); HRMS calcd for C31H34O8 534.2253,
found 534.2280.
1-O-Acetyl-3,5-di-O-benzyl-4-O-(p-methoxybenzyl)-

2-deoxy-2-oxo-myo-inositol (10). Mercury(II) acetate
(4.58 mmol, 1.46 g) was added to a stirred solution of 9
(0.458 mmol, 0.264 g) in 25 mL of acetone/water (3:2);
after 45 min at rt, 5 mL of saturated aqueous NaCl was
added, and stirring was continued at rt for another 22
h. Product isolation as usual with purification on SiO2
(40% EA/H, Rf ) 0.52) gave 0.13 g of 10 (55% yield): 1H
NMR (250 MHz, CDCl3) δ 7.4-7.1 (12H, phenyl CH, m),
6.7 (2H, d), 4.59 (1H, m), 4.25 (dd, 1H), 4.1 (m, 3H), 3.75
(s, 3H, PMB/OCH3), 3.7-3.6 (4H, m), 2.2 (3H, s).
1-Acetyl-3,5-di-O-benzyl-4-O-(p-methoxybenzyl)-

myo-inositol (11). Inosose 10 (0.188 mmol, 0.1 g) was
dissolved in 7 mL of dry CH3CN, and sodium triacetoxy-
borohydride (1.886 mmol, 0.399 g) was added. Glacial
CH3CO2H (1.3 mL) was then added dropwise. Product
isolation as usual gave 60 mg of crude alcohol 11 (62%)
that was used without further purification: 1H NMR (250
MHz, CDCl3) δ 7.4-7.1 (12H, phenyl CH, m), 6.7 (2H,
d), 4.59 (1H, m), 4.25 (dd, 1H), 4.1 (m, 3H), 3.75 (s, 3H,
PMB-OCH3), 3.7-3.6 (4H, m), 2.5 (1H, bs), 2.2 (3H, s).
3,5-Di-O-benzyl-4-O-(p-methoxybenzyl)-myo-inosi-

tol (12). Acetate 11 (0.08 mmol, 46 mg) was saponified
(3 mL of 0.35 M NaOH in CH3OH solution, 1.5 h, 80 °C),
and 30 mg of product 12 was isolated as usual (79%) and
used without further purification: 1H NMR (250 MHz,
CDCl3) δ 7.4-7.1 (12H, phenyl CH, m), 6.7 (2H, d), 4.59
(1H, m), 4.25 (dd, 1H), 4.1 (m, 3H), 3.75 (s, 3H, PMB-
OCH3), 3.7-3.6 (4H, m), 2.5 (2H, bs); HRMS calcd for
C28H32O7 480.2448, found 480.2481.
Benzyl 1,2,6-[3,5-Di-O-benzyl-4-O-(p-methoxyben-

zyl)-myo-inosityl] Trisphosphate (13). To a stirred
solution of 20 mg (0.038 mmol) of triol 12 and 27 mg (0.38
mmol) of 1H-tetrazole in 3 mL of dry CH2Cl2 was added
a solution of 59 mg of (N,N-diisopropylamino)dibenzyl-
oxyphosphine in 0.5 mL of dry CH2Cl2. The reaction
mixture was stirred overnight at rt and cooled to -40
°C, and then 43 mg (0.25 mmol) of m-chloroperbenzoic
acid was added. The solution was stirred for 5 min at
-40 °C, warmed to rt for 2 h, diluted with 10 mL of CH2-
Cl2, and quenched with 10 mL of 10% Na2SO3. The
organic layer was washed (10% sodium sulfite, saturated
aqueous NaHCO3), dried (MgSO4), filtered, concentrated
in vacuo, and purified on SiO2 using EA/H (1:2, Rf ) 0.3)
as eluant to give 32 mg (62%) of 13 as a syrup: 1H NMR
(250 MHz, CDCl3) δ 7.4-7.1 (40H, phenyl CH, m), 6.7
(2H, d), 5.25 (m, 15H), 4.9 (6H, m), 3.9 (s, 3H, PMB-
OCH3); 31P NMR (101 MHz, CDCl3) 0.45 ppm; HRMS
calcd for C70H71O16P3 1260.3954, found 1260.3951.
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3,5-Di-O-benzyl-1,2,6-tris(O-dibenzylphosphoryl)-
myo-inositol (14). To 60 mg (0.05 mmol) of compound
13 was added 55 mg (0.09 mmol) of ceric ammonium
nitrate in 6 mL of acetonitrile/water (9:1). The reaction
mixture was stirred for 80 min at rt, quenched with 15
mL of saturated aqueous NaHCO3, and diluted with 15
mL of CH2Cl2, and the organic layer was washed (satu-
rated aqueous NaHCO3, H2O), dried (MgSO4), concen-
trated in vacuo, and purified on SiO2 with 75% EA/H (Rf
) 0.6) as eluant to give 41 mg (75%) of 14 as an oil: 1H
NMR (250 MHz, CDCl3) δ 7.4-7.1 (40H, phenyl CH, m),
5.25 (m, 16H), 4.2-3.6 (6H, m); 31P NMR (101 MHz,
CDCl3) 0.41 ppm; HRMS calcd for C62H63O15P3 1140.3379,
found 1140.3241.
N-Cbz-5-aminopentanoic Acid. A solution of 5-ami-

nopentanoic acid (0.5 g) and 1g of N-(benzyloxycarbonyl-
oxy)succinimide in dioxane/water/triethylamine (1:1:0.1)
was heated at 90 °C for 72 h. The mixture was cooled to
rt, extracted with EA, and evaporated to obtain a white
powder. The solid was purified on SiO2 using 2:1:1 EA/
H/CH2Cl2 as eluant (Rf ) 0.45): yield 78.5 mg (73%); 1H
NMR (250 MHz, CDCl3) δ 7.4 (5H, m), 5.2 (2H, s), 3.2
(2H, t), 2.4 (2H, t), 1.6 (4H, m).
3,5-Di-O-benzyl-1,2,6-tris(dibenzylphosphoryl)-4-

O-[5-(N-Cbz-aminopentanoyl)]-myo-inositol (15). A
solution of 40 mg (0.03 mmol) of compound 14 in CH2-
Cl2, 5-N-Cbz-aminopentanoic acid (1.5 equiv), DCC (1.5
equiv), and DMAP (0.1 equiv) was stirred at rt overnight.
The solution was filtered, concentrated in vacuo, and
purified on SiO2 with 2:1 EA/H (Rf ) 0.6) as solvent to
give 25 mg of 15 (55%): 1H NMR (250 MHz, CDCl3) δ
7.8-7.6 (45H, phenyl CH, m), 5.5 (m, 18H), 4.9 (6H, m),
3.2 (2H, t), 2.4 (2H, t), 1.6 (4H, m); 31P NMR (101 MHz,
CDCl3) 0.45 ppm (all three phosphates appear as a single
broad resonance).
4-O-(5-Aminopentanoyl)-myo-inositol 1,2,6-Tris-

phosphate (16). Benzylated precursor 15was dissolved
in 25 mL of 95% ethanol and hydrogenated over 100 mg
of 10% Pd-C catalyst at 45 psi overnight. The catalyst
was removed by filtration through Celite, washed (95%
ethanol, 2:1 ethanol/water, 30 mL of water), adjusted to
pH 9.0 with concentrated NH4OH, and concentrated in
vacuo. The residue was dissolved in 3 mL of water and
passed through an ion exchange column (Na+ form, Bio-
Rad Chelex 100 resin). Elution with 25 mL of water and
concentration in vacuo gave 24 mg (75%) of ester 16 as
a colorless glass: 1H NMR (250 MHz, D2O) δ 4.2-3.8 (6H,
m), 3.2 (2H, t), 2.4 (2H, t), 1.5 (4H, m); FAB-MS calcd
C11H18NNa6O16P3 650.92, found 651.0; MALDI-TOF 671.08
(M+ - 3H + Na). Anal. Calcd C, 20.28; H, 2.77. Found:
C, 20.32; H, 2.77.
4-O-[5-N-(p-Benzoyldihydrocinnamoyl)ami-

nopentanoyl]-myo-inositol 1,2,6-Trisphosphate (3a).
To a solution of the p-benzoyldihydrocinnamyl N-hy-
droxysuccinimido ester (BZDC-NHS) in DMF was added
the aminopentanoyl RT (16) in 0.25 M TEAB. A white
suspension formed during the addition but then dis-
solved, and the solution was stirred overnight. The clear
and homogeneous solution was concentrated in vacuo and
evaporated three times with methanol. The resulting
white solid was suspended in 0.2 mL of water and
concentrated in vacuo. The solid was dissolved in 0.1 mL
of water and applied to a column of DEAE-cellulose
(HCO3

- form). The column was washed with 2 mL of
water, 1 mL of 0.2 M TEAB, 1 mL of 0.3 M TEAB, 1 mL
of 0.4 M TEAB, and 1 mL of 0.6 M TEAB. The fractions
were chromatographed on a TLC plate using 4:1:1
butanol/acetic acid/water as eluant. The samples were
analyzed on HPLC (RP-HPLC with a C8 Brownlee RP-
300 column, 250 mm × 4.6 mm, with 15% acetonitrile in

0.05 M KH2PO4 buffer at pH 4.5): 1H NMR (250 MHz,
D2O) δ 7.7-7.4 (9H, m), 4.2-3.8 (6H, m), 3.2-2.7 (6H,
m), 2.4 (2H, t), 1.6 (4H, m).
4-O-[N-(p-Benzoyl[3H]dihydrocinnamoyl)-5-ami-

nopentanoyl]-myo-inositol 1,2,6-Trisphosphate (3b).
Two stock solutions were prepared: (i) 2 mCi/mL [3H]-
BZDC-NHS in ethyl acetate and (ii) 0.25 mg/mL 4-O-(5-
aminopentanoyl)-myo-inositol 1,2,6-trisphosphate in 0.25
M TEAB buffer. A 0.5 mL (1 mCi) aliquot of [3H]BZDC-
NHS ester stock was carefully evaporated under a stream
of nitrogen, redissolved in 50 µL of DMF, and added to a
stirred solution of aminopentanoate 16. The reaction
mixture was stirred for 48 h at rt in the dark and
concentrated in vacuo, and the residue was taken up in
500 µL of water and reconcentrated, redissolved in 500
µL of water, applied to a pipet column (4 × 0.5 cm; DEAE-
cellulose HCO3

- form), and washed successively with
water (1 mL), 0.1 M TEAB (1 mL), 0.2 M TEAB (2 mL),
0.3 M TEAB (2 mL), 0.4 M TEAB (2 mL), 0.5 M TEAB (2
mL), 0.6 M TEAB (2 mL), and 0.8 M TEAB (2 mL). The
highest activity (cpm) fractions (0.3-0.5 M TEAB) were
analyzed by HPLC (Aquapore RP C8, 250 × 4.6 mm,
isocratic elution with 15% acetonitrile in 0.05 M KH2-
PO4 buffer, pH 4.4, with monitoring at 280 nm and with
a radiochemical detector). The net radiochemical yield
was approximately 12% (specific activity ) 42.5 Ci/mmol,
tR ) 10 min).
Biochemical Experiments. Protein Preparation.

Umbilical cords were thawed on ice, washed in incubation
buffer (0.14 MNaCl, 1 mMKH2PO4, 11 mM glucose), and
blood was squeezed out. The cords were cut into small
pieces and dissected to remove the Wharton’s jelly
portion. Next, 7 g of the vasculature was homogenized
with Polytron in 15 mL of prep buffer (250 mM Tris, pH
7.7, 1 mg of leupeptin, 1 mg of apoprotinin, 3 mg of
pepstatin, 3 mg of collagenase). The suspension was
centrifuged at 2000g (SS-34 rotor) for 15 min and the
pellet discarded. The resultant supernatant was centri-
fuged at 100000g (37 000 rpm, rotor type 60 Ti) for 1.5
h. The pellet was washed three times by resuspension
in prep buffer and centrifuged at 100000g (37 000 rpm,
rotor type 60 Ti) for 15 min each. The extensively
washed pellet was suspended in 3 volumes of prep buffer
with 1% CHAPS and incubated on ice for 1 h. The
suspension was centrifuged at 100000g for 30 min, and
the pellet was discarded. Protein concentration was
determined by dye binding prior to photoaffinity labeling
and protein separation by SDS-PAGE.
Photoaffinity Labeling. Protein samples (20 µg) were

incubated on ice with 0.5 µCi (0.25 µM) of 4-[3H]BZDC-
RT (3b) in the presence (1000-fold excess) or absence of
competing ligand for 10 min. The samples were then
photolyzed at 360 nm (1900 µW/cm2) for 45 min at 4 °C.
Proteins were precipitated with 10% cold trichloroacetic
acid and centrifuged (14000g, 15 min), the pellet was
washed with 100 µL of cold acetone, and 5× sample buffer
was added. The sample was boiled for 5 min, and
proteins were separated by SDS-12.5% PAGE. The gel
was Coomassie blue stained, destained, incubated in EN3-
HANCE for 1 h, miniaturized with 50% PEG, dried, and
exposed to XAR-5 X-ray film for 14 days at -80 °C (15).

RESULTS AND DISCUSSION

Photoaffinity Analogues of r-Trinositol. Ben-
zophenone-containing photoaffinity analogues (16) have
been prepared for Ins(1,4,5)P3, Ins(1,2,4,5)P4, Ins(1,3,4,5)-
P4, Ins(1,2,3,4,5,6)P6, PtdIns(4,5)P2, and PtdIns(3,4,5)P4
by preparing an ω-aminoalkyl ester of one of the phos-
phates (17-22), followed by amidation using [3H]BZDC-
NHS ester (13). Thus, we initially prepared [3H]BZDC-
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P-5-(O-aminopropyl) Ins(1,2,5,6)P4 (2), a phosphate-
tethered analogue of 1 (23) (Figure 1), to identify molecular
targets for RT. However, only nonspecific photolabeling
(i.e., no competition by RT using a 2000-fold molar excess)
was observed using either soluble or membrane protein
preparations from rat heart, rat brain, pig aorta, and
human vascular smooth muscle cells (A. Chaudhary, H.
Yoo, and G. D. Prestwich, unpublished results). More-
over, unlabeled BZDC-P-5 Ins(1,2,5,6)P4 (2) failed to
displace [3H]RT in rat heart or pig aorta binding assays
(24) or in autoradiographic studies in human umbilical
vasculature (14) (A. Chaudhary, H. Yoo, and D. A. Walsh,
unpublished results).
High-affinity [3H]RT binding can be readily displaced

from rat heart membranes by Ins(1,2,5,6)P4 and by Ins-
(1,3,4,5)P4, but not by Ins(1,4,5)P3 (24). Thus, in analogy
to the mimicry of Ins(1,4,5)P3 by Ins(1,2,4,5)P4 (25), we
noted that RT and Ins(1,3,4,5)P4 could be partially
superimposed (23). The structures were minimized in
SYBYL using a TRIPOS force field with manual param-
etrization of the pentacovalent phosphorus atoms. Fig-
ure 2 shows 3D structures for the modified RT and
Ins(1,3,4,5)P4, suggesting that the axial P-2 phosphate
of the RT is not superimposable with the equatorial P-5
phosphate in Ins(1,3,4,5)P4. However, on the basis of this
model, the 4-hydroxyl position of RT appeared to be
suitable for introduction of a tethered photoaffinity label.
This proposal was further strengthened by the observa-
tion that the 2,3,4-trihexanoate and tridecanoate esters
were physiologically active (3).
Synthesis. The synthesis of enantiomerically pure

4-tethered RT (3) was accomplished via the Ferrier
rearrangement (26, 27), which allows the conversion of
carbohydrates into cyclitols via a ring opening-ring
closure process. Indeed, this method mimics the biosyn-
thesis of inositol monophosphate from D-glucose 6-phos-
phate. We have now applied the Ferrier route (28) to
the synthesis of a comprehensive series of inositol poly-
phosphate and phosphoinositide polyphosphate affinity
reagents (29). For the synthesis of the desired 4-tethered
RT derivative 3, the 4-position of glucose must be
protected uniquely relative to the other hydroxyl groups.
The synthesis is shown in Figure 3. Selective 3-ben-

zylation of methyl 4,6-O-benzylidene-R-D-glucopyranoside
(4) under phase transfer conditions gave 5, and protection
of the 4-OH gave p-methoxybenzyl (PMB) ether 6 (22).
Regioselective reductive cleavage of the benzylidene
acetal with DIBAL in CH2Cl2 at -30 °C gave primary
alcohol 7. Swern oxidation of 7 to aldehyde 8, followed
by formation of the Z-enol acetate 9 and Ferrier rear-
rangement using mercuric acetate and aqueous sodium

chloride, yielded the inosose skeleton 10 possessing the
desired C-2 axial stereochemistry. Stereoselective reduc-
tion of the â-hydroxy ketone with sodium triacetoxyboro-
hydride gave 11, and hydrolysis provided the 1,2,6-triol
12. Phosphitylation/oxidation of the triol gave protected
trisphosphate 13. Oxidative cleavage of the PMB group
gave alcohol 14, which was acylated with 4-N-Cbz-
aminopentanoic acid to give the fully protected precursor
15. Hydrogenation at 45 psi quantitatively removed all
benzyl groups to give the 4-ester RT 16, which was
purified and converted into the Na+ form by passage
through Chelex (Na+ form). The primary amine was
amidated with [3H]BZDC-NHS ester in 1.25 M TEAB/
DMF to give tritiated probe 3b (specific activity ) 42.5
Ci/mmol as determined by the activity of the [3H]BZDC-
NHS ester employed); unlabeled BZDC-RT (3a) was also
prepared. Photoaffinity analogues 3b and 3a were
purified on DEAE cellulose (HCO3

- form) and analyzed
by HPLC.
Photoaffinity Labeling. Thin-section autoradio-

graphic studies (14) had shown specific high-affinity
binding for [3H]RT localized to specific areas of human
umbilical cord vascular smooth muscle tissue. Thus,
fresh human umbilical cords were obtained, and mem-
branes were prepared from dissected vascular tissue. The
membrane pellet was solubilized with 1% CHAPS and
photoaffinity labeled with 4-[3H]BZDC-RT (3b). To de-
termine the specificity of binding, 0.25 mM RT or 0.25
mM Ins(1,3,4,5)P4 was included in the solution. Samples
were incubated on ice for 10 min and irradiated (45 min
at 360 nm), and proteins were separated by denaturing
electrophoresis (SDS-PAGE). The gels were impreg-
nated with a fluor to enhance tritium detection, dried,
and exposed to X-ray film at -80 °C. Despite the number
and abundance of proteins visible by Coomassie blue
staining (Figure 4A), only very few proteins were co-
valently modified by 3b (Figure 4B). Indeed, the fluo-
rogram shows selective labeling of CHAPS-solubilized
human vascular cell membrane proteins at 55 and 43
kDa; a 1000-fold excess of either RT or Ins(1,3,4,5)P4
competitively displaced the labeling of these bands. In
addition, a third band that shows specific displacement
by Ins(1,3,4,5)P4 is evident at 40 kDa. No competition
for any of these proteins was observed when 1000-fold
excesses of Ins(1,4,5)P3 or adenophostin A [an Ins(1,4,5)-
P3 hyperagonist] (30) or InsP6 were used as competing
ligands (data not shown). In addition, as with earlier
photoprobe 2, the new probe 3b failed to exhibit any
specific labeling of proteins from rat heart membranes;
that is, no competitive displacement of photolabeling was
observed with either excess RT or Ins(1,3,4,5)P4.
Potential molecular targets in platelet membranes

were also investigated. Thus, platelet membranes were
incubated and photoaffinity labeled following the same
protocols used for the umbilical cord vascular mem-
branes. Figure 5A shows that despite a high protein
loading as seen by Coomassie blue staining of the gel,
only very few proteins were covalently modified by the
RT analogue 3b (Figure 5B). In platelet membranes, a
tritium-labeled protein band at 55 kDa shows unambigu-
ous competitive displacement by a 1000-fold excess of RT,
but much weaker displacement by Ins(1,3,4,5)P4.
The selective labeling of signaling proteins by BZDC

derivatives of inositol polyphosphates and polyphosphoi-
nositides has now been observed in many crude prepara-
tions. This selectivity can be attributed to the high
efficiency of the benzophenone photophore for modifica-
tion of hydrophobic regions of proteins and the lack of
nonspecific interception of the reactive ketyl/diradicaloid
by solvent or protein nucleophilic groups (14, 20). The

Figure 2. Comparison of energy-minimized structures of
4-ester-tethered RT and Ins(1,3,4,5)P4. Superposition of struc-
tures of RT and Ins(1,3,4,5)P4 suggests that the 4-position of
RT could be modified without loss of biological activity.
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selective labeling occurs at 40-80% efficiency as seen
recently for the rat cerebellar inositol trisphosphate
receptor (18), rat clathrin assembly protein, AP-2 (31, 32),
rat brain phosphoinositide (3-5) trisphosphate receptor,
centaurin-R (21), and C2B domain of synaptotagmin II
(33).
In summary, we report the asymmetric total synthesis

of a novel photoaffinity analogue of R-trinositol and
demonstrate its application in identifying putative target
proteins having molecular masses of 55, 43, and 40 kDa
in the membranes of vascular smooth muscle cells from
human umbilical cords. The presence of selectively
labeled 55 kDa protein in human platelets further
implicates this protein as a potential molecular target
for this drug. The photoaffinity probe 3b labels relatively
few proteins, and the selective, drug-compatible binding

for these proteins is highly suggestive of a role in the
mechanism of action for this drug. Thus, this paper
exemplifies the utility of the photoaffinity labeling tech-
nique in identifying unknown target proteins for new
drugs, a first step in determining the biochemical basis
for their physiological activities.
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Figure 3. Synthesis of 4-acyl-BZDC-RT (3a and 3b). Reagents and conditions: (a) Bu4NHSO4, BnBr, CH2Cl2, aqueous NaOH, 48
h, 50%; (b) PMB-Cl, NaH, DMF, 45 °C, 90%; (c) DIBAL, CH2Cl2, -30 °C, 30 min, 55%; (d) (COCl)2, DMSO, Et3N, CH2Cl2, -78 °C,
25 min, 98%; (e) Ac2O, anhydrous K2CO3, MeCN, 80 °C, 8 h, 70%; (f) Hg(OAc)2, Me2CO/H2O (3:2), NaCl, rt, 22 h, 55%; (g) NaBH-
(OAc)3, AcOH, 40 min, rt, 62%; (h) 0.35 M NaOH in MeOH, 80 °C, 90 min, 79%; (i) (BnO)2PNiPr2, tetrazole, CH2Cl2, rt, 5 h, and then
mCPBA, -40 °C, 0.5 h, 62%; (j) (NH4)2Ce(NO3)6, MeCN/H2O (9:1), rt, 40 min, 75%; (k) CbzNH(CH2)4COOH, DCC, DMAP, rt, overnight,
55%; (l) 10% Pd-C in 95% EtOH, H2 gas, 45 psi, overnight, and then Chelex resin (Na+ form); (m) T-BZDC-NHS ester, 1.25 M TEAB,
DMF, 24 h, and then DEAE-cellulose (HCO3

- form).

Figure 4. Photoaffinity labeling of CHAPS-solubilized human
umbilical cord membrane proteins with probe 3b: (A) 12.5%
SDS-PAGE gel stained with Coomassie blue (arrows indicate
positions of labeled proteins); (B) corresponding fluorogram of
3b labeled proteins. The fluorogram shows RT- and Ins(1,3,4,5)-
P4-displaceable bands at 55 and 43 kDa. A third band at 40 kDa
shows competition only with excess Ins(1,3,4,5)P4. Other pro-
teins show evidence of nonspecific labeling. The proteins were
labeled (45 min, 4 °C, 360 nm) with 0.5 µCi (0.25 µM) of 3b in
the absence (-) or presence of 0.25 mM RT or 0.25 mM Ins-
(1,3,4,5)P4 as competing ligands.

Figure 5. Photoaffinity labeling of detergent-solubilized hu-
man platelet membrane pellet with 3b: (A) 12.5% SDS-PAGE
gel stained with Coomassie blue (arrow indicates labeled
protein); (B) corresponding fluorogram of labeled proteins. A
protein at 55 kDa labeled by probe 3b shows clear displacement
of labeling by 1000-fold excess RT and weaker displacement by
Ins(1,3,4,5)P4. Other bands exhibit nonspecific labeling. The
proteins were labeled (45 min, 4 °C, 360 nm) with 0.5 µCi (0.25
µM) of 3b in the absence (-) or presence of 0.25 mM RT or 0.25
mM Ins(1,3,4,5)P4 as competing ligands.
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Synthesis and in Vitro Degradation of New Polyvalent Hydrazide
Cross-Linked Hydrogels of Hyaluronic Acid
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New polyvalent hydrazide cross-linkers were synthesized, characterized, and used to prepare hydrazide
cross-linked hydrogels derived from hyaluronic acid (HA). First, the chemical synthesis and
characterization of the di-, tri-, tetra-, penta-, and hexahydrazides are presented. Second, HA con-
centration, buffer type and concentration, and ratio of HA to carbodiimide to cross-linker were varied
to obtain HA-hydrogels with different chemical and physical properties. Third, two new assays are
described to monitor the stability of HA-hydrogels toward hyaluronidase (HAse) and other media.
These assays were used to evaluate the stability of cross-linked HA-hydrogels to HAse solutions and
different pH values. Hydrophobic cross-linkers gave the most stable gels, and the susceptibility of
the gels to HAse was independent of cross-linker concentration. HAse does not significantly penetrate
the HA-hydrogels and acts primarily at the gel-solution interface. The HA-hydrogels are stable in
acid environments and dissolve gradually above pH 7.0.

INTRODUCTION

Hyaluronic acid (Figure 1) is a naturally occurring
linear polysaccharide that is abundant in the vitreous
and in synovial fluid and plays pivotal roles in wound
healing, cell differentiation, and cell motility. In addition,
aberrant HA1 receptors are involved in cancer metastasis
(1, 2). A component of the extracellular matrix, it is a
fully biocompatible candidate for modification with drugs
and other effector molecules. The use of biocompatible
polymers in the treatment of various ailments has
expanded rapidly in the past two decades (3). Moreover,
derivatization of such polymers with reporter groups (4)
and drugs (5, 6) has emerged as a powerful method for
controlling delivery and release of these various com-
pounds. Small drug molecules can be linked to the
polymer by a method that allows controlled release of the
free bioactive group. Highly water-soluble polymers are
of added benefit in helping increase the amount of a
hydrophobic drug that can be effectively delivered into a
living system. The general features of these systems
must therefore include complete biocompatibility, water
solubility, ability to be chemically modified to allow high
substrate loading with a designed release profile, and an
economical, scalable process chemistry.
Hydrogels have many unique properties and advan-

tages for the development of novel controlled drug
delivery systems (7). HA and its derivatives have been
used as drug delivery systems with a wide variety of
drugs (8, 9). To extend the utility of HA hydrazide
derivatives (10-12) to include hydrogels with selected
physical properties, we required a selection of polyfunc-

tional cross-linking agents (13, 14). Herein we describe
the synthesis and applications of hydrazide-containing
cross-linkers in which the length, hydrophilicity, and
number of functional groups have been varied. We also
describe the effects of varying pH, buffer type, HA
concentration, and cross-linker/carbodiimide/HA ratios to
obtain hydrogels with desired physicochemical properties.
In vivo, enzymes play a major role in the biodegrada-

tion process of biomaterials. Even the most inert poly-
mers can undergo some degradation under physiological
conditions (7). In vivo, HA is degraded by HAse, which
is ubiquitous in cells and in serum (15, 16). In vitro, the
biodegradation of hydrogels has been studied by monitor-
ing the release of microspheres from a matrix (17), by
monitoring the release of radiolabeled compounds (18,
19), by monitoring the loss of weight or swelling proper-
ties (20, 21), or by visual inspection (22-25). In this
paper, we also describe the biodegradation of new cross-
linked HA-hydrogels. Two new methods for monitoring
the degradation of the HA-hydrogels by HAse were
developed and used to examine the effect of the chemical
composition of the gels upon their degradation.

MATERIALS AND METHODS

General. Fermentation-derived hyaluronan (HA, so-
dium salt) was provided by Clear Solutions Biotechnol-
ogy, Inc. (Stony Brook, NY). 1-Ethyl-3-[3-(dimethylamino)-
propyl]carbodiimide (EDC), succinic dihydrazide, fastgreen
FCF, and carboxylic acids and esters for the hydrazide
syntheses (used without purification) were purchased
from Aldrich Chemical Co. (Milwaukee, WI). Bovine
testicular hyaluronidase (HAse; 880-1000 units/mg) and
bis-tris hydrochloride were obtained from Sigma Chemi-
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phone (801) 585-9051; fax (801) 585-9053; e-mail gprestwich@
deans.pharm.utah.edu].
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Number; HA, hyaluronic acid; HAse, hyaluronidase; PEG, poly-
(ethylene glycol); XL, cross-linker.

Figure 1. Structure of native hyaluronic acid.
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cal Co. (St. Louis, MO). Coomassie Brilliant blue R250
was obtained from Fisher Scientific Co. (Santa Clara,
CA). Adipic dihydrazide was obtained from Eastman
Kodak Co. (Rochester, NY). Suberic and terephthalic
dihydrazide were obtained from Lancaster Synthesis, Inc.
(Windham, NH). Methyl acrylate, ethylenediamine, and
1,4-butanediamine were purified by distillation under
nitrogen. Other amines were used as received. The
H2N-(CH2CH2-O)n-CH2CH2NH2 was purchased from
Shearwater Polymers, Inc. (Huntsville, AL) and had a
nominal molecular weight of 3400. All other chemicals
used were of analytical grade.
Analytical Instrumentation. 1H-NMR spectra were

obtained on either a Bruker AC-250 or a GE QE-300
spectrometer at 250 or 300 MHz, respectively. 13C-NMR
spectra were measured using a Bruker AM-300 spec-
trometer at 75 MHz. IR spectra were recorded using a
Mattson Galaxy Model 3000 FTIR spectrometer.
General Procedure for the Preparation of Hy-

drazides. Free carboxylic acid (5 g) was dissolved in dry
alcohol (methanol or ethanol) (50 mL) containing 1-3
drops of concentrated H2SO4, refluxed under nitrogen for
1 h, concentrated under reduced pressure to <20 mL
volume, and transferred to a separatory funnel using 60
mL of EtOAc or Et2O. The organic layer was washed (2
× 30 mL H2O) and concentrated in vacuo to yield the
crude oily ester, which was used without further purifi-
cation.
A solution of the ester (5 g) in 15 mL of alcohol was

added dropwise into a stirred solution of 4-8 equiv of
hydrazine hydrate per ester group in 10 mL of alcohol.
The stirred reaction was warmed and reacted until the
ester was fully consumed, as determined by TLC. Hy-
drazide products were precipitated either by cooling of
the reaction mixture or by cooling combined with the
addition of 10-20 mL of hexanes. The filtered and
washed crystals were dried under vacuum (0.1 Torr, 24-
48 h, 20-30 °C) to remove excess hydrazine hydrate.
For 3-mercaptopropionic hydrazide, the commercially

available methyl ester was converted as described above
with strict exclusion of oxygen from the system. The oily
product obtained by concentration in vacuo was recrys-
tallized at low temperature.
3,3′-Dithiobis(propanoic dihydrazide) (6): 84%, two

steps; CAS-RN 50906-77-9;2 1H NMR (D2O) δ 4.70 (br s,
5H, HOD, NH2), 2.90 [t, 2H, CH2C(O)], 2.58 (t, 2H, SCH2);
mp 125-126 °C; FAB-MS (M + H+) 239.
3,3′-Thiodipropanoic Dihydrazide (7): 38%, two steps;

CAS-RN 6292-68-8; 1H NMR (D2O) δ 4.70 (br s, 4H, with
HOD, NH2), 2.69 [t, 2H, CH2C(O)], 2.38 (t, 2H, SCH2);
mp 151-152 °C; FAB-MS (M + H+) 207.
3-Mercaptopropanoic Hydrazide (8): 100%; CAS-RN

689-02-1; 1H NMR (CDCl3, 300 MHz) δ 7.88 (br s, 1H,
NH), 3.2 (br s, 2H, NH2 and SH), 2.72 [t, 2H, CH2C(O)],
2.40 (t, 2H, SCH2); 13C NMR (CDCl3) δ 173, 38, 21; mp
0-5 °C; FAB-MS (M + H+) 121.
Tartaric Dihydrazide [2,3-Dihydroxybutanedioic Dihy-

drazide] (9): prepared from the commercially available
ethyl ester (100%); mp 183-188 °C [lit. mp 183 °C (26)];
CAS-RN 54789-92-3.
Trimesic Trihydrazide [1,3,5-Benzene(tricarboxylic tri-

hydrazide)] (10): 38%, two steps; 1H NMR (DMSO-d6) δ
9.7 (s, 1H, NH), 8.2 (s, 1H, Ph), 4.5 (br s, 2H, NH2); mp
>265 °C; EI-MS (M+) 252; CAS-RN 36997-31-6.
Tri(methyl propanoate)amine [â-Alanine, N,N-Bis(3-

methoxy-3-oxopropyl)-methyl ester] (11): CAS-RN 3330-
09-4. This ester was prepared in the same manner as

the first stage of the starburst dendrimer synthesis as
described by Tomalia (27, 28).
General Procedure for the Preparation of the

Tetramethyl r,ω-Alkyldiaminotetrapropanoates.
Methyl acrylate (12.9 g, 150 mmol, 13.5 mL) was dis-
solved in 30 mL of methanol and cooled (4 °C) under
nitrogen. The diamine (30 mmol), dissolved in 5-20 mL
of methanol depending on its solubility, was added
dropwise over 5 min to the stirred acrylate solution. The
ice was allowed to melt, and the solution was stirred at
room temperature overnight. The solvent and excess
methyl acrylate were evaporated under reduced pressure,
and the oil remaining was stirred in vacuo for a few hours
to remove any residual volatiles. The crude colorless oily
products were isolated in essentially quantitative yield
and used without further purification for conversion to
the hydrazide (26, 29).
Tetramethyl 1,2-Ethanediyldiamino-N,N,N′,N′-tetra-

propanoate (12): 1H NMR (CDCl3) δ 3.58 (s, 12H, CH3),
2.68 (t, 8H, J ) 7.9 Hz, CH2), 2.40 (s, 4H, CH2), 2.35 (t,
8H, J ) 7.9 Hz, CH2); 13C NMR (CDCl3) δ 172.7, 52.1,
51.3, 49.6, 32.5.
Tetramethyl 1,4-Butanediyldiamino-N,N,N′,N′-tetra-

propanoate (13): 1H NMR (CDCl3) δ 3.58 (s, 12H, CH3),
2.67 (t, 8H, J ) 11.4 Hz, CH2), 2.36 (t, 8H, J ) 11.4 Hz,
CH2), 2.32 (m, 4H, CH2), 1.30 (m, 4H, CH2); 13C NMR
(CDCl2) δ 172.9, 53.5, 51.3, 49.1, 32.4, 24.9.
Tetramethyl 1,6-Hexanediyldiamino-N,N,N′,N′-tetra-

propanoate (14): 1H NMR (CDCl3) δ 3.49 (s, 12H, CH3),
2.58 (t, 8H, J ) 7.2 Hz, CH2), 2.26 (t, 8H, J ) 7.2 Hz,
CH2), 2.19 (t, 4H, J ) 7.2 Hz, CH2), 1.23 (m, 4H, CH2),
1.07 (m, 4H, CH2); 13C NMR (CDCl3) δ 172.7, 53.5, 51.2,
49.0, 32.3, 27.0, 26.9.
Tetramethyl 1,12-Dodecanediyldiamino-N,N,N′,N′-tet-

rapropanoate (15): 1H NMR (CDCl3) δ 3.63 (s, 12H, CH2),
2.73 (t, 8H, J ) 7.2 Hz, CH2), 2.40 (t, 8H, J ) 7.2 Hz,
CH2), 2.36 (t, 4H, J ) 7.3 Hz, NCH2), 1.37 (m, 4H, CH2),
1.22 (m, 16H, CH2); 13C NMR (CDCl3) δ 172.9, 53.7, 51.3,
49.1, 32.4, 29.5, 29.45, 29.4, 27.2, 27.0.
Tetramethyl 1,2-Dihydroxyethanediyl(diethylamino-

N,N,N′,N′-tetrapropanoate) (16): 1H NMR (CDCl3) δ 3.51
(s, 12H, CH3), 3.42 (s, 4H, OCH2CH2O), 3.37 (t, 4H, J )
6.8 Hz, OCH2), 2.67 (t, 8H, J ) 8.0 Hz, CH2), 2.52 (t, 4H,
J ) 6.8 Hz, OCH2), 2.30 (t, 8H, J ) 8.0 Hz, CH2); 13C
NMR (CDCl3) δ 172.7, 70.2, 69.4, 53.0, 51.3, 49.7, 32.4.
Pentamethyl Spermidine-N,N,N′,N′′,N′′-penta-

propanoate [Pentamethyl (N′-(3-Aminopropyl)-1,4-
butanediamine)-N,N,N′,N′′,N′′-pentapropanoate] (17).
Methyl acrylate (4.30 g, 50 mmol) was dissolved in 10
mL of methanol and cooled in an ice bath under nitrogen.
Spermidine (1.09 g, 7.5 mmol) in 3 mL of methanol was
added dropwise over 2 min to the stirred solution.
Stirring was continued at ice bath temperature for 1 h
and then at room temperature for 16 h. The solvent and
excess methyl acrylate were removed in vacuo to give
4.06 g (96%) of a colorless oil: 1H NMR (CDCl3) δ 3.49
(s, 15H, CH3), 2.58 (t, 10H, J ) 7.8 Hz, CH2), 2.26 (t,
10H, J ) 7.8 Hz, CH2), 2.21 (m, 8H, N-CH2), 1.37 (m,
2H, CH2), 1.20 (m, 4H, CH2); 13C NMR (CDCl3) δ 172.96,
172.74, 53.51, 53.48, 51.54, 51.22, 51.19, 49.10, 49.04
(probably two overlapping peaks), 32.34, 32.28, 32.07,
24.80, 24.68, 24.64.
Hexamethyl Cascade 6 Aza(3):1-azapropane:pro-

panoate (18). Methyl acrylate (18.1g, 210 mmol, 19 mL)
was dissolved in 40 mL of methanol and cooled at 4 °C
under nitrogen. Tris(2-aminoethyl)methane (4.39 g, 30
mmol) dissolved in 3 mL of methanol was added with
stirring for 3 min. Stirring was continued at 4 °C for 2
h and at room temperature overnight, and then solvent
and excess methyl acrylate were removed in vacuo at2 All CAS-RN have been provided by the author.
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room temperature to give 19.6 g (98%) of a yellow oil:
1H NMR (CDCl3) δ 3.58 (s, 18H, CH3), 2.70 (t, 12H, J )
7.1 Hz, CH2), 2.42 (bs, 12H, -NCH2CH2N-), 2.36 (t, 12H,
J ) 7.1 Hz, CH2); 13C NMR (CDCl3) δ 172.6, 53.2, 52.0,
51.2, 49.5, 32.3.
Tetramethyl PEG-Diamine-N,N,N′,N′-tetrapro-

panoate (19). PEG-diamine (1.02 g, 0.3 mmol) was
dissolved in 5 mL of dry methanol with gentle warming.
The solution was cooled to room temperature under
nitrogen and methyl acrylate (0.16 g, 1.8 mmol, 0.17 mL)
added. The solution was stirred under nitrogen at room
temperature for 18 h, and then the solvent and excess
methyl acrylate were evaporated in vacuo at room
temperature to give 1.1 g of a white solid. 1H-NMR
(CDCl3) showed two triplets at 2.82 and 2.45 ppm,
indicating that the propanoate was present.
Tris(propanoic hydrazide)amine (20; CAS-RN

91933-31-2 (â-Alanine, N,N-Bis(3-hydrazino-3-oxo-
propyl)-, Hydrazide). To a 40 °C solution of hydrazine
hydrate (40 mL, 0.80 mol) in methanol (30 mL) was
slowly added a solution of tris(methyl propanoate) amine
(40 mmol, 12.4 g) in methanol (30 mL). The solution was
stirred at 40 °C for 1 h, then cooled to room temperature
for 1 h, concentrated in vacuo to 20 mL, and recrystal-
lized from isoamyl alcohol at 0 °C to give 12.0 g (97%) of
a crystalline white solid, mp 56-57 °C.
General Procedure for the Preparation of Acyl

Hydrazides [1,2-Ethanediyldiamino-N,N,N′,N′-tet-
rakis(propanoic hydrazide) (21)]. Tetramethyl
ethanediaminetetrapropanoate (12) (2.02 g, 5.0 mmol)
was dissolved in 3 mL of absolute ethanol, and hydrazine
hydrate (2.00 g, 40 mmol, 2.00 mL) was added. The
solution was stirred under nitrogen at 45 °C for 2 h and
then cooled to room temperature; ethanol and excess
hydrazine were removed in vacuo to give a viscous syrup.
The crude material was dissolved in 15 mL of boiling
2-propanol and cooled slowly to room temperature (fast
cooling caused the product to oil out) to give a white
crystalline solid, which was isolated by filtration and then
vacuum dried to give 1.95 g (95%) of 21: mp 140-141
°C (dec); 1H NMR (D2O) δ 2.74 (t, 8H, J ) 11.2 Hz, CH2),
2.52 (s, 4H, NCH2CH2N), 2.33 (t, 8H, J ) 11.2 Hz, CH2);
13C NMR (D2O) δ 174.5, 50.7, 49.7, 31.5; HRMS calcd for
C14H32N10O4 405.2686, found 405.2700.
1,4-Butanediyldiamino-N,N,N′,N′-tetrakis(propanoic hy-

drazide) (22) was prepared by the general procedure
using 2.16 g (5.0 mmol) of tetraester 13 in 3 mL of
ethanol. The product separated as a solid during the
reaction. Evaporation of the solvent and excess hydra-
zine left a white powder that was crystallized from 100
mL of 2-propanol to give 2.13 g (98%) of 22: mp 126-127
°C; 1H NMR (D2O) δ 2.64 (t, 8H, CH2), 2.34 (bs, 4H, CH2),
2.23 (t, 8H, CH2), 1.29 (bs, 4H, CH2); 13C NMR (D2O) δ
174.7, 53.3, 49.3, 31.4, 24.5; HRMS calcd for C16H36N10O4

433.2999, found 433.2976.
1,6-Hexanediyldiamino-N,N,N′,N′-tetrakis(propanoic hy-

drazide) (23) was prepared by the general procedure
using 2.30 g (5.0 mmol) of tetraester 14 in 4 mL of
ethanol. Evaporation of the solvent and excess hydrazine
left a viscous syrup that was dissolved in 5 mL of
2-propanol, concentrated in vacuo, redissolved in 30 mL
of boiling 2-propanol, and cooled (4 °C) overnight. The
mixture was then cooled to -10 °C for 2 h, and the solid
was isolated by filtration and washed with cold 2-pro-
panol to give 2.34 g of a sticky white solid. Recrystalli-
zation from 2-propanol gave 2.0 g (87%) of 23: mp 105-
108 °C (dec); 1H NMR (D2O) δ 2.65 (t, 8H, J ) 7.2 Hz),
2.32 (m, 4H), 2.24 (t, 8H, J ) 7.2 Hz), 1.32 (m, 4H), 1.15

(m, 4H); 13C NMR (D2O) δ 174.7, 53.3, 49.3, 31.3, 27.4,
26.2; HRMS calcd for C18H40N10O4 461.3312, found
461.3297.
1,12-Dodecanediyldiamino-N,N,N′,N′-tetrakis(propano-

ic hydrazide) (24) was prepared from 1.36 g (2.5 mmol)
of tetraester 15 and 1.00 g (20 mmol) of hydrazine
hydrate in 2 mL of ethanol. After heating for 1 h, the
solution set to a waxy solid; the solvent and excess
hydrazine were removed in vacuo using 5 mL of 2-pro-
panol. The crude product was dissolved in 50 mL of
boiling 2-propanol, cooled slowly to room temperature
(crystallization occurred), stored at 5 °C overnight, and
filtered, and the solid was washed with 2 × 5 mL of
propanol and vacuum dried to give 1.10 g of 24 (81%):
mp 124-128 °C (dec); 1H NMR (D2O) δ 2.66 (t, 8H, J )
7.7 Hz, CH2), 2.33 (m, 4H, NCH2), 2.26 (t, 8H, J ) 7.7
Hz, CH2), 1.33 (m, 4H, CH2), 1.16 (m, 16H, CH2); 13C
NMR (D2O) δ 174.5, 53.6, 49.4, 31.4, 29.7, 29.6, 27.8, 26.3;
HRMS calcd for C24H52N10O4 545.4251, found 545.4255.
1,2-Dihydroxyethanediyl[diethylamino-N,N,N′,N′-tet-

rakis(propanoic hydrazide)] (25) was prepared by the
general procedure from 2.46 g (5.0 mmol) of tetraester
16 in 6 mL of ethanol. The crude product was crystal-
lized twice from 25 mL of boiling 2-propanol by cooling
to -20 °C to give 2.0 g (80%) of 25, as a syrupy liquid at
room temperature: 1H NMR (D2O) δ 3.53 (s, 4H, OCH2-
CH2O), 3.45 (t, 4H, CH2O), 2.69 (t, 8H, CH2), 2.55 (t, 4H,
NCH2), 2.23 (t, 8H, CH2); 13C NMR (D2O) δ 174.5, 70.3,
68.8, 52.5, 49.8, 31.4; HRMS calcd for C18H40N10O6

493.3211, found 493.3217.
Spermidine Pentapropanoic Pentahydrazide (26).

A solution of pentamethyl spermidine pentapropanoate
(17, 1.15g, 2.0 mmol) in 3 mL of ethanol containing
hydrazine monohydrate (1.00 g, 20 mmol) was stirred at
45 °C for 2 h, ethanol and excess hydrazine were removed
in vacuo at room temperature, and the syrup remaining
was concentrated using 5 mL of 2-propanol. The crude
product was dissolved in 12 mL of boiling 2-propanol and
cooled to -10 °C; the solvent was decanted from the solid
and the crystallization repeated. Solid 26 (1.0 g, 86%)
was dried in vacuo at -10 °C, but was a syrup above 0
°C: 1H NMR (D2O) δ 2.60 (t, 10H, CH2), 2.31 (m, 8H,
NCH2), 2.23 (t, 10H, CH2), 1.48 (m, 2H, CH2), 1.29 (m,
4H, CH2); 13C NMR (D2O) δ 174.58, 53.51, 53.25, 51.69,
51.46, 49.41, 49.32, 31.41, 31.33, 30.97, 24.50, 24.27,
23.09; HRMS calcd for C22H49N13O5 576.4058, found
576.4023.
Cascade 6 Aza(3):1-azapropane:propanoic Hexahy-

drazide (27). Hexamethyl cascade 6 aza(3):1-azapropane:
propanoate (18, 3.31 g, 5.0 mmol) was dissolved in 5 mL
of absolute ethanol, and hydrazine hydrate (3.00 g, 60
mmol, 3.0 mL) was added. The solution was stirred at
45 °C for 2 h, and the ethanol and excess hydrazine were
removed in vacuo. The crude oil was dissolved in 30 mL
of boiling 2-propanol, cooled to 40 °C, chilled quickly to
-78 °C to give a filterable solid that was isolated by
filtration through a prechilled funnel at -10 °C, and
washed with cold 2-propanol. It was dried under vacuum
at -10 °C to give 2.85 g (85%) of 27 (the material melted
at temperatures above 0 °C): 1H NMR (D2O) δ 2.65 (t,
12H, J ) 7.1 Hz, CH2), 2.46 (bs, 12H, NCH2CH2N), 2.23
(t, 12H, J ) 7.1 Hz, CH2); 13C NMR (D2O) δ 173.6, 51.0,
49.7, 48.9, 30.6; HRMS calcd for C24H54N16O6 663.4491,
found 663.4469.
PEG-Diaminetetrapropanoic Tetrahydrazide (28).

Tetramethyl PEG-diaminetetrapropanoate (19, 1.1 g, 0.3
mmol) was dissolved in 3 mL of absolute ethanol, and
hydrazine hydrate (0.12 g, 2.4 mmol) was added. The
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solution was stirred at 45 °C for 3.5 h and at room
temperature overnight, and solvent and excess hydrazine
were removed in vacuo to give 1.1 g as a white powder.
The 1H-NMR (CDCl3) had two triplets at 2.39 and 2.75
ppm and two smaller triplets at 2.55 and 2.84 ppm (the
large PEG peak was evident at 3.55 ppm as a broad
absorption).
Cross-Linking of HA. The cross-linker (XL) was

added to an aqueous solution of sodium hyaluronate. The
pH was adjusted to the desired value by dissolving the
appropriate amount of bis-tris HCl or by addition of 0.1
N HCl. EDC was dissolved in water and added to the
mixture. After stirring vigorously for 1 min, the mixture
was left at room temperature to gel. All XL equivalents
(mol equiv) mentioned in this paper are expressed as the
molar ratio of XL to the carboxylic functions present in
the glucuronic acid subunits of HA.
Degradation of HA-Hydrogel by HAse: Plate

Assay. After the reagents were mixed, the gelling
solution was poured into a Petri dish and left at room
temperature for 24 h to complete gelation. The gel was
then washed with water, and six 0.5-cm-diameter wells
were excised with a cork borer. One well was loaded with
25 µL of buffer (30 mM citric acid/150 mM Na2HPO4/150
mM NaCl; pH 6.3), and the other wells were loaded with
25 µL of HAse samples dissolved in the same buffer. The
gel was incubated at 37 °C for 24 h, at which point the
remaining gel was stained with a solution of fastgreen
FCF. Clear rings of digested gel could be observed
against a green background.
Degradation of HA-Hydrogel by HAse: Spectro-

photometric Assay. The cross-linking of HA was
performed in the presence of 40 µM Coomassie Brilliant
blue R250. After all of the reagents were mixed, 1 mL
of the gelling mixture was placed in a plastic cuvette such
that the volume of gel did not block the light path. When
gelation was complete (24 h of standing at room temper-
ature), the gel was washed and 1 mL of enzyme solution
was overlayered on top of the gel, in the light path of the
spectrophotometer. The absorbance of the hyperphase
solution was monitored at 590 nm as a function of the
reaction time.
pH Stability Experiments. HA was cross-linked in

the presence of 50 µM Coomassie Brilliant blue R250.
Upon gelation, the gels were cut in pieces of approxi-
mately 2 g and washed several times with water (pH 5.6).
After the last washing, the water was replaced by a 50
mM phosphate buffer solution (mono- or dibasic phos-
phate or a mixture of both) with a pH of 4.5, 6.5, 6.9,
7.25, 7.65, or 9.1. One piece of gel was stored in 0.1 N
HCl solution (pH 1.3). All samples were incubated at
37 °C. At several time intervals, 2-mL samples were
taken, the absorbance was measured at 590 nm, and the
samples were returned to the solutions again.

RESULTS

Synthesis of Polyvalent Hydrazides. Mono-, di-,
and trihydrazides (Figure 2) were prepared by esterifi-
cation followed by reaction with excess hydrazine hydrate
in alcohol by modification of standard procedures (29).
The polyvalent hydrazides (Figure 3) were prepared by
first reacting a polyamine with a 25% excess of methyl
acrylate (26). The resulting polymethyl alkylpolyami-
nopolypropanoates were treated with an excess of hy-
drazine hydrate in absolute ethanol to yield the acyl
hydrazides. The crude products could usually be crystal-
lized from 2-propanol, albeit often at low temperature.
Hydrazinolysis reactions proceeded in near quantitative
yields, and recrystallization gave high recovery of purified

polyhydrazides. With the exception of trimesic trihy-
drazide, each of the polyhydrazides was water soluble and
was readily employed for HA modification and gelation
reactions.
Cross-Linking of HA. Depending on the reaction

conditions, gels with physicochemical properties ranging
from soft and pourable to solid and readily shattered were
obtained. The pH of the reaction was maintained be-
tween 3.5 and 4.7 by addition of either 0.1 N HCl or 100-
500 mM bis-tris HCl. Gels would form very rapidly (20-
40 s) with HCl as the reaction initiator, but would solidify
in 5-30 min when bis-tris HCl was used. Table 1
presents an overview of the limiting reaction parameters
involved and their effect on the properties of the gels
obtained. Hydrogels with properties ranging between
both extremes given in Table 1 were obtained by varying
the parameters between the values indicated.
Plate Assay for Degradation of HA-Hydrogels.

Figure 4A illustrates diagrammatically the protocol for
this assay. Following hydrogel formation, circular wells
were excised and loaded with either buffer () blank) or
an HAse solution. After incubation at 37 °C for 24 h and
staining with fastgreen FCF solution, clear rings of
digested gel appear against the colored background
(Figure 4B). Importantly, the assay is highly reproduc-
ible as seen in Figure 4B, which compares five wells
containing identical HAse concentrations with a single
blank. When using different amounts of HAse, the
diameter of the digested rings can be plotted against the
amount of enzyme added. A linear relationship was
obtained, and the slope reflected the sensitivity of the

Figure 2. Selected commercially available hydrazides and
synthetic mono-, di-, and trihydrazides.

Table 1. Limiting Reaction Parameters and
Physicochemical Properties of Resulting HA-Hydrogelsa

reagents pourable gels solid gels

HA 2.5 mg/mL 8.0 mg/mL
0.1 N HCl
(fast reaction)

pH 4.7 pH 3.5

bis-tris HCl, pH 4.75
(slow reaction)

100 mM 500 mM

cross-linker (XL) 0.1 mol equiv 1.5 mol equiv
EDC 0.5 mol equiv 1.0 mol equiv
buffer tris (pKa ) 8.1) bis-tris (pKa ) 6.5)
a A variety of gels were prepared with intermediate properties

by varying the parameters indicated.
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gel toward HAse, with a larger slope indicating greater
susceptibility to HAse digestion. Figure 5 illustrates a
comparison of the degradation of two hydrogels (4.8 mg/
mL HA) prepared using 0.3 mol equiv of cross-linker (XL)
6 or XL-23. The diamine-derived tetrahydrazide XL-23
afforded a more readily degraded gel than the disulfide-
containing dihydrazide XL-6.
Next, using XL-6, the effects of the amount of cross-

linker and the amount of HA in the gel on the degrada-
tion by HAse were examined. For each gel recipe, six
Petri plates were prepared and the wells were loaded
with different amounts of HAse, varying from 0 to 5.5
units. The average diameters of the digested rings

(standard deviations varied from 2.4 to 4.2%) were
plotted as a function of the amount of HAse added; linear
regressions (r2 ranged from 0.93 to 0.99) were performed.
Figure 5 summarizes the slope values obtained for the
gel recipes investigated. Decreasing the HA concentra-
tion made the gels more susceptible to HAse degradation,
but doubling the XL concentration at a given HA con-
centration had no effect on the gel degradation.
On the basis of these results, the degradation of HA-

gels made with 10 different types of cross-linkers (XL-1,
-2, -3, -4, -6, -9, -21, -22, -23, -24; see Figures 2 and 3)
was investigated. Gels containing 4.8 mg/mL HA and
0.5 mol equiv cross-linker were prepared in Petri dishes.
Six wells were excised, and 25 µL of buffer () blank) was
added to one well, while 25 µL of HAse solution (104
units/mL) was added () addition of 2.6 units) to the other
five wells. After incubation at 37 °C for 24 h, the gels
were stained and the diameters of the wells were
measured (see Figure 4B). The percentage increase in
diameter vs the blank was averaged (n ) 5) for each type

Figure 3. Structures of amine-based polyhydrazides.

Figure 4. (A, top) Schematic representation of the plate assay
for the investigation of the degradation of HA-hydrogels by HAse
as described under Materials and Methods. (B, bottom) Photo-
graph (side angle view) showing endpoint of representative plate
assay with one blank (at right) and five identical HAse solutions.

Figure 5. Degradation of HA-gels by HAse using the plate
assay. Comparison of the degradation of gels made with XL-6
and XL-23 (see Figures 2 and 3) is shown by the effect of the
amount of XL-6 and the amount of HA in the gel upon their
degradation by HAse. The slope of the plot of the average (n )
6) diameter (in cm) of the digested wells as a function of the
amount of HAse (in units) is plotted against the type of gel
investigated.
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of gel, and the results obtained are plotted in Figure 6.
Hydrophobic cross-linkers such as XL-2, -3, and -4 and
the disulfide XL-6 produced gels that showed the greatest
resistance to degradation. Indeed, the terephthalic-
derived material using XL-4 showed little or no degrada-
tion in 24 h. In contrast, the more hydrophilic dihy-
drazide and tetrahydrazide linkers showed higher
susceptibility to HAse. The tartrate-derived linker XL-9
gave the least stable gel.
Spectrophotometric Assay for Degradation of

HA-Hydrogels. Figure 7 illustrates the scheme for the
basic assay as well as two modifications discussed below.
The displacement technique described under Materials
and Methods allows the transfer of reproducible amounts
of gelling mixture on the bottom of the cuvettes. The
average (( standard deviation; n ) 30) weight of gel was
1.010 ( 0.003 g. No Coomassie Brilliant blue R250
leached out of the gels when only buffer was added above
the gel. When HAse solution was added, the gel was
digested at the surface and the dye was released, diffus-
ing into the hyperphase (Figure 7A).
Figure 8 presents representative results obtained for

the degradation of HA-gel prepared using 4 mg/mL HA
and 0.45 mol equiv XL-23 and containing 40 µM Coo-
massie Brilliant blue 250 by HAse (180 units/mL). The
assay was run with one control and three replicates. Only
buffer was added above the control gel, and the enzyme
solution was added on top of the other three gels. The
absorption at 590 nm of the hyperphase was continuously
monitored, averaged, and plotted as a function of the
reaction time. This assay was not compatible with all
cross-linkers. For example, the lower solubility of XL-6
resulted in precipitation during the degradation, thereby
removing co-complexed Coomassie Brilliant blue R250.
In these cases, no increase in absorbance could be
detected as the degradation proceeded, unless the samples
were mixed or shaken. Nonetheless, for the gels made
with XL-23, reproducible release profiles could be ob-
tained. Using this assay, the effect of the amount of this
tetrafunctional cross-linker (0.15-0.60 mol equiv) on the
degradation of the gel by HAse was investigated. Each
experiment was performed in triplicate. Interestingly,
the rate of degradation of the gels made with XL-23
appeared to be independent of cross-linker concentration

(results not shown), consistent with HA degradation
occurring at the gel-solution interface.
pH Stability Experiments. During the water wash

of the gels containing 4.8 mg/mL HA, 1 mol equiv of
either XL-6 or XL-23, and 50 µMCoomassie Brilliant blue
R250, no dye leached out of the gels. The pieces of

Figure 6. Degradation of HA-gels by HAse using the plate
assay. A comparison of the effect of 10 different types of cross-
linker on the degradation of the HA-gel by HAse is shown. Gels
were made containing 4.8 mg/mL HA and 0.5 mol equiv cross-
linker. The degradation was investigated at a single enzyme
concentration (104 units/mL), and the average (n ) 5) diameter
of the digested rings was compared to the diameter of the blank
(see Figure 4B). The percent increase in diameter is plotted as
a function of the type of cross-linker. For chemical structures
and numbering of the cross-linkers, see Figures 2 and 3.

Figure 7. Degradation of HA-gels by HAse using the spectro-
photometric assay. Panel A shows the basic assay configuration.
Panels B and C illustrate two modifications employed to
demonstrate the interfacial mode of degradation.

Figure 8. Degradation of HA-gels by HAse using the spectro-
photometric assay. One milliliter of gel (containing 4 mg/mL
HA, 0.45 mol equiv XL-23, and 40 µM Coomassie Brilliant blue
R250) was poured on the bottom of a plastic cuvette. One
milliliter of HAse solution (180 units/mL) was added on top of
the gel, and the release of Coomassie Brilliant blue R250 was
monitored at 590 nm as a function of the reaction time. (9) Data
points when only buffer is added on top of the gel; (b) average
of data points (n ) 3) when the HAse solution is added on top
of the gel.
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tetrafunctional cross-linked gel kept their shape during
the washing process, but the gel pieces from XL-6
exhibited considerable swelling during the wash. Gels
were incubated for several days at pH values from 1.3 to
9.1. At pH 9.1, the gels steadily dissolved in the sur-
rounding medium. Much less dissolution could be ob-
served at pH 7.65, and virtually no released dye could
be detected when the gels were stored in media with pH
values below 7.0. The gels remained stable under acidic
conditions. Within 4 days, both types of gels stored at
pH 9.1 were completely dissolved in the medium (100%
release). Figure 9 illustrates the percent dye released
after 4 days of storage of the gel samples at different pH
values.

DISCUSSION

Modification of carboxylic functions of small molecules
and polymeric polycarboxylates as mediated by carbodi-
imides has been extensively investigated (30, 31). The
extent of reaction is determined by the acid consumed;
thus, the degree of cross-linking of HA is a function of
reaction pH (see Table 1). The rapidity of the reaction
is dependent on the amount of acid immediately available
for the reaction. When the pH is adjusted with HCl (total
dissociation), all of the acid is readily available for
reaction, resulting in rapid, but often heterogeneous,
gelation. When using buffer salts such as bis-tris HCl
or tris HCl as the source of acid, the amount of acid
available depends on the pH of the mixture and the pKa
of the buffer component. During the reaction, the free
acid is consumed and this is counteracted by the release
of some additional acid from the buffer components,
leading to more controlled gelation and more homoge-
neous hydrogels in the presence of amine buffer salts.
The plate assay described in this paper was developed

on the basis of the method of Richman and co-workers
for the quantitation of HAse in biological samples (32).
This approach allows comparison of different types of gels
for their sensitivity toward HAse, or, in principle, in
response to any other gel-degrading agent. The results
presented in Figure 5 show a relative comparison of the
degradation of gels made with two different types of
cross-linker, different amounts of cross-linker, and dif-
ferent amounts of HA. The gel made with tetrahydrazide

XL-23 is more readily degraded by HAse than the gel
made with disulfide dihydrazide XL-6. With XL-6,
increasing the amount of cross-linker in the gel seemed
not to affect the degradation, while decreasing the
amount of HA in the gel seems to increase the extent of
degradation by HAse.
When the type of cross-linker was varied (Figure 6),

extensive degradation was observed for the gel cross-
linked with the tartaric dihydrazide crosslinker XL-9,
while no degradation could be observed with the tereph-
thalic dihydrazide cross-linker XL-4. Again, very little
degradation was observed for gels made with the disul-
fide dihydrazide XL-6. These results suggest that the
degradation of the HA-gels is slower for more hydropho-
bic cross-linkers. Although most types of gels investi-
gated showed clear signs of degradation by HAse, the
enzyme concentrations used (30-200 units/mL) were
much higher than the concentration of HAse in, e.g.,
pooled serum (reported to be 2.6 units/mL) (33). The
action of HAse on native HA has been extensively
investigated using HAse concentrations ranging from 0.3
to 6.6 units/mL (34-36). The large difference in HAse
concentration used to monitor the degradation of native
HA or cross-linked HA suggests that the cross-linking
reaction dramatically reduces the degradability of HA by
HAse. It would be anticipated, therefore, that many of
the hydrogels from these studies would show in vivo half-
lives of days or weeks at HAse concentrations 100-fold
below those tested in this study.
The spectrophotometric assay (Figure 7) has two main

advantages over the plate assay. First, it requires
smaller amounts of material for testing, and, second, the
time kinetics of the degradation process can be moni-
tored. However, as described under Results, it was not
applicable to all types of gels. In principle, this assay
could be modified to be performed as a “tablet dissolution
test”. The release profiles of Coomassie Brilliant blue
R250 (see Figure 8) can be approximated by a sigmoidal
curve. This is probably due to the fact that the gel
surfaces are not perfectly flat during the enzymatic
degradation. As with the plate assay, no difference could
be observed with different concentrations of the cross-
linker XL-23 on the susceptibility of the gel to degrada-
tion by HAse.
Two explanations can be advanced for the indepen-

dence of degradation on cross-linker concentration. First,
the HAse assays employed might be insensitive toward
the subtle changes in the different gels prepared with
different amounts of cross-linker. Conceivably, we have
not tested low enough or high enough cross-linker
concentrations to see the effect. Moreover, the very high
concentrations of HAse used to investigate the degrada-
tion of the gels yield a very vigorous attack on the gels.
Second, the enzyme could act only at the surface of the
gel and would therefore be unaffected by the bulk of the
gel body. This would be consistent with both the lack of
concentration dependence and the importance of the
hydrophobicity or hydrophilicity of the cross-linker on the
susceptibility of the gel to HAse degradation.
To test the second hypothesis, experiments were

performed in which the cuvettes were filled with 2 mL
of gelling mixture (Figure 7B) instead of the usual 1 mL.
This amount of blue-stained gel blocks the light of the
spectrophotometer, leading to continuous high absor-
bance readings. An HAse solution was added on top of
the gel. It was reasoned that if the enzyme acted only
on the surface of the gel, no change in absorbance
readings would be observed until the gel was degraded,
surface by surface, to a level that the light of the
spectrophotometer was no longer blocked. If HAse dif-

Figure 9. Release of Coomassie Brilliant blue R250 from HA-
hydrogels at different pH values. Samples (2 g) of HA-hydrogel
containing 4.8 mg/mL HA, 1 mol equiv XL-6 or XL-23, and 50
µM Coomassie Brilliant blue R250 were stored in 0.1 N HCl
(pH 1.3) or in 50 mM phosphate solutions pH 4.5, 6.5, 6.9, 7.25,
7.65, and 9.1. The percentage of dye released from both types
of gel after 4 days of storage at 37 °C is plotted as a function of
the pH of the medium.
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fused into the gel body and acted within the gel, gradual
changes in absorbance, due to the solubilization of the
gel from below the interface, would be noticed before the
level of the gel had regressed below the light of the
spectrophotometer. The results observed (data not shown)
were in agreement with surface erosion. That is, the
change in absorbance was a sharp step function corre-
sponding to solubilization until the level of the beam was
reached.
A second modification of the spectrophotometric assay

was set up to address the same question. A cuvette was
filled with 1 mL of a gelling mixture containing Coo-
massie Brilliant blue as usual. After gelation, 1 mL of
the same gelling mixture containing no dye was added
on top and allowed to gel. This yielded a cuvette with a
piece of blue gel on the bottom and a piece of clear gel on
top, the latter in the light path of the spectrophotometer
(Figure 7C). Since the top gel is transparent, continuous
low absorbances were measured. On top of this “sand-
wich-type” of gel, the enzyme solution was added. If the
enzyme acted only at the surface, nothing would be
observed until the top gel was degraded and the enzyme
reached the bottom gel. If the enzyme diffused into the
gel bodies, dye would be released from the bottom gel
and diffuse into the top gel, leading to differences in the
absorbance readings. Again, the results (data not shown)
were in agreement with surface erosion.
The results of the pH stability test (Figure 9) indicated

that HA-hydrogels prepared with two different cross-
linkers, disulfide dihydrazide XL-6 and diamine-based
tetrahydrazide XL-23, were stable in solutions with pH
values below 7.0. At pH values above 7.0, a gradual
dissolution and consequent release of dye could be
observed. Dye release was not due to an increased
swelling of the gel but was solely due to a disintegration
and dissolution of the gel. Despite the 3-fold difference
of these two gels in susceptibility to HAse, the pH
stability of the gels appeared to be independent of the
nature of the cross-linker. This stability toward acid pH
values and instability toward alkaline pH values could
be exploited for transporting drugs, peptides, etc., safely
through acid environments (e.g., the stomach) and sub-
sequent release in more alkaline environments (e.g., the
intestines).
In conclusion, the bioconjugate chemistry previously

developed for the chemical modification of HA with
hydrazide functionalities has been applied to the cross-
linking of this biopolymer to form hydrogels. Cross-
linking conditions have been varied so that gels with a
broad range of physicochemical properties can be ob-
tained. Two new approaches were developed to investi-
gate the biodegradation of these gels in vitro. With these
methods, we observed that hydrophobic linkers provided
gels with considerable resistance to HAse. Interestingly,
hydrogel degradation was independent of cross-linker
concentration, suggesting that degradation occurs only
at the gel interface. The stability of these HA-hydrogels
in acidic media and their slow dissolution above pH 7.0
suggest potential uses for controlled drug delivery in
alkaline environments.
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Single-Chain Immunotoxin with a Truncated Diphtheria Toxin
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We have previously developed a chemically conjugated anti-rhesus monkey CD3 immunotoxin FN18-
CRM9 that can deplete in vivo T cells and induce long term tolerance of mismatched renal allograft
in rhesus monkeys. This immunotoxin is a monkey analogue of anti-human CD3 immunotoxin
UCHT1-CRM9. In this study, we cloned the light and heavy chain variable regions of anti-monkey
CD3 monoclonal antibody FN18 and constructed a single-chain Fv (sFv) by linking variable light and
variable heavy regions with a (Gly4Ser)3 linker. The single-chain immunotoxin DT390-FN18sFv was
constructed by ligating the sFv to the carboxyl terminus of DT390, a truncated form of diphtheria
toxin. The DT390-FN18sFv fusion protein was expressed in Escherichia coli and purified with Ni-
RTA affinity and anion exchange columns. Similar to the chemically conjugated immunotoxin FN18-
CRM9, DT390-FN18sFv can also specifically inhibit protein synthesis in primary monkey T cells in
a dose-dependent manner. DT390-FN18sFv at 10-7 mol/L or FN18-CRM9 at 10-8 mol/L is sufficient
to reduce protein synthesis of monkey primary T cells to less than 5% of the control. The 50% inhibition
dosage (IC50) of FN18-CRM9 is 1 × 10-10 mol/L, while the IC50 of DT390-FN18sFv is 1 × 10-8 mol/
L, reflecting the lowered affinity of monovalent Fab′ FN18 to its parental divalent antibody. The
availability of functional FN18sFv will provide the basis for the construction of divalent anti-CD3
immunotoxins for preclinical studies on the induction of tolerance in organ transplantation and
experimental autoimmune diseases.

INTRODUCTION

Diphtheria toxin (DT,1 535 amino acids, 59 kDa) is
composed of three functionally distinct regions: an
enzymatically active domain, a cell receptor binding
domain, and a domain for translocation of the toxin
across the cell membrane (1). Because of its efficiency
at crossing eukaryotic cell membranes and initiating cell
death, it has been used to construct immunotoxins (ITs)
to target and kill specifically selected cells (2-5). ITs
were initially generated by chemically conjugating the
toxin to a targeting protein [such as a monoclonal
antibody (mAb)]. But the ITs made in this mode are
heterogeneous chimeric molecules, and it is difficult to
produce ITs in large amounts because the antibody and
toxin must be purified separately and then conjugated
in a reaction that often has a low yield. More recently,
ITs have been constructed by fusing DT toxin genes with
those genes encoding targeting proteins (6-13) and
expressing the recombinant fusion protein in Escherichia
coli. The genetic engineering procedure has advantages
in economy and the potential to optimize the construct
with respect to efficacy and freedom of side effects.
FN18-CRM9 is an anti-rhesus monkey CD3 immu-

notoxin, which is chemically conjugated with an anti-

rhesus monkey CD3 mAb FN18 and a binding site
mutant of diphtheria toxin, CRM9 (14, 15). This immu-
notoxin is a monkey analogue of anti-human CD3 im-
munotoxin (UCHT1-CRM9) which is capable of regress-
ing established xenografted human T cell (Jurkat) tumors
in nude mice (16). FN18-CRM9 can transiently deplete
T cells to 1% of initial values in both the blood and lymph
node compartments and can also induce long term
tolerance of mismatched renal allografts in rhesus mon-
key models (15, 17).
In this study, we cloned and sequenced the light and

heavy chain variable regions (VL and VH) of FN18 and
created the anti-monkey CD3 single-chain immunotoxin
DT390-FN18sFv. DT390-FN18sFv is composed of a
truncated DT mutant DT390 and an anti-monkey CD3
single-chain Fv (FN18sFv). It is highly toxic to monkey
primary T cells through the CD3 moiety.

EXPERIMENTAL PROCEDURES

Cloning of Anti-Monkey CD3 Variable Regions
and Construction of the DT390-FN18sFv Gene
Cassette. The hybridoma FN18 producing anti-monkey
CD3 (Biomedical Research Primate Center, Rijiswijk, The
Netherlands) was used for extraction of mRNA. The
genes encoding anti-CD3 variable domains were ampli-
fied by RT-PCR on mRNA of FN18. The sense strand
PCR primers for amplification of anti-CD3 light and
heavy chain variable regions were degenerated primers
and designed upon consensus sequences of murine frame-
work residues according to Kabat et al. (18). The
antisense primers were designed upon constant region
sequences of murine mAb. The primer sequences we
used are the following: VL sense, 5′-CATGCCATGGGA-
CATTGTGATGTCACAGTCTC; VL antisense, 5′-cctc-
ccgagccaccgcctccgctgcctccgcctccTTTGATTTCCA-
GCTTGGTGCC; VH sense, 5′-gcagcggaggcggtggctcgg-
gagggggaggctcgCAGGTCCAGCTGCAGCAGTCTG; and
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496-6807. Fax: 301-402-0245. E-mail: davidn@helix.nih.gov.

X Abstract published in Advance ACS Abstracts, September
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1 Abbreviations: DT, diphtheria toxin; ITs, immunotoxins; RT-
PCR, reverse transcriptase polymerase chain reaction; PCR,
polymerase chain reaction; IPTG, isopropyl â-D-thiogalactopy-
ranoside; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; EF-2, elongation factor-2; NAD, nicotina-
mide adenine dinucleotide; TCA, trichloroacetic acid; FITC,
fluorescein isothiocyanate; FACS, fluorescence-activated cell
sorting; PMA, phorbol myristate acetate; PBS, phosphate-
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VH antisense, 5′-CGGAATTCTTATGAGGAGACGGT-
GACCGAG. The restriction sites NcoI and EcoRI are
underlined. The complementary tags in primers are in
lowercase, which is designed for encoding a (Gly4Ser)3
linker. The PCR products for each variable domain were
cloned into the PCRII vector (Invitrogen, San Diego, CA)
and sequenced by using a double-stranded DNA sequenc-
ing kit (GIBCO/BRL, Gaithersberg, MD). The VL and VH
regions were linked together by recombinant PCR to
create a single-chain variable fragment (FN18sFv) (VL-
linker-VH). The unique restriction sitesNcoI and EcoRI
were incorporated at the 5′-end of VL and the 3′-end of
VH for directional cloning, respectively. The linker
encodes a (Gly4Ser)3 peptide which should allow for
proper folding of the individual variable domains for
forming a functional antibody binding site. DT390, a
truncated DT gene fragment, was amplified from the
genomic DNA of DT mutant strain CRM9, and the NdeI
and NcoI restriction sites were incorporated at the 5′-
and 3′-ends of DT390 fragment, respectively (13). The
restriction enzyme-digested DT390 and FN18sFv were
subcloned into the E. coli expression plasmid pET27b
(Novagen, Madison, WI) for expression of the immuno-
toxin fusion protein (Figure 2).
Immunotoxin Expression and Purification. The

FN18-CRM9 immunotoxin was conjugated as previously
described by thiolating both the mAb FN18 moiety and
the toxin CRM9 moiety and then cross-linking with bis-
(maleimido)hexane (5).
DT390-FN18sFv was expressed in E. coli and purified

with a Ni-RTA affinity column and an anion exchange
column. Briefly, E. coli BL21(DE3) (Novagen) cells
transformed with pET27b-DT390-FN18sFv were propa-
gated in 2 L of LB medium containing 50 µg/mL kana-
mycin. Production of DT390-FN18sFv was induced by
the addition of IPTG (Sigma, St. Louis, MO) to a final
concentration of 0.5 mmol/L, and cells were cultured at
30 °C for 2 h prior to harvesting by centrifugation. The
cell pellet was resuspended in 10 mL of sonication buffer
[50 mmol/L sodium phosphate (pH 8.0) and 100 mmol/L
NaCl] and lysed by sonication. It was then centrifuged
(30000g for 30 min at 4 °C) to collect the soluble proteins.
The crude DT390-FN18sFv fusion protein was loaded
onto an 8 mL Ni-RTA resin column (1.2 × 7 cm) (Qiagen
Inc., Chatsworth, CA) and washed with sonication buffer
until the OD280 per centimeter approached 0.01. The
fusion protein was eluted with a 0 to 0.5 mol/L imidazole
gradient in sonication buffer. The peak fractions were
pooled and further purified with a 12 mL Q-Sepharose
column. The fusion protein was eluted with a 0 to 0.5
mol/L NaCl gradient in 20 mmol/L Tris buffer (pH 8.0).
The purified immunotoxin was confirmed with SDS-
PAGE and Western blotting analysis.
Western Blotting Analysis. The Western blotting

procedure is the same as described (19). The DT390-
FN18sFv proteins separated on 10% SDS-PAGE were
transferred to nitrocellulose paper and probed with an
anti-DT A chain mAb (DT4, produced in this laboratory).
After the phosphatase-labeled goat anti-mouse antibody
probing, the membrane was color developed.
ADP Ribosylation Assay. The trypsin-nicked

DT390-FN18sFv and CRM9 were examined for their
ADP-ribosyltransferase activity as previously described
(20). Briefly, 5 µL of diluted toxin samples was added
with 5 µL of 0.25 mol/L dithiothreitol, followed by 15 µL
of 10 mmol/L Tris-HCl buffer containing 1 mmol/L EDTA
(pH 8.0) and 25 µL of EF-2, which was isolated from rat
liver homogenates and purified by (NH4)2SO4 precipita-
tion and DEAE-Sephadex chromatography. The reac-
tions were initiated by the addition of 10 µL of a

nicotinamide adenine dinucleotide (NAD) mixture which
delivered 1 µCi of [32P]NAD (Dupont NEN, Boston) and
10 µmol/L of unlabeled NAD (Sigma). After incubation
at room temperature for 18 min, samples from the
reactions were quenched in 0.1 mL of 10% trichloroacetic
acid (TCA). The precipitate was spotted onto glass
microfiber filter paper (Whatman GF/C) (Whatman Lab-
sales, Inc., Hillsboro, OR) that had been presoaked in
10% TCA and 10 mmol/L NAD. Filters were washed
twice with 5 mL of 10% TCA and once with 5 mL of 100%
ethyl alcohol. Standard liquid scintillation techniques
were used to determine the amount of radioactivity.
Isolation of the CD3 Positive Monkey Primary

Cells. The monkey mononuclear cells were isolated from
monkey blood by density centrifugation over a Ficoll-
Hypaque gradient. The CD3 positive cells were isolated
with the magnetic Dynabeads technique as indicated in
the product instructions (Dynal Inc., Lake Success, NY).
Briefly, the monkey blood mononuclear cells were incu-
bated with an excess amount of FN18 for 30 min with
gentle shaking at 4 °C. The pretreated cells were col-
lected by centrifugation at 800g for 10 min, resuspended,
and washed twice with Hank’s balanced salt solution
(HBSS, pH 7.4) to remove all unbound antibody. The
Dynabeads M-450 goat anti-mouse IgG1 was added to
the pretreated monkey cells to a final concentration of 4
× 107 Dynabeads per 8 × 106 cells in 1 mL. After the
mixture was incubated for 10 min under bidirectional
rotation, the cells attached to Dynabeads were collected
with a Dynal magnet and washed in PBS/BSA (contain-
ing 0.1% BSA) three times. Finally, the CD3 positive
cells attached to Dynabeads were cultured directly in
RPMI 1640 medium containing 20 units/mL IL-2 (GIBCO/
BRL) and 10 ng/mL PMA (Sigma) for 4-5 days to obtain
sufficient cells for further experiments (21). To deter-
mine the purity of the selected T cells, they were analyzed
by fluorescence-activated cell sorting (FACS). Briefly,
cells (1 × 106) were incubated on ice for 30 min with
FITC-conjugated FN18 in PBS. After washing twice with
PBS/BSA, cells were resuspended in 0.5 mL of PBS
containing 2.5 µg/mL propidium iodide. Cells were
analyzed in a Becton Dickinson FACS scanner. Dead
cells were gated out on the basis of propidium iodide
uptake.
Antibody and Immunotoxin Affinity Estimation

by FACS Analysis. FN18 was derivatized with FITC
at a mole ratio of 5:1 FITC:protein by Chromaprobe Inc.
(Mountain View, CA). The Fab′ fragment of FN18 was
prepared by pepsin digestion using a Pierce kit (Rockford,
IL) and the manufacturer’s instructions which followed
reduction. The product was verified by HPLC over a
Zorbax (Dupont Co., Wilmington, DE) GF250 column.
The Fab′ fragment was derivatized with maleimide-FITC
(Molecular Probes, Inc., Eugene, OR) utilizing the Fab′
hinge region thiols. The relative affinities of the deriva-
tized intact and Fab′ antibody were estimated by com-
paring the concentrations where the mean channel
fluorescence of T cell-bound antibody failed to increase
beyond 10% with a 3-fold increment in concentration
utilizing a whole blood method by flow cytometry (15).
The same method was used to estimate the relative
affinity of DT390-FN18sFv for FN18-CRM9. FN18-
FITC was used as a tracer at 4.8 × 10-9 mol/L which
was just below the saturation concentration for monkey
T cell FACS analysis (data not shown). DT390-FNsFv
and FN18-CRM9 were added as competitors ranging
from 4.8 × 10-9 to 4.8 × 10-7 mol/L. One hundred
microliters of monkey blood was incubated with the
tracer in the presence or absence of the competitors for
30 min at room temperature, and then red blood cells
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were lysed with lysis solution (Becton Dickinson, San
Jose, CA). White blood cells were washed three times
by a 1 min centrifugation and resuspended in PBS for
FACS acquisition. Only the lymphocyte population was
gated for data analysis.
Cytotoxicity Assay. The purified DT390-FN18sFv

was quantified by BCA protein assay (procedure per the
product instructions, Pierce). BCA assay-determined
immunotoxin concentrations were comparable within a
factor of 2 to those determined by a cell-free ADP
ribosylation assay (20).
The cytotoxic activity of FN18-CRM9 and DT390-

FN18sFv was determined by their ability to inhibit
protein synthesis in isolated monkey primary T cells (13,
21), and a CD3 negative B cell line Ramos (ATCC,
Rockville, MD) was used as a control in this assay.
Briefly, the immunotoxin was serially diluted in ice-cold
leucine-free RPMI 1640 (GIBCO/BRL), and 10 µL of such
immunotoxin dilutions was added to each appropriate
well of a 96-well microtiter plate, which contained 5 ×
104 cells/well in leucine-free RPMI 1640. After the
contents of each well were carefully mixed, the plate was
then incubated for 20 h at 37 °C in 5% humidified CO2.
Each well was then pulsed for 4 h with 10 µL of [3H]-
leucine (3.3 µCi/mL). Cells were harvested onto filters
with a Skatron harvester and were counted in a Beckman
liquid scintillation counter. Results were expressed as
a percentage of the control to which no toxin was added.
To demonstrate that the cytotoxic effect of the DT390-

FN18sFv is specifically mediated through the monkey
CD3 moiety, competitive cytotoxicity experiments were
performed using increasing concentrations of anti-CD3
mAb FN18 as an inhibitor to block cytotoxic effects. An
irrelevant IgG1 mAb UCHT1, not reactive with rhesus
T cells, was included as a control.

RESULTS

Gene Cloning of the FN18 Variable Regions. The
genes encoding VL and VH regions of anti-monkey CD3
mAb FN18 were amplified from mRNA by RT-PCR. The
mRNA was isolated from FN18 hybridoma cells. The
amplified VL and VH gene segments of FN18 were cloned
into the PCRII vector. Four VL and four VH recombinants
were individually sequenced. The sequences are shown
in Figure 1. The VL and VH regions have 339 and 372
base pairs and 113 and 124 amino acids, respectively.
The sequences were analyzed according to the scheme
of Kabat et al. (18). The FN18 VL belongs to the mouse
κ-chain IV group, and the VH belongs to the mouse heavy
chain IIA subgroup. The complementary determining
regions and frameworks are indicated in the sequences.
Expression and Purification of the Single-Chain

Immunotoxin. The single-chain immunotoxin DT390-
FN18sFv gene construct is illustrated in Figure 2. The
gene segments were digested with suitable restriction
enzymes and subcloned into the pET27b expression
vector. The pel B sequence encoding a signal peptide was
added at the 5′-end of the fusion gene to facilitate the
secretion of DT390-FN18sFv. A gene segment encoding
a six-histidine tag was added at the 3′-end of the fusion
gene for purification of DT390-FN18sFv.
The DT390-FN18sFv immunotoxin was expressed in

E. coli BL21(DE3) cells by induction with IPTG and
purified with a Ni-RTA affinity column and an anion
exchange column. The yield of purified product is about
0.5-1 mg/L. The crude soluble and purified fractions of
DT390-FN18sFv were separated on SDS-PAGE under
reducing and nonreducing conditions. The fusion immu-
notoxin appears as an expected 70 kDa band on a
Coomassie blue-stained gel (Figure 3A) and Western

blotting membrane (Figure 3B). The soluble DT390-
FN18sFv was enriched and partially purified by histidine
tag affinity purification. Finally, the purified DT390-

Figure 1. Nucleotide sequences and derived amino acid
sequences of VL and VH regions of mAb FN18. The positions of
the frameworks (FRs) and complementary determining regions
(CDRs) are indicated. The sequences of FN18 VL and VH genes
have been submitted to GenBank, and the accession numbers
are U83617 and U83618, respectively.

Figure 2. Schematic representation of the expression plasmid
for single-chain immunotoxin DT390-FN18sFv. The single-
chain immunotoxin gene DT390-FNsFv was constructed and
cloned into vector pET27b for expression of the immunotoxin:
T7, T7 promoter; pelB, signal sequence; DT390, truncated
mutant of DT; VL, light chain variable region of mAb FN18; L,
(Gly4Ser)3 peptide linker; VH, heavy chain variable region of
mAb FN18; H6, six-histidine tag.
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FN18sFv was obtained by anion exchange chromatogra-
phy, and it was shown as a single 70 kDa band on SDS-
PAGE and the Western blotting assay by an anti-DT A
chain mAb. The nicked CRM9 was used as a control. As
we assumed, both the A (21 kDa) and B chain (37 kDa)
were visualized under reducing condition. Additionally,
only one band (59 kDa) for CRM9 was observed under
nonreducing conditions. The CRM9 B chain was not
detected in Western blotting because the probing anti-
body is directed against the DT A chain.
ADP Ribosylation Activity. The toxicity of diph-

theria toxin is due to the ADP ribosylation of cytoplasmic
EF-2 by DT A chain enzymatic activity, to further inhibit
protein synthesis. A cell-free assay system was used to
determine the enzymatic activity of DT390-FN18sFv.
The serially diluted DT390-FN18sFv or CRM9 reacted
with EF-2 in the presence of [32P]nicotinamide adenine
dinucleotide. The results showed that serially diluted
DT390-FN18sFv and CRM9 produce a similar dose-
dependent increase of 32P radioactivity incorporation in
the TCA-precipitated products (Figure 4). This confirms
that DT390-FN18sFv possesses an ADP ribosylation
activity similar to that of CRM9.
Antibody and Immunotoxin Affinity Estimation

by FACS Analysis. The FACS analyses were performed
to compare the specificity and affinity of the recombinant
immunotoxin and the chemically conjugated immuno-
toxin (Figure 5). FN18-CRM9 and FN18 significantly
inhibit the binding of FN18-FITC to monkey T cells at
the same concentration of FN18-FITC (4.8 × 10-9 mol/
L), and they largely replace the FN18-FITC binding to
monkey T cells at a concentration 10-100 times higher.
But the DT390-FN18sFv did not significantly inhibit the

binding of FN18-FITC to monkey T cells at the same
concentrations. These results indicate that the affinity
of DT390-FN18sFv for the rhesus CD3 epitope is less
than 1/100 of that of the FN18. To determine if this
affinity loss was due to the monovalency of the DT390-
FN18sFv construct, we prepared Fab′ FN18-FITC and
compared its binding to monkey T cells with that of
FN18-FITC under similar conditions. FN18-FITC
binding was 90% saturated at 4.8 × 10-9 mol/L (data not
shown). Over the concentration range of 0.5-5.0 × 10-6

mol/L, Fab′ FN18-FITC displayed a hyperbolic binding
curve; however, 90% saturation was not achieved in the
1-5 × 10-6 mol/L interval (data not shown). This
indicates that the monovalent Fab′ FN18-FITC has at
least a 1/200 reduction in affinity with respect to the
divalent FN18-FITC.
Specific Cytotoxicity of the Anti-Monkey CD3

Single-Chain Immunotoxin. The CD3 positive mon-
key T cells used for the cytotoxicity assay were isolated
from monkey mononuclear cells by the indirect magnetic
Dynabeads method and stimulated with anti-monkey
CD3 mAb FN18 in the presence of IL-2 and PMA. After
5 days of culture, 99% of live cells were CD3 positive as
shown by FACS analysis (Figure 6).
The cytotoxic effects of DT390-FN18sFv and FN18-

CRM9 were evaluated with these CD3 positive monkey
T cells and the CD3 negative B cell line Ramos (Figure
7A). Both immunotoxins can inhibit the protein synthe-

Figure 3. Analysis of DT390-FN18sFv protein purification.
The protein samples were separated on 10% SDS-polyacryla-
mide gels under reduced (lanes 1-4) and nonreduced (lanes
5-8) conditions. (A) The protein bands were visualized with
Coomassie Blue R250 staining. (B) An identical gel was
transferred to a nitrocellulose membrane and detected using
anti-A chain monoclonal antibody in Western blotting. Lanes
4 and 8 are crude DT390-FN18sFv before purification. Lanes
3 and 7 are partially purified fractions following a single step
with a Ni-RTA affinity column. Lanes 2 and 6 are the final
product obtained by anion exchange following the affinity step.
Lanes 1 and 5 are pure CRM9 as controls.

Figure 4. ADP ribosylation activity assay of DT390-FNsFv.
The ADP transferase activity of the nicked DT390-FNsFv (O)
and nicked CRM9 (0) was determined in a cell-free assay, which
contained elongation factor-2 (EF-2) and [32P]nicotinamide
adenine dinucleotide. The counts of [32P]ADP-ribose-associated
EF-2 showed the enzymatic activity of the toxins. Data are
expressed as mean counts versus concentration.

Figure 5. FACS analysis of competitive binding of the immu-
notoxins to monkey T cells. Monkey blood cells following RBC
lysis were used as target cells and mixed with tracer FN18-
FITC at 4.8 × 10-9 mol/L (orange curve) and competitors at 4.8
× 10-9 mol/L (black dot curve), 4.8 × 10-8 mol/L (green curve),
and 4.8 × 10-7 mol/L (red curve). Competitors are DT390-
FN18sFv (A), FN18-CRM9 (B), FN18 (C), and an irrelevant
mAb UCHT1 (D). Fluorescent values below 10 are largely due
to autofluorescence of cells. Both FN18 and FN18-CRM9
significantly compete with FN18-FITC at 4.8 × 10-9 mol/L (B
and C), whereas DT390-FN18sFv fails to compete at 4.8× 10-7

mol/L (A).
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sis of monkey primary T cells in a dose-dependent
manner. After a 20 h incubation for cytotoxicity assay,
about 10-8 mol/L FN18-CRM9 or 10-7 mol/L DT390-
FN18sFv was sufficient to reduce protein synthesis of
monkey CD3 positive cells to less than 5% of the control.
The 50% inhibitory dosage (IC50) of FN18-CRM9 is about
1 × 10-10 mol/L, and the IC50 of DT390-FN18sFv is
about 1 × 10-8 mol/L. However, DT390-FN18sFv and
FN18-CRM9 did not show any cytotoxicity to CD3

negative B cell line Ramos. The result shows that the
fusion immunotoxin is specifically toxic to monkey T cells.
The competitive cytotoxicity experiments further dem-

onstrated that the cytotoxic effect of DT390-FN18sFv
is specifically mediated through the monkey CD3 moiety.
The results of cytotoxicity blocking assay by parental
mAb FN18 and an irrelevant mAb UCHT1 on monkey T
cells are presented in Figure 7B. The parental mAb
FN18 can block the cytotoxicity of FN18-CRM9 and
DT390-FN18sFv in a dose-dependent way, and it needs
more FN18 to block the cytotoxicity of FN18-CRM9 to
the same level as that for DN390-FN18sFv. The toxicity
of both constructs can be completely inhibited with an
excess of FN18 (>10-6 mol/L). However, the irrelevant
mAb UCHT1 did not block the cytotoxicity of the fusion
immunotoxin to monkey T cells in increasing concentra-
tions. The result confirmed that DT390-FN18sFv was
specifically toxic to monkey T cells and less toxic than
FN18-CRM9 which contains divalent mAb FN18 as a
binding moiety.

DISCUSSION

In this report, we cloned the light and heavy chain
variable regions of anti-monkey CD3 mAb FN18 and
constructed the anti-monkey CD3 single-chain immuno-
toxin DT390-FN18sFv. The monovalent single-chain
Fv, FN18sFv, specifically recognizes the CD3ε subunit
of the monkey T cell receptor and can mediate DT390
entry into monkey T cells by an optimal intracellular
routing (22). The fusion immunotoxin could specifically
inhibit the protein synthesis of CD3 positive monkey T
cells but was not toxic to CD3 negative cells, and its
cytotoxicity can be blocked by the parental mAb FN18
in a dose-dependent mode, but not by an irrelevant
antibody. Other studies have also demonstrated the
relatively low nonspecific toxicity of DT390 fusion toxins
(2, 9, 12, 13). The experiments confirmed that the toxic
effect of DT390-FN18sFv on monkey T cells is specifi-
cally mediated through the CD3 moiety.
Intoxication of cells by immunotoxins can be subdi-

vided into four general steps: (1) specific binding to the
cell surface, (2) endocytosis into the cells, (3) translocation
of the enzymatic domain of the toxin out of the endosome,
and (4) enzymatic inactivation of the target molecule (13,
22). The single-chain immunotoxin DT390-FN18sFv is
less toxic to monkey T cells than the chemically conju-
gated FN18-CRM9, but the ADP ribosylation assay
demonstrated that DT390-FN18sFv possessed ADP-
ribosyltransferase activity similar to that of FN18-
CRM9. In the competitive cytotoxicity assay, more
parental mAb FN18 was needed for blocking the cyto-
toxicity of 1 × 10-9 M FN18-CRM9 than for 1 × 10-7 M
DT390-FN18sFv. The FACS competitive binding analy-
sis indicated that DT390-FN18sFv possessed less than
1/100 of the affinity to the monkey CD3 moiety compared
to FN18-CRM9. We noted at least a 1/200 loss in the T
cell binding of monovalent Fab′ FN18-FITC compared
to that of the divalent FN18-FITC. Therefore, the 1/100
reduction in potency of the engineered DT390-FN18sFv
construct compared to the chemically coupled construct
can be explained, at least in large part, by the 1/100
reduction in affinity of the intoxication pathway cell
surface receptor binding step secondary to monovalency.
This indirectly suggests that the translocation step in the
engineered immunotoxin pathway is largely intact. We
are currently acquiring direct evidence on this point.
The large reduction in binding affinity between monov-

alent and divalent anti-CD3ε and the rhesus T cell
receptor indicates that divalent binding is the preferred
binding mode. This may reflect the fact that each T cell

Figure 6. CD3 positive monkey primary T cells isolated by
magnetic Dynabeads technique. The isolated T cells were
subjected to FACS analysis with FITC-labeled anti-monkey CD3
mAb FN18. Dead cells were removed by gating. A negative
control with unlabeled FN18 is shown as a filled curve; FN18-
FITC binds to 99% of the live cells as indicated by the shift in
relative fluorescence intensity.

Figure 7. DT390-FN18sFv mediates the specific cytotoxicity
to monkey primary T cells through the CD3ε moiety in a dose-
dependent way similar to that of FN18-CRM9. (A) Monkey T
cells were incubated with increasing concentrations of DT390-
FN18sFv (O) or FN18-CRM9 (0) for 20 h in leucine-free
medium in a 96-well plate. Cells were pulsed with [3H]leucine
and harvested for scintillation counting; the cytotoxicity of
DT390-FN18sFv (]) and FN18-CRM9 (×) to CD3 negative B
cell line Ramos was measured under the same conditions. (B)
Increasing concentrations of mAb FN18 were mixed with 1 ×
10-7 mol/L DT390-FNsFv (O) or 1 × 10-9 mol/L FN18-CRM9
(0) and then added to cells for the cytotoxicity assay. Results
were expressed as a percentage of the control to which no toxin
was added. The cytotoxicity blocking assay of 1 × 10-7 mol/L
DT390-FNsFv (]) by an irrelevant antibody UCHT1 was also
carried out under the same conditions.
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receptor complex contains two CD3ε chains (23) so that
divalent binding and ligation within a single T cell
receptor can occur. Others have reported smaller reduc-
tions in binding on going from divalent to monovalent
binding or binding mediated through Fv compared to Fab′
(24-28). However, our data indicate that divalent im-
munotoxin binding for the CD3ε is highly correlated with
potency. This suggests to us that optimized engineered
anti-CD3ε immunotoxins will require a divalent con-
struction. We have already constructed a single-chain
divalent anti-human CD3ε antibody that can serve as the
basis for such an immunotoxin (19). The availability of
cloned anti-rhesus anti-CD3ε sFv should permit the
construction of divalent anti-rhesus anti-CD3ε immuno-
toxins.
FN18-CRM9 is highly efficacious for inducing organ

transplantation tolerance and retarding the progress of
experimental allergic encephalomyelitis in monkey mod-
els (17, 30). However, studies have also found that
monkeys like humans can contain pre-existing anti-DT
antibodies which can reduce the ability of anti-CD3-
CRM9 immunotoxins to induce T cell depletion (15).
Thompson et al. (13) investigated the inhibitory effect of
the pre-existing anti-DT antibodies in human serum to
anti-human CD3 immunotoxin UCHT1-CRM9 and a
DT390 single-chain immunotoxin. The DT390 immuno-
toxin was only moderately inhibited by anti-DT antibod-
ies in human serum under conditions resulting in com-
plete neutralization of UCHT1-CRM9 (13). This suggests
that DT390 immunotoxins will also reduce the inhibitory
effect of the pre-existing anti-DT antibody in monkey
studies and permit a preclinical evaluation of these
immunotoxins for the induction of transplantation toler-
ance and the treatment of autoimmune disease and T
cell leukemias.
In summary, this report describes a single-chain im-

munotoxin, DT390-FN18sFv. It has specific toxic effects
on monkey primary T cells mediated through the CD3ε
moiety. It inhibits protein synthesis of monkey T cells
in a manner similar to that of the chemically conjugated
immunotoxin CRM9-FN18 that has efficient treatment
effects for organ transplantation and autoimmune dis-
ease in monkey models (17, 30). Divalent forms of
DT390-FN18sFv with enhanced binding affinity based
on divalent single-chain antibodies (19) are currently
under construction.
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Water-Soluble Polyion Complex Associates of DNA and
Poly(ethylene glycol)-Poly(L-lysine) Block Copolymer
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Complex formation of poly(ethylene glycol)-poly(L-lysine) (PEG-PLL) AB type block copolymer with
salmon testes DNA or Col E1 plasmid DNA in aqueous milieu was studied. The PLL segment of
PEG-PLL interacts with nucleic acid through an electrostatic force to form a water-soluble complex
associate with a diameter of ca. 50 nm. PEG segments surrounding the core of the polyion complex
prevented the complex from precipitation even under stoichiometric conditions, at which the unit
ratio of L-lysine in PEG-PLL and phosphate in the DNA is equal. The profile of the thermal melting
curve revealed a higher stabilization of DNA structure in PEG-PLL/DNA complexes compared to
that in the complex made from DNA and PLL homopolymer with the same molecular weight as the
PLL segment in PEG-PLL. This stabilizing effect on the DNA structure may be due to the
compartmentalization of DNA into the microenvironment of PEG with low permittivity. The reversible
nature of the PEG-PLL/DNA complex was further verified through the addition of polyanion [poly-
(L-aspartic acid)]: Poly(L-aspartic acid) replaced DNA in the complex with PEG-PLL, resulting in
the release of free DNA in the medium. Furthermore, the PEG-PLL/DNA complex showed high
resistance against DNase I attack, suggesting DNA protection through the segregation into the core
of the associate having PEG palisade.

INTRODUCTION

Polyion complexes between polyelectrolytes with an
opposite charge have attracted wide attention in the
fields of medicine and biology. For example, polyion
complexes of a nucleotide with polycations are considered
one of the promising systems for a gene vector (1-5).
DNA has a polyanionic character and can be bound to
polycations, e.g., poly(L-lysine), through electrostatic
interaction. It is well-known that polylysine strongly
binds to DNA to induce compaction of the DNA molecule
(6-8). However, a soluble and electrically neutral (sto-
ichiometric) complex consisting of poly(L-lysine) and DNA
is hardly obtained because charge neutralization usually
induces the formation of insoluble precipitates.
Recently, we have shown that complexation of DNA

with a poly(ethylene glycol)-poly(L-lysine) block copoly-
mer (PEG-PLL) led to the formation of water-soluble
complex associates in aqueous milieu (9). Use of a
cationic block copolymer with a PEG segment as the
complexation partner of DNA was based on the results
of our systematic study on polymeric micelle drugs (10,
11). Supramolecular association of a block copolymer
consisting of PEG and polyamino acids through hydro-
phobic or electrostatic interaction leads to the formation
of core-shell type nanoassociates or micelles in which
drug molecules are hydrophobically or electrostatiscally
included in the core of the micelle surrounded by the PEG
outer shell (12-14). The proper micelle size, ca. ∼50 nm,
and high flexibility and hydrophilicity of the outer-shell
PEG seem to contribute to the stability of the micelles.
Indeed, both long circulation in the blood compartment
and exceptionally high accumulation in a solid tumor
were evidenced for block copolymer micelles with an
entrapped anticancer drug (doxorubicin) (15, 16). These
features of block copolymer micelles provide a rationale

for exploring the feasibility of polymeric micelles as a
novel vector system for genes and oligonucleotides. It
should be noted that water-soluble and narrowly distrib-
uted polyion complex micelles have recently been pre-
pared from a pair of PEG-PLL and an oligonucleotide
with antisense activity toward the oncogene (c-Ha-ras)
by our group (17). Further, transfection activity of
plasmid DNA/PEG-PLL was recently reported by Wolf-
ert et al., indicating a promising feature of these block
copolymer/nucleotide complexes as a novel vector system
(18). PEG-PLL association with DNA is also interesting
from the standpoint of modeling the interaction of cat-
ionic proteins with DNA through electrostatic interac-
tions, which are responsible for the stability of the higher
ordered chromatin structure. Paticularly, study of the
exchange reaction of complexed DNA with other polya-
nion compounds could provide a motivation for exploring
a gene expression from the chemical point of view.
We report here the physicochemical characteristics of

water-soluble nanoassociates formed between salmon
testes DNA or Col E1 plasmid DNA and a PEG-PLL
block copolymer. The stability of the complex is discussed
on the basis of the results of melting curve measure-
ments, which have been widely used to estimate the
properties of polylysine/DNA complexes as a model for
chromatin (19-29). Further, dissociation of the complex
was evidenced through the exchange reaction of com-
plexed DNA with a model polyanion [poly(aspartic acid)].

MATERIALS AND METHODS

Materials. High molecular weight poly(L-lysine) hy-
drobromide (H-PLL, DP ) 927), low molecular weight
poly(L-lysine) hydrobromide (L-PLL, DP ) 19), poly(L-
aspartic acid) sodium salt (DP ) 105), and DNA (sodium
salt from salmon testes) were purchased from Sigma
Chemical Co. and used without further purification. Col
E1 plasmid DNA (6646 bp, percentage of GC is 48%),
which produces colicin E1, was purchased from Nippon
Gene Co., Ltd., Japan. DNase I nuclease and EcoRI
restriction nuclease were purchased from Takara Shuzo
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Co., Ltd., Japan. Col E1 plasmid was linearized using
EcoRI restriction nuclease through a standard protocol.
R-Methyl-ω-amino poly(ethylene glycol) (MW ) 4300)
was a cordial gift from Nippon Oil & Fats Co., Ltd.,
Japan. The PEG-PLL block copolymer (average degree
of PLL segment is 20) was prepared as described before
(14). For other reagents, commercial special grade
reagents were used without further purification.
Dynamic Light Scattering (DLS) and Laser-Dop-

pler Electrophoresis Measurements of PEG-PLL/
DNA Complex. DLS measurements were carried out
using a DLS-700 instrument (Otuka Electronics Co, Ltd.).
An Ar ion laser (λ0 ) 488 nm) was used as the incident
beam. The sample was prepared by direct mixing of each
solution of DNA (from salmon testes) and PEG-PLL in
10 mM sodium phosphate buffer (pH 7.4) containing 150
mMNaCl. PEG-PLL solution of a certain concentration
was added to 1.0 mL of 50 µg/mL (1.00 OD at 260 nm)
DNA solution to completely compensate for the charge
of the DNA (stoichiometric condition). The DNA concen-
tration of the mixture was then adjusted to 25 µg/mL for
DLS measurement. Laser-Doppler electrophoresis mea-
surements of the complex associates were carried out
using an ELS-800 instrument (Otuka Electronics) in 10
mM phosphate buffer (pH 7.4). From the determined
electrophoretic mobility, the zeta-potential (ú) was cal-
culated according to the Smoluchouski equation as

where η is the viscosity of the solution, u is the electro-
phoretic mobility, and ε is the dielectric constant of the
solvent.
Measurement of Melting Curve of PEG-PLL/

DNA Complexes. DNA (from salmon testes) was dis-
solved at a concentration of 1.00 OD in 1 mM sodium
phosphate buffer (pH 7.4). To a constant volume of DNA
solution were added directly at once varying amounts of
PEG-PLL, H-PLL, or L-PLL in an equivolume of phos-
phate buffer to form a solution with a DNA concentration
of 0.50 OD. The ratio of lysine residue to the nucleotide
in the mixed solution is designated r ()[lysine residue]/
[nucleotide]). After 2 h of incubation at room tempera-
ture, the same volume of methanol was added to each
sample. The melting profiles of the complexes were then
monitored by absorbance at 260 nm on a Jasco Ubest-50
spectrophotometer with a Peltier EHC363 type cell
holder. Samples were heated from 30 to 76 °C. The
scanning rate was 1.0 °C/min.
Differential Scanning Calorimeter (DSC) Mea-

surement of DNA Complexes. The thermal behavior
of the DNA complexes in 10 mM phosphate buffer (pH
7.4) (DNA concentrations were adjusted to 250 µg/mL)
was determined using a microdifferential scanning calo-
rimeter (MC-2 differential scanning calorimeter, Micro-
cal, Inc.). One milliliter of PEG-PLL solution with
various concentrations was added dropwise to 1.0 mL of
DNA solutions (DNA concentration was 500 µg/mL) to
form r ) 0.10, 0.20, and 0.30 complexes with vortex
stirring. Two hundred fifty micrograms of complexed
DNAwas used for DSCmeasurement. The samples were
heated from 10 to 105 °C. The heating rate was 1.5 °C/
min.
Exchange Reaction of PEG-PLL/Plasmid DNA

(pDNA) Complex with Poly(aspartic acid). The
PEG-PLL/pDNA complex (r ) 1.0, DNA concentration
was 33.3 µg/mL) was prepared through a direct mixing
of linearized Col E1 pDNA and PEG-PLL block copoly-
mer in 10 mM phosphate-buffered saline (10 mM sodium
phosphate buffer containing 150 mMNaCl, pH 7.4). The

complex was incubated for 2 h at room temperature,
followed by the addition of poly(aspartic acid) [P(Asp)]
solutions of various concentrations in 10 mM phosphate-
buffered saline. The molar ratio of P(Asp) to DNA in the
complexes was 0.50, 1.0, 2.0, 4.0, 10, and 20. The final
concentration of pDNA was adjusted to 25 µg/mL. After
overnight incubation of the mixtures at room tempera-
ture, 25 µL of each sample was analyzed by electrophore-
sis at 5.6 V/cm with a 0.6% agarose gel in Tris-HCl buffer
(pH 7.4) (3.3 mM Tris, 1.7 mM sodium acetate). DNA
was visualized by ethidium bromide (0.5 µg/mL of gel).
The same experiments were done for the H-PLL (DP )
927)/pDNA complex to compare the stability with PEG-
PLL/pDNA complexes.
Nuclease Resistance of PEG-PLL/DNA Complex.

Salmon testes DNA (0.8 OD) and an equimolar amount
of PEG-PLL in 10 mM phosphate buffer (pH 7.4) con-
taining 5 mM magnesium sulfonate were mixed directly
to obtain a 0.4 OD solution of PEG-PLL/DNA complex
(r ) 1.0). After the addition of 10 units (10 µL) of DNase
I to 1 mL of PEG-PLL/DNA complex at 25 °C, the
absorbance change at 260 nm was followed to estimate
DNA degradation by DNase I.

RESULTS AND DISCUSSION

DLS Measurement of PEG-PLL/DNA Complex.
On the addition of PEG-PLL to a 1.0 OD solution of DNA
in 10 mM phosphate buffer containing 150 mM NaCl at
pH 7.4 (phosphate-buffered saline), no turbidity was
observed even under stoichiometric condition, when the
unit ratio of L-lysine and phosphate was equal (r ) 1.0).
This is in sharp constrast to the mixture of H-PLL or
L-PLL with DNA, which caused a precipitate regardless
of the polymerization degree with increasing r to 1.0. In
spite of the transparent appearance of the PEG-PLL/
DNA solution, the light scattering intensity of the solu-
tion was increased about 10 times compared to that of
the original DNA solution, suggesting the formation of
water-soluble nanoassociates through a complexation of
DNA with PEG-PLL. Indeed, this was verified by the
histogram analysis of the DLS data. Figure 1 shows the
weight-averaged size distribution analyzed by the his-
togram method for the PEG-PLL/DNA complex. As-
sociates of 48.5 nm in diameter were observed with a
small fraction of secondary aggregates in the 140 nm
region. Size and distribution were similar for all of the
associates prepared with varying salt concentration in
the range between 0 and 300 mM NaCl in 10 mM
phosphate buffer. Recently, atomic force microscope
image of the PEG-PLL/DNA complex was reported by
Wolfert et al. (18). Their result revealed that PEG-PLL/
DNA complex mainly forms extented toroidal structure,

Figure 1. Size distribution of PEG-PLL/DNA complex deter-
mined from DLS measurement (weight-averaged scale).

ú ) 4πηu/ε
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which has a size exceeding 100 nm. In comparison, a
smaller sized complex was dominant in our light scat-
tering measurement. One possible reason for the incon-
sistency of the complex size might be a difference in the
composition of the block copolymers. They used PEG-
PLL with a longer chain length of PLL segment (DP )
78). It should be noted that complex size was correlated
to PLL chain length in the case of DNA complex with
PLL homopolymer (30).
The average ú-potential of the associate was then

calculated using the Smoluchouski equation from the
value of the electrophoretic mobility [(-0.890 ( 0.321)
× 10-5 cm2/V‚s in 10 mM phosphate buffer, pH 7.4]
measured by Laser-Doppler electrophoresis (ELS-800,
Otsuka Electronics Co.). The ú-potential thus caluclated
was -1.12 ( 0.40 mV (n ) 3). This small absolute value
of the ú-potential was consistent with the formation of a
core-shell structure, in which the PEG corona surrounds
the complexed DNA in the core to form a microenviron-
ment with relatively low permittivity. Presumably, this
local environment with lowered permittivity may facili-
tate the compaction of complexed DNA to form a col-
lapsed core of the complexed associate. It should be noted
that charge neutralization by polycations as well as
lowered permittivity of the environment are both known
to be essential factors for DNA compaction (8, 31).
Measurement of Melting Curve of PEG-PLL/

DNA Complexes. The stability of the complex was then
evaluated through melting curve measurement, which
has been widely used for the charecterization of DNA/
polylysine complexes. Melting is conveniently monitored
by an increase in absorbance (hyperchromic effect) that
results from the disruption of base stacking in double-
stranded DNA due to the breakage of hydrogen bonds.
A biphasic melting profile has been shown for a DNA/
polylysine complex system with an excess DNA ratio
(22-28): One at a lower temperature is the melting of
free DNA base pairs, and the other at higher temperature
is that of base pairs in the region complexed with
polylysine. Because the double-stranded structure of
DNA is considerably stable under physiological condition,
measurements were carried out in methanol-added buffer
with low ionic strength (1 mM sodium phosphate buffer)
to reduce the transition temperature of the complexed
DNA to the measuring temperature range (30-78 °C)
(24). Note that the melting temperature of DNA in-
creases with lowered salt counterion due to an increase
in electrostatic repulsion between phosphates as well as
with methanol addition due to the destabilization of
hydrogen bonding of the base pairs.
Figure 2 shows the melting profiles of DNA (from

salmon testes) at various complex ratios of PEG-PLL

to DNA in 1 mM phosphate buffer/methanol 50% (v/v).
The melting temperature (Tm) of free DNA was observed
at 44 °C. At r ) 1.0, the transition of free DNA was no
longer observed, and only the transition due to the
denaturation of the complexed DNA was observed at
higher temperature (ca. 70 °C), indicating that a sto-
ichiometric complex was formed between DNA and
PEG-PLL. In the 0 < r < 1 region, the melting curve is
biphasic. Contribution of the free DNA to hyperchro-
micity decreased with increases in the ratio of PEG-PLL,
while the contribution of complexed DNA increased with
increases in the ratio of PEG-PLL. These biphasic
melting profiles demonstrate that the complexed and free
parts of DNA in the PEG-PLL/DNA system could be
clearly discriminated by the melting temperature. Thus,
migration of PEG-PLL along/between DNA molecules
should be extremely slow to observe free and complexed
DNA separately in the melting profile.
It should be noted that only a single transition tem-

perature was observed for the L-PLL/DNA system and
that this averaged transition temperature shifted to a
higher region with increasing ratio of L-PLL to DNA. As
shown in Figure 3, L-PLL/DNA at r ) 0.5 showed a single
transition at the middle point of the transition temper-
ature of free DNA (r ) 0) and complexed DNA (r ) 1.0).
This result suggests the fast migration of the constituent
molecules in the complex, resulting in the facile dissocia-
tion of the complex. That is, only an unstable complex
is formed between L-PLL and DNA. The L-PLLmolecule
seems to be too short to form a stable polyion complex
with DNA and may migrate along the DNAmolecule like
a lowmolecular weight counterion (24). Thus, the L-PLL/
DNA complex (r ) 0.50) is thought to form a so-called
nonstoichiometric complex. Formation of a nonstoichio-
metric water-soluble complex occurs when a polyelectro-
lyte with relatively low molecular weight is mixed with
an excess amount of an oppositely charged polyelectrolyte
with higher molecular weight (32). Compared with the
molecular weight of DNA, the polymerization degree of
L-PLL is small enough to form a nonstoichiometric
complex. In contrast, the PEG-PLL/DNA complex
showed the features of a stoichiometric complex even
though the length of the poly(lysine) segment in PEG-
PLL is almost the same as that in L-PLL. The PEG
segment of PEG-PLL contributes crucially to improve
the stability as well as the solubility of the complex. One
plausible factor for stabilizing the DNA complex with
PEG-PLLmay be a local decrease in permittivity around
the DNA molecule due to the PEG chain. Indeed, PEG
is known to induce a coil-globule transition of DNA due
to decreased permittivity (33). However, to induce the
transition of DNA, an extremely high concentration of
PEG (>5 mol/L) should be required. In our system, the

Figure 2. Melting curves of PEG-PLL/DNA complexes in 50%
(v/v) methanol/1 mM phosphate buffer (pH 7.4).

Figure 3. Melting curves of DNA complexes (r ) 0.50) in 50%
(v/v) methanol/1 mM phosphate buffer (pH 7.4).
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average PEG concentration in the complex solution was
too low to change the bulk permittivity of the solution.
Nevertheless, binding of the block copolymer to DNA
through electrostatic interaction allows an increase in the
local concentration of PEG around the DNA molecules
to decrease the permittivity of the microenvironment.
Charge neutralization of DNA by the poly(L-lysine)
segment as well as compartmentalization of complexed
DNA in the microenvironment of PEG may lead to the
higher stability of the PEG-PLL/DNA complex compared
to the corresponding L-PLL/DNA complex system. Al-
though complex stabilization could be achieved by in-
creasing the molecular weight of the poly(L-lysine) ho-
mopolymer in the PLL/DNA system, the resultant complex
was too low in solubility in water to form a precipitate.
This is in sharp contrast to the PEG-PLL/DNA complex
system, which shows a high solubility in aqueous milieu.
DSC Measurements of DNA Complexes. As dem-

onstrated in the melting curve experiments described
above, stabilization of the double-stranded helical struc-
ture of DNA complexed with PEG-PLL or H-PLL is
achieved through the neutralization of the phosphate
group by the ε-NH3

+ group of the PLL segment. Further,
the phase transition of DNA into a globule form may
occur with the PEG-PLL/DNA complex because of the
compartmentalization into the PEG atmosphere with low
pemittivity. However, methanol was added for the
experiments in the melting curve measurements. Thus,
the possibility that added methanol decreases the per-
mittivity to induce coil-globule transition of DNA is not
excluded. Therefore, to estimate the contribution of the
PEG segment of the PEG-PLL block copolymer to DNA
stabilization in aqueous milieu, DSCmeasurements were
done in 10 mM phosphate buffer (pH 7.4) (34). The DSC
curve of native DNA (from salmon testes) showed an
endothermic peak at 69.4 °C (Figure 4). The DSC curves
of PEG-PLL/DNA with various lysine/phosphate ratios
(r) showed two endothermic peaks at around 70 and 95
°C, respectively. These peaks are thought to correspond
to the denaturation of free and complexed DNA and are
consistent with the biphasic melting profile shown in
Figure 2. Note that the area of the peak corresponding
to complexed DNA increased with an increase in r, which
is in line with formation of a stoichiometric complex of
DNA with PEG-PLL in a cooperative manner. Only a
broad peak was obtained for the L-PLL/DNA complex
(data not shown), reflecting fast migration of molecules
in the complex between L-PLL and DNA.
The enthalpy of denaturation of the complexed DNA

was roughly estimated from the area of the peak that
appeared in the higher temperature region (second peak).

The enthalpy change for denaturation of complexed DNA
with PEG-PLL was estimated to be 50 kJ (bp mol)-1 °C-1

and that with H-PLL complex was 18 kJ (bp mol)-1 °C-1.
This result indicates greater ability of PEG-PLL to
stabilize the DNA double-helical structure than H-PLL
even though the latter has a polymerization degree 50
times higher than the former, demonstrating the crucial
role of the PEG segment in the stabilization process of
the complex. PEG segments surrounding electrically
neutralized DNA molecules allow formation of a microen-
vironment with relatively low permittivity. This local
environment may facilitate the compaction of DNA to
stabilize the complex structure.
Exchange Reaction of PEG-PLL/pDNA Complex

on the Addition of Poly(aspartic acid). Simple
dissociation of an ion complex between a pair of op-
positely charged macromolecules with sufficient chain
length is hardly believed to occur because of the inte-
grated stabilization through multisite interaction (18, 22,
35). However, exchange reaction with other charged
macromolecules is known to take place as schematically
shown in Figure 5 (36). It is suggested that this type of
exchange reaction may take place in the release of DNA
from the complex with polycations and cationic polypep-
tides in intracellular environment because various types
of anionically charged macromolecules, including mRNA,
sulfated sugars, and nuclear chromatin, exist as essential
cellular components (35). From these aspects, it may be
worth estimating the exchange reaction of DNA in
complexes with other polyanions. In this study, P(Asp)
with a DP of 105 was used as the replacing polyanion.
Figure 6 shows the results of the agarose gel electro-
phoresis for the PEG-PLL/pDNA complex after the
addition of various amounts of P(Asp). As a model
double-stranded DNA, linearized Col E1 plasmid DNA
(6646 bp, 4.4 × 106 Da) was used in the experiment
shown in Figure 6 to omit the effect of molecular size
distribution of DNA and to gain sensitivity in gel elec-
trophoresis.
Linearized plasmid DNA mixed with PEG-PLL in an

equimolar unit ratio (r ) 1.0) showed no migration from
the slot of the agarose gel because of the quantitative
formation of a neutral complex (Figure 6, lane 2). This
fact further confirms a stable complex formation between
DNA and PEG-PLL block copolymer even in the solution
with physiological salt concentration. Interestingly,
pDNA in the complexes began to migrate with the
addition of 10 times excess amounts of P(Asp), as shown
in lane 7 of Figure 6. This is considered to be due to the
cooperative exchange reaction of P(Asp) with pDNA in

Figure 4. DSC curves of PEG-PLL/DNA complexes in 10 mM
phosphate buffer (pH 7.4). Scan rate ) 1.5 °C /min; DNA
concentration ) 250 µg/mL.

Figure 5. Schematic illustrations of dissociation (a) and
exchange (b) of polyion complexes: (a) dissociation of the polyion
complex scarcely occurs because of multisite binding; (b) ex-
change reaction of the polyion complex may occur through a
cooperative exchange reaction.
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the complex (eq 1), allowing the release of pDNA in the
medium.

Worth mentioning are the facts that the PEG-PLL/
pDNA complex formation is not irreversible in nature and
that DNA in the complex can be substituted by an
appropriate counterpolyanion. A similar phenomenon
was also observed for the H-PLL/DNA system. pDNA
in the H-PLL/pDNA complex was also substituted with
a 10 times excess molar amount of P(Asp) (Figure 7, lane
7). Given that the stability of polyion complexes depends
only on the molecular weight of the constituent polyelec-
trolytes, more P(Asp) should be required to release pDNA
from the H-PLL/DNA complex compared to the PEG-
PLL/DNA system because H-PLL (DP ) 927) has an
extremely higher degree of polymerization than PEG-
PLL, having a PLL segment with a DP of only 20.
Obviously, this is not the case, and both PEG-PLL/
pDNA and H-PLL/pDNA complexes required the same
amount of P(Asp) to release DNA. Thus, from the
viewpoint of the exchange reaction, the PEG-PLL/pDNA
complex is stable enough, as is the H-PLL/pDNA com-
plex, in spite of the short PLL segment. In the case of
the L-PLL/pDNA system, the L-PLL/pDNA complex was
dissociated in the electrophoretic field under this buffer
condition even without the addition of P(Asp), indicating
its unstable nature.
From a practical viewpoint, the regulated release of

DNA from the complex through replacement by the
counterpolyanion is noteworthy because the restricted

release of free DNA is one of the problems of the
conventional vector system based on a polyion complex.
Decreased molecular weight of PLL may increase the
release rate of DNA, yet it may also shift the nature of
the complex to a nonstoichiometric one as shown in
Figure 3. Use of the PEG-PLL block copolymer system
seems to overcome this discrepancy by stabilizing the
complex through the compartmentalization into the PEG
microenvironment, yet, on the other hand, retaining the
ability for replacement with a counterpolyanion.
Nuclease Resistance of PEG-PLL/DNA Complex.

Stabilization of DNA through PEG-PLL complexation
was further studied from the viewpoint of nuclease
resistance. By addition of DNase I to native DNA
solution, absorbance of the solution was increased im-
mediately due to the fragmentation of the DNA. How-
ever, no substantial increase in absorbance was observed
for the PEG-PLL/DNA complex system (Figure 8). From
a comparison of the slope of the curves reflecting the
velocity of the degradation, it was calculated that the
apparent activity of DNase I to degrade complexed DNA
with PEG-PLL is only 1.5% of that for native DNA. This
high nuclease resistance ability of the PEG-PLL/DNA
system indicates the stable nature of the PEG-PLL/DNA
complex in which the migration of the constituent
polymer chain (PEG-PLL and DNA) is restricted. This
feature of high resistance toward nuclease attack is
surely an advantage of using the PEG-PLL/DNA com-
plex as a reservoir for DNA under physiological circum-
stances when DNA degradation through nuclease attack
readily takes place.
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Bryodin 1 (BD1) is a potent ribosome-inactivating protein (RIP) isolated from the plantBryonia dioica.
It is relatively nontoxic in rodents (LD50 > 40 mg/kg) and represents a potential improvement over
other RIPs and bacterial toxins that have been used in immunotoxins. Recombinant BD1, expressed
in Escherichia coli, localizes to insoluble inclusion bodies necessitating denaturation and refolding
steps to generate active protein. In this report, BD1 was expressed as a soluble recombinant protein
in tobacco cell culture (ntBD1) and purified to near homogeneity with yields of up to 30 mg/(L of
culture). The protein synthesis inhibition activity of ntBD1 was identical to that of both native BD1
isolated from the roots of B. dioica and recombinant BD1 expressed in E. coli. Toxicology analysis
showed that ntBD1 was well tolerated in rats at doses that cannot be achieved with most other toxin
components of immunotoxins. Additionally, a single-chain immunotoxin composed of BD1 fused to
the single-chain Fv region of the anti-CD40 antibody G28-5 (ntBD1-G28-5 sFv) was expressed in
tobacco tissue culture as a soluble protein and was specifically cytotoxic toward CD40 expressing
non-Hodgkin’s lymphoma cells in vitro. These data indicate that tobacco tissue culture is a viable
system for soluble expression of BD1 and BD1-containing immunotoxins.

INTRODUCTION

Immunotoxins are bispecific proteins composed of an
antibody binding domain chemically linked or genetically
fused to a protein toxin (1-3). While the binding moiety
directs the immunotoxin to the targeted cell surface
antigen, it is the toxin domain that, once inside the cell,
is responsible for killing the cell by enzymatically inhibit-
ing protein synthesis. The toxin components of immu-
notoxins possess unique toxicity profiles that can signifi-
cantly contribute to the dose-limiting toxicity in patient
therapy. The plant ribosome-inactivating proteins (RIPs)
ricin, pokeweed antiviral protein, and saporin, and the
bacterial ADP-ribosylating toxins Pseudomonas exotoxin
and diphtheria toxin, have been the most widely utilized
toxin components of clinically tested immunotoxins (3,
4). However, even in the absence of a targeting domain,
the native or nontargeted forms of these toxins are toxic
with LD50 values (concentration lethal to 50% of the
animals tested) of <5 mg/kg in rodents (5, 6). Dose
escalations of immunotoxins in clinical trials to amounts
that would be expected to result in significant therapeutic
efficacy have been problematic. Even so, immunotoxins
containing these toxins have shown some promise in the
clinic for indications ranging from cancer to autoimmune
disease (7-11).
The identification of toxins that have potent activity

when targeted by an antibody binding domain but
reduced nonspecific toxicity profiles could ultimately lead
to the development of immunotoxins with broader thera-
peutic windows. One such toxin is the RIP bryodin 1

(BD1) which has been found to have potent cell-free
protein synthesis inhibition activity while exhibiting
approximately 10-fold less toxicity in vivo (LD50 > 40 mg/
kg in rodents) than other toxins (5). The gene encoding
BD1 was recently cloned and expressed in Escherichia
coli as insoluble inclusion bodies which were refolded to
yield protein that had activity in vitro and in vivo
equivalent to that of native BD1 (nBD1) extracted from
Bryonia dioica roots (6).
In this report, we describe the expression of BD1 in

soluble form using a transgenic tobacco (Nicotiania
tabacum) tissue culture system with yields of purified
BD1 (ntBD1) of up to 30 mg/L. The in vitro and in vivo
activities of ntBD1 were virtually identical to those of
both nBD1 and E. coli-expressed rBD1. Additionally, a
single-chain immunotoxin containing BD1 and the cloned
variable regions of the anti-CD40 mAb G28-5 (ntBD1-
G28-5 sFv) was constructed and expressed in transgenic
tobacco cultures as a soluble fusion protein. ntBD1-
G28-5 sFv was specifically cytotoxic toward CD40-
expressing non-Hodgkin’s lymphoma cells. These data
indicate the utility of tobacco cell culture for the produc-
tion of BD1 and BD1-based single-chain immunotoxins
in soluble form and describe an immunotoxin which is
being investigated for potential therapeutic applications.

EXPERIMENTAL PROCEDURES

Construction of Tobacco Culture Expression Plas-
mids Encoding BD1 and BD1-G28-5 sFv. A previ-
ously described rBD1 expression vector, pSE13.0 (6),
encoding BD1 amino acid residues 1-247 was digested
with NcoI and EcoRI. The EcoRI site was prepared as a
blunt end using the Klenow fragment of DNA polymerase
I, and the resulting 770 bp BD1 fragment was ligated
into the plant expression vector WRG2481 that had been
digested with NcoI and SmaI. The resulting plasmid,
WRG5074, contained the gene encoding BD1 under
control of the cauliflower mosaic virus (CaMV) 35s
promoter (12) with the extensin leader sequence (13) to
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direct secretion of soluble protein into the media and the
nopaline synthase poly(A) terminator for efficient tran-
scription termination (14). A kanamycin resistance gene
under the control of the nopaline synthase promoter was
inserted as a selectable marker.
The expression plasmid containing the gene fusion

BD1-G28-5 sFv was prepared by first PCR amplifying
BD1-G28-5 sFv from pSE151 (15) using a 5′ primer that
introduced an NcoI site and sequences from WRG2481
and a 3′ primer that introduced a SmaI site and se-
quences fromWRG2481. Homologous recombination (16)
assembled theNcoI- and SmaI-digested plant expression
vector WRG2481 and the amplified PCR fragment con-
taining BD1-G28-5 sFv following cotransformation in E.
coli strain DH5R. The resulting expression plasmid was
designated WRG5293. Both WRG5074 (BD1) and
WRG5293 (BD1-G28-- sFv) constructs were confirmed
by DNA sequencing.
Expression and Purification of ntBD1 and ntBD1-

G28-5 sFv in Transgenic Tobacco Cell Culture.
Nicotiana tabacum L. cell culture line NT-1 was obtained
from D. Ellis (University of Wisconsin, Madison, WI). The
cells were grown in tobacco suspension medium (TSM)
or on solid tobacco culture medium (TCM; J. T. Cooley,
J. H. Bathe, J. T. Fuller, L. Zhao, H. P. Fell, and D. R.
Russell, in preparation). NT-1 suspension cultures were
grown in the dark at 28 °C with constant shaking at 150
rpm. The cells were subcultured once per week.
NT-1 cells were transformed with gold particles coated

with plasmid DNA using the Accell microparticle bom-
bardment system (Agracetus, Madison, WI) as previously
described (17). Briefly, 1 day after bombardment, the
cells were transferred to reduced osmoticum (TCM
containing 0.1 M mannitol and 0.1 M sorbitol) for 24 h
and then transferred to TCM plates containing 350 µg/
mL kanamycin sulfate for selection. For growth of
suspension cultures, kanamycin resistant calli approxi-
mately 1 in. in diameter were placed into TSM media
containing kanamycin, shaken in the dark at 28 °C for
48 h, and then homogenized by repeat pipetting. Sus-
pension cultures were maintained by subculturing every
10 days.
For purification, spent medium from suspension cul-

ture was filtered and concentrated 4-fold. ntBD1 was
purified from the concentrate using Macroprep High S
(BioRad, Hercules, CA) cation exchange chromatography.
ntBD1-G28-5 sFv was purified by CM Sepharose Fast
Flow (Pharmacia, Piscataway, NJ) cation exchange chro-
matography followed by purification over an immobilized
CD40-Ig affinity column (18). The affinity eluate, which
contained ntBD1-G28-5 sFv as well as free sFv, was
subsequently purified by cation exchange chromatogra-
phy using Poros HS resin (PerSeptive, Cambridge, MA).
Preliminary analysis of N-linked glycosylation was

performed using the FACE N-linked oligosaccharide
profiling system (Glyko Inc., Novato, CA) according to
the manufacturer’s instructions.
Cell-Free and Cell-Based Protein Synthesis In-

hibition Assays. Cell-free inhibition of protein synthe-
sis was analyzed using a rabbit reticulocyte lysate
translation system (Promega, Madison, WI) as previously
described (5). Various concentrations of ntBD1, ntBD1-
G28-5 sFv, and rBD1 as a control were incubated at 30
°C with rabbit reticulocyte lysate, a mixture of amino
acids without leucine, 0.5 mCi/mL [3H]leucine (Amer-
sham, Arlington Heights, IL), and brome mosaic virus
RNA as a template. The reaction proceeded for 1 h and
was terminated by the addition of 1 M NaOH with 2%
H2O2, and the translation product was precipitated with
trichloroacetic acid. The radiolabeled proteins were

harvested on glass filters and quantitated using a scintil-
lation counter. Samples were performed in triplicate.
IC50 was defined as the concentration that inhibited 50%
of the cell-free protein synthesis.
Cell-based inhibition of protein synthesis assays was

performed using JAR choriocarcinoma cells for ntBD1
and rBD1 and Raji or Daudi non-Hodgkin’s lymphoma
cells for ntBD1-G28-5 sFv. One hundred microliters of
cells, diluted to 1 × 105 cells/mL in leucine-free RPMI
1640, was plated in 96-well cell culture plates and
incubated for 48 h at 37 °C with various concentrations
of ntBD1, rBD1, or ntBD1-G28-5 sFv. The samples
were then pulsed with 1 µCi/well [3H]leucine and incu-
bated at 37 °C for an additional 6 h, and radiolabeled
protein was harvested onto filter mats using a Tomtec
cell harvester (Orange, CT). The incorporation of [3H]-
leucine into cellular proteins was analyzed with an LKB
Beta-Plate liquid scintillation counter (Wallac, Gaithers-
burg, MD).
Toxicity of ntBD1 in Rats. The acute toxicity of

ntBD1 was determined in Wistar Furth rats (Harlan-
Sprague Dawley, Indianapolis, IN). ntBD1 was admin-
istered as bolus intraperitoneal injections at doses of up
to 60 mg/kg diluted in PBS. Animals were observed for
at least 10 days to determine survival. Selected rats were
sacrificed 24 h after administration of ntBD1 to perform
comprehensive necropsy analysis.
CD40 Binding Analysis. CD40 binding activity was

analyzed by ELISA essentially as previously described
(18). Briefly, 96-well microtiter plates were coated
overnight at 4 °C with 100 µL of CD40-Ig at 0.5 µg/mL.
CD40-Ig consists of the extracellular domain of human
CD40 fused to the Fc domain of human IgG1 (19). The
plates were then blocked for 1 h with Specimen Diluent
(Genetics Systems, Redmond, WA) and incubated for 1
h with dilutions of ntBD1-G28-5 sFv in the absence or
presence of G28-5 IgG or an isotype-matched control
antibody. After being washed three times with phosphate-
buffered saline (PBS), the plates were incubated with
rabbit polyclonal anti-BD1 antiserum followed by horse-
radish peroxidase-conjugated goat anti-rabbit Ig anti-
serum. Binding to immobilized CD40 was detected by
the addition of TMB chromagen reagent (Genetic Sys-
tems) and analyzed on a microtiter plate reader at 450
nm.

RESULTS

Expression and Purification of ntBD1. The ex-
pression plasmid WRG5074 was constructed as described
in Experimental Procedures and is shown schematically
in Figure 1A. The plasmid contains the gene encoding
BD1 under the control of the cauliflower mosaic virus
(CaMV) 35s promoter (12). The extensin leader sequence
(13) at the amino terminus of BD1 directs the secretion
of the recombinant protein into the culture medium.
WRG5074 was transfected into the tobacco cell line NT1
using the Accell electric discharge propulsion system (17),
and callus samples were analyzed by SDS-PAGE and
Western blotting to identify clones that expressed ntBD1.
One clone which yielded qualitatively higher expression
was further expanded, and after 10 days of growth, the
culture supernatant was isolated and ntBD1 was purified
by cation exchange chromatography. SDS-PAGE of the
eluted peak (Figure 1B) revealed that ntBD1 was purified
to near homogeneity and migrated at a molecular mass
of approximately 28 kDa, slightly higher than rBD1
expressed in Escherichia coli (6), likely due to glycosy-
lation of the plant-derived protein. Preliminary analysis
confirmed the presence of N-linked oligosaccharides (data
not shown), although further analysis will be necessary
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to determine the extent of N-linked glycosylation as well
as to analyze for the presence of O-linked oligosaccha-
rides. The final yield of purified ntBD1 was 30 mg/(L of
starting culture).
In Vitro Activity of ntBD1. Both type I and type II

RIPs catalytically inactivate the 60S subunit of eukary-
otic ribosomes by cleaving the N-glycosidic bond of
adenine 4324 in 28S rRNA, thereby halting protein
synthesis (20). The protein synthesis inhibition activity
of ntBD1 was investigated in a cell-free rabbit reticulo-
cyte lysate system and compared to the activity of rBD1.
Both ntBD1 and rBD1 inhibited protein synthesis equally
with IC50 values (concentration that inhibited 50% of
protein synthesis) of 0.5 ng/mL (Figure 2A). While BD1
does not contain a cell binding domain, it has previously
been shown that type I RIPs such as BD1, saporin, and
momorcharin are cytotoxic to trophoblasts and chorio-
carcinoma cells (21). Both ntBD1 and rBD1 were cyto-

toxic to JAR choriocarcinoma cells with IC50 values of 10
ng/mL (Figure 2B). These data indicate that both sources
of BD1 were identical in potency and that the glycosy-
lation of ntBD1 did not interfere with the catalytic
activity. The difference in IC50 values between the cell-
free and cell-based protein synthesis inhibition assays
reflects the fact that in the cell-based assay the toxin
molecule must enter the cell and translocate into the
cytosol before it can catalytically inactivate the rRNA.
Toxicity of ntBD1 in Rats. Vascular leak syndrome

(VLS) has been the dose-limiting toxicity for a number
of immunotoxins tested in the clinic (8-10, 22). While
immunotoxin-induced VLS has not been seen in mice, it
has been observed in rats given either Pseudomonas
exotoxin-based immunotoxins or binding-defective forms
of Pseudomonas exotoxin (23, 24). Since it was unknown
whether the glycosylated state of ntBD1 would affect its
toxicity in vivo, experiments were performed to investi-
gate the toxicity of ntBD1 in rats. Pairs of female Wistar
Furth rats were administered ntBD1 (up to 60 mg/kg)
via intraperitoneal injection. No signs of toxicity were
observed at ntBD1 doses of up to 20 mg/kg (Table 1). At
40 and 60 mg/kg, two out of three and zero out of three
rats, respectively, survived, indicating that the LD50 of
ntBD1 in rats was between 40 and 60 mg/kg. This is
consistent with previous findings showing that the LD50
of rBD1 in rats was >25 mg/kg (6). In contrast, the LD50
values of PE40 and deglycosylated ricin A chain were 2.0
and 5 mg/kg, respectively (6).
Necropsy analysis of the animals 24 h after injection

of ntBD1 (60 mg/kg) revealed that the toxicity was
localized to the liver and lungs with the gastrointestinal
tract, spleen, heart, uterus, brain, kidney, and pancreas
all within normal histologic parameters. In the liver,
hepatocytes were swollen and some were necrotic. These
histologic changes are consistent with the clinical chem-
istry values obtained showing elevated liver transami-
nases, indicating liver injury. In the lungs, there was
focal edema in the parenchyma and widened perivascular

Figure 1. ntBD1 expression plasmid and SDS-PAGE of
purified ntBD1. (A) Schematic diagram of the ntBD1 expression
plasmid WRG5074. CaMV ) the cauliflower mosaic virus 35s
promoter. Ext ) the extensin leader sequence. NosA ) the Nos
poly(A) transcription terminator. (B) SDS-PAGE (12%) of
ntBD1 (lane 2) and rBD1 (lane 3). The molecular mass markers,
in kilodaltons, are shown in lane 1. Samples were electrophore-
sed under nonreducing conditions.

Figure 2. Comparison of the catalytic activity of ntBD1 versus rBD1. (A) Analysis of the cell-free protein synthesis inhibition
activity of ntBD1 (O) and rBD1 (0) in the rabbit reticulocyte lysate system. (B) Cytotoxic activity of ntBD1 (O) and rBD1 (0) on JAR
choriocarcinoma cells.

Table 1. LD50 of ntBD1 Ratsa

amount injected (mg/kg) no. surviving/no. injected

10 3/3
20 3/3
40 2/3
60 0/3

a Groups of Wistar Furth rats were administered the indicated
amount of ntBD1 via interperitoneal injection and were observed
for 10 days to determine survival.
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spaces containing scant inflammatory cells. The lung
toxicities, indicative of VLS, were similar to those ob-
served in rats 24 h after administration of 2 mg/kg of
BR96 sFv-PE40 (23) or PE40 alone (24). Thus, ntBD1
was approximately 30-fold less toxic to rats than PE40
with the dose-limiting toxicity in both cases being VLS.
Construction, Expression, and Purification of

BD1-G28-5 sFv. The use of tobacco cell culture for the
production of a single-chain immunotoxin consisting of
ntBD1 fused to the sFv region of the G28-5 mAb was
investigated. G28-5 recognizes the human CD40 anti-
gen (24), and we have previously shown that a single-
chain immunotoxin targeted to CD40 (G28-5 sFv-PE40)
specifically kills CD40-positive malignant cell lines both
in vitro and in vivo (18, 26). Additionally, we have
recently shown that BD1-G28-5 sFv expressed in E. coli
was cytotoxic to CD40-expressing cells in vitro (15). Since
the crystal structure of BD1 indicated that the N
terminus was less solvent accessible than the C terminus
(6), the C terminus of BD1 was fused to the N terminus
of G28-5 sFv (BD1-G28-5 sFv) rather than in the
opposite orientation (Figure 3A). This was the orienta-
tion of the fusion protein that yielded active material
when refolded from inclusion bodies isolated from E. coli.
After expression of ntBD1-G28-5 sFv, encoded by

WRG5293, the fusion protein was purified from tobacco
cell culture supernatant by cation exchange followed by
affinity chromatography using immobilized CD40-Ig. The
affinity eluate was subsequently purified by an additional
cation exchange step. Analysis of the purified sample
by SDS-PAGE under nonreducing conditions showed
two distinct proteins (Figure 3B), one migrating at 55
kDa, the expected size of the immunotoxin, and the
second migrating at 27 kDa. Western blot analysis with
anti-BD1 monoclonal antibodies and polyclonal anti-
G28-5 idiotype antiserum revealed that the 55 kDa

protein was ntBD1-G28-5 sFv (data not shown). The
27 kDa protein was recognized only by the anti-G28-5
antiserum and thus represents the sFv fragment, as
confirmed by N-terminal protein sequencing (data not
shown). The origin of the free sFv is not known, although
it is likely the result of proteolysis, either during expres-
sion in tobacco cell culture or during purification. How-
ever, analysis of the peptide linker between the BD1 and
G28-5 sFv moieties did not reveal any known protease
cleavage sites that would yield the N-terminal sequence
analysis obtained for this protein band (data not shown).
The difference in isoelectric points for G28-5 sFv and

BD1-G28-5 sFv (theoretical values of 7.0 and 9.0,
respectively) should have been sufficient to allow for
separation by ion exchange chromatography. The fact
that the sFv and ntBD1-G28-5 sFv molecules were
readily separated on SDS-PAGE under non-reducing
conditions but not by ion exchange chromatography
suggests that the two molecules may have been nonco-
valently associated, although the exact nature of this
association is unclear. In addition, the two protein
species could not be separated by gel filtration (data not
shown). Some sFv molecules have been shown to form
dimers in solution with the VH of one molecule associating
with the VL of a second molecule (27, 28), so it is possible
that a similar dimerization occurred between the sFv of
the fusion protein and the free sFv. Nevertheless, the
resulting BD1-G28-5 sFv preparation was >90% pure.
Binding and Cytotoxic Activity of ntBD1-G28-5

sFv. ntBD1-G28-5 sFv bound to immobilized CD40-Ig
as determined by an ELISA (Figure 4). This binding was
specific since it could be blocked by the addition of the
parental antibody G28-5 (10 µg/mL) but not by an
isotype-matched control antibody. The ability of ntBD1-
G28-5 sFv to inhibit protein synthesis in CD40-express-
ing cells, and therefore induce cytotoxicity, was exam-
ined. For this analysis, the Burkitt’s lymphoma cell lines
Raji and Daudi and the B lymphoblastoid line T51 were
used, all of which were previously shown to express CD40
(18). The T cell leukemia line HPB-ALL, which does not
express CD40, was used as a control. The three CD40-
positive lines were sensitive to the cytotoxic activity of
ntBD1-G28-5 sFv with IC50 values ranging from 0.2 to
1.0 ng/mL (Figure 5A). HPB-ALL cells were insensitive
to this immunotoxin even at 1 µg/mL. ntBD1 by itself
was not cytotoxic to any of the cell lines tested, indicating
that the cytotoxic effect on the CD40-positive lines was
a result of the immunotoxin being targeted to the
receptor. Furthermore, the cytotoxic activity was specif-
ically inhibited by the addition of 10 µg/mL G28-5 IgG

Figure 3. ntBD1-G28-5 sFv expression plasmid and SDS-
PAGE. (A) Schematic diagram of ntBD1-G28-5 sFv expression
plasmid WRG5293. CaMV ) the cauliflower mosaic virus 35s
promoter. Ext ) the extensin leader sequence. NosA ) the Nos
poly(A) transcription terminator. The underlined sequence
between the BD1 and sFv moieties is the amino acid sequence
of the cloning linker. (B) SDS-PAGE (12%) of ntBD1-G28-5
sFv (lane 2) run under nonreducing conditions.

Figure 4. ELISA binding of ntBD1-G28-5 sFv to immobilized
CD40-Ig. ntBD1-G28-5 sFv binding was analyzed without
competitor (0) or in the presence of 10 mg/mL G28-5 IgG (9) or
10 µg/mL isotype-matched control antibody (O).
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but not by the addition of an isotype-matched control
antibody (Figure 5B).

DISCUSSION

Immunotoxins can selectively eliminate malignant
cells expressing specific surface antigens in vivo. How-
ever, the clinical utility of immunotoxins has been limited
in large part by the nonspecific toxicities that are
associated with the toxin moiety rather than cross-
reactivities with normal tissues that express the target
antigen. The reduced toxicity observed with BD1 (the
LD50 of BD1 in rodents is 10-30-fold higher than that of
ricin A chain and PE40) indicates that this RIP repre-
sents an improvement over presently utilized toxins in
immunotoxin development.
The use of transgenic tobacco cell culture offers an

effective and robust means of producing BD1 and BD1-
containing single-chain immunotoxins. Soluble ntBD1
was readily obtained from tobacco cell culture without
refolding of denatured inclusion bodies as is required for
many products expressed in E. coli. Tobacco culture-
expressed ntBD1 was indistinguishable from rBD1 in
protein synthesis inhibition activity, cytotoxicity, and rat
toxicity, although ntBD1 migrated as a slightly larger
molecule than rBD1 on nonreducing SDS-PAGE. Ad-
ditionally, ntBD1-G28-5 sFv, a single-chain immuno-
toxin fusion protein targeted to the CD40 antigen, was
solubly expressed in tobacco tissue culture. This fusion
protein was specifically and potently cytotoxic to CD40-
expressing non-Hodgkin’s lymphoma cell lines in vitro,
demonstrating that tobacco cell culture is a viable system
for the production of RIP-based single-chain immuno-
toxins.
Plant cell culture offers an attractive alternative to

bacterial, yeast, and mammalian cells for the production
of heterologous proteins. It may also be possible to
express BD1 fusion proteins in transgenic plants such
as corn or soybean as a method for large scale production.
In this report, we have shown that tobacco cell culture
can be utilized to produce soluble forms of a plant
ribosome-inactivating protein, ntBD1 and a single-chain
immunotoxin containing BD1, ntBD1-G28-5 sFv. It is
anticipated that BD1-containing immunotoxins will like-
wise be less toxic than analogous PE40-containing im-
munotoxins. Comparative efficacy and toxicity studies
of the two single-chain anti-CD40 immunotoxins, ntBD1-
G28-5 sFv and G28-5 sFv-PE40, will ultimately allow
for determination of their relative therapeutic windows.

ACKNOWLEDGMENT

The authors thank Drs. J. Ledbetter and K. E. Hell-
ström for helpful discussions and Dr. D. Liggitt for
performing comprehensive necropsy analysis on the rats
used in the toxicity studies.

LITERATURE CITED

(1) Vitetta, E. S., Thorpe, P. E., and Uhr, J. W. (1993) Immuno-
toxins: magic bullets or misguided missiles? Immunol. Today
14, 252-259.

(2) Siegall, C. B., Wolff, E. A., Gawlak, S. L., Paul, L., Chace,
D., and Mixan, B. (1995) Immunotoxins as cancer chemo-
therapeutic agents. Drug Dev. Res. 34, 210-219.

(3) Pastan, I., Pai, L. H., Brinkmann, U., and FitzGerald, D.
(1996) Recombinant immunotoxins. Breast Cancer Res. Treat.
38, 3-9.

(4) Press, O. W. (1991) Immunotoxins. Biotherapy 3, 65-76.
(5) Siegall, C. B., Gawlak, S. L., Chace, D., Wolff, E. A., Mixan,
B., and Marquardt, H. (1994) Characterization of ribosome-
inactivating proteins isolated from Bryonia dioica and their
utility as carcinoma-reactive immunoconjugates. Bioconjugate
Chem. 5, 423-429.

(6) Gawlak, S. L., Neubauer, M., Klei, H. E., Chang, C. Y.,
Einspahr, H. M., and Siegall, C. B. (1997) Molecular, biologi-
cal, and preliminary structural analysis of bryodin 1, a
ribosome-inactivating protein from the plant Bryonia dioica.
Biochemistry 36, 3095-3103.

(7) Vitetta, E. S., Stone, M., Amlot, P., Fay, J., May, R., Till,
M., Newman, J., Clark, P., Collins, R., Cunningham, D.,
Ghetie, V., Uhr, J. W., and Thorpe, P. E. (1991) Phase I
immunotoxin trial in patients with B-cell lymphoma. Cancer
Res. 51, 4052-4058.

(8) Amlot, P. L., Stone, M. J., Cunningham, D., Fay, J.,
Newman, J., Collins, R., May, R., McCarthy, M., Richardson,
J., Ghetie, V., Ramilo, O., Thorpe, P. E., Uhr, J. W., and
Vitetta, E. S. (1993) A phase I study of an anti-CD22-
deglycosylated ricin A chain immunotoxin in the treatment
of B-cell lymphomas resistant to conventional therapy. Blood
82, 2624-2633.

(9) Sausville, E. A., Headlee, D., Stetler-Stevenson, M., Jaffe,
E. S., Solomon, D., Frigg, W. D., Herdt, J., Kopp, W. C., Rager,
H., Steinberg, S. M., Ghetie, V., Schindler, J., Uhr, J., Wittes,
R. E., and Vitetta, E. S. (1995) Continuous infusion of the
anti-CD22 immunotoxin IgG-RFB4-SMPT-dgA in patients
with B-cell lymphoma: a phase I study. Blood 85, 3457-3465.

(10) Pai, L. H., Wittes, R., Setser, A., Willingham, M. C., and
Pastan, I. (1996) Treatment of advanced solid tumors with
immunotoxin LMB-1: an antibody linked to Pseudomonas
exotoxin. Nat. Med. (N.Y.) 2, 350-353.

(11) LeMaistre, C. F., Craig, F. E., Meneghetti, C., McMullin,
B., Parker, K., Reuben, J., Boldt, D. H., Rosenblum, M., and
Woodworth, T. (1993) Phase I trial of a 90-minute infusion

Figure 5. Protein synthesis inhibition activity of ntBD1-G28-5 sFv. (A) Activity of ntBD1-G28-5 sFv on the CD40-positive cell
lines Daudi (0), T51 (O), and Raji (4) and the CD40-negative cell line HPB-ALL (×). Also shown is the activity of ntBD1 on T51 cells
(b). (B) Activity of ntBD1-G28-5 sFv in the presence of 10 mg/mL G28-5 IgG or isotype-matched control antibody. Daudi: with
G28-5 IgG (9) or with control antibody (0). T51: with G28-5 IgG (b) or with control antibody (O). Raji with G28-5 IgG (2) or with
control antibody (4).

712 Bioconjugate Chem., Vol. 8, No. 5, 1997 Francisco et al.



f the fusion toxin DAB486IL-2 in hematological cancers.
Cancer Res. 53, 3930-3934.

(12) Gardner, R. C., Howarth, A. J., Hahn, P., Brown-Luedi,
M., Shepherd, R. J., and Messing, J. (1981) The complete
nucleotide sequence of an infectious clone of cauliflower
mosaic virus by M13mp7 shotgun sequencing. Nucleic Acids
Res. 9, 2871-2888.

(13) DeLoose, M., Gheysen, G., Tire, C., Gielen, J., Villarroel,
R., Gentello, C., Van Montagu, M., Depicker, A., and Inze,
D. (1991) The extensin signal peptide allows secretion of a
heterologous protein from protoplasts. Gene 99, 95-100.

(14) Depicker, A., Stachel, S., Dhaese, P., Zambryski, P., and
Goodman, H. M. (1982) Nopaline synthase: transcript map-
ping and DNA sequence. J. Mol. Appl. Genet. 1, 561-573.

(15) Francisco, J. A., Gawlak, S. L., and Siegall, C. B. (1997)
Construction, expression and characterization of BD1-G28-5
sFv, a single-chain anti-CD40 immunotoxin containing the
ribosome-inactivating protein Bryodin 1. J. Biol. Chem. (in
press).

(16) Bubeck, P., Winkler, M., and Bautsch, W. (1993) Rapid
cloning by homologous recombination in vivo. Nucleic Acids
Res. 21, 3601-3602.

(17) McCabe, D. E., Swain, W. F., Martinell, B. J., and Christou,
P. (1988) Stable transformation of soybean (Glycine max) by
particle acceleration. BioTechnology 6, 923-926.

(18) Francisco, J. A., Gilliland, L. K., Stebbins, M. R., Norris,
N. A., Ledbetter, J. A., and Siegall, C. B. (1995) Activity of a
single-chain immunotoxin that selectively kills lymphoma and
other B-lineage cells expressing the CD40 antigen. Cancer
Res. 55, 3099-3104.

(19) Noelle, R. J., Roy, M., Shepherd, D. M., Stamenkovic, I.,
Ledbetter, J. A., and Aruffo, A. (1992) A 39-kDa protein on
activated helper T cells binds CD40 and transduces the signal
for cognate activation of B cells. Proc. Natl. Acad. Sci. U.S.A.
89, 6550-6554.

(20) Endo, Y., Mitsui, K., Motizuki, M., and Tsurugi, K. (1987)
The mechanism of action of ricin and related toxic lectins on
eukaryotic ribosomes: the site and the characteristics of the

modification in 28 S ribosomal RNA caused by the toxins. J.
Biol. Chem. 262, 5908-5912.

(21) Battelli, M. G., Montacuti, V., and Stirpe, F. (1992) High
sensitivity of cultured human trophoblasts to ribosome-
inactivating proteins. Exp. Cell Res. 201, 109-112.

(22) Conry, R. M., Khazaeli, M. B., Saleh, M. N., Ghetie, V.,
Vitetta, E. S., Liu, T., and LoBuglio, A. F. (1996) Phase I trial
of an anti-CD19 deglycosylated ricin A chain immunotoxin
in non-Hodgkin’s lymphoma: effect of an intensive schedule
of administration. J. Immunother. 18, 231-241.

(23) Siegall, C. B., Liggitt, D., Chace, D., Tepper, M. A., and
Fell, H. P. (1994) Prevention of immunotoxin-mediated
vascular leak syndrome in rats with retention of antitumor
activity. Proc. Natl. Acad. Sci. U.S.A. 91, 9514-9518.

(24) Siegall, C. B., Liggitt, D., Chace, D., Mixan, B., Sugai, J.,
Davidson, T., and Steinitz, M. (1997) Characterization of
vascular leak syndrome induced by the toxin component of
Pseudomonas exotoxin-based immunotoxins and its potential
inhibition with nonsteroidal anti-inflammatory drugs. Clin.
Cancer Res. 3, 339-345.

(25) Clark, E. A., and Ledbetter, J. A. (1986) Activation of
human B cells mediated through two distinct cell surface
differentiation antigens, Bp35 and Bp50. Proc. Natl. Acad.
Sci. U.S.A. 83, 4494-4498.

(26) Francisco, J. A., Schreiber, G. J., Comereski, C. R., Mezza,
L. E., Warner, G. L., Davidson, T. J., Ledbetter, J. A., and
Siegall, C. B. (1997) In vivo efficacy and toxicity of a single-
chain immunotoxin targeted to CD40. Blood 89, 4493-4500.

(27) Schodin, B. A., and Kranz, D. M. (1993) Binding affinity
and inhibitory properties of a single-chain anti-T cell receptor
antibody. J. Biol. Chem. 268, 25722-25727.

(28) Griffiths, A. D., Malmqvist, M., Marks, J. D., Bye, J. M.,
Embleton, M. J., McCafferty, J., Maier, M., Holliger, K. P.,
Gorick, B. D., Hughes-Jones, N. C., Hoogenboom, H. R., and
Winter, G. (1993) Human anti-self antibodies with high
specificity from phage display libraries. EMBO J. 12, 725-734.

BC970107K

Tobacco Culture-Expressed BD1 and BD1−G28-5 sFv Bioconjugate Chem., Vol. 8, No. 5, 1997 713



Synthesis and Biological Properties of Mannosylated Starburst
Poly(amidoamine) Dendrimers
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Starburst PAMAM dendrimers ending with mannopyranoside residues were readily synthesized in
large scale and good yields from commercially available dendrimers bearing high-density amine
functionality on their surface and p-isothiocyanatophenyl 2,3,4,6-tetra-O-acetyl-R-D-mannopyranoside.
The first four generations of this novel class of monodispersed neoglycoconjugates having up to 32
mannoside units were evaluated as ligands for the phytohemagglutinins from concanavalin A (Con
A) and Pisum sativum (pea lectin) using enzyme-linked lectin assay (ELLA) and turbidimetric analyses.
The binding properties of these glycodendrimers, together with reference monosaccharides, were
determined using yeast mannan as a coating antigen and peroxidase-labeled lectins. These
mannosylated dendrimers were demonstrated to be potent inhibitors with IC50 values 400 times better
than those of monomeric methyl R-D-mannopyranoside taken as a standard. Their lipophilic character
was shown to be sufficient for their direct use as coating antigens in microtiter plate assays. Moreover,
their ability to bind and form insoluble carbohydrate-lectin complexes was also demonstrated by
radial double immunodiffusion and turbidimetric analyses. Furthermore, the ability of these ligands
to selectively precipitate a mannose-binding protein (Con A) from a crude lectin mixture was also
demonstrated using polyacrylamide gel electrophoresis (SDS-PAGE). These multivalent neoglyco-
conjugates were shown to constitute novel biochromatography materials of high affinity for the easy
isolation of carbohydrate-binding proteins.

INTRODUCTION

The significant roles played by cell surface multian-
tennary glycoconjugates in mediating critical biological
events at the cellular level are now well-established (1).
Among known deleterious interactions, mannoside-end-
ing glycoproteins that serve as high-affinity ligands for
bacterial attachment to host tissues are of special interest
(2-4). Protective immune responses against bacterial
infections are mediated by serum mannose binding
proteins (MBP)1 (5, 6), followed by subsequent phagocy-
tosis of the pathogens by macrophages (7, 8). Therefore,
the study of such complex carbohydrate-cell surface
interplay makes it challenging for both chemists and
glycobiologists to design suitable glycomimetic inhibitors
having similar or even enhanced binding properties with
respect to those of naturally occurring multiantennary
glycoproteins. Such multivalent neoglycoconjugates would
have potential applications as antiadhesive agents or
even as cell-targeting devices (9, 10).
Previous studies from our group and others have

demonstrated the powerful protein binding properties of
multivalent neoglycoconjugates (11). The arrangement
of carbohydrate ligands into “clusters” can markedly
increase their binding capacity, thus compensating for
the relatively weak binding affinities of single monosac-

charide residues (KD ≈ 0.1-1 mM) (12). Neoglycopro-
teins (13), telomers (14), and glycopolymers (15-17)
nicely fulfill this multivalency criteria by providing up
to 1000-fold increases in binding properties. However,
the carbohydrate heterogeneity of these polydispersed
macromolecules makes accurate biophysical measure-
ments somewhat cumbersome. Thus, there is a need for
multivalent ligands with better defined densities and
geometrically well-organized scaffold.
Dendrimers (18-21), the first class of perfectly mono-

dispersed synthetic macromolecules, are globular or tree-
shaped molecules that truly resemble many biological
components in their sizes, shapes, and geometries. In-
corporation of terminal glycoside residues into these
hyperbranched structures would create well-defined mul-
tiantennary glycoconjugates, mimicking the naturally
occurring glycans found on cell surface glycoproteins.
Such spherical and bidirectional “glycodendrimers” (22)
have already been successfully prepared and demon-
strated powerful inhibitory properties against their
specific lectins. For instance, bidirectional poly(L-lysine)
dendrimers with sialic acid ending residues were shown
to strongly inhibit erythrocyte hemagglutination by
influenza A viruses (23). Furthermore, similar glyco-
dendrimers ending with R-D-mannopyranoside residues
showed up to 2000-fold increased inhibitory properties
toward concanavalin A and Pisum sativum (pea lectin)
binding to yeast mannan (24). They also showed promis-
ing application as biochromatography adsorbents for the
selective isolation of specific carbohydrate-binding pro-
teins from crude mixtures (25). Another type of spheroid
dendrimer ending with similar mannoside residues also
showed improved binding properties with mannose-
specific lectins (26). These encouraging results demon-
strate the biological potential of such molecules as high-
affinity ligands.
Tomalia and co-workers have synthesized poly(ami-

doamine) (PAMAM) dendrimers by a divergent growth
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procedure (18, 27). These dendrimers can be produced
in successive “generations” [G(0), G(1), G(2), ...] with well-
defined size and valency. These attractive molecules
have drawn a vast interest in many research areas,
finding diversified applications such as linker molecules
for radiolabeled antibodies (28), vectors in gene delivery
systems (29), or even soluble supports in combinatorial
chemistry (30). Interestingly, a recent study (31) dem-
onstrated the lack of immunogenicity and toxicity that
would preclude the use of PAMAM dendrimers in biologi-
cal applications. PAMAM dendrimers with terminal Tn
antigens (GalNAc R-Ser/Thr) (32), lactose and maltose
derivatives (33), and mannosides (34) have recently been
reported, but information about their physical and bio-
logical properties is scarce. We previously described the
easy and efficient coupling of different polyamine mol-
ecules to p-isothiocyanatophenyl R-D-mannopyranoside
(35). The resulting structures had enhanced binding
properties compared to other R-substituted mannopyra-
nosides (36-38). We therefore report herein the synthe-
sis and biological properties of novel p-isothiocyanatophen-
yl R-D-mannopyranosyl-substituted PAMAM dendrimers
using enzyme-linked lectin assays (ELLA), double im-
munodiffusion, and turbidimetric analyses. We also
highlight for the first time the possible use of these
dendritic molecules for the straightforward isolation and
purification of phytohemagglutinins.

MATERIALS AND METHODS

General Methods. Melting points were determined
on a Gallenkamp apparatus and are uncorrected. The
1H and 13C NMR spectra were obtained on a Brücker 500
MHz AMX NMR spectrometer. The proton chemical
shifts (δ) are given with respect to internal chloroform
(7.24 ppm) for CDCl3 solutions and with respect to
internal DMSO (2.49 ppm) for DMSO-d6 solutions. The
carbon chemical shifts are given relative to deuteriochlo-
roform (77.0 ppm) and to DMSO-d6 (39.5 ppm). The
assignments were based on COSY, DEPT, and HMQC
experiments. Optical rotations were measured on a
Perkin-Elmer 241 polarimeter and were carried out at
23 °C. Mass spectra were recorded on a Kratos Concept
IIH apparatus for FABMS using a glycerol matrix. Thin
layer chromatography (TLC) was performed using silica
gel 60 F-254 and column chromatography on silica gel
60. Optical densities (OD) for the ELLA tests and
turbidimetric measurements were performed on a Dy-
natech MR 600 Microplate Reader.
Reagents. The lectins from Triticum vulgaris (wheat

germ, WGA), Canavalia ensiformis (concanavalin A, Con
A), and peroxidase-labeled concanavalin A, along with
yeast mannan from Saccharomyces cerevisiae and bovine
serum albumin (BSA), were purchased from Sigma
(catalog numbers L 9640, C 2631, L 6397, M 7504, and
A-7638, respectively). Pea lectin (P. sativum, PSA) and
horseradish peroxidase-labeled pea lectin were obtained
from EY Laboratories (catalog numbers L-2701-10 and
H-2701-1, respectively). Methyl R-D-mannopyranoside
was purchased from Aldrich (Madison, WI) and p-
nitrophenyl R-D-mannopyranoside from Flüka. Monosac-
charide 1 and divalent mannosylated ligand 3 were
available from previous work (35). The Starburst PAM-
AM dendrimer cores [G(0)-G(3)] were kind gifts from R.
Spindler of Dendritech, Inc. (Midland, MI).
Synthesis of Mannopyranosylated Starburst PAM-

AM Dendrimers. Divalent and trivalent ligands 3 and
5 (Figure 1) were synthesized from ethylenediamine and
tris(2-aminoethyl)amine-based dendrimers and were in-
cluded for comparison purposes. Divalent mannosylated
ligand 3 was synthesized as previously described (35).

Briefly, p-isothiocyanatophenyl 2,3,4,6-tetra-O-acetyl-R-
D-mannopyranoside (1) (2.4 equiv) was added to a CH2-
Cl2 solution containing ethylenediamine (1 equiv) and a
catalytic amount of diisopropylethylamine (DIPEA). The
solution was stirred at room temperature for 1 h, and
the crude peracetylated ligand was purified by silica gel
column chromatography. Standard Zemplén de-O-acety-
lation (MeOH, NaOMe, pH 8.5) afforded compound 3 in
98% overall yield (50 mg) as a white amorphous solid.
Trivalent mannopyranosylated ligand 5 was also ob-
tained as an amorphous solid in 87% yield following the
same procedure.
Mannopyranosylated PAMAM dendrimers 9-12 (Fig-

ure 2) were synthesized using a different approach.
Methanolic PAMAM solutions G(0) and G(1) were evapo-
rated and coevaporated with CH2Cl2 four times under
reduced pressure. The residues obtained were dissolved
in CH2Cl2 (5 mL) along with compound 1 (1.2 equiv per
terminal amino group), and the solutions were refluxed
for 3 h. The resulting acetylated glycodendrimers 6-8
were purified by silica gel column chromatography in 55-
90% yields using the following eluent: 6 [G(0), 4-mer],
5:1 CHCl3/MeOH; 7 [G(1), 8-mer], 3:1 CHCl3/MeOH; 8
and [G(2), 16-mer], 10:6:1 CHCl3/MeOH/H2O. All prod-
ucts were obtained as foams.
De-O-acetylated glycodendrimers 9-13 were obtained

by stirring compounds 6-8 in MeOH containing 1 M
NaOMe (pH ≈8.5) overnight at room temperature. Ad-
dition of an equal volume of cold ether precipitated the
products which were filtered and rinsed with ether to
afford products 9-11 in 60-95% (80-100 mg) yields as
white powders.
Because of the lack of solubility of the G(3) PAMAM

generation (32-mer) in CH2Cl2, DMF was used as the
solvent and the solution was stirred at room temperature
for 48 h. The product was readily de-O-acetylated by the
addition of an equal volume of MeOH containing a
catalytic amount of 1 M NaOMe (pH ≈8.5). The solution
was stirred for 24 h, while maintaining the pH at ≈8.5
by addition of 1 M NaOMe, and then dialyzed against
1:1 H2O/DMSO (MW cutoff of 2000). Lyophilization in
water afforded glycodendrimer 12 in 55% yield as a white
powder.
Analytical Data for Starburst PAMAM Glycoden-

drimers. Compound 4: mp 108-111 °C dec; [R]D ) 66.8°
(c ) 0.50, CHCl3); 1H NMR (CDCl3) δ (ppm) 2.00 (2X),
2.01 and 2.16 (4s, 36 H, Ac), 2.64 (t, 6 H, J ) 0.7 Hz,
NCH2), 3.61 (bs, 6 H, CH2NH), 4.06 (m, 6 H, H-5 and
H-6′), 4.21 (dd, 3 H, J5,6 ) 5.2 Hz, J6,6′ ) 12.3 Hz, H-6),
5.33 (dd, 3 H, J3,4 ) 9.9 Hz, J4,5 ) 10.0 Hz, H-4), 5.38
(bs, 3 H, H-2), 5.49 (dd, 3 H, J2,3 ) 3.1 Hz, H-3), 5.50 (d,
3 H, J1,2 ) 1.5 Hz, H-1), 6.65 (b, 3 H, CH2NH), 7.04 (d, 6

Figure 1. Structures of divalent (3) and trivalent (5) man-
nopyranosylated ligands.
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H, Jo,m ) 8.8 Hz, H-ortho), 7.20 (d, 6 H, H-meta), 8.15 (b,
3 H, NH aromatic); 13C NMR (CDCl3) δ (ppm) 20.7 (3C)
and 20.9 (Ac), 43.2 (NCH2), 53.4 (CH2NH), 62.0 (C-6), 65.8
(C-4), 68.8 (C-3), 69.2 (C-2), 69.3 (C-5), 96.0 (C-1), 117.5
(C-ortho), 126.8 (C-meta), 154.1 (C-ipso), 169.9 (2C), 170.1
and 170.5 (CdO’s), 181.2 (CdS); MS (positive FAB) calcd
for C69H87N7O30S3 1589.5, found 1590.5 (M+ + 1, 0.1%).
Compound 5: mp 149-151 °C dec; [R]D ) 112.2° (c )

1.00, MeOH); 1H NMR (DMSO-d6) δ (ppm) 2.69 (t, 6 H,
J ) 0.6 Hz, NCH2), 3.41-3.66 (m, 21 H, CH2NH, H-3,
H-4, H-5, H-6, and H-6′), 3.82 (bs, 3 H, H-2), 4.48 (m, 3
H, OH-6), 4.76 (d, 3 H, J ) 5.6 Hz, OH-3), 4.84 (d, 3 H,
J ) 4.8 Hz, OH-4), 5.02 (d, 3 H, J ) 4.1 Hz, OH-2), 5.32
(s, 3 H, H-1), 7.04 (d, 6 H, Jo,m ) 8.8 Hz, H-ortho), 7.24
(d, 6 H, H-meta), 7.49 (bs, 3 H, CH2NH) 9.48 (b, 3 H, NH
aromatic); 13C NMR (DMSO-d6) δ (ppm) 42.0 (NCH2), 52.3
(CH2NH), 61.1 (C-6), 66.7 (C-4), 70.2 (C-3), 70.7 (C-2),
75.0 (C-5), 99.3 (C-1), 117.1 (C-ortho), 125.6 (C-meta),
153.6 (C-ipso), 180.5 (CdS); MS (positive FAB) calcd for
C45H63N7O18S3 1085.3, found 1086.3 (M+ + 1, 0.3%).
Compound 6: [R]D ) 52.3° (c ) 1.00, CHCl3); 1H NMR

(CDCl3) δ (ppm) 2.00, 2.01, 2.02, and 2.16 (4s, 48 H, Ac),
2.32 (bs, 8 H, Hb), 2.65 (bs, 8 H, Hc), 3.35 (d, 8 H, Hd),

3.70 (bs, 8 H, He), 4.06 (m, 8 H, H-5 and H-6′), 4.23 (dd,
4 H, J5,6 ) 5.4 Hz, J6,6′ ) 12.9 Hz, H-6), 5.34 (dd, 4 H,
J3,4 ) 9.9 Hz, J4,5 ) 10.0 Hz, H-4), 5.38 (dd, 4 H, J1,2 )
1.8 Hz, J2,3 ) 3.5 Hz, H-2), 5.48 (dd, 4 H, H-3), 5.49 (d, 4
H, H-1), 7.06 (d, 8 H, Jo,m ) 8.8 Hz, H-ortho), 7.23 (d, 8
H, H-meta), 7.65 (bs, 4 H, NHC(O)), 8.42 (bs, 4 H, NH-
aromatic); 13C NMR (CDCl3) δ (ppm) 20.7 (3C) and 20.9
(Ac), 34.0 (Cb), 39.5 (Cd), 44.6 (Ce), 49.9 (Cc), 50.6 (Ca),
62.1 (C-6), 65.8 (C-4), 68.9 (C-3), 69.3 (2C) (C-2 and C-5),
96.0 (C-1), 117.5 (C-ortho), 126.9 (C-meta), 132.0 (C-para),
154.1 (C-ipso), 169.7, 170.0 (2C) and 170.6 (CdO’s,
acetates), 173.4 (NHCdO’s), 181.6 (CdS).
Compound 7: [R]D ) 47.1° (c ) 1.50, CHCl3); 1H NMR

(CDCl3) δ (ppm) 1.98, 1.99, 2.00, and 2.14 (4s, 96 H, Ac),
2.27 (bs, 24 H, Hb), 2.46 (bs, 8 H, He), 2.64 (bs, 24 H,
Hc), 3.17 (bs, 8 H, Hd), 3.34 (bs, 16 H, Hf), 3.66 (bs, 16
H, Hg), 4.01-4.03 (m, 16 H, H-5 and H-6′), 4.21 (dd, 8
H, J5,6 ) 5.4 Hz, J6,6′ ) 12.2 Hz, H-6), 5.32 (dd, 8 H, J3,4
) 10.0 Hz, J4,5 ) 10.1 Hz, H-4), 5.36 (dd, 8 H, J1,2 ) 1.6
Hz, J2,3 ) 3.3 Hz, H-2), 5.45 (dd, 8 H, H-3), 5.47 (d, 8 H,
H-1), 7.02 (d, 16 H, Jo,m ) 8.5 Hz, H-ortho), 7.23 (d, 16
H, H-meta), 7.70 (bs, 12 H, NHC(O)), 8.65 (bs, 8 H, NH-
aromatic); 13C NMR (CDCl3) δ (ppm) 20.7 (3C) and 20.8

Figure 2. Structures of the G(0)-G(3) of mannopyranosylated PAMAM dendrimers [G(0)-G(2)].
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(Ac), 34.2 (Cb), 37.8 (Cd), 39.4 (Cf), 44.5 (Cg), 50.3 (Cc),
52.4 (Ce), 62.1 (C-6), 65.8 (C-4), 68.9 (C-3), 69.3 (2C) (C-2
and C-5), 96.0 (C-1), 117.3 (C-ortho), 126.8 (C-meta),
132.5 (C-para), 153.8 (C-ipso), 169.7, 170.0 (2C), and
170.6 (CdO’s, acetates), 173.7 (NHCdO’s), 181.6 (CdS).
Compound 8: [R]D ) 37.9° (c ) 1.00, CHCl3); 1H NMR

(CDCl3) δ (ppm) 1.96, 1.97, 1.99, and 2.12 (4s, 192 H, Ac),
2.26 (bs, 56 H, Hb), 2.46 (bs, 24 H, He), 2.63 (bs, 56 H,
Hc), 3.18 (bs, 24 H, Hd), 3.33 (bs, 32 H, Hf), 3.64 (bs, 32
H, Hg), 4.02 (m, 32 H, H-5 and H-6′), 4.20 (d, 16 H, H-6),
5.31 (d, 16 H, H-4), 5.35 (s, 16 H, H-2), 5.45 (m, 32 H,
H-3 and H-1), 7.00 (d, 32 H, Jo,m ) 8.5 Hz, H-ortho), 7.21
(d, 32 H, H-meta), 7.70 (bm, 28 H, NHC(O)), 8.65 (bs, 16
H, NH-aromatic); 13C NMR (CDCl3) δ (ppm) 20.7 (3C) and
20.8 (Ac), 34.1 (Cb), 37.7 (Cd), 39.4 (Cf), 44.5 (Cg), 50.3
(Cc), 52.4 (Ce), 62.0 (C-6), 65.8 (C-4), 68.9 (C-3), 69.2 (C-
2), 69.3 (C-5), 96.0 (C-1), 117.3 (C-ortho), 126.7 (C-meta),
132.6 (C-para), 153.8 (C-ipso), 169.6, 170.0 (2C) and 170.6
(CdO’s, acetates), 173.0 and 173.5 (NHCdO’s), 181.6
(CdS).
Compound 9: [R]D ) 66.0° (c ) 0.50, DMSO); 1H NMR

(DMSO-d6) δ (ppm) 2.20 (bs, 8 H, Hb), 2.43 (bs, 4 H, Ha),
2.63 (bs, 8 H, Hc), 3.21 (d, 8 H, Hd), 3.42-3.51 (m, 20 H,
He, H-4, H-5, and H-6′), 3.59 (d, 4 H, J6,6′ ) 11.1 Hz, H-6),
3.66 (dd, 4 H, J2,3 ) 2.5 Hz, J3,4 ) 8.8 Hz, H-3), 3.81 (s,
4 H, H-2), 4.40-5.00 (bm, 16 H, OH’s), 5.30 (s, 4 H, H-1),
7.01 (d, 8 H, Jo,m ) 8.5 Hz, H-ortho), 7.25 (d, 8 H,
H-meta), 8.06 (bm, NH’s); 13C NMR (DMSO-d6) δ (ppm)
33.3 (Cb), 38.1 (Cd), 43.7 (Ce), 49.8 (Cc), 51.0 (Ca), 61.1
(C-6), 66.8 (C-4), 70.2 (C-2), 70.7 (C-3), 74.9 (C-5), 99.3
(C-1), 117.0 (C-ortho), 125.5 (C-meta), 133.3 (C-para),
153.5 (C-ipso), 172.0 (CdO), 181.9 (CdS); MS (positive
FAB) calcd for C74H108N14O28S4 1768.7, found 1769.7 (M+

+ 1, 1.0%).
Compound 10: [R]D ) 54.4° (c ) 0.50, DMSO); 1H NMR

(DMSO-d6) δ (ppm) 2.20 (bs, 24 H, Hb), 2.42 (bs, 12 H,
Ha and He), 2.65 (bs, 24 H, Hc), 3.08 (bs, 8 H, Hd), 3.21
(bs, 16 H, Hf), 3.42-3.51 (m, 40 H, Hg, H-4, H-5, and
H-6′), 3.59 (d, 8 H, J6,6′ ) 11.1 Hz, H-6), 3.67 (d, 8 H, J2,3
) 2.3 Hz, H-3), 3.81 (s, 8 H, H-2), 4.40-5.00 (bm, 32 H,
OH’s), 5.30 (s, 8 H, H-1), 7.00 (d, 16 H, Jo,m ) 8.4 Hz,
H-ortho), 7.24 (d, 16 H, H-meta), 7.83 and 8.00 (2 bs,
NH’s); 13C NMR (DMSO-d6) δ (ppm) 33.3 (Cb), 37.0 (Cd),
39.4 (Cf), 43.6 (Cg), 49.6 (Cc), 50.9 (Ca), 52.2 (Ce), 61.0
(C-6), 66.7 (C-4), 70.1 (C-2), 70.7 (C-3), 74.8 (C-5), 99.3
(C-1), 116.9 (C-ortho), 125.4 (C-meta), 133.3 (C-para),
153.5 (C-ipso), 171.5 and 171.9 (CdO’s), 180.8 (CdS).
Compound 11: [R]D ) 57.5° (c ) 0.40, DMSO); 1H NMR

(DMSO-d6) δ (ppm) 2.19 (bs, 56 H, Hb), 2.42 (bs, 28 H,
Ha and He), 2.64 (bs, 56 H, Hc), 3.08 (bs, 24 H, Hd), 3.22
(bs, 32 H, Hf), 3.38-3.49 (m, 80 H, Hg, H-4, H-5, and
H-6′), 3.58 (d, 16 H, J6,6′ ) 10.8 Hz, H-6), 3.66 (bd, 16 H,
H-3), 3.81 (s, 16 H, H-2), 4.45 (bs, 16 H, OH-6), 4.73 (bs,
16 H, OH-3), 4.82 (bs, 16 H, OH-4), 5.00 (bs, 16 H, OH-
2), 5.30 (s, 16 H, H-1), 7.01 (d, 32 H, Jo,m ) 8.2 Hz,
H-ortho), 7.23 (d, 32 H, H-meta), 7.64, 7.78, 7.99, and
9.43 (4 bs, NH’s); 13C NMR (DMSO-d6) δ (ppm) 33.3 (Cb),
37.0 (Cd), 38.0 (Cf), 43.6 (Cg), 49.6 (Cc), 52.2 (Ce), 61.1
(C-6), 66.8 (C-4), 70.2 (C-2), 70.7 (C-3), 74.9 (C-5), 99.3
(C-1), 117.0 (C-ortho), 125.5 (C-meta), 133.2 (C-para),
153.6 (C-ipso), 171.4 and 171.9 (CdO’s), 180.9 (CdS).
Compound 12: [R]D ) 58.6° (c ) 0.50, DMSO); 1H NMR

(DMSO-d6) δ (ppm) 2.19 (bs, 120 H, Hb), 2.42 (bs, 60 H,
Ha and He), 2.65 (bs, 120 H, Hc), 3.08 (bs, 56 H, Hd),
3.22 (bs, 64 H, Hf), 3.41-3.49 (m, 160 H, Hg, H-4, H-5,
and H-6′), 3.58 (d, 32 H, J6,6′ ) 10.8 Hz, H-6), 3.66 (bs,
32 H, H-3), 3.81 (bs, 32 H, H-2), 4.44 (bs, 32 H, OH-6),
4.73 (bs, 32 H, OH-3), 4.81 (bs, 32 H, OH-4), 4.99 (bs, 32
H, OH-2), 5.30 (s, 32 H, H-1), 7.01 (d, 64 H, Jo,m ) 8.0
Hz, H-ortho), 7.23 (d, 64, H-meta), 7.62, 7.77, 7.99, and

9.41 (4 bs, NH’s); 13C NMR (DMSO-d6) δ (ppm) 33.2 (Cb),
36.9 (Cd), 38.0 (Cf), 43.6 (Cg), 49.5 (Cc), 52.2 (Ce), 61.0
(C-6), 66.7 (C-4), 70.1 (C-2), 70.7 (C-3), 74.9 (C-5), 99.2
(C-1), 116.9 (C-ortho), 125.4 (C-meta), 133.1 (C-para),
153.5 (C-ipso), 171.3 and 171.8 (CdO’s), 180.8 (CdS).
Enzyme-Linked Lectin Assay (ELLA). Linbro (Ti-

tertek) microtitration plates were coated with yeast
mannan (100 µL/well) diluted from a stock solution of
10 µg/mL in 0.01 M phosphate saline buffer (PBS, pH
7.3) at room temperature overnight for experiments done
with Con A. Alternatively, a similar concentration of
mannosylated copolyacrylamide copolymer (acrylamide:
mannoside ratio of 37:1) (24) was used for pea lectin
experiments. The wells were then washed three times
with 300 µL/well washing buffer [PBS containing 0.05%
(v/v) Tween 20] (PBST). This washing procedure was
repeated after each incubation throughout the assay. The
wells were then blocked with 150 µL/well BSA/PBS (1%)
for 1 h at 37 °C. After washing, the wells were filled with
100 µL/well serial dilutions of peroxidase-labeled con-
canavalin A (Con A-HRP) or lectin-peroxidase-labeled P.
sativum (PSA-HRP) from 10-1 to 10-5 mg/mL in PBS and
incubated at 37 °C for 1 h. The plates were washed, and
50 µL/well 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS) (1 mg per 4 mL) in citrate/
phosphate buffer (0.2 M, pH 4.0 with 0.015% H2O2) was
added. The reaction was stopped after 20 min by adding
50 µL/well H2SO4 (1 M), and the optical density (OD) was
measured at 410 nm relative to 570 nm. Blank wells
contained citrate/phosphate buffer. The concentration of
each lectin-enzyme conjugate that had an OD between
0.8 and 1.0 was used for inhibition experiments.
Inhibition Experiments. Linbro microtiter plates

were coated overnight at room temperature with yeast
mannan (100 µL of a 10 µg/mL stock solution). The
plates were then washed and blocked with BSA as
described previously. The monomers (methyl R-D- and
p-nitrophenyl R-D-mannopyranosides) and multivalent
mannosylated ligands (3, 5, and 9-12) were used as stock
solutions varying from 1 to 3 mg/mL PBS. Each inhibitor
was added in serial 2-fold dilutions (60 µL/well) in PBS
with 60 µL of the desired lectin-enzyme conjugate
concentration on Nunclon (Delta) microtiter plates and
incubated at 37 °C for 1 h. The above solutions (100 µL)
were then transferred to the antigen-coated plates which
were incubated for an additional 1 h at 37 °C. The plates
were washed as described above, and the ABTS substrate
was added (50 µL/well). Color development was stopped
after 20 min, and the OD was measured at 410 nm
relative to that at 570 nm. The data were plotted and
analyzed using Graphpad Inplot Software, v. 4.03. The
percent inhibitions were calculated as follows:

IC50’s were reported as the concentration required for
50% inhibition of the coating antigen.
Mannosylated Starburst PAMAMDendrimers as

Coating Antigens in ELLA. PAMAM glycodendrimers
9-12 were coated overnight on microtiter plates in
concentrations varying from 1 to 20 nmol/well. The wells
were then washed and blocked following the procedure
described above. Peroxidase-labeled concanavalin A was
then added, and the plates were incubated at 37 °C for 1
h. After washing, the ABTS substrate solution was
added, and color development was stopped after 20 min
by the addition of 1 M H2SO4. The OD was then
measured at 410 nm relative to 570 nm. Each test was
done in triplicate.

% inhibition ) [A(no inhibitor) -
A(with inhibitor)]/A(no inhibitor) × 100
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Turbidimetric Analysis. Turbidimetry experiments
were performed in Linbro (Titertek) microtitration plates
where an 80 µL/well stock lectin solution prepared from
Con A (1 mg/mL PBS) was mixed with a volume PAMAM
glycodendrimers 9-12 (stock solutions of 1 mg/mL PBS)
corresponding to 10 nmol of mannoside residues. The
total volume of each well was brought to 100 µL by the
addition of PBS. The solutions were diluted with PBS
to obtain a final volume of 100 µL per well and were then
incubated at room temperature for 2-3 h. The turbidity
of the solutions was monitored by reading the optical
density (OD) at 490 nm at regular time intervals until
no noticeable changes could be observed. Each test was
done in triplicate.
Agar Gel Diffusion. Agar gel diffusion experiments

were performed in 1% agarose containing 2% poly-
(ethylene glycol) (MW of 8000) in PBS buffer following a
procedure described elsewhere (39). The lectin (Con A)
and glycodendrimers tested (11 and 12) were used at a
concentration of 1 mg/mL in PBS. The precipitin bands
were allowed to form overnight at 4 °C and were stained
with 0.1% Coomassie Brilliant Blue solution.
Lectin Precipitation by Dendrimers. PAMAM

glycodendrimer 9 (20 µL, 1 mg/mL PBS) was added to a
Con A/WGA mixture (180 µL, 1 mg/mL PBS) and was
stirred overnight at room temperature. The insoluble
lectin-dendrimer complex was removed by centrifugation
(Fisher Micro-Centrifuge Model 235B, 14000g), and the
supernatant was transferred into a new Eppendorf tube
where another 20 µL of dendrimer solution was added.
The solution was stirred for 2 h and then centrifuged as
before. The supernatant was decanted and saved for
electrophoresis, whereas the pellets obtained from both
precipitations were resuspended in PBS. D-Mannose (3.0
mg) was added, and the solution was stirred at room
temperature for 1 h or until no more precipitate could
be observed. This solution was also saved for the
subsequent step.
Electrophoresis of Phytohemagglutinins. Sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out by the method of Laemmli (40)
using a Bio-Rad (Richmond, CA) Mini-PROTEAN II dual-
slab cell apparatus. Stock solutions of the lectins (1 mg/
mL for Con A and WGA) along with the lectin/dendrimer
solutions were diluted 1-fold with the electrophoretic
buffer [0.5 M Tris-HCl (pH 6.8) containing 10% (w/v)
SDS, 10% (v/v) glycerol, 5% (v/v) 2-mercaptoethanol, and
0.05% (w/v) bromophenol blue]. Bovine serum albumin
(BSA, 1 mg/mL) was used as a standard and also diluted
1-fold with the electrophoretic buffer. The samples were
heated at 95 °C for 5 min, and 25 µL portions were
applied to the gel. Electrophoresis was performed on a
1.5 mm thick gel in 12% acrylamide as the separating
slab gel (0.375 M Tris at pH 8.8) and in 4% acrylamide
as the stacking gel (0.125 M Tris at pH 6.8) with a
constant current of 50 mA until the tracking dye reached
the bottom of the gel. The bands were then stained with
0.1% (w/v) Coomassie Brilliant Blue solution (10% aque-
ous acetic acid and 40% aqueous methanol) for 3 h and
then destained (10% aqueous acetic acid and 40% aque-
ous methanol) overnight.

RESULTS AND DISCUSSION

Inhibitory Potency of Mannosylated Starburst
PAMAM Dendrimers. The binding properties of den-
dritic PAMAM ending with aryl R-D-mannopyranoside
residues were first established by enzyme-linked lectin
assays (ELLA) using the two model plant lectins con-
canavalin A (Con A) and P. sativum (pea lectin). The
R-anomeric configuration of the mannosides was chosen

because these two lectins were shown to possess stronger
binding affinity toward R-substituted D-mannopyranoside
derivatives than toward free D-mannose. Moreover,
mannopyranosides bearing aromatic R-aglycons also have
higher affinities than those bearing aliphatic aglycons
(36-38). Yeast mannan was used as the coating ligand
in microtiter plates for studies involving the inhibition
of HRP-labeled Con A binding. In the case of HRP-
labeled pea lectin, a low-density mannosylated polymer
(24) having an acrylamide:mannoside ratio of 37:1 was
used as the coating antigen since the measured optical
densities done with yeast mannan were too low. The
results for the inhibition of binding of Con A to yeast
mannan are shown in Figure 3 and Table 1. Methyl R-D-
mannopyranoside (Me R-D-Man) and p-nitrophenyl R-D-
mannopyranoside (pNO2 R-D-Man) were used as refer-
ence monomers.
Di- and trivalent ligands 3 and 5, where amine cores

constitute starting materials for PAMAM dendrimers,
were also included for comparison purposes. They re-
spectively showed 24- and 63-fold increased binding
potency when compared to Me R-D-Man in the inhibition
of binding of yeast mannan to Con A. However, it has
to be noticed that other divalent ligands with identical
R-substituted mannopyranoside residues have already
been reported to be almost 4 times more potent than
ligand 3 (35). Striking increases in inhibitory potencies
were achieved with mannosylated PAMAM dendrimers
9-12 which showed IC50’s from 12.4 µM (tetramer) to 2.3
µM (32-mer) against Con A. When the IC50’s for Con A
were plotted as a function of dendrimer valencies (Figure
4), it is possible to observe a plateau of inhibition at
dendrimer valencies of 4 (9) to 8 (10). This phenomenon
has also been previously observed with mannosylated
poly(L-lysine) dendrimers (24). When the values are
expressed on a per-mannoside residue basis, the highest
valency effect was obtained with octameric dendrimer 10
where each mannoside residue was 28 times more potent
than monomeric Me R-D-Man.
The results for pea lectin inhibition of binding to

mannosylated copolyacrylamide by the dendrimers are
also reported in Table 1. Dimeric (3) and trimeric (5)
ligands showed only slight improvements in inhibition
with IC50 values almost identical at 431 and 455 µM,
respectively. There was, however, a marked increase in
inhibitory potencies arising from tetravalent and octava-
lent dendrimers 9 and 10 with IC50’s of 34.0 and 17.5
µM, respectively. When expressed on a monosaccharide
basis, they both showed an approximate 28-fold increase
in potency, making them the best inhibitors. The higher-

Figure 3. Results from the inhibition of binding of peroxidase-
labeled Con A to yeast mannan by mannosylated ligands 3
(dimer) (*), 5 (trimer) (O), 9 (tetramer) (b), 10 (8-mer) (9), 11(16-mer) (2), and 12 (32-mer) ([).
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generation dendrimers 11 (16-mer) and 12 (32-mer)
demonstrated somewhat lower inhibition, with IC50’s of
87.8 and 36.2 µM, respectively. This represented only a
2.7-3.3-fold increase in inhibitory potency relative to that
of Me R-D-Man.
The lowest relative potencies on a per-mannoside

residue basis obtained with the higher dendrimer gen-
erations (dendrimers 11 and 12 with values of 18.8 and
12.6 for Con A and 2.7 and 3.3 for pea lectin, respectively)
may result from inaccessible mannoside residues for
binding due to steric crowding by bound lectin molecules.
In the case of pea lectin, the drop of potency observed
for the 16- and 32-mer (11 and 12) may also be attributed
to other factors such as the poorer ability of this divalent
lectin to form a well-organized cross-linked lattice with
the multivalent glycodendrimers when compared to tet-
ravalent Con A. It is also conceivable that the relative
molecular weights of the glycodendrimers (8300 for 11
and 16 900 for 12) play a major role when compared to
the size of the lectin themselves (102 000 for Con A and
only 49 000 for pea lectin). It is also noteworthy to
mention that low-valency dendrimers analogous to 3
(dimer) and 5 (trimer), which have less pronounced
tendency to cross-link the lectins at lower concentrations,
showed intrinsic affinities (KD) somewhat identical to
those of monosaccharides for Con A (R. Roy, D. Pagé, S.
Dimick, and E. J. Toone, unpublished data). This issue
raises some unresolved questions about the exact nature
of the so-called “cooperative” multivalent carbohydrate-
protein binding interactions.
The capacity of glycodendrimers 9-12 to act as coating

antigens was next evaluated in similar ELLA experi-
ments (Figure 5). From these results, it appeared that
all dendrimers were lipophilic enough to adhere to the
plastic wells, even in the range of 1-3 nmol per well,
making them very potent coating multivalent ligands.
This property may be particularly beneficial in direct
binding experiments. The “prozone” effect observed for

the larger dendrimer 12 (32-mer), which seems to “leak”
the microtiter plate at high concentrations, may be a
result of its more likely hydrophilic surface originating
from a globular shape and its larger size when compared
to smaller dendrimers.
Evidence for Direct Binding of Mannosylated

Dendrimers to Lectins. The highest ligand affinity
expressed by Con A relative to pea lectin can be explained
by the difference in valency between these two lectins.
At physiological pH, Con A exists as tetramers that may
facilitate the formation of stable cross-linked lattices with
mannosylated clusters (41), whereas the dimeric pea
lectin cannot promote such highly cross-linked complexes.
The ability of mannosylated dendrimers 11 (16-mer) and
12 (32-mer) to form such stable insoluble complexes with
Con A was first illustrated by agar gel diffusion (Figure
6). Clear precipitin bands were formed overnight, prov-
ing the cross-linking properties of these novel neoglyco-
conjugates. Polyacrylamide copolymers with allyl R-D-
mannopyranoside (top well) and with â-D-N-
acetylglucosamine (42) (right well) were used as positive
and negative controls, respectively.
The reactivity of all mannosylated PAMAM dendrim-

ers (9-12) toward Con A was further substantiated by
turbidimetric measurements as depicted in Figures 7 and
8. When glycodendrimers 9-12 were mixed with Con A
(at concentrations equal to 10 nmol of mannoside resi-
dues), insoluble complexes could be clearly and readily
visualized within a few minutes of mixing (Figure 7).
Here again, octavalent glycodendrimer (10) proved to be
the most efficient binder on a per-mannoside scale. The
reversibility of the carbohydrate-lectin interaction was
also demonstrated by the addition of a large excess of
D-mannose which helped in resolubilizing the lectin into
solution by an inhibition process (Figure 8). When the
analyses were repeated with pea lectin, no substantial

Table 1. Inhibition of Peroxidase-Labeled Concanavalin A and Pea Lectins by Mannopyranosylated PAMAM
Dendrimers

compound MW IC50 (µM)
Con A

relative potencya
∆∆G°

(kcal/mol) IC50 (µM)
pea lectin

relative potencya
∆∆G°

(kcal/mol)

Me R-D-Man 194.2 924 1.0 - 3850 1.0 -
pNO2 R-D-Man 301.3 105 3.5 -1.33 2489 1.5 -0.26
3 (dimer) 686.8 38.0 24.3 (12.2) -1.93 431 8.9 (4.5) -1.32
5 (trimer) 1086.7 14.7 62.9 (21.0) -2.51 455 8.5 (2.8) -1.29
9 (tetramer) 1770.3 12.4 75 (18.8) -2.61 34.0 113 (28.3) -2.87
10 (8-mer) 3936.6 4.1 224 (28.0) -3.28 17.5 220 (27.5) -3.27
11 (16-mer) 8269.3 3.1 301 (18.8) -3.45 87.8 43.8 (2.7) -2.29
12 (32-mer) 16 935.6 2.3 402 (12.6) -3.63 36.2 106 (3.3) -2.82
a Values in parentheses are based on per-mannoside residues.

Figure 4. Effect of dendrimer valency on the inhibition of Con
A to yeast mannan.

Figure 5. Enzyme-linked lectin assays (ELLA) using manno-
sylated PAMAM glycodendrimers 9 (b), 10 (9), 11 (2), and 12
([) as coating antigens for peroxidase-labeled Con A.
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precipitation occurred even after a few hours (not shown),
thus suggesting the higher solubility of the complex.
Starburst PAMAM Glycodendrimers as Chroma-

tography Adsorbents. The turbidimetric analyses
described above clearly demonstrated the ability of
PAMAM glycodendrimers to precipitate lectins in solu-

tion. Previous testings using similar types of mannosy-
lated dendrimers (24) also proved the precipitation to be
mannose-specific (Con A and pea lectins), whereas no
binding interactions could be observed for other lectins
(e.g. wheat germ agglutinin, WGA). These specific inter-
actions were therefore exploited for the isolation and
purification of such proteins from crude extracts. Selec-
tive isolation of Con A from crude mixtures has already
been made possible with poly(L-lysine)-based glycoden-
drimers (25). Mannosylated PAMAM dendrimers with
similar properties would represent useful chromatogra-
phy adsorbents because of their easy preparation. There-
fore, PAMAM glycodendrimer 9was added to an artificial
mixture of Con A and WGA, the first lectin being specific
for D-mannose and the other specific for N-acetylglu-
cosamine. When the mixture was stirred overnight, an
insoluble lectin-carbohydrate precipitate formed. This
Con A-dendrimer precipitate was removed from the
supernatant by centrifugation and resuspended in PBS
buffer where D-mannose was added to dissociate the
complex to resolubilize Con A. Electrophoresis under
reducing conditions (SDS-PAGE) of both supernatant
and precipitate fractions showed that, from the previous
Con A/WGA solution mixture (Figure 9, column D), only
trace amounts of Con A were left in the supernatant,
leaving WGA intact (column E), and that only Con A was
selectively precipitated by glycodendrimer 9 (column F)
with no trace of WGA. Modification of the terminal
carbohydrate residues could also make possible the
isolation of other types of lectins, showing the great
versatility of PAMAM dendrimers. Work is already
ongoing in order to reach these goals.

CONCLUSION

Starburst PAMAM dendrimers are multibranched
spherical molecules with well-defined size, shapes, and
geometries. The commercial availability of different
generations (valencies) of aminated PAMAM dendrimers
makes them useful precursor molecules for diverse
biological and nonbiological applications. Their use in
the synthesis of dendritic carbohydrate conjugates pro-
vides synthetic multiantennary glycan mimetics with
powerful binding properties. Incorporation of terminal
R-substituted mannoside residues furnished glycoden-
drimers showing an up to 400-fold increase in binding
capacities. Even expressed on a monosaccharide basis,
the relative inhibitory potencies are still high (up to 28
times more potent). They were also lipophilic enough to
constitute useful coating antigens in microtiter plate
assays even at concentrations as low as 1-3 nmol.

Figure 6. Agar gel diffusion of Con A (1 mg/mL, center well)
against poly(acrylamide-co-allyl R-D-mannopyranoside) (positive
control, top well), poly(acrylamide-co-â-D-N-acetylglucosamine)
(negative control, right well), mannosylated PAMAM dendrimer
11 (bottom well), and mannosylated PAMAM dendrimer 12 (left
well).

Figure 7. Time course for the turbidimetric analyses of Con
A with mannosylated PAMAM dendrimers at concentrations
corresponding to 10 nmol of mannoside residues: 9 (b), 10 (9),
11 (2), and 12 ([).

Figure 8. Precipitation of Con A with mannosylated PAMAM
dendrimer 9. From left to right: Con A (1 mg/mL PBS), a
solution of Con A and PAMAM dendrimer 9 (1 mg/mL), and a
Con A/dendrimer solution after addition of D-mannose showing
the reversibility of the precipitation reaction.

Figure 9. Electrophoresis of lectin/dendrimer 9 mixtures; (A)
BSA (standard), (B) Con A, (C) WGA, (D) artificial Con A/WGA
mixture, (E) Con A/WGA mixture after precipitation with
mannosylated dendrimer 9 (supernatant), and (F) Con A/WGA
mixture after precipitation with mannosylated dendrimer 9
(resuspended pellets, after two cycles of precipitation).

Mannosylated Starburst PAMAM Dendrimers Bioconjugate Chem., Vol. 8, No. 5, 1997 721



Furthermore, turbidimetric assays demonstrated the
ability of these ligands having as low as four residues to
bind and form stable cross-linked lattices with the lectins.
Their capacity to selectively precipitate their homologous
protein receptors from crude mixtures makes them
convenient tools for the rapid and easy isolation of
proteins. Other potential applications of such structures
could span from cell-targeting devices to inhibition of
bacterial adherence. The latest point is currently under
investigations with mannosides and other carbohydrate
ligands.
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Method for Radioiodination of Proteins Using N-Succinimidyl
3-Hydroxy-4-iodobenzoate
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A conjugation method has been developed for the radioiodination of proteins which should be adaptable
to kit formulation. m-Hydroxybenzoic acid was converted to 3-hydroxy-4-[131I]iodobenzoic acid in 65%
radiochemical yield using Chloramine-T as the oxidant. This intermediate was then converted to
N-succinimidyl 3-hydroxy-4-[131I]iodobenzoate ([131I]mSHIB) in 75% yield by reaction with N-
hydroxysuccinimide and dicyclohexylcarbodiimide in a reaction time of only 10 min. Monoclonal
antibody (mAb) 81C6 was labeled in 40-60% yield by reaction with [131I]mSHIB. Performing
purifications of radioiodinated compounds using cartridges instead of HPLC did not alter conjugation
efficiency, mAb immunoreactivity, or tissue distribution. Thyroid uptake of labeled mAb was low but
up to 2.4 times higher than that seen when the mAb was labeled with N-succinimidyl 3-[125I]-
iodobenzoate. These results suggest that [131I]mSHIB may be a useful reagent for the radioiodination
of proteins, particularly in contexts when less complicated purification methods would be advantageous.

INTRODUCTION

For many years, radioiodinated proteins have served
as valuable tools for basic biochemical research. An
advantage of this approach for labeling proteins is the
availability of multiple γ-emitting iodine radionuclides
including 125I and 131I, thus permitting direct compari-
sons, for example, of the tissue distribution of two
proteins in the same animal. In the clinical sector,
monoclonal antibodies (mAbs1) labeled with 131I, 123I, and
124I have received considerable attention for the diagnosis
and treatment of many types of cancer.
Because of its simplicity, the most common technique

used for the radioiodination of proteins is direct iodina-
tion using an oxidant, which results in the introduction
of iodine in the meta position of the benzene ring of
tyrosine residues (Hunter and Greenwood, 1962; Fraker
and Speck, 1978). Although these methods are easy to
perform in high radiochemical yield, at least two prob-
lems have been associated with their use. First, the
strong oxidizing conditions may compromise the biologi-
cal function of proteins and alter the antigen binding
capacity of mAbs (Hayes et al., 1988). Second, the chem-
ical similarity of the protein iodination site to thyroid
hormones renders directly labeled proteins susceptible
to dehalogenation in vivo due to endogenous deiodinases.
To circumvent these problems, conjugation labeling

agents have been developed for the radioiodination of
proteins; in general, these are reactive with the ε-amino
group of lysine residues [reviewed in Wilbur (1992)]. The
prototypical compound is the Bolton-Hunter reagent,
N-succinimidyl 3-(4′-hydroxy-3′-iodophenyl)propionic acid

(Bolton and Hunter, 1973). Proteins and peptides labeled
via the Bolton-Hunter reagent often have exhibited
improved biological function as well as a lower degree of
deiodination compared with directly radioiodinated pro-
teins (Vaidyanathan and Zalutsky, 1990). On the other
hand, conjugation efficiencies for the Bolton-Hunter
reagent have been low, generally between 15 and 30%
(Wood et al., 1975; Bolton et al., 1976; Vaidyanathan and
Zalutsky, 1990). More recent approaches have utilized
electrophilic destannylation to label a variety of N-
succinimidyl esters, which are similar to the Bolton-
Hunter reagent except that they lack a hydroxy group
on the benzene ring (Wilbur et al., 1989; Zalutsky and
Narula, 1987; Zalutsky et al., 1989). The absence of the
hydroxy group ortho to the iodination site is thought to
account for the up to 100-fold reduction in thyroid accum-
ulation (an indicator of deiodination) achieved when
mAbs are radioiodinated using these methods. Coupling
of N-succinimidyl 3-iodobenzoate (SIB) to proteins pro-
ceeds in about 2-fold higher yield than the Bolton-
Hunter reagent (Vaidyanathan and Zalutsky, 1990).
However, the advantages of SIB and similar reagents
have yet to be demonstrated in the clinical domain.
Routine application of reagents such as SIB is hindered
by the lack of commercial availablity of itsN-succinimidyl
3-(tri-n-butylstannyl)benzoate precursor and the need for
HPLC purification of SIB to obtain maximum immunore-
activity and coupling efficiency (Garg et al., 1989). HPLC
purification of SIB would be particularly problematic for
clinical radioimmunotherapy applications, for which
preparation of hundreds of millicuries of 131I-labeled mAb
frequently is required (Press et al., 1993).
It is thus desirable to develop alternative protein

radioiodination agents that can be prepared in high yield
using simple procedures, while generating a labeled mAb
with high immunoreactivity and substantial in vivo
stability. With this goal in mind, the current study was
undertaken to investigate the potential utility of N-
succinimidyl 3-hydroxy-4-iodobenzoate (mSHIB) (Chart
1) for the radioiodination of proteins. This reagent could
be prepared from commercially available starting materi-
als without HPLC purification, and a mAb could be
labeled using mSHIB in reasonable yield and with good
in vivo stability.

* Address correspondence to this author at Box 3808, Depart-
ment of Radiology, Duke University Medical Center, Durham,
NC 27710 [telephone (919) 684-7811; fax (919) 684-7122; e-mail
g405@acpub.duke.edu].

X Abstract published in Advance ACS Abstracts, August 15,
1997.

1 Abbreviations: mAb, monoclonal antibody; SIB, N-succin-
imidyl 3-iodobenzoate; pHBA, p-hydroxybenzoic acid; pHIBA,
3-iodo-4-hydroxybenzoic acid; pSHIB, N-succinimidyl 3-iodo-
4-hydroxybenzoate; mHBA, m-hydroxybenzoic acid; mHIBA,
4-iodo-3-hydroxybenzoic acid; mSHIB, N-succinimidyl 4-iodo-
3-hydroxybenzoate; NHS, N-hydroxysuccinimide; DCC, N,N′-
dicyclohexylcarbodiimide; DCU, N,N′-dicyclohexylurea.
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EXPERIMENTAL PROCEDURES

General. All reagents were purchased from Aldrich
unless otherwise specified. Radioiodinated SIB was
prepared from N-succinimidyl 3-(tri-n-butylstannyl)ben-
zoate using previously described procedures (Zalutsky
and Narula, 1987; Garg et al., 1989). Sodium [125I]iodide
and sodium [131I]iodide were obtained from Du Pont-New
England Nuclear (North Billerica, MA) in 0.1 N NaOH
solution. Murine mAb 81C6, obtained as a gift from Dr.
Darell Bigner (Department of Pathology, Duke Univer-
sity Medical Center), is of the IgG2b isotype and reacts
with an epitope of the extracellular matrix antigen
tenascin (Bourdon et al., 1983).
Melting points were determined on Fisher-Johns melt-

ing point apparatus and were uncorrected. NMR spectra
were obtained with a General Electric Midfield GN-300
spectrometer. Tetramethylsilane (δ ) 0) was used as an
internal reference. Mass spectra were obtained on a
ZAB-E high-resolution mass spectrometer (VG, Manches-
ter, England), on a Hewlett-Packard GC/MS/DS Model
HP-5988A instrument, or on a JEOL SX-102 high-
resolution mass spectrometer. HPLC was performed
with two LKB Model 2150 pumps, an LKB Model 2152
control system, an LKBModel 2138 fixed-wavelength UV
detector, and a BeckmanModel 170 radioisotope detector.
Peak analysis was performed with a Nelson Analytical
software package on an IBM computer.
Preparation of N-Succinimidyl 3-Hydroxy-4-io-

dobenzoate. A solution of 9.2 g of potassium iodide and
2.92 g of iodine in 23 mL of water was added over a period
of 10 min to a solution of m-hydroxybenzoic acid (3.3 g;
0.024 mol) in 545 mL of 30% ammonium hydroxide. The
mixture was stirred at room temperature for about an
hour and concentrated to about 80 mL by rotary evapora-
tion. The pH of the solution was adjusted to 4 with
concentrated hydrochloric acid, yielding a thick precipi-
tate. This precipitate was extracted with ethyl acetate,
and the ethyl acetate solution was washed with brine,
dried, and evaporated to yield 1.7 g (27%) of a solid. An
analytical sample was obtained by crystallization from
a 1:1 mixture of ethanol and water: mp 225-226 °C
(decomposes); TLC (86:1:5 chloroform/methanol/acetic
acid) Rf ) 0.75 vs 0.63 for starting material; NMR(CD3-
CN) δ 7.24 (dd, 1H; H-6; JHH ortho ) 8.25 Hz, JHH meta )
1.65 Hz), 7.43 (d, 1H; H-2; JHH meta ) 1.8 Hz), 7.83 (d, 1H;
H-5; JHH ortho ) 8.1 Hz). Verification that this iodinated
intermediate was 3-hydroxy-4-iodobenzoic acid was ac-
complished by heteronuclear multibond connectivity

(HMBC) NMR (Bax and Summers, 1986): MS (CI; NH3)
282 [(M + NH4)+], 265 (MH+), 246.
Dicyclohexylcarbodiimide (126 mg; 0.6 mmol) was

added to a mixture of 3-hydroxy-4-iodobenzoic acid (134
mg; 0.51 mmol) and N-hydroxysuccinimide (67 mg; 0.58
mmol) in 5 mL of dry THF, and the mixture was stirred
overnight at room temperature. The precipitated urea
derivative was filtered off and washed with THF. The
contents of the filtrate were adsorbed onto silica gel (1-2
g), and the product was isolated by silica gel chromatog-
raphy using ethyl acetate as the eluent (Rf ) 0.61 vs 0.2
for starting material in TLC using this eluent): yield 124
mg (68%); mp 195-197 °C; NMR (CD3CN) δ 2.84 (s, 4H;
-CH2CH2-), 7.34 (dd, 1H; H-6; JHH ortho ) 8.10 Hz,
JHH meta ) 1.5 Hz), 7.18 (d, 1H; H-2; JHH meta ) 1.8 Hz),
7.96 (d, 1H; H-5; JHH ortho ) 8.10 Hz), 8.25 (br s, 1H; OH);
HRMS (FAB+) calcd for C11H9INO5 (MH+) 361.9525,
found 361.9542.
N-Succinimidyl 3-Hydroxy-4-[125/131I]iodobenzoate

Preparation Using HPLC Purification. To simplify
purification, minimization of mHBA would be desirable,
and so the yield for this reaction was studied as a function
of mHBA concentration. Radiolabeling was performed
as follows: To 0.1-2.1 mCi of 125/131I in 3 µL or less of
0.1 N NaOH was added 5 µL of m-hydroxybenzoic acid
(mHBA) solution (final concentration 0.2 -6.3 mM) in
0.05 N NaOH and 5 µL of 0.04 M solution of Chloram-
ine-T in 0.1 M borate, pH 8.5. The pH of this final
mixture was 9.0-9.5. After 10 min of incubation at room
temperature, the reaction was quenched by adding 7 µL
of 0.4 M sodium bisulfite in 0.1 M borate. The product
was purified by reversed-phase HPLC using a Waters
µBondapak C18 column (3.9 × 300 mm) eluted with 110:
89:1 (v/v/v) methanol/water/acetic acid at a flow rate of
0.5 mL/min (tR ) 17-19 min vs 8.5 min formHBA). The
HPLC fractions containing the product activity (70%
radiochemical yield) were evaporated with an argon
purge to remove most of the methanol and acidified with
1 N HCl to a pH of about 1. The radioactive product was
extracted into ethyl acetate, and the ethyl acetate solu-
tion was washed with brine and dried with sodium
sulfate. After being concentrated to a small volume, the
solution containing the radioiodinated acid was trans-
ferred to a 0.5-dram vial and evaporated to dryness.
Esterification of [125/131I]mHIBA was achieved by ad-

dition of 30 µL each of 0.1 M solutions of N-hydroxysuc-
cinimide and DCC in dry ethyl acetate (Sure seal,
Aldrich). To minimize the duration of the labeling
procedure, the yield for the esterification step was
investigated as a function of incubation time. The
product was purified by silica gel HPLC using an Alltech
Partisil silica column (4.6 × 250 mm) eluted with 70:30:2
(v/v/v) hexane/ethyl acetate/acetic acid at a flow rate of
1 mL/min (tR ) 25 min). The optimized radiochemical
yield for this step based on HPLC was 85-90%.
N-Succinimidyl 3-Hydroxy-4-[125/131I]iodobenzoate

Preparation Using Solid-Phase Cartridge Purifica-
tion. About 2-3 mCi of 125/131I was evaporated to dryness
in an Eppendorf tube, and 5 µL of a 2.6 mM solution of
mHBA in 0.05 N NaOH was added followed by 5 µL of a
0.04 M solution of Chloramine-T in 0.1 M borate, pH 8.5.
After 10 min of incubation at room temperature, the
reaction was quenched by adding 7 µL of 0.4 M sodium
bisulfite in borate. For the purification of mHIBA, a
Waters tC18 ENV reversed-phase solid-phase cartridge
activated with methanol and water (6 mL each) was used.
The reaction mixture was loaded onto the cartridge and
eluted in sequence with 0.5 mL of water, 2 mL of 5:95:1
methanol/water/acetic acid, 3.5 mL of 10:9:1 methanol/
water/acetic acid, 2.5 mL of 50:50:1 methanol/water/acetic

Chart 1. Structure of Radioiodination Moiety/Site
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acid, and finally, several 0.25 mL portions of methanol.
The required [125/131I]mHIBA generally eluted in the third
through the sixth methanol fractions. The radiochemical
yield was 65-70%, and the HPLC of an aliquot indicated
a major single peak corresponding tomHIBA; nomHBA
was detected. After these fractions were pooled and the
methanol was evaporated, the [125/131I]mHIBA was redis-
solved in ethyl acetate and dried with sodium sulfate and
the esterification reaction was performed as described in
the previous section. Purification of the ester was
achieved by passing the reaction mixture through a silica
Sep-Pak (Waters) activated with 2 mL each of ethyl
acetate and hexane and then eluted with 2 mL of hexane,
5 mL of 5% ethyl acetate in hexane, 7 mL of 10% ethyl
acetate in hexane, 2 × 2 mL of 50% ethyl acetate in
hexane, and, finally, several 1 mL portions of ethyl
acetate. The required activity generally eluted in the
second 50% ethyl acetate/hexane and the first few ethyl
acetate fractions. The radiochemical yield for esterifi-
cation was 75-80%, and the product was >95% radio-
chemically pure by HPLC.
Radiolabeling of mAb 81C6 with [125/131I]mSHIB.

The HPLC or Sep-Pak fractions containing [125/131I]mSHIB
were evaporated with an argon stream to a small volume,
transferred to a 0.5-dram vial, and evaporated further
to dryness. A solution of 81C6 (5 mg/mL; 75 µL) in 0.2
M borate buffer, pH 9.0, was added, and the mixture was
incubated for 15-20 min at room temperature. Unre-
acted [125/131I]mSHIB was quenched by the addition of 0.3
mL of 0.2 M glycine in the above borate buffer, and the
incubation was continued for another 5 min. The labeled
mAb was purified by gel filtration using a Sephadex G-25
column and phosphate-buffered saline as the eluent. The
protein-associated activity was determined by TCA pre-
cipitation, and the purity of the labeled protein was
further assessed by gel filtration HPLC. For the latter,
a Bio-Rad 600 mm × 7.5 mm Bio-Sil SEC-250-10 column
was eluted with phosphate-buffered saline, pH 7.14, at
a flow rate of 1 mL/min.
Immunoreactive Fraction. The immunoreactive

fraction of 81C6 labeled with HPLC-purified [131I]mSHIB
was compared in a paired-label format to mAb labeled
with [125I]mSHIB purified using the cartridge procedure.
Approximately 100 ng of each preparation was incubated
with serial dilutions of tenascin-positive D-54 MG human
glioma homogenates at 4 °C for 18-20 h. The homoge-
nates were washed three times with phosphate-buffered
saline containing 2% human serum albumin, and the 125I
and 131I activity in the homogenate and supernatant was
counted in an automated gamma counter (LKB 1282,
Wallac, Finland) using a dual-label protocol. The im-
munoreactive fraction was determined according to the
method of Lindmo et al. (1984).
Tissue Distribution Measurements. These studies

were performed in a paired-label format in male BALB/c
mice weighing about 25 g. In the first study, the
biodistribution of 81C6 labeled with HPLC-purified [131I]-
mSHIB was compared with that labeled with [125I]SIB.
Mice were injected intravenously with 8 µCi (5 µg) of [125I]-
SIB-labeled 81C6 and 6 µCi (5 µg) of [131I]mSHIB-labeled
81C6. Groups of five animals were killed by halothane
overdose at 24, 48, 120, 144, and 168 h. In the second
study, the tissue distributions of 81C6 labeled with
HPLC-purified and Sep-Pak-purified mSHIB were com-
pared. Mice were injected with 7 µCi (10 µg) of 81C6
labeled with HPLC-purified [125I]mSHIB and 5 µCi (10
µg) of Sep-Pak-purified [131I]mSHIB, and tissue uptake
was determined at 24, 48, 60, and 168 h postinjection.
At necropsy, tissues of interest were isolated, washed,
blot-dried, and weighed. Tissues were then counted for

125I and 131I in a gamma counter using a dual-label
counting program. The percent injected dose per gram
of tissue was calculated by comparison to standards of
appropriate count rate. Since the tissue distribution was
performed in a paired-label format, with each animal
serving as its own control, a paired t test was used to
determine the statistical significance of differences be-
tween the uptake of the two radionuclides.

RESULTS AND DISCUSSION

Direct radioiodination is an efficient, convenient ap-
proach for protein labeling and, as a result, is the most
commonly used technique for basic and clinical applica-
tions. This remains the case despite its obvious draw-
backs. Exposure of the protein to oxidants can compro-
mise biological function and, for some mAbs, lower
immunoreactivity (Hayes et al., 1988). For in vivo
applications, dehalogenation can result in loss of label
from directly labeled proteins, decreasing their ability to
deliver radiation to specific cell populations.
An alternative is to use the Bolton-Hunter reagent,

which is commercially available labeled with 125I and thus
is only suitable for in vitro studies. The presence of the
two methylene groups between the ester functionality
and the iodine-substituted benzene ring decreases the
hydrolytic stability of this reagent, resulting in only
modest conjugation yields and, possibly, in vivo suscep-
tibility to hydrolytic enzymes (Vaidyanathan and Zalutsky,
1990). While reagents such as SIB have shown encour-
aging results for the radioiodination of proteins (Zalutsky
et al., 1989; Wilbur et al., 1989), their chemistry may not
be readily adaptable for widespread use, particularly in
centers without access to radio-HPLC.
Reagents such as SIB are synthesized via destannyl-

ation to avoid the need for a hydroxy group ortho to the
iodination site to activate the ring toward electrophilic
substitution. While this hydroxy group decreases the
strength of the carbon-iodine bond, it does not always
lead to rapid deiodination in vivo. For example, we
have reported that a mAb labeled using the Bolton-
Hunter reagent exhibited considerably lower thyroid
accumulation than the same mAb labeled using Iodogen
(Vaidyanathan and Zalutsky, 1990). This motivated us
to investigate pSHIB, which is analogous to the Bolton-
Hunter reagent except it does not contain the two
intervening methylene groups (Vaidyanathan et al.,
1993). The deiodination of a mAb labeled using pSHIB
was only slightly inferior to that of the same mAb labeled
with SIB. Unfortunately, the yields for coupling pSHIB
to mAbs were modest even with long reaction times. It
was hypothesized that these poor coupling efficiencies
were due to the presence of a hydroxy group at the para
position of the carboxylic ester group. The current study
was performed to investigate this possibilty through the
synthesis of the isomeric compoundmSHIB in which the
hydroxy group was moved to the meta position. In
addition, the adaptability ofm[131I]SHIB for preparation
by a kit method was studied.
HPLC standards ofmHIBA andmSHIB were prepared

following a procedure reported for the isomeric compound
(Vaidyanathan et al., 1993). Unlike the case for pHBA,
iodination of mHBA can result in three different monoio-
dinated regioisomers. Proof that the iodinated product
indeed was 3-hydroxy-4-iodobenzoic acid was provided by
a HMBC NMR experiment (Bax and Summers, 1986).
Since the ultimate goal of this work is to develop a

method that is adaptable to kit formulation, it is essential
to minimize impurities that may have deleterious effects
on the peptide or mAb. For example, the active ester of
m-hydroxybenzoic acid itself could react with lysine
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ε-amino groups and, if present in considerable amounts,
could alter its biological characteristics. To determine
the minimum amount of mHBA needed to have a
satisfactory radiochemical yield, the radioiodination of
mHBAwas studied as a function ofmHBA concentration.
The radiochemical yield for HIBA increased withmHBA
concentration, but the concentration dependence was not
dramatic (Figure 1A). While a yield of 43.5 ( 10.5% was
obtained with 0.2 mMmHBA, a yield of 62.3 ( 3.5% was
obtained when the concentration was 6.3 mM (p < 0.05).
An mHBA concentration of 1.3 mM was chosen for
subsequent radioiodinations, and this gave radiochemical

yields of 60-65%. In comparison, 3.9 mM pHBA had
been used previously for the preparation of 4-hydroxy-
3-[131I]iodobenzoic acid (Vaidyanathan et al., 1993).
Conversion of 4-hydroxy-3-[131I]iodobenzoic acid to the

corresponding NHS ester required 2-3 h (Vaidyanathan
et al., 1993). The esterification of 3-hydroxy-4-[131I]-
iodobenzoic acid was studied as a function of time.
Radiochemical yields of >75% were obtained in as little
as 5-10 min (Figure 1B). No further improvement in
yield was achieved by increasing the reaction time up to
1 h. Although different solvents were used in the two
studies (ethyl acetate,mHIBA; THF, pHIBA), the faster
kinetics observed for the meta isomer may be a result of
relatively higher susceptiblity of carboxyl carbonyl in
3-hydroxy-4-iodobenzoic acid toward nucleophilic attack
(vide infra).
One of the principal advantages of mHIBA compared

with pHIBA is the possible higher reactivity of the active
ester of the former with lysine ε-amino groups on
proteins. As mentioned before, poor coupling yields were
obtained for the conjugation of pSHIB to mAb 81C6, and
this was attributed to the influence of the hydroxy group
at the para position (Vaidyanathan et al., 1993). On this
basis, it was predicted that higher yields would be
obtained with mSHIB, and, in fact, conjugation efficien-
cies of 40-60% were observed when mAb 81C6 was
incubated with [131I]mSHIB for 20 min. Increasing the
incubation time up to 1 h did not result in any significant
increase in conjugation efficiency. In comparison, only
10-15% coupling yield was obtained at 1 h with pSHIB,
confirming the prediction thatmSHIB would offer better
conjugation yields.
The characteristics of 81C6 labeled with mSHIB pre-

pared and purified using HPLC were compared to those
obtained using the cartridge procedure. Size exclusion
HPLC demonstrated the presence of a single radioactive
peak with an elution time corresponding to that of IgG.
There was no shoulder on the peak, indicating the
absence of higher molecular weight aggregates in the
preparations. Previous studies with SIB have shown that
it is important to minimize cold active ester impurities
to maintain mAb immunoreactivity (Zalutsky and Naru-
la, 1988). The immunoreactive fractions for the binding
of 81C6 labeled to D-54 MG human glioma homogenates
were excellent. When the mAb was reacted withmSHIB
prepared using HPLC, an immunoreactive fraction of
95% was obtained compared with 91% with the cartridge
procedure. This is consistent with mass sprectroscopy
and IR analyses which did not detect any NHS ester of
mHBA in the mSHIB preparation (data not shown).
The tissue distribution of 81C6 mAb labeled with

HPLC-purified [131I]mSHIB was compared in normal

Figure 1. (A) Radiochemical yield for the preparation of [131I]-
mHIBA as a function of mHBA concentration. (B) Temporal
effect on the coupling efficiencies of [131I]mSHIB to 81C6.

Table 1. Paired-Label Tissue Distribution of Radioiodine in Normal Mice following Injection of 81C6 Labeled with
[125I]SIB and with [131I]mSHIB

% injected dose per organa

1 day 5 days 6 days

tissue SIB mSHIB SIB mSHIB SIB mSHIB

liver 4.29 ( 0.51 4.10 ( 0.50 1.59 ( 0.18 3.24 ( 0.35 1.23 ( 0.11 3.08 ( 0.44
spleen 0.34 ( 0.04 0.29 ( 0.03 0.12 ( 0.02 0.19 ( 0.03 0.08 ( 0.01 0.17 ( 0.02
lungs 1.97 ( 0.46 2.26 ( 0.62b 0.85 ( 0.38 2.08 ( 0.97 0.41 ( 0.06 1.16 ( 0.19
heart 0.53 ( 0.10 0.57 ( 0.11 0.19 ( 0.03 0.43 ( 0.05 0.12 ( 0.03 0.35 ( 0.10
kidneys 1.83 ( 0.18 1.77 ( 0.19b 0.57 ( 0.07 1.21 ( 0.15 0.44 ( 0.04 1.15 ( 0.17
stomach 0.50 ( 0.07 0.48 ( 0.06b 0.13 ( 0.01 0.26 ( 0.04 0.09 ( 0.01 0.23 ( 0.05
sm intest 2.39 ( 0.27 2.04 ( 0.24 0.78 ( 0.13 1.42 ( 0.22 0.59 ( 0.08 1.33 ( 0.22
lg intest 1.06 ( 0.13 1.00 ( 0.06b 0.33 ( 0.04 0.65 ( 0.10 0.26 ( 0.04 0.62 ( 0.12
muscle 10.55 ( 1.67 10.72 ( 1.73b 4.06 ( 0.64 8.56 ( 1.09 2.74 ( 0.26 7.23 ( 0.43
bone 5.55 ( 0.91 4.64 ( 0.76 .88 ( 0.27 3.13 ( 1.57 1.26 ( 0.07 2.59 ( 0.20
blood 20.93 ( 1.62 26.82 ( 1.93 7.12 ( 0.84 18.99 ( 1.57 5.11 ( 0.48 16.82 ( 1.74
brain 0.17 ( 0.03 0.20 ( 0.03 0.06 ( 0.01 0.13 ( 0.02 0.04 ( 0.00 0.11 ( 0.02
a Mean ( SD (n ) 5). b The difference between two values statistically not significant by a t test (p > 0.05).
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mice with that for mAb labeled with [125I]SIB. SIB was
chosen for comparison because use of this reagent
reduced dehalogenation and normal tissue levels and
increased tumor uptake and therapeutic efficacy com-
pared with mAb labeled via the Iodogen method (Zalutsky
et al., 1989; Schuster et al., 1991). The paired-label
thyroid uptake of 81C6 labeled with [131I]mSHIB and
with [125I]SIB is shown in Figure 2. Initially, the differ-
ence in uptake of 131I and 125I was small but statistically
significant (p < 0.05). With time the difference increased
and by day 7, the percent injected dose (ID) of 131I was
2.5-fold higher than that of 125I. Nonetheless, thyroid
accumulation of radioiodine from mAb labeled using
mSHIB was <0.6% ID at all time points. These levels
were similar to those observed with 81C6 labeled using
[131I]pSHIB and 10-fold lower than seen when this mAb
was labeled using the Iodogen method (Vaidyanathan
and Zalutsky, 1990, 1993).
The percent injected dose of radioiodine retained by

other normal tissues at 1, 5, and 6 days after injection of
81C6 labeled with [131I]mSHIB and with [125I]SIB is
summarized in Table 1 (data for other time points is pro-
vided in Supporting Information). On day 1, the distri-
butions of the two radioiodine nuclides were quite similar
with the exception of the blood, where significantly higher
activity levels were observed for mAb labeled with [131I]-
mSHIB (26 .82 ( 1.93% ID versus 20.93 ( 1.62% ID; p
< 0.05). However, by day 5, significantly higher levels
of 131I were found in most normal tissues compared with
125I. At this time, differences of about a factor of 2-3
were seen in liver, lungs, kidneys, and blood. It is
interesting to note that when the tissue distributions of
81C6 labeled with [131I]pSHIB and [125I]SIB were com-
pared, higher tissue levels were seen for the former
(Vaidyanathan et al., 1993); however, the magnitude of
the difference was much higher in the present case.
The presence of impurities in mSHIB preparations

could affect the distribution of mAbs labeled with this
reagent. Previous studies have shown that higher levels
ofN-succinimidyl (tri-n-butylstannyl)benzoate precursor
altered the distribution of a mAb F(ab′)2 fragment labeled
using SIB preparations (Zalutsky and Narula, 1988). A
second paired-label experiment was performed to deter-
mine whether the tissue distribution of 81C6 labeled with

mSHIB prepared via the cartridge procedure was the
same as that obtained when HPLC-purifiedmSHIB was
used. As shown in Figure 3, no differences in tissue
distribution of 81C6 mAb were seen when the simpler
mSHIB purification procedure was used.
Although the normal tissue retention of radioiodine for

mAb labeled withmSHIB was higher than that seen with
SIB at later time points, the magnitude of normal tissue
levels with mSHIB was not particularly high in any
organ and is consistent with the anticipated distribution
of an IgG molecule. The extent to which the normal
tissue uptake of mAbs labeled with mSHIB would be
problematic would depend on the nature of the applica-
tion. Imaging protocols with 13-h 123I generally focus on
the first day after injection, during which the normal
tissue uptake observed withmSHIB labeling was nearly
identical to that seen with SIB. For radioimmunothera-
peutic applications involving 131I, the increased normal
tissue levels observed at later time points with mSHIB
might detract from the potential utility of this reagent.
However, use of mAb fragments or use of nonintravenous
routes of labeled mAb administration are approaches that
might be particularly beneficial in tandem with mSHIB
for reducing the radiation dose received by normal
tissues.
Because the differences in uptake are apparent only

at later time points, it appears likely that the higher

Figure 2. Paired-label thyroid uptake of 131I and 125I following
injection of 81C6 labeled with [131I]mSHIB and [125I]SIB in
normal mice.

Figure 3. Paired-label tissue uptake of 131I and 125I following
injection of 81C6 labeled with [131I]mSHIB (cartridge) and [125I]-
mSHIB (HPLC) in normal mice.
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normal tissue retention for mAb labeled with mSHIB is
related to either a slower rate of degradation to more
rapidly clearing low molecular weight catabolites or the
generation of catabolites with more prolonged normal
tissue retention than those produced from mAbs labeled
using SIB. Catabolites created in the degradation of
mAbs labeled with SIB and pSHIB include the corre-
sponding aromatic acids, iodobenzoic acid (IBA) and
pHIBA, respectively (Vaidyanathan et al., 1993; Garg et
al., 1995). It is known that serum protein binding and
blood cell uptake of aromatic acids increase with lipo-
philicity (Láznı́ček and Láznı́čková, 1995). However,
pHIBA is less lipophilic than IBA, and hence one would
expect less background due to binding to blood elements
with the former. Although mHIBA would also be ex-
pected to be less lipophilic than IBA, it should be pointed
out that salicylic acid (o-hydroxybenzoic acid) actually
had a higher lipophilicity than benzoic acid (Láznı́ček and
Láznı́čková, 1995). An additional difference in catabolite
behavior is that IBA is cleared rapidly from normal
tissues as a glycine conjugate and pHIBA is not (Vaidy-
anathan et al., 1993). The catabolism of mAbs labeled
usingmSHIB will be investigated in future experiments.
A key objective of this study was to develop a method for
preparing mSHIB that would be adaptable to kit formu-
lation. The two HPLC purification procedures were
replaced by solid-phase cartridges. After radioiodination,
mHIBA was purified using a Waters tC18 ENV cartridge,
and after several trials, an elution protocol was identified
that isolated [125/131I]mHIBA in good purity. The esteri-
fication reaction mixture was passed through a Waters
silica solid-phase extraction cartridge using an optimized
elution pattern. In the development of this elution
protocol, care was taken to minimize the coelution of
NHS, DCC, and the byproduct DCU. The success of the
dual-cartridge approach is reflected by the fact that
radiochemical yields for these two steps were comparable
to those obtained with HPLC purification. More impor-
tantly,mSHIB so produced could be coupled to mAb 81C6
in high yield and excellent immunoreactivity.
In conclusion, a conjugation method that is adaptable

for a kit preparation has been developed for labeling
proteins. Compared with the Bolton-Hunter reagent,
mSHIB offers the advantage of an approximately 2-fold
higher protein coupling efficiency. Thyroid uptake in
normal mice (a monitor of deiodination) for a mAb labeled
usingmSHIB was low, suggesting that this reagent may
be useful for in vivo applications. This possibility will
be pursued in future experiments, which will investigate
the tissue distribution and catabolism of mAbs labeled
with mSHIB in athymic mice with human tumor xe-
nografts.

ACKNOWLEDGMENT
We thank Susan Slade for excellent technical as-

sistance. This work was supported by Grants CA 42324
and NS 20023 from the National Institutes of Health and
Grant FG02-96ER62148 from the Department of Energy.

Supporting Information Available: Paired-label tissue
distribution of radioiodine in normal mice (1 page).
Ordering information is given on any current masthead
page.

LITERATURE CITED
Bax, A., and Summers, M. F. (1986) 1H and 13C assignments
from sensitivity-enhanced detection of Heteronuclear Multiple-
Bond Connectivity by 2D multiple quantum NMR. J. Am.
Chem. Soc. 108, 2093-2094.

Bolton, A. E., and Hunter, W. M. (1973) The labelling of proteins
to high specific radioactivities by conjugation to a 125I-
containing acylating agent. Biochem. J. 133, 529-539.

Bolton, A. E., Bennie, J. G., and Hunter, W. M. (1976) Innova-
tions in labeling techniques for radiommunoassays. Protides
Biol. Fluids 24, 687-693.

Bourdon, M. A., Wikstrand, C. J., Furthmayr, H., Mathews, T.
J., and Bigner, D. D. (1983) Human glioma-mesenchymal
extracellular matrix defined by monoclonal antibody. Cancer
Res. 43, 2796-2805.

Fraker, P. J., and Speck, J. C. (1978) Protein and cell membrane
iodinations with a sparingly soluble chloramide 1,3,4,6-
tetrachloro-3a,6a-diphenylglycouril. Biochem. Biophys. Res.
Commun. 80, 849-857.

Garg, P. K., Archer, G. E., Jr., Bigner, D. D., and Zalutsky, M.
R. (1989) Synthesis of radioiodinated N-succinimidyl iodo-
benzoate: optimization for use in antibody labelling. Appl.
Radiat. Isot. 40, 485-490.

Garg, P. K., Alston, K. L., and Zalutsky, M. R. (1995) Catabolism
of radioiodinated murine monoclonal antibody F(ab′)2 frag-
ment labeled using N-succinimidyl 3-iodobenzoate and Io-
dogen methods. Bioconjugate Chem. 6, 493-501.

Hayes, D. F., Noska, M. A., Kufe, D. W., and Zalutsky, M. R.
(1988) Effect of radioiodination on the binding of monoclonal
antibody DF3 to breast carcinoma cells. Nucl. Med. Biol. 15,
235-241.

Hunter, W. M., and Greenwood, F. C. (1962) Preparation of
iodine-131 labelled human growth hormone of high specific
activity. Nature 194, 495-496.
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Anticoagulant polymer sulfated hyaluronic acid was patterned immobilized on a poly(ethylene
terephthalate) (PET) film in a specific pattern by photolithography. Hyaluronic acid was sulfated by
a sulfur trioxide-pyridine complex. The polymer was coupled with azidoaniline. The derivatized
polymer was cast on a PET film from aqueous solution. After drying, the film was photoirradiated in
the presence or absence of a photomask. The micropatterning was confirmed by staining with a dye,
brilliant green. Since the anticoagulant polymer has negative charges, the cationic dye was adsorbed
on the regions where the anticoagulant polymer was immobilized. Platelet adhesion was reduced on
the sulfated hyaluronic acid-immobilized areas. The immobilized sulfated hyaluronic acid significantly
reduced thrombus formation.

INTRODUCTION

One of the most widely employed approaches in the
synthesis of blood compatible materials is heparinization,
in which synthetic polymers are coated or immobilized
with heparin. Heparin is a natural polyanionic polysac-
charide carrying sulfonate groups (1, 2). Therefore,
several investigations using sulfonated polymers have
been performed (3-13). Recently, it has been found that
sulfated hyaluronic acid has a heparin-like property (14-
17).
In the present study, the anticoagulant polymer was

immobilized on a poly(ethylene terephthalate) (PET) film
and its interaction with blood was investigated. In order
to immobilize the polymer on the film surface, the
photoimmobilization method developed by Matsuda and
Sugawara (18-21) was used. Because the method does
not need the presence of functional groups on the matrix
surface to connect the functional unit with the polymer,
it has been applied for surface functionalization of
conventional polymers (22, 23). Micropatterning of an-
ticoagulant polysaccharide by the photolithography tech-
nique allowed visualization of interactions with blood in
the regions with or without immobilized polysaccharide.

MATERIALS AND METHODS

Materials. 4-Azidoaniline hydrochloride, 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (water-
soluble carbodiimide, WSC), Triton X-100, and brilliant
green were purchased from Wako Pure Chemical Ind.
Ltd. (Osaka, Japan). The photolithographic mask was
purchased from Nippon Filcon Co., Ltd. (Osaka, Japan).
Poly(ethylene terephthalate) (PET) film (diameter, 13.5
mm) was purchased from Akita Sumitomo Bake Co.

(Akita, Japan). Bovine serum albumin (BSA) was pur-
chased from Intergen Co. (Purchase, NY). Propidium
iodide was purchased from Sigma Co. (St. Louis, MO).
Vectashield mounting medium for fluorescence was
purchased from Vector Laboratories, Inc. (Burlingame,
CA).
Synthesis of the Photoreactive Polymer. The

synthetic scheme of the photoreactive polymer is shown
in Figure 1. Sulfated hyaluronic acid (SHyal) was
prepared as previously reported (14-17). Briefly, a
solution of tributylammonium hyaluronate in N,N-di-
methylformamide (DMF) was mixed with a solution of
the sulfur trioxide-pyridine complex in DMF under a
nitrogen gas flow. The mixture was kept at 0 °C for 1 h.
Then, double-distilled water and a 1 M NaOH solution
were added. The sulfated hyaluronic acid was precipi-
tated by an excess of ethanol. The product was separated
by centrifugation (15 min at 1500 rpm) and dialyzed
against double-distilled water in a dialysis tube with a
cutoff MW of 12 000. The solution was then lyophilized.
The purified product was referred to as SHyal. NMR
analysis revealed that 87.5% of the OH groups were
sulfated (14).
SHyal (18.20 mg), 4-azidoaniline (7.75 mg), and WSC

(10 mg) were dissolved in deionized water (20 mL), and
the pH of the solution was adjusted to 7.0. The solution
was stirred at 4 °C for 24 h. Then, the solution was
ultrafiltered (Millipore MoleCut II, filtration off below a
MW 10 000) and the residue was repeatedly washed with
distilled water until the absence of 4-azidoaniline in the
filtrate was confirmed by ultraviolet absorption at 257
nm. The purified solution was then lyophilized. The
photoreactive SHyal conjugate is referred to as AzPhS-
Hyal. The content of azidophenyl groups in the copoly-
mer was measured by ultraviolet absorption.
Photoimmobilization. The microprocessing proce-

dure is shown in Figure 2. An aqueous solution of
AzPhSHyal (1 mg/mL, 0.1 mL) was dropped onto a PET
film and air-dried at room temperature. Subsequently,
the film was irradiated with an ultraviolet lamp (Koala,
100 W) at a distance of 5 cm for 10 s in the presence or
absence of a photomask. The film was washed with
distilled water until the absence of AzPhSHyal in the
wash was confirmed by ultraviolet spectroscopy. The
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PET film immobilized with AzPhSHyal in a specific
pattern was immersed in an aqueous solution of brilliant
green (1 mg/mL) for 5 min. After washing with distilled
water, the stained film was observed using a microscope
(Olympus Co., Tokyo, Japan).
Anticoagulant Activity Assays. Human blood was

collected by gravity through a 19-gauge scalp vein needle
into polypropylene tubes containing 1 part of ACD
solution for 9 parts of blood. The ACD solution contains
anhydrous D-glucose (2.45 g), sodium citrate dihydrate
(2.20 g), and citric acid monohydrate (0.08 g) in distilled
water (100 mL). The citrated blood was used for the
following measurements: recalcification coagulation time,
platelet adhesion, and in vitro thrombus formation.
The recalcification coagulation time was measured as

follows. SHyal or AzPhSHyal (2.5 mg) was added in
tubes containing 0.5 mL of citrated blood, and subse-
quently, 0.05 mL of 0.1 M CaCl2 was added. The tubes
were gently mixed until the thrombus was formed. The
time required for thrombus formation was measured.
The platelet adhesion experiment was performed as

follows. The citrated human blood was centrifuged at

1200 rpm for 20 min at 4 °C. The supernatant (0.2 mL),
which is platelet-rich plasma, was added to the micro-
processed PET film. After incubation at 37 °C for 2 h,
the film was gently washed with distilled water and
immersed in a phosphate-buffered saline (PBS) solution
containing 3% paraformaldehyde for 10 min. The film
was washed three times for 10 min each with PBS and
treated with PBS containing 0.25% Triton X-100. After
washing with PBS three times, the film was incubated
in PBS containing 3% BSA at room temperature for 1 h.
Subsequently, the film was incubated in PBS containing
0.1% BSA and 1 µg/mL propidium iodide at room tem-
perature for 1 h. The film was washed three times for
10 min each with PBS, briefly rinsed with distilled water,
and then mounted in Vectashield mounting medium. The
film adhered with platelets was observed by a fluores-
cence microscope (Olympus).
In vitro thrombus formation on the sample film was

carried out as reported previously (24). The citrated
blood (0.2 mL) was put to a sample film, and 0.02 mL of
a 0.1 M CaCl2 solution was added. After incubation at
37 °C for a prescribed period, the film was gently washed
with distilled water and immersed in a PBS solution
containing 3% paraformaldehyde for 10 min. Then, the
formed thrombus was weighed after drying.

RESULTS

Synthesis and Activity of AzPhSHyal. Ultraviolet
spectra of SHyal and AzPhSHyal are shown in Figure 3.
In the spectrum of AzPhSHyal, an absorption at 268 nm

Figure 1. Preparation of azidophenylamino-derivatized sul-
fated hyaluronic acid.

Figure 2. Photoimmobilization of azidophenylamino-deriva-
tized sulfated hyaluronic acid. The photoimmobilization was
carried out with or without a photomask.

Figure 3. UV spectra of 4-azioaniline (6.2 µg/mL), azidophe-
nylamino-derivatized SHyal (34.0 µg/mL), and the original Shyal
(34.0 µg/mL).
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which is assignable to the azidophenyl group was ob-
served. The absorption was somewhat red-shifted from
the corresponding absorption of 4-azidoaniline. This shift
could be due to electron delocalization of the azidophenyl
group by the amido bond formation. Assuming that the
molecular absorption coefficient of azidophenyl group at
268 nm was the same as that of 4-azidoaniline at 257
nm, the content of azidophenyl groups in the copolymer
was 1.01 ( 0.04 mol/mol of disaccharide unit of sulfated
hyaluronic acid. It is known that one carboxyl group
exists in a disaccharide unit of SHyal. Under the present
reaction conditions, the carboxyl groups were fully coupled
with the azidophenylamino group.
Table 1 shows the recalcification coagulation time of

the two kinds of sulfated hyaluronic acids. The incor-
poration of the azidophenylamino group did not seem to
affect the anticoagulant activity of SHyal. This result
indicates that the availability of carboxylate groups,
unlike that of heparin (25), is not indispensable for the
anticoagulant activity of SHyal. In fact, in the case of
SHyal, the anticoagulant activity is mainly based on its
high density of negative charges as previously demon-
strated (15). Since AzPhSHyal can elongate the coagula-
tion time in the solution, the polymer was immobilized
on a substrate.
Micropattern Immobilization of AzPhSHyal. Az-

PhSHyal was photoimmobilized in the presence of a
photomask. Upon UV irradiation, the azidophenyl group
was easily photolyzed to generate highly reactive nitrene,
which spontaneously formed covalent bonds with the
neighboring hydrocarbon in the PET film surface. After
being thoroughly washed with distilled water, the im-
mobilized polymer was exactly in the pattern of the
photomask as shown in Figure 4. Since the polymer was
anionic, the cationic dye, brilliant green, selectively
stained the areas of AzPhSHyal immobilization.
Interaction with Blood. Platelet adhesion onto the

micropattern of immobilized AzPhSHyal is shown in
Figure 5. The adhered platelets were detected only in
the regions without AzPhSHyal immobilization. It is
visually shown that the micropatterning of sulfated
hyaluronic acid reduced the interaction of the PET film
with platelets.
Thrombus formation on the PET film with AzPhSHyal

photoimmobilized in the absence of the photomask was
investigated, and the result is shown in Figure 6. On
the AzPhSHyal-immobilized film, the thrombus was not
formed in the initial 20 min. The amount of thrombus
formed on the AzPhSHyal-immobilized PET film in 1 h
was about 25% of that formed on the PET film without
immobilization.
We previously showed that no thrombus formation was

found on the heparinized polyurethane over the course
of 20 min by the same evaluation method (24). It was
demonstrated that the antithrombogenic effect of im-
mobilized sulfated hyaluronic acid corresponded to that
of immobilized heparin.

DISCUSSION

Hyaluronic acid is a linear polysaccharide and consists
of repeating disaccharide units of â-glucuronic acid and

N-acetyl-â-D-glucosamine. By itself, hyaluronic acid
shows a growth-promotion effect, and investigations were
carried out to enhance wound-healing properties, for
instance, by culturing human keraticocytes on sponges
and membranes composed of the benzyl ester of hyalu-
ronic acid (26). Inoue and Katakami (27) reported that
the hyaluronic acid stimulated proliferation of epithelial
cells more than fibronectin and that as the result corneal
epithelial wound healing was promoted. Hamann et al.
(28) demonstrated that hyaluronic acid promoted prolif-
eration of undifferentiated progenitor cells through the

Table 1. Recalcification Coagulation Times of Sulfated
Hyaluronic Acid

sample timea (min)

nothing 20 ( 3
sulfated hyaluronic acid >120
azidophenylamino-derivatized sulfated
hyaluronic acid

>120

a n ) 5, ( standard deviation.

Figure 4. Micrographs of (a) an AzPhSHyal-immobilized film
and (b) a photomask. AzPhSHyal was stained by brilliant green.

Figure 5. Fluorescence micrograph of platelets adhered onto
a PET film micropattern-immobilized with AzPhSHyal. The
adhered platelets were stained by fluorescent propidium iodide.
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CD44 receptor on the surface of progenitor during eosi-
nopoiesis in vitro. Recently, Rooney et al. (29) reviewed
the role of hyaluronic acid in tumor neovascularization
upon which tumor growth and metastasis are totally
dependent. They suggested a model to account for
hyaluronic acid of differing molecular mass being present,
at different locations, within a single tumor and how this
hyaluronic acid aids both general tumor growth and
tumor metastasis (29). To endow the polymer with
anticoagulant properties, hyaluronic acid was sulfated
by Balazs et al. (30). The sulfated hyaluronic acid
(SHyal) inactivated thrombin in a manner different from
that of heparin. While heparin inhibits thrombin via
antithrombin III, SHyal directly binds thrombin by
specific electrostatic interactions (15).
To make conventional polymers antithrombogenic,

several methods, including coating and immobilization
of the anticoagulant, have been developed. Covalent
immobilization is thought to be suitable for attaining a
long-term antithrombogenicity. However, the presence
of functional groups such as carboxyl groups and amino
groups is needed on the matrix surface as a scaffold for
covalent immobilization. The photoimmobilization method
used in the present investigation does not need such
functional groups. The photochemical method was used
by Erdtmann et al. (31) to immobilize heparin, dermatan
sulfate, and dextran sulfate. Kuijpens et al. (32) also
photoimmobilized a small molecule, theophylline, on
medical-grade polyurethane for inhibition of surface-
induced activation of blood platelets by the same method
in which a 4-azidophenylamino group is involved. Al-
though they did not use a lithographic technique and did
not investigate the interaction of photoimmobilized mate-
rial with whole blood, they found that the theophylline-
immobilized polyurethane reduced platelet adhesion by
1 order of magnitude. Considering no platelet adhesion
on AzPhSHyal-immobilized regions, the immobilized
AzPhSHyal was more effective than the immobilized
theophylline.
In this investigation, it was shown that the polymer

having anticoagulant activity in the solution was photo-
immobilized on a conventional polymeric material to
make the material antithrombogenic. In the case of
heparinization of the material, the heparinized surface
generally reduced platelet adhesion, although the effect
of heparin on platelet is unclear in solution (1). On the
other hand, some anticoagulants did not effectively
reduce thrombus formation after immobilization. For
synthesis of blood compatible materials, it is necessary
to choose adequate anticoagulants and immobilization
methods for them.
Well-known is the fact that the absence of platelets on

the substrate surface following exposure to blood does
not in itself indicate that the material possesses antico-
agulant properties (33). However, the bioinertness of the

material surface is necessary to give biomaterials anti-
thrombogenicity. Recently, various types of combinato-
rial approaches have been carried out for design of
biomaterials (34, 35). The lithographic technique allowed
visual evaluation of biological activities of the hybrid
material under the same conditions as for nontreated
material. The photoimmobilization or photolithographic
method will be useful for design and synthesis of new
biomaterials.
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Nanoparticle DNA Carrier with Poly(L-lysine) Grafted
Polysaccharide Copolymer and Poly(D,L-lactic acid)
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Biodegradable nanoparticles, which contain the sites for both polynucleotide adsorption and targeting
ligand on their surfaces, were prepared as a novel carrier for genetic materials. The nanoparticles
were obtained from poly(D,L-lactic acid) and poly(L-lysine)-graft-polysaccharide copolymers by using
either a solvent evaporation method or a diafiltration method. The size of the particles prepared by
the diafiltration method was controlled by varying the initial concentration of the graft copolymer.
Nanoparticles as small as 60 nm in diameter were successfully obtained from the graft copolymers
with high polysaccharide contents but not from the poly(L-lysine) homopolymer. Polysaccharide
moieties on the surface of the nanoparticles were found to interact specifically with a particular lectin
as verified by the aggregation assay. The polynucleotide adsorption capacity of the nanoparticles
was increased with increasing polysaccharide contents in the graft copolymers, suggesting that the
adsorption conformation of poly(L-lysine) moiety in the graft copolymer on the nanoparticle surface is
different from that in poly(L-lysine) homopolymer. Moreover, the nanoparticles from the graft
copolymer exhibited resistance against self-aggregation and nonspecific adsorption of serum proteins,
presumably due to the polymer brush effect and/or exclusion effect from the polysaccharide graft chains.
These results suggest that the nanoparticles prepared from poly(L-lysine)-graft-polysaccharide
copolymer and poly(D,L-lactic acid) can serve as a good DNA carrier in vivo.

INTRODUCTION

During the past decade, new therapeutic approaches
introducing genetic materials (i.e. genes, antisense oli-
gonucleotides, ribozymes, and triple-helix-forming nucle-
otides) into the intact cells have shown rapid progress
both fundamentally and clinically in gene therapy (1-
5). Many types of synthetic carriers, including liposomes
(6, 7), polymers (8), and particles (9-11), were studied
to deliver exogenous genetic materials into cells in a
cellular specific or nonspecific manner.
Recently, biodegradable nano(micro)particles have also

been studied not only as sustained-release matrices of
drug molecules (12-14) but as a potential carrier for
genetic materials (9-11). Advantages of biodegradable
particles as a gene delivery carrier include the follow-
ing: (1) they are relatively inert and biocompatible; (2)
their biological behavior can be regulated by controlling
the size and surface properties; (3) preparation, storage,
and handling are relatively easy; and (4) the release of
genetic materials can also be controlled by changing the
degradation rate of the matrix polymer.
Cortesi et al. (9) have encapsulated DNA into micro-

particles by a coacervation method, although it was
difficult to obtain small particles suitable for intravenous
injection. In practice, genetic materials adsorbed on (not
encapsulated in) the nano(micro)particles might be also
convenient because only a simple mixing of particles with
genetic materials is needed to form a genetic material-
carrier complex. The size and shape of the resulting
formulation can also remain homogeneous and uniform,
compared to the formulations based on liposomes or

polycations. Bertling et al. (15) prepared nanoparticles
from polycyanoacrylate in the presence of DEAE-dextran.
These nanoparticles exhibited a strong DNA binding
capacity and resistance against DNase I degradation,
although the biological activity of the plasmid DNA was
not observed presumably due to the strong binding of the
DNA to particles. Poly(alkyl cyanoacrylate) nanopar-
ticles were also evaluated as an oligonucleotide carrier,
and their physical stability and biological efficacy of
antisense oligonucleotides were found to be greatly
enhanced in this formulation (11, 16). Poly(isohexyl
cyanoacrylate) nanoparticles were used recently to adsorb
cholesterol-oligonucleotide conjugates on their surface
via hydrophobic interaction, where a sequence specific
antisense effect was observed only when the oligonucle-
otide was associated with the nanoparticles (17). In the
studies mentioned above, the majority of the surface of
the particles was probably occupied by poly(oligo)nucle-
otides and it was difficult to modify their surfaces with
functional molecules, such as ligand moieties, to modu-
late biodistribution.
We report here the preparation and characterization

of polysaccharide-bearing bifunctional nanoparticles that
have a polynucleotide adsorption capacity as well as
carbohydrate-mediated recognition of specific receptor.
Since carbohydrate moieties can serve as a targeting
ligand for carbohydrate-binding proteins identified on the
surface of mammalian cells (18-22), carriers containing
carbohydrate moieties have proved to be delivered suc-
cessfully to cells in vitro and in vivo (19, 23-26).
Furthermore, some acidic carbohydrates, such as sialic
acid, were reported to reduce the reticular endothelial
system (RES) uptake (27-29). Therefore, carbohydrates
are useful not only as a ligand moiety but also as a
component to reduce nonspecific interaction of the for-
mulates with proteins and cells, as well as other hydro-
philic polymer chains (30-33). These nanoparticles were
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obtained from various mixtures of poly(D,L-lactic acid)
and poly(L-lysine)-graft-polysaccharides copolymers with-
out using any emulsifier or surfactant. The surface
functionality of the nanoparticles as a DNA carrier was
evaluated.

MATERIALS AND METHODS

Materials. Poly(D,L-lactic acid) (PLA, Mw ) 10 000)
was supplied fromWako Pure Chemicals Industries, Ltd.,
Osaka, Japan. Poly(L-lysine) (PLL) hydrobromide (Mn
) 1.0 × 105) was purchased from Peptide Institute, Inc.,
Osaka, Japan. Plasmid (pSV-â-Gal) was obtained from
Promega Co., Madison, WI. Dextran T-10 (Mn ) 5900)
was purchased from Pharmacia LKB Biotech, AB, Upp-
sala, Sweden. Dextran 4 (MW ) 4000-6000) was
purchased from Funakoshi Chemical Co., Tokyo, Japan.
Amylose (Pn ) 20) was supplied from Nakano Vinegar
Co. Ltd., Handa, Japan. Other solvents and chemicals
were obtained fromWako Pure Chemical Industries and
were used without further purification.
Synthesis of Poly(L-lysine-graft-saccharide). Poly-

[(L-lysine)-graft-(R-D(1f6)glucose)] (PLL-graft-dextran)
and poly[(L-lysine)-graft-(R-D(1f4)glucose)] (PLL-graft-
amylose) were prepared by reductive amination reaction
(34, 35). PLL‚HBr (150 mg), varying amounts of poly-
(oligo)saccharides, and sodium cyanoborohydride (10
times mole equivalent of polysaccharide) were dissolved
in 10 mL of 0.1 M Na2B4O7/H3BO4 buffer solution (pH
8.5), and the solution was incubated for 48 h at 45 °C.
The resulting graft copolymers were isolated by dialysis
for 6 days using Spectra/Por7 membrane (MWCO )
25 000, Spectrum, Houston, TX) against distilled water
with six exchanges to fresh water. The purified copoly-
mers were characterized by 1H-NMR spectroscopy (Vari-
an VNMR 4.3) and gel permeation chromatography
(GPC, JASCO Model 800, Tokyo, Japan) using Ultrahy-
drogel 500 and Ultrahydrogel 250 columns (JapanWaters
Ltd., Tokyo, Japan) with a multiangle light scattering
detector (Dawn-DSP, Wyatt Technology, Santa Barbara,
CA) and RI detector (JASCO, Model 830-RI). The
structural formula of the copolymers is given in Figure
1, and their compositions and codes are listed in Table
1.
Preparation of Particles. Particles were prepared

by two methods, a solvent evaporation method and a
diafiltration method.
Solvent Evaporation Method (26). To a 20 mL aqueous

solution of poly(L-lysine) or the graft copolymer (0.3 mg/
mL) was added a 0.5 mL solution of PLA (20 mg/mL) in
methylene dichloride (MDC) dropwise. After sonication
(80 W, interval 80) for 10 min, the suspension was
evaporated at 350 mmHg for 20 min, followed by evapo-
ration at 30 mmHg for 70 min to remove MDC. The
resulting particles were collected by centrifugation
(15000g, 15 min) and washed three times with distilled
water by centrifugation, followed by lyophilization.

Diafiltration Method (36). Ten milliliters of DMSO
solution containing 25 mg of PLA and a definite amount
of poly(L-lysine) or a graft copolymer was dialyzed using
Spectra/Por7 membrane (MWCO ) 1000, Spectrum) for
48 h at room temperature against distilled water with
four exchanges to fresh water. The resulting particles
were centrifuged (15000g, 15 min) and washed three
times with distilled water by centrifugation, followed by
lyophilization.
Scanning Electron Microscopic (SEM), Dynamic

Light Scattering (DLS), and ú-Potential Measure-
ments of Nanoparticles. A drop of nanoparticle sus-
pension was placed on a silicon wafer. After air-drying
at room temperature, the sample was coated with a 2
nm tungsten film using a Compact ECR Ion Shower
system (EIS 5-200 ER, Elionix Inc., Tokyo, Japan). SEM
observation was made using an ERA-800FE scanning
electron microscope (Elionix Inc.). Particle size and
distribution were determined by using a DLS spectro-
photometer (DLS-700, Otsuka Electronics, Ltd., Osaka,
Japan) with a 90° scattering angle at 10 °C. ú- potential
of the nanoparticles in phosphate-buffered saline (PBS)
was measured by an ELS-800 electrophoretic light scat-
tering spectrophotometer (Otsuka Electronics).
Dispersive Stability of Nanoparticles. The stabil-

ity of the nanoparticles in suspension was evaluated by
turbidity measurement. The nanoparticles with a mean
diameter from 200 to 300 nm were used for this evalu-
ation. The suspension of the nanoparticles (200 µg/mL
water) was incubated at 37 °C for the indicated days (1-
10 days), followed by turbidity measurement of the
suspension with spectrometer at 550 nm.
Lectin-Induced Aggregation of Particles. R-D-

Glucose-binding lectin (concanavalin A, Con A) or â-ga-
lactose-binding lectin (Allo A) was dissolved in PBS at a
concentration of 1 mg/mL. A 400 µL of PBS suspension
containing 100 µg of the nanoparticles and 10 µg of lectin
was incubated for 1 h at room temperature. The suspen-
sion was examined for the formation of aggregation with
a phase-contrast microscope (IMT-2, Olympus Optical Co.
Ltd., Tokyo, Japan). The aggregation assay was also
carried out in the presence of glucose or galactose (final
concentration ) 2.4 mg/mL).
Gel Electrophoresis of Plasmid DNA and Nano-

particle Mixture. Complex formation between the
nanoparticles and plasmid DNA (pSV) was examined by
gel electrophoresis. A fixed amount (1 µg) of plasmid
DNA was incubated with the indicated amounts (0-120
µg) of nanoparticles in 20 µL of PBS for 1 h at room
temperature. The mixture was then analyzed on 1%
agarose gel. The plasmid DNA was visualized with
ethidium bromide staining.
Adsorption Isotherm of Plasmid DNA (pSV) on

Figure 1. Structural formula of PLL-graft-poly(oligo)saccha-
ride.

Table 1. Codes and Compositions of Poly(L-lysine-graft-
saccharide) Copolymers Used in This Study

code saccharide (Mn)
%

graftinga

wt %a

(saccharide/
copolymer)

PLL-Dex (4-2600) dextran (2600) 4 43
PLL-Dex (7-2600) dextran (2600) 7 60
PLL-Dex (14-2600) dextran (2600) 14 74
PLL-Dex (34-2600) dextran (2600) 34 87
PLL-Dex (7-5900) dextran (5900) 7 79
PLL-Amy (4-3000) amylose (3000) 4 48
PLL-Amy (15-3000) amylose (3000) 15 78
PLL-Mal (6-360) maltose (360) 6 14
PLL-Mal (12-360) maltose (360) 12 25

a % grafting ) 100 × n (shown in Figure 1). These values were
calculated from 1H-NMR signals assigned to PLL(ε -CH2) and
dextran(C1-H). Mn of PLL ) 57 800.
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Nanoparticle Surfaces. Nanoparticle suspensions were
fractionated by centrifugation (5600g for 10 min), and
the pellets were washed three times with distilled water
by repeated centrifugation (5600g for 10 min) and resus-
pension. The size of the fractionated nanoparticles was
in the range from 200 to 300 nm as determined by DLS.
The nanoparticles were finally obtained by lyophilization.
The adsorption isotherm of plasmid DNA on the particle
surfaces was analyzed as follows: The nanoparticles (0.5
mg) and the indicated amount of plasmid DNA (0-30 µg)
were mixed in PBS (180 µL). After 1 h of incubation at
20 °C, the suspension was centrifuged at 5600g for 10
min to precipitate the nanoparticles. The amount of
unadsorbed plasmid was determined fluorometrically by
incubating 150 µL of supernatant with 3 µL of ethidium
bromide solution (50 µg/mL) using a microplate spectro-
fluorometer at λex ) 490 nm and λem ) 590 nm (MTP-32,
Corona Electric Co. Ltd., Ibaragi, Japan).
Adsorption of Fluorescein Isothiocyante (FITC)-

Labeled Bovine Serum Albumin (BSA) on Nano-
particle Surfaces. BSA (fraction V, Sigma, St. Louis,
MO) was labeled with fluorescein isothiocyanate (FITC)
by mixing 1.5 g of BSA and 30 mg of FITC in a 5 mL of
phosphate buffer solution (0.1 M, pH 8.5) for 1 h at room
temperature. FITC-labeled BSA free from the nonincor-
porated FITC was then purified by a gel filtration on a
Sephadex G-50 column.
The adsorption isotherm of FITC-labeled BSA on the

particle surfaces was analyzed as follows: The nanopar-
ticles (0.5 mg) fractionated by centrifugation (5600g for
10 min) and the indicated amount of FITC-labeled BSA
(0-10 µg) were mixed in PBS (180 µL). After 1 h of
incubation at 20 °C, the suspension was centrifuged at
5600g for 10 min to precipitate the nanoparticles. The
supernatant (150 µL) was used to determine the amounts
of unadsorbed FITC-BSA using a microplate spectro-
fluorometer at λex ) 490 nm and λem ) 530 nm.

RESULTS AND DISCUSSION

Preparation of Nanoparticles. To develop a novel
carrier for genetic materials, we have successfully pre-
pared biodegradable nanoparticles from graft copolymers
and poly(lactic acid). We found that the characteristics
of nanoparticles prepared by a diafiltration method were
affected by the polymer concentration. As shown in
Figure 2, the initial polymer concentration had a pro-
found effect on the size of the nanoparticles. When the

concentration of graft copolymers (PLL-graft-dextran or
PLL-graft-Dex) was increased, the mean diameter of the
resulting nanoparticles decreased. At a concentration of
3 mg/mL of the PLL-graft-Dex (34-2600) copolymer,
nanoparticles as small as 60 nm were obtained. On the
contrary, the concentration of PLL homopolymer did not
significantly affect the particle size. For example, the
size of the nanoparticles prepared from 4 mg/mL PLL
homopolymer was over 200 nm in diameter. It is
probable that the polysaccharide in the graft copolymer
might have decreased the interfacial energy at the water/
PLA interface more effectively than PLL homopolymer,
resulting in the formation of the smaller particles. The
mean diameter of the nanoparticles prepared from PLL-
graft-Dex (7-5900) was smaller than that of PLL-graft-
Dex (4-5900), suggesting that the particle size is control-
lable either by changing the concentration of graft
copolymer or by changing the polysaccharide content in
the graft copolymers.
In addition, the shape of the nanoparticles was spheri-

cal regardless of the preparation methods, but the size
distribution of the nanoparticles prepared by the diafil-
tration method was more homogeneous than that of the
particles prepared by the solvent evaporation method
(Figure 3A). A typical DLS profile of the PLL-graft-Dex
(34-2600) nanoparticles is shown in Figure 3B.
Surface Characterization of Nanoparticles. Re-

sults from ú-potential measurement of the nanoparticles
prepared by the diafiltration method are summarized in
Table 2. The nanoparticles prepared from PLA alone
showed a highly negative ú-potential in PBS. This
negative value of the PLA nanoparticles is due to the
terminal carboxyl groups of PLA and/or the hydrophobic

Figure 2. Effect of PLL (squares), PLL-Dex (4-5900) (circles),
PLL-Dex (7-5900) (diamonds), or PLL-Dex (34-2600) (triangles)
concentration in DMSO on the particle size. Weight-average
diameters determined by DLS are shown. Error bars indicate
standard deviation. Particles were prepared by the diafiltration
method from 10 mL of DMSO solution containing 25 mg of PLA
and various amounts of PLL or graft copolymers.

Figure 3. SEM view (A) and DLS profile (B) of nanoparticles.
(A) a, PLL NPs prepared by the solvent evaporation method; b,
PLL NPs prepared by the diafiltration method from 10 mL of
DMSO solution containing 25 mg of PLA and 5 of mg PLL; c
and d, PLL-Dex (34-2600) NPs prepared by the diafiltration
method from 10 mL of DMSO solution containing 25 mg of PLA
and (c) 4 or (d) 30 mg of PLL-Dex (34-2600). The NPs were not
fractionated except for the NPs in (d), which were obtained by
centrifugation at 160000g. (B) DLS profile of particles shown
in view c of panel A.
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characteristic of the nanoparticle surfaces. In contrast,
the nanoparticles prepared from PLL homopolymer/PLA
mixture showed a positive ú-potential, leading to a 44
mV difference from that of PLA nanoparticles. The result
indicates that the PLL moiety is stably associated with
the surface of the nanoparticles. On the other hand, for
the nanoparticles prepared from PLL-graft-Dex/PLA, the
ú-potential was decreased from +14 to +4.8 mV with
increasing dextran contents in the graft copolymers. The
nanoparticles prepared from PLL-graft-Dex with high
dextran contents, however, still exhibited a positive
ú-potential, indicating the presence of the graft copoly-
mers on the particle surfaces. The effect of dextran
chains on the ú-potential may be attributed to preferen-
tial distribution of dextran moieties over PLL chains in
the outer surfaces of the nanoparticles, as will be
discussed in the latter part of this paper.
A lectin-induced aggregation test confirmed the pres-

ence of polysaccharide on the nanoparticles. As shown
in Figure 4, the nanoparticles prepared by the diafiltra-
tion method from PLL-graft-Dex (7-5900)/PLA aggre-
gated by the addition of Con A, an R-glucose, and an
R-mannose specific lectin (panel b). The aggregation was
inhibited by glucose (panel c) but not by galactose (panel
d), suggesting that the aggregation is caused by the Con
A-specific recognition and cross-linking to dextran moi-
eties on the nanoparticles. Finally, the carbohydrate
specificity of the aggregation was verified by using Allo
A, a â-galactose-specific lectin, that caused no aggrega-

tion (panel e). Taken together, these results confirmed
that the surface of nanoparticles prepared from the
copolymer was covered with the carbohydrate moieties
which are recognized by specific carbohydrate-binding
protein. The presence of polysaccharide was also con-
firmed on the nanoparticles prepared by the solvent
evaporation method (data not shown).
For practical use, the nanoparticles should have a

dispersive stability in an aqueous media and not ag-
gregate during storage. The dispersive stability of the
nanoparticles was analyzed from the change in turbidity
of various nanoparticle suspensions. The suspension of
the nanoparticles prepared with PLL/PLA or PLA alone
exhibited a gradual decrease in turbidity during the time
course of incubation at 37 °C (Figure 5), indicating an
aggregate formation. In contrast, the suspension of the
nanoparticles prepared with PLL-graft-Dex (7-5900)
exhibited no significant change in turbidity even after
10 days of incubation, indicating excellent dispersiveness.
Thus, the results suggest that the dextran chains on the
nanoparticle surfaces were effective in preventing particle
aggregation.
The surface property of the nanoparticles was also

examined by analyzing the effect of multivalent anions
on particle aggregation. As shown in Table 3, in phos-
phate buffer (20 mM, pH 7) without NaCl, the nanopar-
ticles prepared from PLL homopolymer/PLA formed
severe aggregates. This aggregation was formed pre-
sumably due to interparticle cross-linking of PLL moi-
eties via multivalent phosphate anions. Such aggrega-
tion, however, was not observed for the nanoparticles
prepared from PLL-graft-Dex/PLA with high dextran
content, but a change in the length of the hydrophilic
chain, like maltose on PLL backbone, failed to prevent
aggregate formation.
DNA Adsorption onto the Particle Surfaces. The

interaction of DNA with the nanoparticle was studied by
a gel retardation assay as described under Materials and
Methods. Plasmid DNA (1 µg) was mixed with various
amounts of nanoparticles and incubated for 1 h at room

Table 2. ú-Potential Measurement of Various
Nanoparticlesa

code noneb PLL
PLL-Dex
(4-2600)

PLL-Dex
(7-2600)

PLL-Dex
(7-5900)

ú-potential (mV) -30.0 +14.3 +14.7 +6.8 +4.8
a All samples were measured in phosphate-buffered saline

(PBS). Nanoparticles were prepared by the diafiltration method
from 10 mL of DMSO containing 25 mg of PLA and the indicated
polymer (5 mg equivalent based on PLL). b Particles were prepared
with PLA only.

Figure 4. Lectin-induced aggregation of PLL-Dex NPs in PBS. PLL-Dex (7-5900) NPs (100 µg) were suspended in 400 µL of PBS
(a) and added with 10 µg of Con A (b), 1 mg of glucose and 10 µg of Con A (c), 1 mg of galactose and 10 µg of Con A (d), or 10 µg of
Allo A lectin (e). The NPs were prepared by the diafiltration method from 10 mL of DMSO solution containing 25 mg of PLA and the
defined amount of the graft copolymers. (Scale bar, 200 µm.)
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temperature. Plasmid DNA was then resolved by elec-
trophoresis on 1% agarose gel. As shown in Figure 6,
an increase in particle amount caused a gradual disap-
pearance of the plasmid DNA. At a weight ratio of over
80 of the nanoparticles to plasmid DNA, the plasmid
DNA did not migrate at all into the gel, indicating that
all of the plasmid DNA was trapped on the surface of
the nanoparticles.
Figure 7 shows the adsorption isotherms of the plasmid

DNA on various nanoparticles prepared by the diafiltra-
tion method. The adsorption of DNA on the surface of
nanoparticles largely depends on the dextran contents
in the graft copolymer. It was noteworthy that the DNA
adsorption capacity of the nanoparticles increased sig-
nificantly with the dextran contents of the graft copoly-
mer. We found that nanoparticles prepared from PLL-
graft-Dex (7-5900)/PLA adsorbed 3 times more DNA than

those prepared from PLL homopolymer/PLA. The simi-
lar adsorption profile was also obtained with the same
nanoparticles prepared by the solvent evaporation method
(data not shown). As the nanoparticles used in this
experiment were fractionated to a homogeneous size of
250 ( 50 nm in diameter before the measurement, the
difference in DNA adsorption capacity is presumably due
to the differences in polymer density and its conformation
on the nanoparticles. Since no DNA adsorption occurred
in a high ionic strength buffer, the ionic interaction
between DNA and PLL moieties on the nanoparticles is
thought to be the main driving force for DNA adsorption.
For the particles prepared from PLL homopolymer/PLA,
the majority of the amino groups in PLL might be
interacted with PLA, leading to “train”-form adsorption
of PLL on the nanoparticle surfaces (Figure 8). The
hydrophobic nature of PLLmay facilitate the “train”-form
adsorption. On the other hand, dextran graft chains
partially disturb the ionic interaction between PLA and
PLL segments. Therefore, PLL segments on the copoly-
mer nanoparticle adopt the “loop” and “tail” forms as
shown in Figure 8. The majority of the amino groups in
PLL backbone were free with such adsorption forms,
providing higher capacity of DNA adsorption. In addition
to the polymer conformation, dextran chains might also
modify interaction of DNA with PLL segments.
DNA adsorption behavior was further investigated by

ú-potential measurements. As summarized in Table 4,
the surface charge of the nanoparticles became neutral

Figure 5. Dispersive stability of various nanoparticles. PLA
NPs (triangles); PLL NPs (squares); PLL-Dex (7-5900) NPs
(circles). NPs were prepared by the diafiltration method from
10 mL of DMSO solution containing 25 mg of PLA and the
indicated polymers (5 mg equivalent based on PLL) and stored
at 37 °C. PLA NPs were prepared with PLA only.

Table 3. Phosphate-Induced Aggregation of
Nanoparticles

code PLL
PLL-Mal
(6-360)

PLL-Mal
(12-360)

PLL-Dex
(4-5900)

PLL-Dex
(7-5900)

aggregationa ++ ++ + - -
a ++, hard aggregation or precipitation; +, weak aggregation;

-, no aggregation. To a nanoparticle suspension in distilled water
was added phosphate buffer (final concentration ) 20 mM, pH
7.2).

Figure 6. Gel electrophoresis of plasmid DNA (pSV) and NPs
mixtures (1% agarose): (lane 1) MWmarker; (lane 2) pSV alone
(1 µg); (lanes 3-7) mixtures of pSV (1 µg) and increasing
amounts of PLL-Dex (7-2600) NPs (10, 30, 50, 80, or 120 µg).
Before electrophoresis, these mixtures were incubated in PBS
for 1 h at room temperature. Plasmid DNA was detected as
ultraviolet fluorescence after ethidium bromide staining. PLL-
Dex (7-2600) NPs were prepared by the diafiltration method
from 10 mL of DMSO solution containing 25 mg of PLA and 9
mg of PLL-Dex (7-2600).

Figure 7. Adsorption isotherm for pSV plasmid to various
nanoparticles at 25 °C. PLL NPs (solid squares), PLL-Dex (4-
2600) NPs (solid diamonds), PLL-Dex (7-2600) NPs (solid
triangles), and PLL-Dex (7-5900) NPs (solid circles) were
measured in 1× PBS. PLL NPs (open squares) or PLL-Dex (7-
2600) NPs (open triangles) were measured in 10× PBS. NPs
were prepared by the diafiltration method from 10 mL of DMSO
solution containing 25 mg of PLA and the indicated polymer (5
mg equivalent based on PLL).

Figure 8. Schematical illustration of polymer structure on
nanoparticle surface.
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as the amounts of adsorbed DNA increased. Treatment
of the nanoparticles with an excess amount of DNA (90
µg/mg of nanoparticles), however, resulted in a highly
negative ú-potential, which indicates that an electrostati-
cally excess amount of DNA molecules remained on the
surface of nanoparticles, leading to a negative ú-potential.
Polycations such as DNA are liable to aggregate

cationic particles. As shown in Figure 9b, plasmid DNA
induced a slight aggregation of PLL-graft-Dex (4-2600)
nanoparticles. The DNA-induced aggregation was, how-
ever, not observed for PLL-graft-Dex (7-5900) nanopar-
ticles (Figure 9d), suggesting that dextran chains are also
effective in avoiding polyanion-induced aggregation of the
nanoparticles.
The capability of the polysaccharide chain on DNA-

loaded nanoparticles to bind to lectins was evaluated. The
nanoparticles mixed with 25 µg of DNA/mg of nanopar-
ticles formed aggregates by the addition of Con A (panel
e) but not with 100 µg of DNA/mg of nanoparticles (panel
f). Thus, the excess amount of DNA on the surface of
the nanoparticles inhibited the recognition of carbohy-
drate by lectin, resulting in less or no aggregate forma-
tion. Therefore, optimum DNA loading is necessary for
the nanoparticles to preserve their carbohydrate specific-
ity.
Interaction of Nanoparticles with BSA. The ad-

sorption behavior of BSA on the nanoparticles is shown

in Figure 10. The adsorption of BSA on the nanoparticles
was markedly reduced with an increase in carbohydrate
contents in the graft copolymer. For the nanoparticles
prepared from PLL-graft-amylose (15-3000), almost no
adsorption of BSA was observed. The resistance of the
nanoparticle surface to nonspecific BSA adsorption was
also seen from the ú-potential measurement as sum-
marized in Table 5. As the BSA molecules have a
negative surface charge at the physiological condition,
positively charged nanoparticle surface electrostatically
attracted the BSA molecules. The ú-potential of nano-
particles prepared from PLL homopolymer was drasti-
cally reduced by addition of BSA, resulting from adsorp-
tion of BSA. On the contrary, nanoparticles prepared
from PLL-graft-amylose (15-3000) and PLL-graft-Dex (7-
5900) did not show a significant change in ú-potential
by the addition of BSA, indicating negligible interaction
of BSA with these nanoparticles. Even though there
should be a favorable electrostatic interaction between
BSA and nanoparticles, polysaccharide chains on the
surface of the nanoparticles effectively shield positive
charges of PLL chains (Table 2) and keep BSA molecules
away from nanoparticles by the exclusion effect (37),
leading to a negligible interaction. This finding is very
important and can be very useful for designing effective
gene delivery systems in vivo since nonspecific interaction
of the designed nanoparticles should be negligibly small.

CONCLUSION

Tissue-specific delivery of genetic materials is of great
importance for gene therapeutic approaches. However,
much progress has not been achieved so far, due to the
lack of a suitable carrier to reach the goal. We prepared
and characterized novel biodegradable nanoparticles by
simple solvent evaporation and diafiltration methods,
without using any emulsifier or surfactant. Though the
nanoparticles from the diafiltration method exhibited
narrower size distribution than that of the solvent

Table 4. ú-Potentials of Nanoparticles Treated with pSV
Plasmida

NPs alone +pSV (4.5 µg) +pSV (9 µg) +pSV (27 µg)

ú-potential
(mV)

+4.8 +2.8 +0.8 -11.2

a PLL-Dex (7-5900) nanoparticles shown in Table 2 were
dispersed in PBS at 60 µg/mL. To 5 mL of nanoparticle suspension
was added the indicated amount of pSV plasmid or BSA from their
stock solution. After 1 h of incubation, ú-potential was measured.

Figure 9. Effect of plasmid DNA on PLL-Dex NPs on lectin-induced aggregation. PLL-Dex (4-2600) NPs (100 µg) were suspended
in 400 µL of PBS (a) and added with 1.2 µg of plasmid DNA (b). PLL-Dex (7-5900) NPs (100 µg) were suspended in 400 µL of PBS
(c) and added with 2.5 µg of plasmid DNA (d), 2.5 µg of plasmid DNA and 10 µg of Con A (e), or 10 µg of plasmid DNA and 10 µg of
Con A (f). The NPs were prepared by the diafiltration method from 10 mL of DMSO solution containing 25 mg of PLA and the
defined amount of the graft copolymers. (Scale bar, 200 µm.)
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evaporation method, the nanoparticles prepared by either
method showed similar properties in terms of plasmid
DNA adsorption and lectin-induced aggregation.
In addition to the targeting characteristic of carbohy-

drate chains, the hydrophilic nature of the chains was
also found to be very important in several aspects.
First, the size of the nanoparticles is controllable either

by changing the concentration of graft copolymer or by
changing the polysaccharide content in the graft copoly-
mers as shown in Figure 2. The nanoparticles as small
as 60 nm in diameter were available with the PLL-graft-
polysaccharide copolymers/PLA but not with PLL ho-
mopolymer/PLA. This strongly indicates that the hy-
drophilic moiety in the graft copolymer effectively reduces
the interfacial energy between the particle surfaces and
the aqueous media. In general, the size of a carrier is
one of the major factors that significantly affects the in
vivo pharmacokinetics of the drugs or genes, and smaller
ones usually show a better therapeutic effect than larger
ones, because of less uptake by the reticular endothelial
system (RES) (38).
Secondly, grafting of carbohydrate chains to PLL

increased adsorption capacity of the nanoparticles for
DNA. As the PLL segments are the major adsorption
site for DNA, it is assumed that the PLL backbone of
the graft copolymer might adopt a different conformation
on the particle surface compared to the PLL homopoly-
mer, leading to an increase in the adsorption capacity,
although the exact mechanism remains to be solved.
Furthermore, our preliminary study indicated that the
graft copolymer nanoparticles exhibited stable adsorption
of oligonucleotides (20-mer) compared with PLL nano-
particles.
Third, nanoparticles prepared from the graft copoly-

mers showed an excellent dispersive stability during

storage in PBS. Phosphate anion did not induce ag-
gregation of the graft copolymer nanoparticles. The
excellent dispersion property of the nanoparticles was
maintained even after DNA loading. As summarized in
Table 2, while the adsorption capacity of DNA increased
with increasing dextran contents, positive values of the
ú-potentials observed for the nanoparticles decreased.
The results strongly indicated that the positive charges
of PLL chains were effectively shielded by dextran chains,
implying preferential localization of dextran chains to the
outermost surfaces over PLL chains (37, 39-41). Car-
bohydrate chains on the nanoparticle surfaces probably
prevented the particle aggregation due to the so-called
“exclusion effect” and/or “polymer brush effect” (37, 42,
43). The carbohydrate chains on the nanoparticle sur-
faces, which prefer the solvent of the suspension, resist
overlapping and separating the particles to a distance
at which attractive interaction is too weak to keep the
particles together (42). Furthermore, the repulsive force
between particles arises ultimately from the high osmotic
pressure inside the carbohydrate chains (42). In a
similar manner, the carbohydrate chains were shown to
reduce the adsorption of BSA to the nanoparticles. This
effect is expected to be important to minimize nonspecific
interactions of nanoparticles with serum components.
The combination of poly(D,L-lactic acid) and PLL-graft-

polysaccharide showed advantages as follows: (1) the
ligand moiety could be introduced to the nanoparticles;
(2) the size of the nanoparticles could be controlled; (3)
there was a high DNA adsorption capacity; and (4) the
nanoparticles had a high dispersive stability. Thus, the
nanoparticles prepared from PLL-graft-polysaccharide
and poly(D,L-lactic acid) fulfill several important require-
ments as a DNA carrier. Since the syntheses of the graft
copolymers were simple and showed high coupling yield-
ing (>90%) (44), the preparation of the nanoparticles with
different types of carbohydrate chains is also possible.
Different types of nanoparticle carriers for the targeting
of genetic materials can be designed by modifying or
replacing carbohydrate segments with other ligands or
hydrophilic polymers.
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We performed genetic engineering to fuse enhanced green fluorescent protein (EGFP) to the N terminus
of RTA, expressed the fusion protein in Escherichia coli, purified and reassociated EGFP-RTA with
plant RTB, and purified EGFP-ricin by size exclusion HPLC. The fusion heterodimer was able to
bind galactosides, intoxicate cells, and show strong fluorescence. Mammalian cells incubated with
EGFP-ricin showed strong cell surface fluorescence at 4 °C and, on incubation at 37 °C, distributed
initially to endosomes and then to Golgi vesicles. Variable sensitivity of mammalian cells to ricin
and ricin fusion proteins may be due in part to different patterns of intracellular routing. Cells were
incubated with ricin or EGFP-ricin, and inhibition of protein synthesis was measured. Human
hepatocellular carcinoma Hep3B cells were 10-fold more sensitive to ricin and 85-fold more sensitive
to EGFP-ricin than human epidermoid carcinoma KB cells. Epifluorescence microscopy of cells
incubated with EGFP-ricin showed greater localization of the fluorescence signal in the Golgi
compartments in Hep3B cells than in KB cells. These data support a model requiring a Golgi-
dependent step in cell intoxication by ricin. The work further identifies the usefulness of green
fluorescent protein fusions in the study of retrograde transport of internalized peptides.

INTRODUCTION

Ricin from the Ricinus communis plant is a frequently
used component in antibody-toxin conjugates for therapy
of cancer and autoimmune diseases. Thus, knowledge
of its mechanism of action is important both for under-
standing structure-function relationships of toxic lectins
and for improved design of human therapeutics.
The first necessary step in ricin intoxication is cell

surface binding to galactose-terminated oligosaccharides
on glycoproteins and glycolipids (1). The second step
involves internalization from the cell surface to intrac-
ellular compartments. This step is energy-dependent (2)
and leads to toxin localization in a compartment which
avoids neutralization by anti-toxin antibodies added to
the medium (3). Mutant cells resistant to ricin have been
isolated with reduced internalization (4). Morphologic
studies using ricin labeled with gold, ferritin, and horse-
radish peroxidase demonstrated endocytosis of ricin from
clathrin-coated pits into endocytic vesicles (5-7).
The third step in ricin intoxication is transport to the

Golgi. This hypothesis is supported by several experi-
ments. Immunoelectron microscopy of cultured cells
exposed to ricin showed uptake sequentially in endo-
somes and then the trans-Golgi network (8). Hybridoma
cells producing anti-RTB antibodies were not intoxicated
by ricin, suggesting neutralization in the trans-Golgi
network, a major membrane compartment shared by the
two pathways. Finally, at 19 °C, ricin failed to reach the

Golgi and cell death was not observed (9). The fourth
intoxication step involves post-Golgi sorting of ricin to a
translocation-competent compartment. Brefeldin A blocks
ricin toxicity but does not alter trafficking of ricin to the
trans-Golgi network (10), suggesting a critical distal
compartment. After addition of the ER retention signal
KDEL to the C terminus of RTA, both RTA and ricin
cytotoxicity were markedly enhanced (11-13), supporting
the ER as the distal translocation-competent organelle.
Transient expression of transdominant mutants of GT-
Pases involved in vesicular traffic followed by ricin
exposure showed reduced intoxication when the GTPases
which regulate ER-Golgi traffic (Rab1, ARF1, and Sar1)
were modified but no change in ricin cytotoxicity when
endosome-related GTPases (dynamin element 1, Rab5,
and Rab9) were mutated (14). These results suggest that
ricin reaches the Golgi system and yet must proceed
further to the ER to produce cell toxicity. The penulti-
mate step in intoxication is membrane translocation. This
step requires reduction of the intersubunit disulfide bond
(15) and unfolding of RTA (16), but little else is known
regarding the molecular mechanism. The final step takes
place in the cytosol where RTA catalytically inactivates
protein synthesis by hydrolysis of a highly conserved
adenosine at the elongation factor binding site on the 60S
ribosome (17).
Variable sensitivity of tumor cell lines and fresh tumor

cells to ricin and ricin-based targeted molecules may in
part be due to altered intracellular trafficking. Measure-
ments of premature transport of toxins to lysosomes with
subsequent degradation and lack of cytotoxicity have
been observed with anti-CD2-RTA, anti-CD3-RTA, and
anti-CD5-RTA conjugates (18-20). In each case, the
assays were indirect and detected release of free label in
the media after incubation of cells with radiolabeled
conjugate or increased label in lysosome-enriched sucrose
gradient fractions of cell extracts. We sought a labeling
method which would permit live cell measurements and
not damage the ligand-receptor function of the molecule.
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Green fluorescent protein appeared to offer the ideal
properties. Bioluminescent cnidaria, including Aequorea
victoria, contain green fluorescent proteins (GFPs) which
absorb radiative and nonradiative energy from the pho-
toprotein aequorin and emit green light (21). GFP cDNA
has been cloned and expressed in prokaryotic and eu-
karyotic cells and retains the fluorescent properties of
the original compound (22). Recently, the three-dimen-
sional structure of GFP has been solved (23), and
chromophore mutants with increased fluorescence-
enhanced green fluorescent proteins (EGFPs) have been
identified (24). GFP has been fused to several proteins
and expressed in mammalian cells (25, 26). Intracellular
distributions of the fusion molecules have been measured
and depended upon signal sequences in the mammalian
peptide. To date, no investigators have reported attach-
ment of GFPs to external proteins which undergo en-
docytosis and intracellular routing.
To obtain more accurate quantitative information on

ricin intracellular trafficking, we now report the cloning,
expression, and reassociation of an EGFP-ricin molecule
and its chemical and biological properties. Our findings
support the hypothesis that ricin must be routed to the
Golgi network. In addition, the experiments document
the ability of EGFP to serve as a tool for measuring the
intracellular fate of imported molecules.

EXPERIMENTAL PROCEDURES

Construction of the Transfer Vector Encoding
EGFP-RTA. The pEGFP-1 plasmid containing DNA
encoding EGFP was obtained from Clontech Laboratories
(Palo Alto, CA) and propagated in Escherichia coli
INVRF′ cells (InVitrogen, San Diego, CA). The plasmid
was then prepared using the alkaline lysis method and
cesium chloride density gradient centrifugation, and a
BamHI DNA cassette encoding EGFP was amplified by
polymerase chain reaction (PCR) on a thermal cycler with
Taq polymerase following the recommendations of the
supplier (Perkin-Elmer, Foster City, CA). Oligonucle-
otides were synthesized on an Applied Biosystems 380B
DNA synthesizer and desalted with butan-1-ol. The 5′-
oligonucleotide contained nine nonsense bases, a BamHI
site, and 18 bases from the coding sequence for the N
terminus of the EGFP gene. The 3′-oligo contained nine
nonsense bases, a BamHI site, and the reverse noncoding
strand sequence for two stop codons and the C-terminal
amino acid residues of EGFP. The PCR product was
subcloned into pCR2.1 (InVitrogen) again as suggested
by the manufacturer. PCR2.1-EGFP DNA was re-
stricted with BamHI, and the EGFP fragment was
purified by agarose gel electrophoresis and a Prep-A-
Gene matrix (BioRad, Hercules, CA). A cesium chloride-
purified preparation of the pGEX2T-RTA plasmid (13)
was restricted with BamHI, treated with calf intestinal
phosphatase (Boehringer Mannheim, Indianapolis, IN),
purified with a Prep-A-Gene matrix, ligated with the
EGFP DNA, and used to transform INVRF′ cells. Trans-
formants were analyzed by restriction enzyme digestions
with BamHI, EcoRI, and NcoI. The pGEX2T-EGFP-
RTA plasmid was purified from the appropriate trans-
formant and dideoxy sequenced using the Sequenase kit
(U.S. Biochemicals, Cleveland, OH).
Expression of GST-EGFP-RTA. The pGEX2T-

EGFP-RTA construct was transformed into JM105 E.
coli cells (Pharmacia Bikotech, Piscataway, NJ), and 1
L cultures were grown at 30 °C with 225 rpm in 2XYT
broth containing 100 µg/mL ampicillin induced with 1
mM IPTG (Gibco BRL, Grand Island, NY). After 4 h,
the cells were harvested by centrifugation at 5000g for
10 min at 4 °C.

Purification of the EGFP-RTA Protein. Purifica-
tion was accomplished by affinity chromatography utiliz-
ing a glutathione-Sepharose matrix and thrombin cleav-
age. Briefly, cells were resuspended in 50 mL of
phosphate-buffered saline (PBS), homogenzied three
strokes in a glass homogenizer, sonicated for 5 min total
in 30 s bursts, and adjusted to 1% Triton X-100. After
gentle mixing on ice for 30 min, and centrifugation at
12000g for 10 min at 4 °C, 1 mL of a 50% slurry of
glutathione-Sepharose 4B (Pharmacia) was added and
incubation continued for 30 min. This suspension was
centrifuged at 500g for 5 min and washed three times
with 5 mL of PBS. The matrix was then resuspended in
475 µL of PBS and 25 µL of thrombin (1 IU/mL) added.
After overnight cleavage at room temperature, the solu-
tion was centrifuged at 500g for 5 min and the superna-
tant saved.
Characterization of EGFP-RTA. The protein con-

centration was determined by optical density based on
absorbance at 280 nm (OD of 1 mg/mL ) 0.77) and a BCA
(Pierce, Rockford, IL) protein assay. Tubes containing
various stages of purification were subjected to imaging
via a 302 nm UV transilluminator for fluorescence.
Aliquots of EGFP-RTA at various stages of purifica-

tion and prestained low-molecular mass standards were
subjected to 15% reducing SDS-PAGE, stained with
Coomassie Blue R-250 (Sigma, St. Louis, MO), and
scanned on an IBAS automatic image analysis system
(Kontron, Germany). Additional aliquots of EGFP-RTA
were run on 15% reducing SDS-PAGE and proteins
transferred to nitrocellulose, blocked with 10% Carna-
tion’s nonfat dry milk/0.1% bovine serum albumin (BSA)/
0.1% Tween20, washed with PBS plus 0.05% Tween 20,
and reacted with either 1:400 rabbit antibody/ricin
(Sigma) or 1:1000 rabbit antibody/EGFP (Clontech). The
blots were rewashed, incubated with alkaline phos-
phatase-conjugated goat anti-(rabbit IgG), washed again,
and developed with the Vectastain alkaline phosphatase
kit (Vector Laboratories, Burlingame, CA) as escribed the
manufacturer’s recommendations.
The enzymatic activity of EGFP-RTA was quantitated

by an in vitro protein synthesis inhibition assay. Dilu-
tions of plant RTA or EGFP-RTA were added to a rabbit
reticulocyte lysate protein translation mixture (Promega,
Madison, WI) with [3H]leucine (133 Ci/mmol, Du Pont,
Wilmington, DE) and the brome mosaic virus mRNA
model substrate as specified by the manufacturer. The
mixtures were incubated at 4 °C for 30 min and then at
30 °C for 30 min. Protein translation was monitored by
following [3H]leucine incorporation into acid-precipitable
product according to the manufacturer’s instructions. A
50% inhibition of incorporation (ID50) was determined for
each protein.
Reassociation of EGFP-RTA with Plant RTB.

EGFP-RTA (400 ug) was mixed with a 3-fold molar
excess of deglycosylated plant RTB (1.2 mg, Inland
Laboratories, Austin, TX) in a total volume of 500 µL of
PBS. The excess RTB was added to ensure heterodimer
formation of EGFP-RTA. After gentle rocking for 12 h
at room temperature under oxidizing conditions that
should lead to interchain disulfide bridge formation,
aliquots were analyzed to determine heterodimer con-
centration by a modified ricin ELISA (27). Briefly, wells
of an EIA plate (Costar, Cambridge, MA) were coated
with 10 µg/mL P2 anti-RTB monoclonal antibody in 100
µL of PBS overnight at 4 °C. The wells were washed with
PBS plus 0.1% Tween 20, blocked with 3% BSA in PBS
plus 0.02% sodium azide, rewashed, incubated with 12
dilutions of plant ricin (Inland Laboratories) or reassoci-
ated heterodimers, washed again, incubated with biotin-
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conjugated RBR12 anti-RTAmonoclonal antibody at 5 µg/
mL in PBS/0.5% BSA/0.1% sodium azide, washed,
incubated with alkaline phosphatase-conjugated strepa-
vidin (Sigma) at 1:1000 in PBS/0.5% BSA/0.1% sodium
azide, washed again, and developed with p-nitrophenyl
phosphate (Sigma) at 1 mg/mL in 50 mM diethanolamine
at pH 9.8. Absorbance at 405 nm was read on a
microplate reader.
Excess RTB was removed from the EGFP-RTA-RTB

by size exclusion chromatography on a Bio-Sil SEC 125
HPLC column with a Bio-Sil SEC Guard column (BioRad)
on aWaters 510 pump and 486 absorbance detector using
the PBS column eluant. Column fractions were stored
at 4 °C.
Characterization of EGFP-Ricin. The protein

concentration was again determined by absorbance at
280 nm and the BCA protein assay. Aliquots and
prestained low-molecular mass protein standards were
run on a nonreducing 15% SDS-PAGE and either
stained with Coomassie blue R-250 or transferred to
immunoblots for reaction with anti-ricin and anti-EGFP
antibodies. Immunoblots were performed as described
above. The nonreducing SDS-PAGEmeasured disulfide
bond formation between EGFP-RTA and RTB. An
asialofetuin ELISA was performed to measure the ga-
lactoside avidity of the heterodimer as previously de-
scribed (27).
Cell Cytotoxicity Assays. KB human epidermoid

carcinoma cells and Hep3B human hepatocellular carci-
noma cells were obtained from the American Type
Culture Collection (Rockville, MD) and grown in RP-
MI1640 with 10% fetal bovine serum (Irvine Scientific,
Irvine, CA). Cells were trypsinized and seeded at 1.5 ×
104 cells per well in 100 µL of media in 96-well flat-
bottomed plates. The cells adhered to plates after several
hours of incubation. Fifty microliters of 12 different
concentrations of castor bean ricin or EGFP-ricin was
added in the same medium, and the cells were incubated
at 37 °C in 5% CO2 for 48 h. [3H]Leucine, (0.5 µCi per
well, 133 Ci/mmol, Du Pont) in 50 µL of the same medium
was added and incubation continued for 4 h. Cells were
then harvested with a Skatron cell harvester onto glass
fiber mats, dried, mixed with 3 mL of liquid scintillation
fluid, and counted in an LKB-Wallac liquid scintillation
counter gated for 3H. Cells cultured with medium alone
served as controls. All assays were performed in tripli-
cate. The IC50 was the concentration of protein which
inhibited protein synthesis by 50% compared to control.
Cell Fluorescence Assays. Corning 35 mm dishes

were seeded with 105 KB or Hep3B cells and the cells
grown in RPMI1640 plus 10% fetal bovine serum at 37
°C in 5% CO2 until 70% confluence. The medium was
then aspirated, and dishes were blocked for 15 min with
1% BSA in PBS at 4 °C. Dishes were then incubated
with 1% BSA in PBS alone or with EGFP-ricin at 10
µg/mL in 1% BSA in PBS at 4 °C for 30 min, washed
three times with PBS, fixed with 3.7% formaldehyde in
PBS, washed and permeabilized with inclusion of 0.1%
saponin in all subsequent incubations, incubated with
1:500 wheat germ agglutinin conjugated to rhodamine
(WGA-TRITC, Sigma) in PBS/BSA/saponin, rewashed,
mounted under a no. 1 coverslip in glycerol/PBS (90:10),
and examined using a Zeiss Axioplan epifluorescence
microscope with the fluorescein channel and Texas Red
channel. Identical dishes were heated to 37 °C after the
4 °C incubation with EGFP-ricin and, after 30 or 60 min,
washed three times with PBS, fixed in 3.7% formalde-
hyde, rewashed in saponin-containing buffer, incubated
with or without WGA-TRITC in saponin/BSA/PBS,

rewashed, mounted under glycerol/PBS, and examined
for epifluorescence.

RESULTS

Construction of the EGFP-RTA-Encoding Bacte-
rial Expression Plasmid. The EGFP-coding region
from pEGFP-1 was modified to create a BamHI cassette
with the correct reading frame and subcloned in pGEX2T-

Figure 1. Schematic diagram of the pGEX2T-EGFP-RTA
expression plasmid. In pGEX2T-EGFP-RTA, the coding region
of GST-EGFP-RTA is under the control of the Ptac promoter
(hatched box) and is followed by codons encoding glutathione
S-transferase (striped box), a thrombin cleavable linker (LVPRGS)
with a BamHI site (white box), EGFP (black box), and RTA
(dotted box). Ampr denotes the â-lactamase gene. pBR322 ori
is the high-copy number bacterial replicon. lacIq stands for the
lac repressor gene. B ) BamHI. E ) EcoRI. arrow ) thrombin
cleavage site. The 729 bp EGFP gene and the 810 bp RTA gene
add to the 4948 bp pGEX2T vector to produce a total size of
6.487 kb.

Figure 2. Model of EGFP-RTA showing R-carbon backbones
of EGFP (bluegreen), junction amino acid residues of GS
(purple), and RTA (yellow). All molecules depicted are based
on coordinates read from Brookhaven Protein Data Bank files.
The PDB abbreviations are 2aa1-ricin and 1-gfp. The MUSC
BioMolecular Computing Resource SYBYL molecular modeling
software was used to render the protein chains as shaded
ribbons derived from cubic spline fits to the R-carbon backbone.

Synthesis of Green Fluorescent Protein−Ricin Bioconjugate Chem., Vol. 8, No. 5, 1997 745



RTA (Figure 1). The final construction was verified by
sequencing.
Production of EGFP-RTA. Yields of 0.375 + 0.025

mg/(L of culture medium) were obtained on the basis of
absorbance measurements and Bradford assays. The
predicted folding of the molecule based on published
coordinates in the Brookhaven Protein Data Bank is
shown in Figure 2.
Characterization of EGFP-RTA. SDS-PAGE fol-

lowed by Coomassie staining showed a single band of 55
kDa (Figure 3A). On the basis densitometry of the
Coomassie-stained gel, the purity was in excess of 90%.
Immunoblots with rabbit anti-ricin and rabbit anti-EGFP
showed similar reactivity (Figure 3B,C). Green light
emission after UV illumination at 302 nm was observed
in both the GST fusion and the final EGFP-RTA
preparation (Figure 4).
The enzymatic activity of the EGFP-RTA was indis-

tinguishable from that of previous preparations of bacte-
rial RTA and plant RTA. All three proteins inhibited in

vitro protein synthesis of rabbit reticulocyte lysates with
ID50s of 2 × 10-11 M (Figure 5).
Reassociation of the Recombinant Protein with

Plant RTB. After reassociation with a 3-fold molar
excess of plant RTB, 31 + 6% of the EGFP-RTA formed
heterodimers, based on ricin ELISA and yields from
HPLC. As shown in lane 3 of Figure 3C, no EGFP-RTA
remained unreassociated after oxidation with excess
RTB.
Properties of EGFP-Ricin. Size exclusion chroma-

tography of the EGFP-RTA-RTB plus RTB mixture
revealed a single fraction eluting at 90 kDa with green
fluorescence (Figure 6). SDS-PAGE followed by Coo-
massie staining and immunoblots revealed a single band
at 90 kDa which reacted with both anti-EGFP antibodies
and anti-ricin antibodies (Figure 3).
The heterodimer bound asialofetuin with that same

avidity as plant ricin (Kds ) 10-9 M). The EGFP-ricin
was cytotoxic to mammalian cells with IC50s of 6 × 10-11

M on KB cells and 7 × 10-13 M on Hep3B cells (Figure
7). Plant ricin had IC50s of 5 × 10-13 and 5 × 10-14 M on
KB and Hep3B cell lines, respectively. Thus, the fusion
protein is approximately 10-fold less cytotoxic for Hep3B
and 100-fold less cytotoxic for KB cells than ricin.

Figure 3. Nonreducing 15% SDS-PAGE of EGFP-RTA, an EGFP-RTA and RTB mixture, and purified EGFP-ricin. (A)
Coomassie-stained gel. (B) Immunoblot using rabbit anti-ricin antibody. (C) Immunoblot using rabbit anti-EGFP antibody: lane 1,
low-molecular mass prestained BioRad protein standards; lane 2, EGFP-RTA; lane 3, mixture of EGFP-RTA and plant RTB after
24 h incubation at room temperature; and lane 4, post-HPLC-purified EGFP-ricin. Bands are observed at 55 kDa (EGFP-RTA), 34
kDa (RTB), 65 kDa (RTB homodimers), and 90 kDa (EGFP-ricin). Arrows point to protein standards and show molecular masses
in kilodaltons.

Figure 4. Fluorescence of EGFP-RTA. Eppendorf tubes (1.5
mL) containg 0.5 mL of various fractions with EGFP-RTA
illiminated with a 302 nm UV light: tube number 1, induced
E. coli pellet postsonication; tube number 2, glutathione-
Sepharose matrix after binding-induced bacterial extract; tube
number 3, eluant from matrix prior to thrombin cleavage; and
tube number 4, thrombin-cleaved eluant containing EGFP-
RTA.

Figure 5. In vitro rabbit reticulocyte lysate protein synthesis
inhibition assay. The assay was as described in text. Each
experiment was performed in triplicate: (b) plant RTA, (2)
bacterial recombinant RTA, and (9) EGFP-RTA. ID50 ) 2 ×
10-11 M for each.
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Immunofluorescent Detection of EGFP-Ricin.
Cells incubated with EGFP-ricin at 4 °C showed diffuse
plasma membrane fluorescence indicating surface local-
ization (Figure 8). After the cells were warmed to 37 °C
for 30 min, fluorescence on surface membranes decreased
and an intracellular pattern of fluorescence was seen
which was consistent with endosomes. After 1 h at 37
°C, EGFP-ricin was detected in both endosomes and in
the Golgi network (Figure 8). Comparative studies were
done with KB cells and Hep3B cells (Figure 9). After 1

h incubation of cells with EGFP-ricin at 37 °C, much
more Golgi fluorescence was detected in Hep3B cells than
in KB cells. Control experiments with wheat germ
agglutinin conjugated to tetramethylrhodamine isothio-
cyanate (WGA-TRITC) confirmed colocalization with
EGFP-ricin in Golgi organelles (Figure 10).

DISCUSSION

EGFP-RTA was produced in bacteria as a glutathione
S-transferase (GST) fusion protein. The GST-EGFP-
RTA lost fluorescence properties when bacteria were
grown at 37 °C instead of at 30 °C. A similar loss in
fluoroscence was seen on lyophilization of EGFP-RTA-
RTB. The sensitivity of the EGFP chromophore to
temperature and high-ionic strength autoxidation has
been previously reported (28).
The GST-EGFP-RTA produced in E. coli cells at 30

°C was soluble in the bacterial cell and readily released
by sonication. After binding to glutathione-Sepharose

Figure 6. Elution profie from a HPLC Bio-sil SEC125 column
with PBS elution. OD280 is on the y-axis, and the time for elution
is in minutes on the x-axis. Elution times for BioRad gel
filtration protein standards are shown as arrows, including
thyroglobulin (670 kDa), bovine γ-globulin (158 kDa), chicken
ovalbumin (44 kDa), and equine myoglobin (17 kDa). The pooled
sample with fluorescence is shown in brackets. Delayed elution
of EGFP-ricin and RTB fractions was observed.

Figure 7. Cell cytotoxicity of ricin and EGFP-ricin. Cells were
exposed at the dilutions indicated for 48 h at 37 °C in 5% CO2.
Incorporation of [3H]leucine was assayed after a 4 h incubation
and compared against untreated cell incorporation: (b) ricin
on Hep3B cells, (9) EGFP-ricin on Hep3B cells, and (O) ricin
on KB cells, (0) EGFP-ricin on KB cells.

Figure 8. Fluorescence of the EGFP-ricin pathway in mam-
malian cells. KB cells were attached to tissue culture dishes,
incubated with EGFP-ricin for varying times, fixed with 3.7%
formaldehyde in PBS, and examined for fluorescence on the
fluorescein channel. (A and A′) Incubation at 4 °C for 30 min.
(B and B′) Incubation at 37 °C for 60 min. (A and B) Phase
contrast. (A′ and B′) Fluorescein channel. The arrowhead in
panel A′ shows surface localization of fluorescence; the ar-
rowhead in panel B′ shows endosomal distribution, and the long
arrow in panel B′ shows Golgi localization. Magnification ) 280
times; bar ) 20 µm.

Figure 9. Fluorescence distribution of EGFP-ricin after 60
min of incubation at 37 °C in ricin-sensitive (Hep3B) and
-resistant (KB) cell lines. (A and A′) Hep3B. (B and B′) KB. (A
and B) Phase contrast. (A′ and B′) Fluorescence. Arrows ) Golgi
region fluorescence. Magnification ) 202.5 times; bar ) 25 µm.
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and cleavage with thrombin, reasonable yields of 0.35 mg/
(L culture medium) were obtained. These were 10-fold
lower than that with RTA or RTA-KDEL reported
previously with this expression vector and cell line (13),
but well within the range of workable concentrations for
purification and biological assays.
The observed extinction coefficient of 0.77 is similar

to that of RTA alone (29) and suggests similar absorbance
characteristics for the amino acid residues of EGFP and
RTA at 280 nm.
The molecular mass of EGFP-RTA deduced from

reducing SDS-PAGE was 55 kDa which is identical to
that expected from the fusion of the 27 kDa Mr EGFP
(22) and the 28 kDaMr RTA peptides (13). The reactivity
of the hybrid molecule with antibodies to EGFP and ricin
suggests, epitopes for each domain are accessible on the
molecular surface. This would be expected from the
three-dimensional structure of each polypeptide. The C
terminus of EGFP is freely mobile and remote from the
â-barrel (23), and the N terminus of RTA also has
significant mobility (30, see Figure 2). Thus, the indi-
vidual domains should retain their native folding without
steric hindrance from the other component. Further,

they should have multiple epitopes on each domain
accessible to immunoglobulin in the solvent.
The ability of EGFP-RTA to reassociate with RTB was

expected because of the extensive ionic and hydrophobic
bonds in the RTA-RTB interface which promote reas-
sociation and the disulfide bond between RTA Cys-259
and RTB Cys-4 (31). Our observation of 30% reassocia-
tion compares reasonably well with the 50% reassociation
for plant RTA-RTB under identical conditions (32). The
RTA amino acid residues which interact with RTB
include H40, E41, Q182, Y183, L207, R234, R235, F240,
I247, I249, P250, I251, I252, R258, C259, and A260,
which are remote from the N terminus (31).
The purification of the EGFP-ricin by HPLC Bio-Sil

SEC125 size exclusion chromatography yielded one-step
removal of contaminating subunits with excellent recov-
ery and maintenance of activities. We have observed a
lack of detectable cell surface binding of EFGP-ricin in
the presence of excess RTB ligand (unpublished observa-
tions); hence, the purification step was necessary for
subsequent studies.
Cell fluorescence experiments required high EGFP-

ricin concentrations (20 µg/mL or 500 nM). This concen-

Figure 10. KB cells imaged in a Zeiss Axioplan epifluorescence microscope with a DAGE/MTI 100 integrating CCD with separate
Texas Red and FITC filters (Chroma). Cells were magnified 100 times with a Plan-Neofluar NA1.3 objective lens. (A-C) FITC channel.
(A′-C′) Texas Red channel. Specimens were prepared as described in the text. Colocalization of EGFP-ricin and WGA-TRITC is
shown with arrows. (A and A′) At 4 °C, 30 min of incubation with EGFP-ricin at 10 µg/mL. (B and B′) At 4 °C, 30 min of incubation
with WGA-TRITC (1:500, Sigma). (C and C′) At 37 °C, 20 min of incubation with EGFP-ricin and WGA-TRITC.
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tration is 10-fold higher than the available receptor sites
at 107/cell and 40-fold above the Kd of 1 nM. Thus, a
relatively weak signal was observed relative to immun-
ofluorescence assays with ricin (27) where multiple
antibody molecules each with several fluoresceins amplify
the signal. Further, the fluorescein channel on the
epifluorescence microscope (309 nm) is designed for
fluorescein absorption and emission. We did not optimize
the detection system for EGFP (489 nm).
The lower sensitivity of KB cells relative to Hep3B cells

to ricin-based toxicity may be due to altered receptor
density, altered intracellular compartmentalization, al-
tered rates of degradation, different efficiencies of trans-
location, differing rates of cytosolic RTA metabolism, or
varying ribosome inactivation. KB and Hep3B cells have
different genetic backgrounds, and any of these events
may, in principle, affect the sensitivity of these cells with
respect to ricin. Nevertheless, our results of different
accumulated concentrations of ricin in the Golgi network
are consistent with observations from other laboratories.
Antibody-RTA conjugates with similar cell surface bind-
ing to different epitopes on T cell antigens (CD2, CD3,
and CD5) showed variable cytotoxicity with respect to T
cells which was related to excessive lysosomal transport
and degradation (18-20). Toxin routing in such cells
should lead to reduced concentrations in the Golgi
cisternae. Further, the reduced toxicity of ricin at 19 °C
where Golgi uptake is blocked (9) and the reduced
sensitivity of myeloid leukemia cell lines to antibody-
RTA conjugates with increased lysosomal trafficking of
ligands (33) are additional examples of the role of Golgi
transport in ricin intoxication.
This report is the first demonstration of the use of

EGFP in following the endocytic pathway of surface-
bound polypeptide ligands.
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Functionalized Tricarbocyanine Dyes as Near-Infrared Fluorescent
Probes for Biomolecules
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The syntheses of three novel functionalized tricarbocyanine dyes are described. These dyes containing
isothiocyanate and succinimidyl ester functional groups are reactive toward primary amines and can
be used as fluorescent probes for biologically pertinent compounds such as amino acids and
functionalized dideoxynucleotides. The absorption and fluorescence maxima occur in the near-IR region
of the spectrum (770-810 nm). The succinimidyl ester proved to be very sensitive to hydrolysis and
was generated in situ to label amino acids. The isothiocyanates were less susceptible to hydrolysis
and were conjugated using organic modified [40% (v/v) acetonitrile] buffers to amino acids. A dye
with an alkyl isothiocyanate moiety showed conjugation to amino-functionalized dideoxynucleotide
triphosphates.

INTRODUCTION

There is increasing interest in the use of fluorescent
probes as a means of detection of biological and organic
compounds because of the sensitivity and ease of use
compared to radiochemical methods. The dyes that are
most commonly used fluoresce in the visible region of the
spectrum where the background fluorescence of the
matrix can cause considerable interference. In the near-
IR region of the spectrum (750-1000 nm), very few
molecules exhibit intrinsic fluorescence, and since Raman
scattering shows a 1/λ4 dependence, the background can
potentially be much lower in the near-IR than in the
visible region. Thus, near-IR-fluorescence-based tech-
niques have lower limits of detection relative to visible
fluorescent methods, which has the added benefit of
decreasing the quantity of reagents required for analysis
(1). In addition, semiconductor devices such as diode
lasers and avalanche diodes can be used as inexpensive
excitation sources and detectors. The disadvantages are
that there are very few near-IR chromophores with a
functionality that can be used for the covalent labeling
of analytes.
There are several factors which constitute an ideal

fluorescent dye for the labeling of biomolecules. Gener-
ally, the fluorophore must be chemically and photochemi-
cally robust in solution and water-soluble, should have
a large fluorescence quantum yield when bound to the
analyte, must be specific for an analyte, and should
minimize the interference with the analysis being per-
formed (e.g. electrophoretic mobility shifts in capillary
gel electrophoresis in DNA sequencing caused by differ-
ences in chromophore labels). Additionally, dyes that
covalently bind to analytes of interest must possess
reactive functional groups which are stable to long-term
storage but also have high labeling efficiencies with
minimal side reactions and produce a stable covalent

bond (2). Representative labeling functionalities include
isothiocyanates and succinimide esters for coupling with
primary and secondary amines and iodoacetamides for
reacting with thiols. Chromophores that noncovalently
interact with analytes must possess a large fluorescence
quantum yield enhancement upon interaction and a large
binding constant with the analyte of interest.
Recently, there have been several reports on near-IR

fluorophores that covalently and noncovalently label
biological and organic compounds, including amino acids
(3, 4), proteins (5, 6), nucleotides (7), DNA primers (1,
8), double-stranded DNA (9, 10), thiols (11, 12), and
antibodies (13). The near-IR probes for covalent labeling
are tricarbocyanine dyes containing an isothiocyanate or
succinimidyl ester functional group for labeling of amines
or an iodoacetamide group for labeling thiols. While
these chromophores do not possess large fluorescence
quantum yields in H2O, the reduced background in the
near-IR region results in an overall larger signal-to-noise
ratio (1).
We describe the synthesis and properties of three new

labeling tricarbocyanine dyes (1-3; Figure 1) containing
either an isothiocyanate or a succinimidyl ester moiety
attached to the chromophore through a phenyl thio-
ether or phenyl ether linkage. All of these dyes
show absorption and emission maxima in the near-IR
region (770-810 nm), large extinction coefficients
(∼2 × 106 cm-1 M-1), and excellent solubility in aqueous
solution due to the negatively charged sulfopropyl groups
on the nitrogen of the heteroaromatic rings. The poten-
tial of dyes 1-3 for use in bioanalytical applications has
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addressed. Telephone: 504-388-4025. Fax: 504-388-3458.
E-mail: chammer@chrs1.chem.lsu.edu.

† Louisiana State University.
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1, 1997.

Figure 1. New water-soluble near-IR fluorescent dyes syn-
thesized for covalent labeling of biomolecules.
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been evaluated by conjugation reactions with amino acids
and propargyl amine-functionalized dideoxynucleotides.

EXPERIMENTAL PROCEDURES

Chemicals. Aniline, cyclohexanone, N,N-dimethyl-
formamide, 1,3-propane sultone, 4-aminothiophenol, thio-
phosgene,N-hydroxysuccinimide, 1,1-thiocarbonyldiimid-
azole, and sodium hydride were purchased from Aldrich
Chemical Co. (Milwaukee, WI). Phosphorus oxychloride
and 2,3,3-trimethylindolenine were purchased from Kodak
Co. (Rochester, NY). Tyramine, glutamic acid, and
tryptophan were purchased from Sigma Chemical Co. (St.
Louis, MO). 3-(p-Hydroxyphenyl)propionic acid was
purchased from Pfaltz and Bauer (Waterbury, CT). All
other solvents were purchased from Fisher Scientific Co.
(Pittsburgh, PA).
Purification and Spectroscopic Analysis. Unless

otherwise specified, purification of the dyes was per-
formed on a Rainin model Rabbit HP preparative HPLC
apparatus using a Waters C18-RP preparative column
(radial compression cartridge, 5 × 10 cm; flow rate ) 5
mL/min) starting at 45:55 H2O/MeOH for 5 min and then
a linear gradient over 20 min to 20:80 H2O/MeOH
followed by washing with pure MeOH. Analytical sepa-
rations were done using a Brownlee Spheri-5 ODS
reversed-phase analytical column (0.46 × 10 cm). The
HPLC detector was a Shimadzu absorbance detector
which was set at 770 or 790 nm. H2O/MeOH gradients
were used in all experiments. Dyes were recovered from
pooled, collected fractions, and the solvent was removed
using a rotary evaporator at 40-45 °C. These dyes were
dried overnight in vacuo (<0.1 Torr), suspended in Et2O,
and collected by filtration. Visible near-IR absorbance
spectra were collected on a Perkin-Elmer Lambda 3
spectrophotometer. Fluorescence spectra were collected
using a Spex fluorimeter. The proton NMR spectra were
recorded in DMSO-d6 or CD3OD on a Bruker FT-NMR
spectrometer. Mass spectral data were acquired using
a Finnigan MAT 900 fast-atom bombardment instrument
with glycerol as the sample matrix.
General Synthesis. The functionalized tricarbo-

cyanine dyes were synthesized using modifications of
previously described procedures (11, 14-21).
2,3,3-Trimethyl-1-(3-sulfopropyl)-3H-indolium,

Inner Salt (4). Toluene (50 mL), 2,3,3-trimethylindol-
enine (10 mL, 0.0623 mol), and 1,3-propane sultone
(8.2 mL, 0.0935 mol) were heated under reflux for 18 h.
The reaction mixture was allowed to cool to room tem-
perature. The resulting pink crystals were filtered and
washed with acetone (3 × 10 mL). The filtered product
was crystalized from a solution of MeOH and Et2O. The
crystals were collected and dried in vacuo to yield 14.88
g (85%): FAB-MS calcd for C14H20NO3S 282.0 (M + H+),
found 282.1; 1H NMR (CD3OD, 250 MHz) δ 8.06
(br dd, 1H), 7.85 (br dd, 1H), 7.62 (m, 2H), 4.75 (t, 2H,
J ) 7.2 Hz), 2.85 (s, 3H), 2.65 (t, 2H, J ) 6.5 Hz), 2.17
(m, 2H), 1.54 (s, 6 H).
N-[5-Anilino-3-chloro-2,4-(propane-1,3-diyl)-2,4-

pentadiene-1-ylidene]anilinium Chloride (5). At
0 °C, phosphorus oxychloride (11 mL, 0.12 mol) was
added dropwise from a pressure-equalizing addition
funnel to anhydrous DMF (13 mL, 0.17 mol). After 30
min, cyclohexanone (5.5 mL, 0.053 mol) was added and
the mixture was refluxed for 1 h. Next, with constant
cooling at 20 °C, an aniline/EtOH [1:1 (v/v), 18 mL]
mixture was added dropwise. Reaction was continued
for an additional 30 min after aniline addition, and then
the deep purple mixture was poured into ice cold H2O/
concentrated HCl (10:1, 110 mL). Crystals were allowed
to form for 2 h in an ice bath, then filtered, washed with

cold H2O and Et2O, and then dried in vacuo: yield 15.41
g (87%): mp 220 °C: FAB-MS calcd for C20H20N2Cl 323.1
(M+), found 323.3; 1H NMR (DMSO-d6, 200 MHz) δ 8.5
(s, 2H), 7.6-7.2 (m, 10H), 2.74 (t, 4H, J ) 5.6 Hz), 1.85
(m, 2H).
Cy.7.Cl (6). A solution of 4 (1.69 g, 6 mmol), 5 (1.079

g, 3 mmol), and anhydrous sodium acetate (600 mg, 7
mmol) in absolute EtOH (60 mL) under a N2 atmosphere
was heated under reflux for 3.5 h. The EtOH was
removed under reduced pressure, and the residue was
purified by preparative RP-HPLC to afford 1.08 g (52%)
of 6: FAB-MS calcd for C36H44O6N2S2Cl 699.2 (protonated
form, M+), found 699.8, 721.8 (M - H + Na), 743.9 (M -
2H + 2Na); 1H NMR (DMSO-d6, 400 MHz) δ 8.26 (d, 4H,
J ) 14.1 Hz, J ) 12.9hz), 7.62 (d, 2H, J ) 7.4 Hz), 7.54
(d, 2H, J ) 8.0 Hz), 7.42 (dd, 2H, J ) 7.6 Hz), 7.27 (dd,
2H, J ) 7.4 Hz), 6.53 (d, 2H, J ) 14.2 Hz), 4.39 (t, 4H, J
) 7.0 Hz), 2.75 (t, 4H, J ) 5.2 Hz), 2.56 (br t, 4H), 2.03
(m, 4H, J ) 7.1 Hz), 1.83 (m, 4H), 1.67 (s, 12H).
Cy.7.SPh.NCS (1). Method A. 4-Aminothiophenol

(348 mg, 2.8 mmol) was dissolved in anhydrous DMF (30
mL) under a N2 atmosphere. Chlorodye 6 (100 mg, 0.14
mmol) was added, and the mixture was stirred for 5 min.
The DMF was removed under reduced pressure, and the
residue was dissolved in 2 mL of DMF and precipitated
with 10 mL of Et2O. The solvents were removed, and
the residue was washed with 20 mL of Et2O and purified
by reversed-phase HPLC. The fractions collected were
concentrated and dried overnight in vacuo which gave
55 mg (50%) of Cy.7.SPh.NH2 (7). This compound was
not stable to storage and was used immediately for the
preparation of the isothiocyanate. The aminothioether
Cy.7.SPh.NH2 (55 mg, 0.07 mmol) and anhydrous sodium
carbonate (12 mg) were dissolved in anhydrous DMF (10
mL) under a N2 atmosphere. At 0 °C, thiophosgene (11
µL, 0.14 mmol) was added with stirring. After 5 min,
the mixture was taken off of the ice bath and allowed to
react at room temperature for 1 h. The solution was
filtered, and the precipitate was washed with DMF. The
combined filtrate and washings were concentrated in
vacuo at 40 °C. The resulting residue was dried in vacuo
overnight to give 23 mg (39%) of 1: FAB-MS calcd for
C43H48N3O6S4 830.2 (protonated form, M+), found 830.3;
1H NMR (CD3OD, 250 MHz) δ 8.73 (d, 2H, J ) 14.1 Hz),
7.1-7.4 (m, 12H), 6.48 (d, 2H, J ) 14.0 Hz), 4.36 (br t,
4H), 2.95 (t, 4H, J ) 6.5 Hz), 2.84 (br t, 4H), 2.23 (m,
4H), 2.02 (m, 4H), 1.50 (s, 12H); IR 2108 cm-1.
Method B (Preferred). 4-Aminothiophenol (54 mg, 0.4

mmol) was dissolved in anhydrous DMF (10 mL) under
a N2 atmosphere. Chlorodye 6 (100 mg, 0.14 mmol) was
added and the mixture stirred for 5 min. The reaction
was quenched with dry ice. After the mixture was
allowed to warm to room temperature (5 min), thiocar-
bonyldiimidazole (22-24) (210 mg, 1.0 mmol) was added
with stirring. After 30 min, Et2O (30 mL) was added to
precipitate the dye. The resulting suspension was placed
into a centrifuge for 30 s, and the supernatant was
discarded. The precipitate was dissolved in H2O/MeOH
(1:1, 1.5 mL) and purified using five C18 Sep-Pak Plus
cartridges in series using a MeOH/H2O gradient (40:60,
3 mL; 60:40, 2 mL; 80:20, 4 mL). The fractions collected
were concentrated and dried overnight under high vacuum
which gave 34 mg (29%) of Cy.7.SPh.NCS.
2-(p-Hydroxyphenyl)ethylisothiocyanate.

Tyramine (400 mg, 2.9 mmol) was dissolved in anhydrous
DMF (10 mL) under a N2 atmosphere. 1,1-Thiocarbonyl-
diimidazole (520 mg, 2.9 mmol) was added, and the pale
yellow color of the solution turned an amber red color.
After 30 min, the solvent was taken off by a rotary
evaporator at 40 °C to afford an orange oil. The oil was
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dissolved in 1 mL of MeOH, and 3 volumes of water were
added to precipitate the isothiocyanate. The product was
filtered and washed with cold water to afford 320 mg
(62%). GC-EIMS calcd for C9H9NOS 180.0 (M+), found
180.0; 1H NMR (DMSO-d6, 250 MHz) δ 7.67 (s, 1H), 7.05
(d, 2H, J ) 8.1 Hz), 6.70 (d, 2H, J ) 8.6 Hz), 3.80 (t, 2H,
J ) 6.6 Hz), 2.81 (t, 2H, J ) 6.6 Hz); IR 2081 cm-1.
Cy.7.OPhEt.NCS (2). A 60% oil dispersion of NaH

(14 mg, 0.3 mmol) was added to anhydrous DMF (4 mL)
under a N2 atmosphere at 0 °C. In a separate flask, 2-(p-
hydroxyphenyl)ethylisothiocyanate (58 mg, 0.3 mmol)
was dissolved in anhydrous DMF (1 mL) under a N2
atmosphere at 0 °C, and the solution was added to the
slurry of NaH. After 30 min, the phenoxide isothio-
cyanate solution was added to chlorodye 6 (100 mg, 0.14
mmol) dissolved in anhydrous DMF (4 mL) under a N2
atmosphere. The reaction was followed by HPLC. After
18 h, the reaction was quenched with dry ice and the
solvent was removed on a rotary evaporator at 40 °C. The
crude material was filtered and purified by preparative
HPLC to afford 37 mg (32%) of 2: FAB-MS calcd for
C45H52N3O7S3 842.3 (protonated form, M+), found 843.3;
1H NMR (CD3OD, 400 MHz) δ 7.99 (d, 2H, J ) 14.2 Hz),
7.04-7.38 (m, 12H), 6.31 (d, 2H, J ) 14.1 Hz), 4.30 (t,
4H, J ) 7.6 Hz), 3.76 (m, 4H), 2.79 (t, 4H, J ) 5.8 Hz),
2.20 (m, 4H, J ) 7.5 Hz), 2.03 (t, 2H, J ) 5.7 Hz), 1.31
(s, 12H).
Cy.7.OPhEt.CO2Su (3). 3-(p-Hydroxyphenyl)propi-

onic acid (224 mg, 1.4 mmol) was dissolved in anhydrous
DMF (10 mL) under a N2 atmosphere. Sodium hydride
(65 mg of a 60% oil dispersion, 2.7 mmol) was added and
allowed to form the phenolate for 30 min under constant
stirring. Chlorodye 6 (100 mg, 0.14 mmol) was added
and allowed to react under N2 with stirring for 30 min.
The reaction was quenched with dry ice, and the DMF
was taken off by a rotary evaporator. The residue was
dissolved in H2O/MeOH (3:2, 3 mL), filtered, and purified
by preparative HPLC. The collected fractions were
concentrated on a rotary evaporator and dried in vacuo
overnight to provide 35 mg (31%) of Cy.7.OPhEt.CO2H
(8): FAB-MS calcd for C45H53N2O9S2 829.3 (protonated
form, M+), found 829.6: 1H NMR (CD3OD, 250 MHz) δ
8.00 (d, 2H, J ) 14.2 Hz), 7.34-7.40 (m, 8H), 7.24 (m,
4H), 7.00 (d, 4H, J ) 8.6 Hz), 6.30 (d, 2H, J ) 14.2 Hz),
4.31 (br t, 4H), 2.95 (t, 2H, J ) 6.6 Hz), 2.80 (br t, 4H),
2.35 (m, 2H), 2.21 (m, 4H), 2.09 (m, 2H), 1.34 (s, 12H).
N-Hydroxysuccinimde (7 mg, 60 µmol) and

Cy.7.OPhEt.CO2H (8) (1 mg, 1.2 µmol) were added
sequentially to anhydrous DMF (100 µL). After the free
acid dye had dissolved, dicyclohexylcarbodiimide (DCC,
12 mg, 60 µmol) was added and stirred overnight in the
dark. The reaction was followed by analytical HPLC. The
dye was then used without further purification. The
synthesis afforded 85% conversion to Cy.7.OPhEt.CO2Su
(3) as determined by HPLC (remaining 15% of near-IR
absorbing material was the starting free acid dye
Cy.7.OPhEt.CO2H). The succinate ester 3 could not be
isolated, but the DMF solution was used directly for all
conjugation reactions to primary amines.
Labeling of Amino Acids with Isothiocyanate

Derivatives 1 and 2. A 10-fold excess of 1 or 2 in DMSO
was dissolved in a 0.1 mM solution of amino acid in
borate buffer [13 mM, pH 9.3, 40% (v/v) acetonitrile; 100
µL of ∼10:40:50 DMSO/acetonitrile/buffer], and the solu-
tion was shaken in the dark at room temperature. The
reaction was analyzed by analytical HPLC after 12 h.
Labeling of Amino Acids with Succinimidyl De-

rivative 3. In the case of tryptophan, dye 3 was
synthesized according to the procedure outlined earlier
and the purity was assayed by HPLC. Aliquots of the

reaction solution were added in a 10-fold excess to 1 µM
solutions of tryptophan in carbonate/bicarbonate buffer
(67 mM, pH 9.4). Reactions were followed by analytical
HPLC. The reactions were determined to be complete
within 20 min.
Labeling of 7-(3-Amino-1-propynyl)-2′,3′-dideoxy-

7-deazaadenosine 5′-Triphosphate (9a). 7-(3-Amino-
1-propynyl)-2′,3′-dideoxy-7-deazaadenosine 5′-triphos-
phate (ddATP) (0.16 µmol) and 2 (1.4 mg, 1.6 µmol) were
dissolved in 67 mM sodium bicarbonate buffer (100 µL,
pH 9.3) and allowed to react in the dark at room
temperature for 48 h. Diisopropylethylamine (100 µL)
was added and allowed to react for 24 h to form the
conjugate. The reaction was followed by reverse-phase
HPLC.
Labeling of 7-(3-Amino-1-propynyl)-2′,3′-dideoxy-

7-deazaguanosine 5′-Triphosphate (9b). 7-(3-Amino-
1-propynyl)-2′,3′-dideoxy-7-deazaguanosine 5′-triphos-
phate (ddGTP) was kindly provided by P. Cotofana of PE
Applied Biosystems and was prepared by methods de-
scribed by Prober et al. (25). The dye-ddGTP conjugate
was prepared by optimization of a method described
previously (25). In general, the purification required two
steps. Anion exchange was used to separate free dye and
the dye-labeled ddGTP. A subsequent, reverse-phase
column was used to separate the ddGTP and the dye-
labeled ddGTP. The final product was dried in vacuo and
diluted with 50 mM CAPSO (750 µL, pH 9.6) to a
concentration of 1.7 µM. The concentration of the
formulated bulk is confirmed by absorbance spectroscopy
at 765 nm.
Anion Exchange HPLC. Column: Aquapore AX-300,

7 µm particle size, 220 × 4.6 mm (PE Applied Bio-
systems). Gradient: 40% acetonitrile/60% triethyl-
ammonium bicarbonate (TEAB, 0.1 M) to 40% aceto-
nitrile/60% TEAB (1.5 M) at 1.5 mL/min over 20 min,
followed by isocratic elution.
Reverse-Phase HPLC. Column: Spheri-5 RP-C18, 5

µm particle size, 220 × 4.6 mm (PE Applied Biosystems).
Gradient: 100% triethylammonium acetate (TEAA, 0.1
M) to 40% acetonitrile/60% TEAA at 1.5 mL/min over 20
min followed by 40 to 100% acetonitrile at 1.5 mL/min
over 5 min.
Detection. UV/vis: 260 nm.

RESULTS AND DISCUSSION

All three labeling dyes 1-3 (Figure 1, Scheme 1) were
prepared from the base chlorocyanine dye 6 by nucleo-
philic substitution (via an SRN1 mechanism) (17) of the
chloride by phenolates or thiols. The heptamethine chain
of chlorodye 6 is assembled from the aldol-like condensa-
tion of indolinium salt 4 and the iminium salt 5. The
inclusion of the sulfopropyl groups on the nitrogen of the
indolenine ring of 4 (and subsequently 6) gives all of the
dyes (1-3, and 6) excellent water solubility. However,
the isothiocyanate dyes, 1 and 2, show appreciable
aggregation in aqueous solution as shown in Figure 2.
The appearance of the absorption band at lower wave-
length (∼675 and ∼650 nm in panels A and B of Figure
2, respectively) is indicative of the formation of higher-
order aggregates (26). The addition of 40% organic
modifier (methanol or acetonitrile) to this solution in-
hibits aggregation resulting in primarily the monomeric
dye. The addition of p-aminothiophenol to chlorodye 6
to generate the aminothioether dye Cy.7.SPh.NH2 (7,
structure not shown) occurred with moderate yields.
However, pure 7was not stable at room temperature over
long periods of time, so it was generally reacted with
thiophosgene (or preferably thiocarbonyldiimidazole) im-
mediately to provide the isothiocyanate. The preferred
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one-pot procedure for preparation of isothiocyanate dye
1 (method B) gave the best overall results in terms of
time required and the resulting purity of 1.
To obtain an isothiocyanate dye with a two-carbon

longer linker arm, the addition of the phenolate of
tyramine to chlorodye 6 was envisioned as a possible
strategy. Attempts to use tyramine directly in this
reaction led to complicated mixtures. Apparently, the
free amine causes side reactions or decomposition of the
dye (as in the case of free amine thioether dye 7 above).
Thus, some sort of protection of the nitrogen is required,
which would have to be removed and the isothiocyanate
formed once the dye is assembled. Patonay and co-
workers (21) have shown that the isothiocyanate group
is stable under the moderately basic and nucleophilic
reaction conditions required for the replacement of the
Cl on dye 6. This strategy is much more convergent and
minimizes handling of dye-containing intermediates as
it avoids the need for deblocking of the amine (usually
protected with a Boc group) and subsequent formation
of the isothiocyanate dye. Thus, the phenolate derivative
of tyramine isothiocyanate (prepared from thiocarbonyl-
diimidazole and tyramine) was directly added to the
chlorodye 6 to provide the alkyl isothiocyanate dye 2 in
moderate yield.
To compare the labeling efficiencies of different func-

tional groups, the succinimide ester 3 was prepared.
Again, the chlorodye reacts efficiently with the salt of
3-(p-hydroxyphenyl)propanoic acid to give the carboxylic
acid dye Cy.7.OPhEt.COOH (8, structure not shown). The
succinimide ester 3 was formed from 8, N-hydroxy-
succinimide, and dicyclohexylcarbodiimide; however, this
compound was difficult to isolate because the ester was
highly sensitive to hydrolysis even under neutral pH
conditions. As a result, for purposes of labeling, active
ester 3 was made just prior to use. All the dyes have a
strong near-IR absorbance and a 20 nm Stokes shift of
the fluorescence emission maxima (Table 1).

Initially, aryl isothiocyanate 1 and alkyl isothiocyanate
2 were conjugated to tryptophan and glutamic acid using
aqueous borate buffers (pH 9.3). Under these conditions,
1 exhibits moderate conjugation to tryptophan and does
not conjugate to glutamic acid. Likewise, 2 shows poor
conjugation to each amino acid (Table 2). However, the
addition of organic modifier [40% (v/v) acetonitrile]
improves the conjugation efficiency of both dyes. The
increase in percent conjugation is most likely due to the
decreased aggregation of the dyes in these buffers
because of the organic modifier (Figure 2). Chromato-
grams of the conjugation of each labeling dye (1 and 2)
to tryptophan under optimum conditions are shown in
Figure 3. Thioether isothiocyanate dye 1 showed quan-
titative reaction with very little concomitant hydrolysis

Scheme 1

Figure 2. Absorbance spectrum of 1 (A) and 2 (B) in 13 mM
borate (pH 9.3) (s) and 13 mM borate (pH 9.3) with 40% (v/v)
methanol (2). Concentration 5 × 10-6 M.

Table 1. Absorbance and Fluorescence Data of Near-IR
Dyes

dye name
absorbance
maximuma

ε (× 105
cm-1 M-1)a

fluorescence
maximuma

6 Cy.7.Cl 778 1.8 802
7 Cy.7.SPh.NH2 791 1.7 810
1 Cy.7.SPh.NCS 791 1.7 810
2 Cy.7.OPhEt.NCS 768 2.0 791
8 Cy.7.OPhEt.COOHb 771 2.0 790
a Measurements collected in methanol solutions. Concentration

of 5 × 10-6 M. b The hydrolytic instability of Cy.7.OPhEt.COOSu
(3) did not allow its full spectroscopic characterization.

Table 2. Conjugation Efficiencies of Dyes 1 and 2 with
Respect to Amino Acids

tryptophana glutamic acida

buffer 1 2 1 2

aqueous 35% 10% nrb 4%
40% (v/v) acetonitrile quantc 20% 80% 10%
a The percent conjugation of reaction was determined from the

following formula: [(10 × the integrated area of the conjugate
peak)/(total integrated area of all peaks in the chromatogram)] ×
100%. b No reaction. c Quantitative reaction.
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of the functionalized chromophore. The phenethylisothio-
cyanate dye 2 showed poor conjugation efficiency toward
tryptophan. This may be attributed to the slower reac-
tion kinetics of alkyl isothiocyanates when compared to
that of aryl isothiocyanates (27). The conjugation of the
succinimidyl ester 3 to tryptophan produced several
products due to the hydrolysis of the ester (data not
shown) that obfuscated the positive identification of the
tryptophan conjugate.
An attempt was made to conjugate each chromophore

to propynyl amino-modified ddATP 9a and ddGTP 9b
analogs. Arylisothiocyanate dye 1 and succinimide ester
dye 3 showed no conjugation to the ddATP. The succin-
imide ester of 3 appears to be hydrolyzed before it can
attach to the amino linker arm of the dideoxynucleotide.
We have also seen this lack of conjugation to negatively
charged amino acids with a closely related arylisothio-
cyanate cyanine dye (4). Successful conjugation to the
ddATP and ddGTP (Scheme 2 and Figure 4) was achieved
with alkylisothiocyanate dye 2. Increasing the length of
the chain which contains the isothiocyanate functional

group (2 vs 1) improved the efficiency of conjugation to
the highly negatively charged nucleotides. This may be
due to the increased distance of the isothiocyanate from
the chromophore in tyramine-derived 2, which decreases
steric or electrostatic interactions that may occur between
the analyte and dye. In addition, the use of an organic
modifier, which inhibits aggregation of the dye, may be
responsible for the more efficient conjugation of 2 with
the nucleotides. The conjugates of dye 2 and ddNTP’s
10a and 10b show no aggregation in aqueous buffer as
demonstrated by absorption spectroscopy (Figure 5).

CONCLUSION

The preparation and application of three new tricar-
bocyanine dyes 1-3, including functionalized groups, for

Figure 3. Reversed-phase HPLC chromatograms of tryptophan
labeled with dye 1 (A) and 2 (B). Labeling and separation
conditions are as stated in the text. Unk. (unknown) and Hyd.
(hydrolysis products).

Scheme 2

Figure 4. Reversed-phase HPLC chromatogram of ddGTP
modified with a propargyl linker arm containing a primary
amine covalently attached to 2.

Figure 5. Absorbance spectrum of the 2-ddGTP conjugate
(10b) in triethylammonium bicarbonate buffer (∼1.0 M, pH 7.0).
Concentration of 1.7 × 10-5 M; path length of 1 mm.
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the derivatization of primary amines is described. The
conjugation of these dyes with amino acids and triphos-
phate dideoxynucleotides is shown. These dyes show
absorbance and fluorescence maxima in the near-IR
region which allows for the use of inexpensive semicon-
ductor devices such as diode lasers as excitation sources
and avalanche diodes as detectors in a fluorescence
detection assay. The conjugation of these dyes to primary
amines allows their use as near-IR fluorescent labels for
compounds such as proteins, amino acids, and antibodies.
Dyes 1 and 2 contain an isothiocyanate functional group
which conjugates specifically with primary amines, in-
cluding amine-modified ddATP and ddGTP, with modest
efficiency and only minor hydrolysis. We are currently
exploring dye-ddNTP conjugates as terminators in a
Sanger dideoxy sequencing protocol with a near-IR
fluorescence detection scheme.
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The behavior of oligonucleotides containing 5-iodouracil, 5-bromocytidine, and 5-iodocytidine in
concentrated ammonia is described. 5-Aminouracil and 5-aminocytidine are obtained as side products
when deprotection is performed at 60 °C. Small amounts, if any, of side products are obtained when
ammonia deprotection is performed at room temperature. The base-pairing properties of these
5-halopyrimidines including triple helix are described.

Oligonucleotides containing 5-halopyrimidines are im-
portant tools for research into nucleic acid and nucleic
acid-protein interactions. Specifically, they are used in
the following areas: (a) in structural elucidation of
mispairs with natural bases to explain their mutagenic
properties (1-3); (b) in the study of cytosine methyl-
transferases (4-6); (c) for photo-cross-linking with pro-
teins which bind DNA and RNA (7-9); (d) in X-ray
diffraction experiments of nucleic acids (10, 11) and
nucleic acid binding proteins (12); (e) as nonradioactive
labels (13) and as alternatives for mixed probes (14); (f)
for triple-helix stabilization (15, 16); (g) as antisense
oligonucleotides (17, 18); and (h) in the study of the
restriction endonucleases cleavage mechanism (19, 20).
The preparation of these modified oligonucleotides can

be performed by enzymatic methods (8, 9, 13) or prefer-
ably by chemical synthesis (1-7, 10, 14-20). Phosphora-
midite derivatives of most of the 5-halopyrimidines are
commercially available. The use of mild conditions
during the ammonia treatment is recommended to avoid
base modification (24-48 h, room temperature, refs 10
and 21), although, to our acknowledge, there is no
detailed study on these modifications. During the prepa-
ration of oligonucleotides containing 5-bromo-2′-deoxy-
uridine (2, Figure 1), a side product produced during the
ammonia treatment was isolated and characterized as
5-amino-2′-deoxyuridine (4, Figure 1) (16). The degree
of modification of 5-bromouracil during the standard
ammonia treatment (16 h, 50 °C) was near 20%, and no
side product was detected if the deprotection was per-
formed at room temperature. To ensure complete depro-
tection of natural bases at room temperature, phosphor-
amidites carrying more labile protecting groups such as
phenoxyacetyl (22), tert-butylphenoxyacetyl (23), or FOD
(24) are recommended (3, 16). 5-Fluorouracil was found
to be stable during ammonia deprotection (3).

In this paper we show that 5-iodo-2′-deoxyuridine (3),
5-bromo-2′-deoxycytidine (6), and 5-iodo-2′-deoxycytidine
(7) (Figure 1) are also prone to ammonia degradation,
giving 5-amino derivatives as described by 5-bromouracil.
However, using optimal deprotection conditions, oligo-
nucleotides containing these bases can be obtained with
the high purity required for cocrystallization with pro-
teins and subsequent X-ray diffraction studies.

RESULTS AND DISCUSSION

To assess the stability of 5-halopyrimidines to oligo-
nucleotide deprotection conditions, the corresponding 2′-
deoxypyrimidine nucleosides were treated with concen-
trated ammonia at 60 °C and analyzed by reversed-phase
HPLC. 5-Bromo- (2) and 5-iodo-2′-deoxyuridine (3) gave,
after ammonia treatment, a more polar product having
the same retention time and the same UV absorption
spectrum as 5-amino-2′-deoxyuridine (4) (25). The degree
of base modification was more pronounced with 5-iodo-
2′-deoxyuridine (3) than with 5-bromo-2′-deoxyuridine
(2). After 24 h, nearly 50% of the 5-iodo-2′-deoxyuridine
(3) is converted to 5-amino-2′-deoxyuridine (4), and in the
case of the 5-bromo derivative 2, 50% of modification is
observed after 3 days. Some minor products were also
observed in the 5-iodo derivative (3) eluting very closely
to the peak of 5-amino-2′-deoxyuridine (4). Treatment
of the nucleosides with ammonia at room temperature
did not give any detectable side products.
Similar results were obtained during the treatment of

halogenated derivatives of 2′-deoxycytidine (6 and 7). A
polar product appeared when 5-bromo- (6) and 5-iodo-
2′-deoxycytidine (7) were treated with concentrated am-
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Figure 1. Chemical structures of 5-substituted pyrimidines.
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monia at 50 °C which had the same retention time and
UV absorption spectrum as 5-amino-2′-deoxycytidine (8)
(26). However, in this case the modification was more
severe than with the halogenated uracils. After 24 h,
5-bromo-2′-deoxycytidine (6) yielded near 90% of the
amino nucleoside (8) and more than 95% modification
was observed with 5-iodo-2′-deoxycytidine (7). Some
minor products were also observed in the 5-iodo deriva-
tive. Treatment of the cytidine derivatives with concen-
trated ammonia at room temperature yielded only small
amounts of the amino derivatives (near 5%).
The behavior of oligonucleotides containing haloge-

nated nucleosides in concentrated ammonia was studied
on the dinucleotide 5′XT3′; X ) 5-iodo-2′-deoxyuridine (3)
and 5-bromo- (6) and 5-iodo-2′-deoxycytidine (7). Di-
nucleotides were prepared using standard phosphora-
midite techniques and commercially available phosphor-
amidites (21). The amino group of 5-bromo- and 5-iodo-
2′-deoxycytidine was protected with the benzoyl group
(21). Oligonucleotides were prepared without the dimeth-
oxytrityl group at the 5′ end, and aliquots of the dinucle-
otide support were treated with concentrated ammonia
at room temperature (24 h) and at 60 °C (16 h). Products
were analyzed by reversed-phase HPLC, and the different
products were analyzed by UV, enzyme digestion, and
mass spectrometry. Results are shown in Table 1 and
Figure 2. Similar to what has been found at the nucleo-
side level, 5-halopyrimidine oligonucleotides were par-
tially decomposed to the corresponding 5-amino deriva-
tives when ammonia treatment was performed at 60 °C.

The desired 5-halopyrimidine dimer had a larger reten-
tion time than the side products (Figure 2). The rate of
modification at 60 °C was different for each dimer. One-
third of the 5-bromocytosine dimer was transformed into
5-aminocytosine dimer (33%) after 16 h and, under the
same conditions, half of the 5-iodouracil dimer was
transformed into 5-aminouracil (47%). Base modification
on 5-iodocytosine dimer was more complex. Only 35%
of the UV-absorbing material was due to 5-iodocytosine
dimer. The remaining 65% was divided in three different
products. The major product was 5-aminocytosine dimer
(38%), but two other minor products were observed. One
of these side products (compound Y, 16%, retention time
) 13.9 min) had a mass similar to that of the 5-amino-
cytosine dimer but had a different UV absorption spec-
trum. This side product can be assigned either to a dimer
containing 6-aminocytosine or to a dimer containing
5-hydroxycytosine. Previous studies have shown that
6-aminocytosine is produced as minor product when
5-bromocytosine is treated with liquid ammonia (26).
Alternatively, if water acts as a nucleophile, 5-hydroxy-
cytosine may be obtained. The molecular weights of
these products differ by only 1 mass unit of difference.
Finally, the less abundant side product (compound X,
10%, 11.6 min) had a molecular mass of 531 Da, corre-
sponding to a dimer without iodine. Enzyme digestion
of this product gave two nucleoside peaks that eluted
similarly to T and dC; therefore, this side product was
assigned to the CT dimer. The replacement of a 5-iodo
group by hydrogen by treatment with hot ammonia
solutions has been previously described (27).
When deprotection was performed at room tempera-

ture for 24 h, complete elimination of the benzoyl group
of BrC and IC was observed, as was the absence of base
degradation. In the case of IC dimer it was possible to
detect small amounts (1-4%) of base degradation prod-
ucts. The side products observed were the same as the
products observed at high temperature, but the relative
amounts were different. These results are in agreement
with previous observations of degradation of 5-halopyri-
midines during deprotection (10, 16, 21) and show the
importance of using milder conditions for deprotection
of these modified oligonucleotides.
Once the deprotection conditions were established on

model dinucleotides, longer oligonucleotides were pre-
pared and base-pairing properties of 5-halopyrimidine
oligonucleotides were analyzed. For this purpose, the
following oligonucleotide sequences were prepared: 15-
mer, A, 5′ TAG AGG XTC CAT TGC 3′ (being X ) IU,
BrC and IC); and 11-mers, B, 5′ CYY CCY CCY CT 3′
(being Y ) BrU and IU), and C, 5′ ZTT ZZT ZZT ZT 3′
(being Z ) BrC and IC). Phosphoramidites protected with
the more labile, tert-butylphenoxyacetyl protecting groups
were used for the natural bases to ensure complete
deprotection with concentrated ammonia at room tem-
perature. Oligonucleotides were separated from trun-

Table 1. Modification of 5-Halogenated Pyrimidine Oligonucleotides in Concentrated Ammonia Solutions

oligonucleotide
sequence conditions

% 5-haloPyr
oligonucleotide

HPLC
retention
time (min) MS (Da)

% 5-aminoPyr
oligonucleotide

HPLC
retention
time (min) MS (Da)

5′IUT3′ 60 °C, 16 h 53 21.2 658.1 47 9.4 547.2
5′IUT3′ RT, 24 h 100 21.2 658.1 none
5′BrCT3′ 60 °C, 16 h 67 18.5 608.9; 611.1 33 6.8 546.0
5′BrCT3′ RT, 24 h 100 18.5 608.9; 611.1 none
5′ICT3′ 60 °C, 16 h 35 18.4 656.9 38a 7.0 546.1
5′ICT3′ RT, 24 h 93 18.4 656.9 1a 7.0

a In the case of the dimer ICT two more side products were observed: compound X, retention time ) 11.6 min, MS ) 531 Da; compound
Y, retention time ) 13.9 min, MS ) 546.1 Da. After 16 h at 60 °C, compound X is present at 10% and compound Y at 16%. After 24 h at
RT, compound X is present at 2% and compound Y at 4%.

Figure 2. Analytical HPLC of dimer ICT after ammonia
treatment at room temperature and at 60 °C. HPLC conditions
are given under Experimental Procedures.
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cated sequences using COP reversed-phase cartridges or
HPLC. Purified oligonucleotides were analyzed by re-
versed-phase and ion-exchange HPLC. In all cases a
single peak was observed, which then was collected and
characterized by mass spectrometry and/or enzyme di-
gestion (Figure 3). The presence of 5-aminopyrimidine
derivatives was not detected.
Melting curves of duplexes containing IU, BrC, and IC

showed a single transition and melting temperatures
were measured. Table 2 shows the values of melting
temperatures. Small differences were observed when
compared with the melting temperatures of natural base
pairs. For the purpose of comparison, melting temper-
atures of duplexes containing 5-aminouracil (NU) were
also included (28). As a general trend, it is observed that
the presence of the halogen slightly increases melting
temperatures of the purine‚pyrimidine base pairs, while
pyrimidine‚pyrimidine base pairs are not affected. Other
investigators have reported similar results with duplexes
containing IU‚A and BrC‚G base pairs (17).
Moreover, the influence of 5-halopyrimidines on triple-

helix formation was studied with the sequence described
by Xodo et al. (29). Triple helices were formed by mixing
the hairpin molecule (h26) with different all-pyrimidine
single-stranded 11-mers (s11) which contain 5-halopyri-
midines substituting C or T. The UV absorbance at 270

nm was then followed as a function of temperature at
different pH values. As described previously, at acidic
pH, two clear transitions were observed (16, 21). The
first transition is due to dissociation of s11 from h26
(triplex to duplex) and the second transition to the
denaturation of h26 (duplex to single strand) (21). Melt-
ing temperatures for triple-helix dissociation of triplexes
containing BrU and IU are shown in Table 3. Substitution
of T for BrU stabilized triple helix but substitution of T
for IU produced a slight destabilization of triple helix.
Triple helices formed with the side product 5-aminouracil
were less stable than the triple helix containing BrU and
IU. Substitution of C for BrC and IC in s11 abolished triple-
helix formation. Only the duplex to single-strand transi-
tion was observed in the range from pH 5.5 to 7. The
absence of triple-helix formation in 5-halocytosine deriva-
tives is explained by the fact that cytosine should be
protonated to form triple helix and 5-halocytidines have
a much lower pKa than cytidine (pKa of cytidine ) 4.6;
pKa of 5-bromocytidine ) 3.8; pKa of 5-iodocytidine ) 3.5,
ref 30).
Finally, oligonucleotides containing IU and IC at dif-

ferent sites were prepared for cocrystallization experi-
ments. In sequences containing the palindromic binding
site of the eukaryotic transcription factor T protein 5′
AATTTCACACCTAGGTGTCAAATT 3′ nucleotides T
and C were systematically substituted by IU and IC.
Oligonucleotides were prepared on a 1 µmol scale as
described and purified without the DMT on Mono Q
columns using sodium chloride gradients. The resulting
products were desalted by dialysis and cocrystallized with
the DNA-binding domain of the T-protein. We were able
to obtain cocrystals of a subset of the IU oligonucleotides,
and the iodine positions in the crystal could be located
by difference Patterson and difference Fourier techniques
(data not shown). In contrast, cocrystals obtained with
5-iodouracil oligonucleotides prepared using standard
deprotection conditions failed to show the iodine positions
(data not shown). These results confirmed the impor-
tance of the use of mild conditions during the deprotection
of oligonucleotides containing 5-halopyrimidines.

EXPERIMENTAL PROCEDURES

Abbreviations. ACN, acetonitrile; BrC, 5-bromocy-
tosine; IC, 5-iodocytosine; NC, 5-aminocytosine; DMT, 4,4′-
dimethoxytrityl; BrdC, 5-bromo-2′-deoxycytidine; IdC, 5-io-
do-2′-deoxycytidine; NdC, 5-amino-2′-deoxycytidine; BrdU,
5-bromo-2′-deoxyuridine; IdU, 5-iodo-2′-deoxyuridine;
NdU, 5-amino-2′-deoxyuridine; BrU, 5-bromouracil; IU,
5-iodouracil; NU, 5-aminouracil.
Materials. Reagents for oligonucleotide synthesis

were obtained from Glen Research, Perkin-Elmer-ABI,
and PerSeptive Biosystems. Oligonucleotide purification
cartridges (COP) were obtained from Cruachem. Dry
solvents were from SDS and Romil. HPLC grade sol-
vents were from Romil and E. Merck. Snake venom

Figure 3. Analytical HPLC and enzyme digestion of purified
11-mer B 5′ BrCTT BrCBrCT BrCBrCT TT 3′.

Table 2. Melting Temperaturesa (°C) of Duplexes
Containing 5-Halopyrimidines and Related Compounds

X G
Y
A C T

C 59.3 47.1 44.7 45.7
BrC 63.6 49.3 44.0 47.6
IC 63.5 47.5 43.8 47.7
T 51.3 56.0 45.5 47.0
BrU 52.0 57.5 45.0 46.5
IU 53.1 56.0 45.7 46.9
NU 51.6 56.1 43.2 48.3

a 0.15 M NaCl, 0.05 N Tris-HCl buffer, pH 7.4.

Table 3. Melting Temperaturesa (°C) for the Triplex
h26:s11 Containing 5-Halouracil and Related Compounds

X,Y pH 5.5 pH 6.0 pH 6.5 pH 7.0

C,T 49 20
C,BrU 53 33 26
C,IU 40 27
C,NU 31 <20
a 1 M NaCl, 100 mM sodium phosphate/citric acid buffer. The

duplex Tm values of h26 occurred between 82 and 75 °C.
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phosphodiesterase (from Crotalus durissus) and alkaline
phosphatase were from Boehringer Mannheim. The rest
of the reagents were from Aldrich and Fluka and were
used without further purification. Oligonucleotide syn-
theses were performed on Applied Biosystems 394 and
PerSeptive Biosytems Expedite instruments. Mass spec-
tra were obtained on a API III SCIEX Perkin-Elmer
instrument equipped with a triple-quadrupole detector.
Oligonucleotide Synthesis. The following sequences

have been synthesized: dimers 5′IUT3′, 5′BrCT3′, and 5′I-
CT3′ ; 15-mers 5′GCA ATG GAY CCT CTA3′, where Y )
BrU, IU, BrC, IC, T, C; 11-mers s11-Y 5′CYY CCY CCY CT3′,
where Y ) BrU, IU, and T; 11-mers s11-Z 5′ZTT ZZT ZZT
ZT3′, where Z ) BrC, IC, and C; 26-mer h26 5′GAA GGA
GGA GAT TTT TCT CCT CCT TC3′; and 24-mer 5′AAY
YYZ AZA ZZY AGG YGY ZAA AY 3′ with Y ) T and Z )
C. T and C were substituted by IU and IC, respectively,
at up to two positions per oligonucleotide. Oligonucle-
otides were prepared on a DNA synthesizer using stan-
dard 2-cyanoethyl phosphoramidites and the modified
phosphoramidites. BrdC and IdC phosphoramidites were
protected with the benzoyl group (Glen Research). For
the preparation of oligonucleotides containing BrU, IU,
BrC, and IC, phosphoramidites protected with more labile
tert-butylphenoxyacetyl groups (23) were used as de-
scribed (3, 16). Complementary pentadecamers contain-
ing natural bases were also prepared using commercially
available chemicals and following standard protocols.
Oligonucleotide supports containing BrU, IU, BrC, and

IC were treated with 32% aqueous ammonia at room
temperature for 24 h. The remaining oligonucleotide
supports were treated with 32% aqueous ammonia at 50
°C for 16 h. Ammonia solutions were concentrated to
dryness, and the products were purified either by car-
tridge purification (COP) or by reversed-phase HPLC.
Oligonucleotides were prepared on a 1 µmol scale.
Dimers and 24-mers were prepared without the last DMT
group (DMT-off protocol). The remaining oligonucle-
otides were synthesized, with the last DMT group at the
5′ end (DMT-on protocol) to help reversed-phase purifica-
tion. All purified products presented a major peak, which
was collected and analyzed by snake venom phosphodi-
esterase and alkaline phosphatase digestion followed by
HPLC analysis of the nucleosides (HPLC conditions B).
The retention times of nucleosides obtained after enzyme
digestion were as follows: dC, 2.8 min; dG, 5 min; T, 5.9
min; dA, 9 min; NdU, 2.8 min; 5-amino-dC, 2.7 min; IdU,
10.8 min; BrdC, 7.2 min; IdC, 8.4 min. Yields (OD units
at 260 nm) were as follows: s11-BrU, 46 OD; s11-IU, 31
OD; s11-BrC, 25 OD; s11-IC, 27 OD; 15b-BrU, 32 OD; 15b-
IU, 28 OD; 15b-BrC, 31 OD; 15b-IC, 26 OD. HPLC
solutions are as follows: solvent A, 5% ACN in 100 mM
triethylammonium acetate (pH 6.5); solvent B, 70% ACN
in 100 mM triethylammonium acetate (pH 6.5). For
analytical runs the following conditions were used: col-
umn, Nucleosil 120C18, 250 × 4 mm; flow rate, 1 mL/
min; conditions A, a 40 min linear gradient from 0 to 75%
B; conditions B, a 20 min linear gradient from 0 to 20%
B. For preparative runs the following conditions were
used: columns, Nucleosil 120C18, 250 × 10 mm; flow
rate, 3 mL/min; a 20 min linear gradient from 15 to 60%
B (DMT-on) or a 30 min linear gradient from 0 to 40% B
(DMT-off). Analytical ion-exchange chromatography was
performed on a Mono Q HR 5/5 (Pharmacia) column. A
50 min linear gradient from 0.4 M to 0.8 M NaCl in 10
mM NaOH (pH 12.5) and a flow rate 0.5 mL/min were
used. For preparative runs a Mono Q HR 10/5 column
with a flow rate of 4 mL/min was used
Stability Studies of 5-Halopyrimidine Dimers in

Concentrated Ammonia. Dinucleotide supports con-

taining IU, BrC, and IC (5′XT3′) were treated with concen-
trated ammonia (a) at room temperature for 24 h and
(b) at 60 °C for 16 h. The different ammonia solutions
were concentrated to dryness and analyzed by HPLC.
The column and solvents used were the same as de-
scribed above but, in this case, a 30 min linear gradient
from 0 to 50% B was used. Elution was followed at 270
nm.
Dimer IUT: HPLC retention time, 21.2 min; UV max,

272; mass spectrum, 658.1. Side product: 5-amino-2′-
deoxyuracil-T dimer; HPLC retention time, 9.4 min; UV
max, 272, shoulder at 300 nm; mass spectrum, 547.2.
Dimer BrCT: HPLC retention time, 18.5 min; UV max,

271; mass spectrum, 608.9, 611.1; two isotopes of Br. Side
product: 5-amino-2′-deoxycytidine-T dimer; HPLC reten-
tion time, 6.8 min; UV max, 270, shoulder at 296 nm;
mass spectrum, 546.0.
Dimer ICT: HPLC retention time, 18.4 min; UV max,

270, shoulder at 290 nm; mass spectrum, 656.9. Side
product 1: 5-amino-2′-deoxycytidine-T dimer: HPLC
retention time, 7.0 min; UV max, 270, shoulder at 300
nm; mass spectrum, 546.1. Side product 2 (compound
X): HPLC retention time, 11.6 min; UV max 268; mass
spectrum, 531.1; enzyme digestion yields two nucleosides
T and a second product eluting with the same retention
time as dC. Side product 3 (compound Y): HPLC
retention time, 13.9 min; UV max, 274 nm; mass spec-
trum, 546.1.
Melting Experiments. Melting experiments of pen-

tadecamers (15b-Y) duplexes were carried out by mixing
equimolar amounts of two pentadecamer strands dis-
solved in a solution containing 0.15 M NaCl and 0.05 N
Tris-HCl buffer (pH 7.4). Duplexes were annealed by
slow cooling from 80 to 4 °C. UV absorption spectra and
melting curves (absorbance vs temperature) were re-
corded in 1-cm path-length cells using a Varian Cary 13
spectophotometer having a temperature controller with
a programmed temperature increase of 0.5 °C/min. Melts
were run on duplex concentrations of 4 µΜ at 260 nm.
Melting experiments with triple helix were performed

as follows: Solutions of equimolar amounts of the hairpin
oligonucleotide (h26) and the appropriate 11-mer (s11-Y)
were mixed in the appropriate buffer. The solutions were
heated to 80 °C and allowed to cool slowly to room
temperature, and then samples were kept in the refrig-
erator overnight. UV absorption spectra and melting
experiments (absorbance vs temperature) were recorded
in 1-cm path-length cells using a spectrophotometer,
which has a temperature controller with a programmed
temperature increase of 0.5 °C/min. Melts were run on
duplex concentrations of 4 µΜ at 270 nm.
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(16) Ferrer, E., Fàbrega, C., Güimil-Garcı́a, R., Azorı́n, F., and
Eritja, R. (1996) Preparation of oligonucleotides containing
5-bromouracil and 5-methylcytidine.Nucleosides Nucleotides
15, 907-921.

(17) Sanghvi, Y. S., Hoke, G. D., Freier, S. M., Zounes, M. C.,
Gonzalez, C., Cummins, L., Sasmor, H., and Dan Cook, P.

(1993) Antisense oligonucleotides: synthesis, biophysical and
biological evaluation of oligodeoxynucleotides containing
modified pyrimidines. Nucleic Acids Res. 21, 3197-3203.

(18) Kemal, O., Brown, T., Burgess, S., Bishop, J. D., and Leigh-
Brown, A. J. (1991) Nucleosides Nucleotides 10, 555-561.

(19) Hayakawa, T., Ono, A., and Ueda, T. (1988) Synthesis of
decadeoxyribonucleotides containing 5-modified uracils and
their interactions with restriction endonucleases BglII, Sau3AI
and MboI. Nucleic Acids Res. 16, 4761-4776.

(20) Fliess, A., Wolfes, H., Seela, F., and Pingoud, A. (1988)
Analysis of the recognition mechanism involved in the EcoRV
catalyzed cleavage of DNA using modified oligodeoxynucle-
otides. Nucleic Acids Res. 16, 11781-11793.

(21) Glen Research 1996 catalog.
(22) Schulhof, J. C., Molka, D., and Teoule, R. (1987) The final
deprotection step in oligonucleotide synthesis is reduced to a
mild and rapid ammonia treatment by using labile base-
protecting groups. Nucleic Acids Res. 15, 397-416.

(23) Sinha, N. D., Davis, P., Usman, N., Pérez, J., Hodge, R.,
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Facile Synthesis of a High-Affinity Ligand for Mammalian Hepatic
Lectin Containing Three Terminal N-Acetylgalactosamine Residues

Reiko T. Lee and Yuan C. Lee*

Department of Biology, Johns Hopkins University, Baltimore, Maryland 21218. Received May 13, 1997X

A simple cluster glycoside containing three residues ofN-acetylgalactosamine with proper inter-residual
distances can be a high-affinity ligand for asialoglycoprotein receptor of mammalian liver. YEE(ah-
GalNAc)3 [Lee, R. T., and Lee, Y. C. (1987) Glycoconjugate J. 4, 317-328] is such a ligand having a
Kd in the subnanomolar range, and this high-affinity ligand has been successfully utilized in the
delivery of gene to the parenchymal cells of the liver [Merwin, J. R., Noell, G. S., Thomas, W. L.,
Chiou, H. C., DeRome, M. E., McKee, T. D., Spitalny, G. L., and Findeis, M. A. (1994) Bioconjugate
Chem. 5, 612-620; Hangeland, J. J., Levis, J. T., Lee, Y. C., and Ts’o, P. O. P. (1995) Bioconjugate
Chem. 6, 695-701]. Reported here is a synthetic procedure for an equally effective, homologous
trivalent ligand, YDD(G-ah-GalNAc)3. The advantage offered by this new cluster glycoside is that
the synthetic scheme accomplishes purification of reaction intermediates and the product without
chromatographic separations. This greatly simplifies the procedure and allows scale-up of the operation
at reduced cost of production.

INTRODUCTION

Mammalian hepatocytes contain on their surface a
large number (ca. 200 000) of a recycling endocytotic
receptor called asialoglycoprotein receptor (ASGP-R)1 (1).
ASGP-R, also known as hepatic lectin, recognizes termi-
nal galactose (Gal) andN-acetylgalactosamine (GalNAc),
and the affinity of a ligand for this receptor is highly
dependent on the valency of Gal/GalNAc, as well as on
the three-dimensional arrangement of the sugar residues
(2).
Earlier we developed simple synthetic procedures for

preparing high-affinity ligands of ASGP-R that contain
two and three sugar residues (3, 4). These cluster
glycosides were synthesized by attaching an ω-amino-
terminated glycoside to each of the two and three
carboxylic acid groups, respectively, of Asp (D) and γ-L-
glutamyl-L-glutamic acid (γ-EE). Because GalNAc is
bound to the receptor about 50-fold more tightly than Gal,
a GalNAc-containing trivalent ligand, YEE(ah-GalNAc)3
(see Scheme 1 for structure), has a particularly strong
affinity to the receptor, its affinity being even superior
to that of the best glycoprotein ligand, asialoorosomucoid
(ASOR).
Although such ligands, after endocytosis, are targeted

to lysosome and destined for degradation, this route of
entry into hepatocytes has been used successfully for
delivery of genes and drugs for therapeutic purposes (5,
6). Recent papers describe the successful use of YEE-
(ah-GalNAc)3 as a vehicle for delivery of a gene (7) and
an antisense oligodeoxynucleotide (8) to the liver.
Synthetically, the preparation of YEE(ah-GalNAc)3

presents some practical problems, mainly due to poor
solubility of the peptide backbone in aqueous as well as
organic solvents. In this paper, we describe a facile
synthesis of â-L-aspartyl-L-aspartic acid (â-DD), which is
utilized instead of γ-EE to form a new trivalent ligand.
The procedure represents much improvement over the
previous method in terms of the overall ease of operation
and the cost of production. The new trivalent ligand,
YDD(G-ah-GalNAc)3, was found to possess affinity for
ASGP-R as high as that of YEE(ah-GalNAc)3.

EXPERIMENTAL PROCEDURES

Materials. N-Benzyloxycarbonyl-L-aspartic acid (Z-
D), L-aspartic acid dibenzyl ester p-toluenesulfonate,

* Author to whom correspondence should be addressed [tele-
phone (410) 516-7041; fax (410) 516-8716; e-mail Bio_zycl@
jhuvms.hcf.jhu.edu].

X Abstract published in Advance ACS Abstracts, August 1,
1997.

1 Abbreviations: ASGP-R, asialoglycoprotein receptor; ASOR,
asialoorosomucoid; Z-D, N-benzyloxycarbonyl L-aspartic acid;
â-DD, â-L-aspartyl-L-aspartic acid; γ-EE, γ-L-glutamyl-L-glutam-
ic acid; ah, 6-aminohexyl; DCC, dicyclohexylcarbodiimide; DMF,
N,N-dimethylformamide; DMSO, dimethyl sulfoxide; TEA, tri-
ethylamine; NMM, N-methylmorpholine; 1-OH-Bt, 1-hydroxy-
benzotriazole; TNBS, trinitrobenzenesulfonic acid.

Scheme 1
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N-methylmorpholine, methyl chloroformate, and R-L-
aspartyl-L-aspartic acid were obtained from Sigma Chemi-
cal Co. (St. Louis, MO). p-Nitrophenyl ester of N-ben-
zyloxycarbonyl-L-tyrosine was obtained from Research
Organics (Cleveland, OH). The preparation of 6-amino-
hexyl 2-acetamido-2-deoxy-â-D-galactopyranoside (ah-
GalNAc) has been reported (4). The aglycon of ah-
GalNAc was extended by a glycyl residue to produce
G-ah-GalNAc according to the method described for G-ah-
GlcNAc (9). Crystalline G-ah-GalNAc had mp 163-164
°C. 1H NMR spectrometry gave correct ratios for the
anomeric H,N-acetyl H, and methylene H signals. Anal.
Calcd (C16H31N3O7): C, 50.91; H, 8.28; N, 11.13. Found:
C, 50.65; H, 8.17; N, 10.81.
Rat hepatocytes freshly isolated by liver perfusion

method were kindly provided by The Center for Alterna-
tives to Animal Testing’s In Vitro Toxicology Laboratory
(Johns Hopkins University, Baltimore, MD).
Methods. Iodination of ASOR using 0.5 mCi of

carrier-free Na125I (Amersham Corp., Arlington Heights,
IL) was by the chloramine T method (10). The binding
of [125I]ASOR to rat hepatocyte surface and the inhibition
assay for the assessment of the binding affinity of various
ligands have been described (11). Briefly, hepatocytes
were incubated in a pH 7.5 medium at 2 °C for 2 h with
end-over-end tumbling (12 rpm) of the incubation tubes.
A nonradiolabeled inhibitor at various concentrations was
incubated together with [125I]ASOR (ca. 1 nM) to deter-
mine the inhibitor concentration (I50) at which [125I]ASOR
bound to the hepatocytes was decreased by 50%. The
hepatocyte-bound radioactivity was separated from the
bulk radioactivity by centrifuging the suspension through
an oil layer (density slightly heavier than the medium).
The tip of the microcentrifuge tube where cell pellet had
been collected was cut off and counted in a gamma
counter (MINAXIg, Packard). The I50 value of each test
ligand was obtained from a plot of percent inhibition
versus log[ligand concentration].
The amino group was quantified according to a trini-

trobenzenesulfonic acid (TNBS) method (12). TLC was
done with fluorescent silica gel plates coated on alumi-
num backing (E. Merck). Compounds on the plate were
visualized by inspection under a UV lamp, by spraying
with 15% sulfuric acid in 50% ethanol followed by heating
on a hot plate (for sugars and certain peptide backbones)
or by spraying with 0.5% ninhydrin in 95% ethanol and
heating briefly (for amino groups). Amino acids and
GalN were analyzed according to the Waters Picotag
automated method (Waters Chromatography Division,
Millipore Corp., Milford, MA). To separate GalN from
amino acids, the initial eluting condition was held for 2
min before the gradient was initiated. NMR spectra were
obtained with a Bruker AMX 300 spectrometer, and
molecular weight was determined by FAB-MS (VG
Instruments, Manchester, U.K.) using nitrobenzene or
glycerol as matrix. Elemental analyses were done by
Galbraith Labs (Knoxville, TN).

RESULTS

Synthesis of N-Benzyloxycarbonyl-â-L-aspartyl-
L-aspartic Acid Dibenzyl Ester (1). Z-D (1.34 g, 5
mmol) was dissolved in cold DMF (20 mL) and cooled in
a dry ice-ethanol bath. To this solution were added
methyl chloroformate (0.5 mL, 6.4 mmol) and N-meth-
ylmorpholine (NMM) (1.5 mL, 13.65 mmol) with stirring,
which was continued for 20 min. A solution of L-aspartyl
dibenzyl ester p-toluenesulfonate (2.43 g, 5 mmol) and
NMM (0.55 mL, 5 mmol) in DMF (10 mL) was added,
and the reaction mixture was slowly brought to room
temperature. After an overnight stirring at room tem-

perature, the precipitate was removed by filtration and
the filtrate evaporated. Upon addition of water (30 mL)
to the residue, the desired product, 1, separated as a
white precipitate, which was broken up into small pieces
with a spatula, and the suspension was stirred overnight
at room temperature. Yield of 1 (after filtration and
drying) was 2.64 g (assumed as mono-NMM salt, 3.98
mmol, 80%). The product was purified by repeated
crystallization from absolute ethanol, until a single UV-
absorbing and charring spot was observed by TLC (Rf )
0.41 in ethyl acetate/acetic acid, 50:1); mp 126-127 °C.
The 1H NMR spectrum in CDCl3 was consistent with the
structure: δ 2.73-3.13 (2 Asp CH2; each H, dd); 4.515
(Asp CH; dd); 4.874 (Asp CH, t); 5.064 (benzyl CH2, dd);
5.125 (2 benzyl CH2, dd); 7.274-7.350 (15 aromatic H,
m). Anal. Calcd (C30H30N2O9): C, 64.05; H, 5.38; N, 4.98.
Found: C, 63.99; H, 5.49; N, 4.94. The linkage between
the two aspartic acid residues was determined to be â
after deprotection of 1 (see below).

â-L-Aspartyl-L-aspartic Acid (â-DD) (2). The prod-
uct (1) obtained above (0.85 g, 1.5 mmol) in 90% acetic
acid (15 mL) was hydrogenated for 5 h in the presence
of 10% palladium on carbon (100 mg) using a Brown
hydrogenator (13). After filtration of the reaction mix-
ture, the filtrate was evaporated to a syrup, which was
then stirred in dry DMF (ca. 20 mL) to produce crystal-
line 2 in quantitative yield. Crystals were washed with
DMF and ether and dried, mp 152-153 °C. TLC of 2
with ethyl acetate/acetic acid/water (3:2:1) showed a
single ninhydrin-positive spot, which moved more slowly
(Rf ) 0.24) than Asp (Rf ) 0.31). The amino group
determined by TNBS method showed that, on a weight
basis, 2 contained a correct amount of primary amino
group (using Asp as standard), and the amino group
content doubled upon acid hydrolysis. The acid hydroly-
sate contained only Asp (TLC).
The product was compared with authentic R-L-aspar-

tyl-L-aspartic acid by 1H NMR spectrometry. Spectra
were taken in dimethyl-d6 sulfoxide using the D2O-
exchanged samples. The R and â isomeric AspAsp each
have a characteristic pattern of two well-separated
methine signals. One of the two methine signals in each
isomer is a broad, unresolved peak, while the other is a
broad dd. The unresolved methine signal presumably
belongs to the N-terminal Asp, since substituents on this
methine C should have less freedom of rotation than
that on the C-terminal Asp. R Isomer: δ 4.3 (unresolved
broad peak, methine H of the N-terminal Asp); 4.0 (broad
dd, 3.99 and 8.88 Hz, methine H of the C-terminal Asp).
Product 2 (â isomer): δ 4.4 (broad dd, 5.7 and 14 Hz,
methine H of the C-terminal Asp); 3.65 (unresolved broad
peak, methine H or the N-terminal Asp).
N-Benzyloxycarbonyl-L-tyrosyl-â-L-aspartyl-L-as-

partic Acid (Z-Yb-DD) (3). To a solution of â-DD (300
mg, 0.86 mmol) in DMSO (10 mL) was added p-nitro-
phenyl ester of N-benzyloxycarbonyl-L-tyrosine (633 mg,
1.45 mmol) and triethylamine (0.5 mL, 3.6 mmol). The
resulting yellow solution was left at room temperature
overnight. After the removal of solvent, the resultant oil
was diluted with ethyl acetate (ca. 2 mL), and ether (ca.
20 mL) was added with stirring. After the mixture was
allowed to stand overnight at room temperature, the
supernatant was decanted off and the precipitate was
dissolved in 95% ethanol. Undissolved material was
filtered, and the ethanolic solution was evaporated to
yield 3 (450 mg, 0.7 mmol as mono TEA salt). TLC in
ethyl acetate/isopropyl alcohol/water (4:2:1) indicated
that the precipitate contained mostly a slow-moving
material, which is UV-absorbing and charred weakly and
was presumed to be 3. The ethyl acetate/ether supernate
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contained higher Rf, UV-absorbing, and noncharring
spots (presumably p-nitrophenyl derivatives) and no
desired product, 3. Since 3 was difficult to redissolve
once obtained in solid form, this preparation was used
in the next reaction without further purification. For the
product characterization, an accurately weighed sample
of 3 was hydrolyzed by acid, and the hydrolysate was
analyzed for amino acid composition and UV absorption
spectrum. The ratio of Asp to Tyr was 2:1, and the
tyrosine content was 98% of the theoretical amount on
the basis of ε ) 1500 at 275 nm. 1H NMR in DMSO-d6
showed aromatic signals of benzyl and tyrosyl groups and
three methine H signals.
Trivalent GalNAc Ligand, Z-YDD(G-ah-GalNAc)3

(4). Coupling of carboxylic acid groups of Z-Yâ-DD with
G-ah-GalNAc was accomplished using the 1-hydroxyben-
zotriazole (1-OH-Bt) method (14). Z-Yâ-DD (120 mg, ca.
0.185 mmol) and G-ah-GalNAc (250 mg, 0.66 mmol) were
dissolved in DMSO (3 mL) and diluted with DMF (2 mL).
To a slightly cooled solution (slight cloudiness remains)
were added 1-OH-Bt (90 mg, 0.66 mmol), dicyclohexyl-
carbodiimide (DCC) (157 mg, 0.76 mmol), and NMM (24
mL, 0.22 mmol), and the mixture was stirred for 48 h at
room temperature. The precipitated dicyclohexylurea
was filtered, and a large excess of toluene was added to
the filtrate to precipitate the product. After the mixture
was allowed to stand overnight at room temperature, the
supernate was decanted and the amorphous solid was
dried briefly in a vacuum desiccator. TLC in ethyl
acetate/acetic acid/water (3:2:1) showed the presence of
two charring spots: a small amount of the remaining
G-ah-GalNAc (Rf ) 0.17) and the product, Z-YDD(G-ah-
GalNAc)3 (Rf ) 0.06). The product 4 was crystallized
from 50% ethanol. The mother liquor was evaporated,
dissolved in 0.1 M acetic acid, and fractionated on a
column of Sephadex G-15 (2.5 × 140 cm) using 0.1 M
acetic acid as eluant. The two components were totally
separated, 4 being eluted much ahead of G-ah-GalNAc.
Yield of 4 was 218 mg, 72.4%. 1H NMR of the D2O-
exchanged 4 in DMSO-d6 showed that it has correct
ratios among aromatic H, methine H, anomeric H, and
methyl H (N-acetyl group) of GalNAc. FAB-MS gave an
M + Na ion peak of 1645.8 (M ) 1622.78).
Hydrogenolysis of 4 To Produce YDD(G-ah-Gal-

NAc)3 (5). The N-protecting group was removed by
hydrogenolysis primarily for the purpose of improving
solubility of the trivalent ligand in water. Hydrogenoly-
sis in 60% acetic acid proceeded smoothly to produce 5
in quantitative yield. Upon TLC in ethyl acetate/acetic
acid/water (3:2:1) the product barely moved from the
origin (Rf ) 0.01). The amino acid analysis showed the
correct ratios of Y, D, G, and GalN. FAB-MS gave an M
+ H ion peak of 1489.7 in the presence of trifluoroacetic
acid (M ) 1488.74).
Affinity of YDD(G-ah-GalNAc)3 for ASGP-R on

Rat Hepatocyte Surface. The affinity of YDD(G-ah-
GalNAc)3 and others to ASGP-R on rat hepatocytes was
estimated using an inhibition assay as described under
Methods. The I50 values of YDD(G-ah-GalNAc)3 and
YEE(ah-GalNAc)3 were both 8 nM, while that of ASOR
was 10 mM.

DISCUSSION

The reactions we adopted for the synthesis of a
GalNAc-containing, high-affinity ligand for ASGP-R are
shown in Scheme 1. In the first step, an amino-protected
aspartic acid (e.g., Z-D) is activated with 1 equiv of
methyl chloroformate and then reacted with aspartyl
dibenzyl ester [D(OBn)2]. This produced exclusively

â-aspartylaspartic acid derivative. It is not clear if the
â isomeric form is produced directly from a specifically
â-activated Z-D or if the reaction proceeds through the
cyclic anhydride of Z-D. Irrespective of the mechanism
involved, the formation of a single isomer allows easy
purification of the product by recrystallization. Thus, a
gram quantity of â-AspAsp dipeptide [Z-â-DD(OBn)2] is
produced without effort. Z-â-DD(OBn)2 was then con-
verted to â-AspAsp (â-DD) by hydrogenolysis. â-DD was
obtained in pure form by suspending the residue from
the hydrogenolysis reaction in DMF. However, this
reaction removed all of the protective groups, thus
necessitating reprotection of the exposed amino group
before the carboxylic acid groups can be utilized for
conjugation to an amino-terminated glycoside (step 4,
scheme 1). The reaction of â-DD with a commercially
available reagent, PNP ester of Z-tyrosine, accomplished
both the N-protection and the introduction of a radioio-
dinatable group. In the final step of conjugating an
ω-amino-containing glycoside to the carboxylic acid groups
of Z-Yâ-DD, an in situ activation method using 1-OH-Bt
and DCC (14) appears to give higher yields of the
trivalent product than the previously used chloroformate
method (4).
This synthetic scheme represents a considerable im-

provement over the synthetic scheme for YEE(ah-Gal-
NAc)3 (4), mainly in simplifying the operation by accom-
plishing purification by crystallization and precipitation
rather than column chromatography, thus avoiding
handling of a large volume of dilute solutions. Inexpen-
sive starting materials and the simple operations also
mean a lower cost of production. However, prior to
arriving at the present scheme, we have tested the
following alternative possibilities. First,N-BOC-aspartic
acid was substituted for Z-D in the initial step, so that
the deprotection of the product can be carried out
stepwise, thus eliminating the necessity for reprotection
of the amino group. Although the conjugation of N-BOC-
Asp with D(OBn)2 appeared to proceed smoothly, the
product N-BOC-â-DD(OBn)2 could not be isolated as
easily as Z-â-DD(OBn)2. Perhaps due to the fact that the
BOC group is less hydrophobic than the Z group, the
product, N-BOC-â-DD(OBn)2, did not precipitate from
water, so that an initial cleanup step of partition between
aqueous and organic layers was adopted. This turned
out to be quite tedious and gave an unsatisfactory result.
It is also not certain whether this reaction produced a
single isomeric form of DD or not. In another experi-
ment, the benzyl esters of Z-â-DD(OBn)2 were removed
by saponification instead of hydrogenolysis, so that the
N-protecting group would be preserved in the product,
Z-â-DD. Although the saponification appeared to have
proceeded well, it is apparently difficult to regenerate all
three carboxylic acid groups completely to the acidic form,
since a trial conjugation of Z-â-DD with G-ah-sugar
produced a fair amount of divalent product.
The subunits of ASGP-R are known to be organized

on the surface of rat hepatocytes in a rather rigid, lattice-
like configuration (15). When a ligand can occupy two
or more of the receptor binding sites simultaneously, its
binding affinity increases tremendously. Therefore, an
effective cluster glycoside must have a proper intersugar
spacing, which is determined largely by the length of the
aglycon. For the Asp-based cluster lignds, the optimal
aglycon appears to be 6-(N-glycyl)aminohexyl for monosac-
charides (Gal or GalNAc) and 6-aminohexyl (ah) for
disaccharides (Lac). For the γ-EE-based ligands, ami-
nohexyl appears to be suitable for both mono- and
disaccharides. Since the new trivalent ligand is based
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on an Asp dipeptide, we decided to use the longer aglycon,
namely 6-(N-glycyl)aminohexyl, in the present synthetic
scheme.
The I50 value of the new trivalent ligand YDD(G-ah-

GalNAc)3 is comparable to that of ASOR and YEE(ah-
GalNAc)3, compounds with proven effectiveness for de-
livery of their conjugates to the liver. Therefore, the new
trivalent ligand should prove equally efficient in carrying
out the delivery of its payload to the liver.
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For the conjugation of the trihydroxamate bifunctional chelating agentN-[tris[2-[[N-(benzyloxy)amino]-
carbonyl]ethyl]methyl]succinamic acid (trisuccin, 1) to antibodies, we originally used the corresponding
2,3,5,6-tetrafluorophenyl active ester followed by the postconjugation removal of the benzyl protecting
groups by catalytic hydrogenation. It was of interest to us to design a conjugation protocol capable of
incorporating deblocked hydroxamates into peptides and proteins. Reported procedures that were
expected to be compatible with the functionalities present in trisuccin were used with no success, as
judged by the lack of ability of the products to radiolabel with 188Re. A simple conjugation method
was then developed utilizing the o-nitrophenol (ONP) activated ester of the unprotected trisuccin,
N-[tris[2-[(N-hydroxyamino)carbonyl]ethyl]methyl]succinamic acid, 3, which eliminates the need for
the postconjugation deblocking. An assay for indirect estimation of the active ester content, based on
the concentration of its decomposition byproduct, ONP-OH, was developed. Comparison of the
indirectly estimated concentrations with those obtained directly from purified products showed >90%
accuracy for this assay. This procedure has the advantage of rapidly using the unpurified active
ester, eliminating the possibilities of its decomposition through solvolysis or self-condensation by the
unprotected hydroxamate functions. A colorimetric assay was developed for estimation of the number
of ligands per molecule of protein. This assay and the fact that all conjugates consistently radiolabeled
with 188Re show that this procedure conjugated the unprotected hydroxamate ligands to the CC49
monoclonal antibody. These results indicate the potential applicability of this technique to conjugation
of unprotected hydroxamate derivatives with other proteins and peptides.

INTRODUCTION

Bifunctional chelating agents (BCAs1) constitute an
important class of organic molecules, used for radiometal
labeling of molecules such as peptides and antibodies (1).
Due to a great deal of interest developed in the applica-
tion of radioactive metals toward “targeted” diagnosis and
therapy of cancer, a variety of BCAs have been synthe-
sized (2-5). We had identified hydroxamic acids as
potential BCAs and reported on the synthesis of the first
member of this class, N-[tris[2-[[N-(benzyloxy)amino]-
carbonyl]ethyl]methyl]succinamic acid (trisuccin, 1) (6).
Monoclonal antibody-trisuccin conjugates were synthe-
sized and radiolabeled with 99mTc (6) and 186Re (7). On
the basis of these results and also the known affinity of

hydroxamic acids toward such metals as copper, iron, and
cobalt (8), we regarded hydroxamic acids as potential
BCA candidates and set out to develop and optimize
protocols for their efficient and controlled conjugation to
proteins, peptides, and other molecules of biological
interest. In the original procedure, we used the benzyl-
blocked trisuccin, in the form of its TFP active ester 2,
for conjugation to different MAbs followed by removal of
the blocking groups by catalytic hydrogenation of the
conjugate. This protocol was based on the available
conjugation functionality (-COOH) of trisuccin, which
had been designed as a hydroxamate-compatible, or-
thogonally protected group in the synthesis of this
molecule (6). Although relatively high yields of radiola-
beling were obtained and immunoreactivities of the
conjugates were preserved to a good extent, it was of
interest to us to develop a method that eliminated the
need for the catalytic hydrogenation of the protein
conjugate. This would be an important modification
because some peptides and proteins may assume lower
biological activities under the hydrogenation conditions.
Furthermore, preconjugation removal of the blocking
groups will ensure uniform availability of all incorporated
hydroxamate functions for metal chelation and, thereby,
eliminate any ambiguities about the nature of the
conjugate. This paper describes the development of such
a protocol, its application to radiometal (188Re) labeling
of MAbs, and a simple method for the quantitative
measurement of the number of conjugated ligands per
molecule of the antibody.

EXPERIMENTAL PROCEDURES

General. All reagents and solvents were obtained
from commercial suppliers and were used as received.

* Address correspondence to this author at the University of
Alabama at Birmingham, Department of Radiation Oncology,
1824 6th Ave. S., WTI 674, Birmingham, AL 35294-6832 [fax
(205) 975-7060; e-mail radt004@uabdpo.dpo.uab.edu].

† Present address: Department of Medical Genetics, 908 S.
20th St., Birmingham, AL 35294-2050.

X Abstract published in Advance ACS Abstracts, August 15,
1997.

1Abbreviations: A/C, absorbance-concentration; BCA, bi-
functional chelating agent; BSA, bovine serum albumin; DCC,
dicyclohexylcarbodiimide; DCU, 1,3-dicyclohexylurea; DMF,
N,N-dimethylformamide; DPBS, Dulbecco’s phosphate-buffered
saline; EDTA, ethylenediaminetetraacetic acid; HPLC, high-
performance liquid chromatography; ITLC, instant thin-layer
chromatography; L:P, ligand-to-protein; MAb, monoclonal an-
tibody; MALDI-TOF MS, matrix-assisted laser desorption ion-
ization-time of flight mass spectroscopy; NHS, N-hydroxysuc-
cinimidyl; ONP, o-nitrophenyl; %PF, percent purity factor; PBS,
phosphate-buffered saline; RP, reversed-phase; SEC, size exclu-
sion chromatography; TCA, trichloroacetic acid; TFP, 2,3,5,6-
tetrafluorophenyl; THF, tetrahydrofuran; tR, retention time.
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Benzyl-protected trisuccin, 1, was prepared as described
previously (6). HPLC analyses were carried out on a
BioRadModel 5000 Titanium system (BioRad, Richmond,
CA) equipped with a Model 1806 UV-vis detector and a
Beckman Model 170 radioisotope detector, operated by
ValueChrome software (BioRad). For analytical SEC, a
Biosil-125, 7.5 × 600 mm (BioRad), column and for
reversed-phase runs either a 4.6 × 250 mm analytical
C18 or a 10 × 250 mm C4 semipreparative column (Vydac,
Hesperia, CA) were used. HPLC solvents were as fol-
lows: SEC, 10 mM PBS containing 300 mM NaCl and
10% (v/v) DMSO at pH 6.8; RP, 0.1% TFA/H2O (A), 57:
43, CH3CN:H2O (v/v) containing 0.1% TFA (B), isocratic
elution. Preparative SEC was carried out using Sepha-
dex G-25 columns (PD-10, Pharmacia Biotech AB, Upp-
sala, Sweden) eluted with DPBS. UV-vis spectroscopy
experiments were carried out by either a Gilford Re-
sponse unit (Ciba Corning, Medfield, MA) or a Shimadzu
UV-10-02 (Shimadzu Instruments, Columbia, MD). Mass
spectra were run on an API VI triple-quadruple mass
spectrometer (PE-Sciex, Toronto, ON) in electrospray
mode and PerSeptive Biosystems (Framingham, MA)
Voyager Elite MALDI-TOF instruments. Microanalysis
was performed by Galbraith Laboratories (Knoxville,
TN). Metal-free purified water was obtained from a
Milli-QF system (Millipore, Bedford, MA). 188Re was
produced by an in-house 188W-188Re generator (Oak
Ridge National Laboratory, Oak Ridge, TN) eluted with
normal saline. ITLC was carried out on silica gel-
impregnated glass fiber slides (Gelman Sciences, Ann
Arbor, MI).
N-[Tris[2-[(N-hydroxyamino)carbonyl]ethyl]me-

thyl]succinamic Acid (3). Compound 1 (1 g, 1.51
mmol) was dissolved in methanol (Fisher, HPLC grade,
200 mL), and a slurry of Pd/C (10%, 80 mg, 0.075 mmol)
in methanol (1 mL) was added. The flask was sealed
with a rubber septum and evacuated for 10 min with
stirring. Hydrogen gas was introduced through a needle
at a pressure of about 8 atm from a balloon, and the
stirring was continued for 65 h at room temperature. The
solvent was concentrated in vacuo to 10 mL, and the
catalyst was separated by an Acrodisc syringe-tip 0.2 µm
filter. Evaporation of the solvent to dryness in vacuo
afforded a white glassy solid (580 mg, 98%): mp 129.5-
130.5 °C; RP-HPLC, tR ) 3.49 min; 1H NMR (D2O) δ 1.95
(m, 6H), 2.14 (M, 6H), 2.52 (m, 2H), 2.61 (m, 2H); 13C
NMR (D2O, 100.6 MHz) δ 26 (-CΗ2-), 29 (-CΗ2), 30.5
(quat -CΗ2-), 48 (Succ. C), 57.5 (Succ. -CH2-), 172
(hydroxamic -CO-, 174 (Succ. -CO-), 177 (Succ. -CO-
); MS (M + H) 393.
2-Nitrophenyl N-[Tris[2-[(N-hydroxyamino)car-

bonyl]ethyl]methyl]succinate (4). The solution of
debenzylated trisuccin 3 (50 mg, 0.127 mmol) and ONP-
OH (71 mg, 0.51 mmol) in dry DMF (400 µL) was cooled
under argon to 0 °C. The solution of DCC (31.5 mg, 0.17
mmol) in DMF (50 µL) was added, and the reaction was
allowed to stir for 16 h at 4 °C. The white solid
precipitate was separated by centrifugation, and the
supernatant was slowly dripped into a mixture of petro-
leum ether and dry THF (30:70 v/v, 50 mL) with vigorous
stirring. The off-white solid precipitate was collected by
centrifugation and washed with the same solvent mixture
(3 × 50 mL) by successive vortexing and centrifugation
followed by drying of the product in a vacuum desiccator
over P2O5. Typically, about 40 mg of the product mixture
was recovered: Anal. RP-HPLC tR ) 20.3 min (B:
5-60%/20 min); Prep. RP-HPLC tR ) 41 min (B: 5-75%/
60 min); 1H NMR (D2O) δ 1.98 (m, 6H), 2.14 (m, 6H),
2.68 (m, 2H), 3.05 (m, 2H), 7.35 (d, J ) 8 Hz, 1H), 7.55

(m, 1H), 7.82 (m, 1H), 8.2 (d, J ) 8 Hz, 1H); 13C NMR
(D2O, 100.6 MH2) δ 24 (quat C), 26 (-CH2-), 28 (-CH2),
58 (Succ. -CH2-), 67 (Succ. -CH2), 124-135 (Arom. C),
171 (hydroxamic -CO-); MS (M + H) 514.
MethylN-[Tris[2-[(N-hydroxyamino)carbonyl]eth-

yl]methyl]succinate (7). The same procedure as for
the preparation of compound 3 was used. This product
was recrystallized from methanol to obtain 42 mg (70%)
of an analytical sample: mp 129.3-129.8 °C; RP-HPLC,
tR ) 4.5 min; 1H NMR (D2O) δ 1.95 (m, 6H), 2.15 (m, 6H),
2.55 (m, 2H), 2.65 (m, 2H), 3.70 (S, 3H), 4.80 (broad
singlet). Anal. Calcd for C15H26N4O9: C, 44.33%; H,
6.64%; N, 13.79%. Found: C, 44.20%; H, 6.62%; 13.73%.
Measurement of the Content of the Active Ester

in the Reaction Mixture. A solution of ONP in 0.2 M
sodium carbonate buffer (pH 9.5) was scanned in a
spectrophotometer, in the 300-600 nm range to reveal
a maximum absorption wavelength (λmax) of 415 nm. This
λmax was stable after the sample was incubated at 55 °C
for 2 h and was used for the construction of an A/C plot
as follows: Stock solutions of nitrophenol were made by
first dissolving this reagent in 10 mM KOH to obtain a
10 mM solution of ONP-OH, which was then diluted with
0.2 M carbonate buffer (pH 9.5) to a 1 mM working
solution. At 415 nm, absorbances of increasing concen-
trations of ONP-OH, injected as 10 µL aliquots into a
starting volume of 400 µL of the carbonate buffer, were
measured. The values were then averaged and plotted
against the molar concentrations. A concentration range
of 2.44 × 10-5 M to 13.04 × 10-5 M was used for this
plot in which a completely linear relationship (r ) 0.9990)
was observed.
A 12.7 mg/mL solution of the active ester 4 in carbon-

ate buffer (0.2 M, pH 9.5) was allowed to decompose at
55 °C for at least 1 h, and 20-50 µL aliquots were
withdrawn; absorbances were measured at 415 nm in 400
µL of the carbonate buffer. The corresponding molar
concentrations of ONP-OH byproduct were then calcu-
lated from the plot as a measure of active ester content
in the product mixture. For the active ester used in this
work, and using the following equation, a chemical yield
of 12.3%, based on a %PF of 20, was obtained.

Wmix is the total weight of the product mixture, Mtris is
the number of moles of the starting material trisuccin,
and (MW)p is the molecular weight of the product ester.
Monoclonal Antibody Conjugation. To the solution

of the CC49 MAb (1 mg) in PBS (0.1 M, pH 7.1) at 0 °C
was added the solution of 4 in DMF (50 µL) with gentle
stirring. After 0.5 h, the mixture was stirred at 4 °C for
an additional hour and then at room temperature for 0.5
h, and the reaction was quenched by addition of 20 µL of
a 1 M solution of glycine in carbonate buffer (pH 9.5).
The conjugate was purified on a PD-10 column using
DPBS as the eluting buffer.
Measurement of Ligand-to-Protein Ratio (L:P).

This assay was designed to estimate the number of
molecules of hydroxamate ligands attached covalently to
each molecule of protein. The well-known (8) burgundy
red color of hydroxamate-ferric complexes was utilized
in this assay as the chromophore handle. Mixing DMSO
solutions of 7 (1.23 × 10-5 M) and Fe(NO3)3‚9H2O (1.98
× 10-5 M) provided a deep red solution of the complex
with a final concentration of 4.92 × 10-4 M, which was
used as the stock solution. A spectrophotometric scan
of this complex in sodium acetate buffer (0.1 M, pH 5.3)

% chemical yield )
(%PF)Wmix

Mtris(MW)p
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revealed a λmax of 386.5 nm. Ten-microliter aliquots of
the complex solution were added to the sample cell
containing 0.1 M acetate buffer (pH 5.3, starting volume
400 µL), and absorbances were recorded in triplicate at
386.5 nm against the blank buffer. The averaged absor-
bances were then plotted against corresponding molar
concentrations to afford a linear A/C plot with r ) 0.9998.
A complex concentration range of 7.93 × 10-5 to 32.74 ×
10-5 M was used for this plot.
The conjugate prepared above was dialyzed in 0.1 M

acetate buffer (pH 5.4), and the protein concentration was
determined by Lowry assay (9). Fifty microliters of this
conjugate solution was added to 400 µL of the acetate
buffer containing Fe3+ with a final concentration of 0.84
mM, and the absorbance was measured at 386.5 nm.
Using this absorbance, the molarity of the ligand-Fe3+

complex was determined from the A/C plot, and the
molarity of the protein in the sample was calculated from
its Lowry concentration. The ligand-to-antibody ratio
was then calculated by the following equation:

Mc is the molarity of the ferric complex, and Mp is the
molarity of the MAb.
Radiolabeling of Trisuccin-MAb Conjugate. The

Na[188Re]-ReO4 in saline (2-5 mCi/mL) was reduced with
stannous chloride under argon at 90 °C, and the pH was
raised to pH 7 by addition of 1 M carbonate buffer (pH
10). This solution was added at 0 °C to the solution of
the conjugate, and the mixture was incubated at 40 °C
for 30 min. Radiolabeling was monitored by radio-HPLC,
and the radiolabeled conjugate was purified on a PD-10
column eluting with DPBS. Measurement of the radio-
labeling yield and purity was done by ITLC using 12%
(w/v) TCA (10, 11). In this analysis, radiolabeled protein
remained at the origin and any unbound activity moved
with the solvent front. Typically, radiolabeling yields of
>80% with >95% purities were obtained through this
procedure.

RESULTS AND DISCUSSION

The objective of this work was the development of a
method which (1) allows the efficient attachment of
molecules containing free (unprotected) hydroxamic acids
to proteins, peptides, and other molecules with proper
functionalities, (2) avoids any interaction between the
free hydroxamates and the activated function of the BCA
that is to undergo the conjugation reaction, and (3)
ensures the availability of all hydroxamate groups in the
molecule for further metal chelation.
On the basis of our previous experience with this

molecule and its promising radiolabeling results, we
focused on the hydroxamate-deprotected analogue of
trisuccin for this work in which all benzyl groups are
removed prior to attachment to another molecule. In a
preliminary evaluation, a number of standard conjuga-
tion procedures, including that of Koizumi et al. (12), for
conjugation of the natural hydroxamate, deferoxamine
to antibodies, and reductive amination techniques (13,
14) were studied. Also attempted was a site-specific
conjugation technique (15) utilizing MAb’s in situ-gener-
ated aldehydes and an amine derivative of trisuccin.2 On
the basis of their inability to radiolabel and produce a

positive ferric assay (see below), it was decided that none
of these procedures were effective toward accomplish-
ment of this goal. These procedures seemed to suffer
from a range of shortcomings, including instability of
intermediates and/or final product BCA, incompatibility
in the nature of the synthetic schemes, and dimerization/
polymerization of the activated molecules. We decided,
therefore, to design a facile protocol that may effectively
conjugate a free hydroxamate to proteins without any
need for isolation and purification of intermediate(s) and
is not ultimately affected by side reactions and any
byproduct(s) formed during the course of the process.
Protein Conjugation. From the preliminary studies,

we reasoned that an appropriate choice from the pool of
conjugation chemistries would be the amide bond forma-
tion through activated esters. On the basis of two
advantages associated with ONP esters, i.e., their release
of the easily detected ONP-OH on decomposition and
maintenance of their activity under steric hinderance
(16), we selected these derivatives for the conjugation
protocol. Thus, the carboxylic acid 3 was esterified with
ONP-OH at 0-4 °C and in the presence of DCC (Scheme
1) and the byproduct DCU and excess ONP-OH were
extracted by centrifugation and THF wash, respectively.
The off-white solid powder containing the product 4 was
dried in vacuo and stored under argon at freezer tem-
perature. We expected that any interaction of the
hydroxamate moieties with the ONP ester in this unpu-
rified product mixture should result in the formation of
an easily detected yellow color and formation of the
higher MW byproducts. A given reaction mixture could
be expected to consist of unreacted 3, unreacted DCC,
traces of DCU, the desired product (4), and the high MW
condensation byproducts, if any. Initially, we expected
that a head-to-tail competing reaction between the
activated ester and free hydroxamate functions of the
molecule would result in the formation of polymeric
byproducts. Interestingly however, the mass spectra
showed the major byproduct to be a compound withm/z
748, to which we have tentatively assigned the cyclic
dimer structure 5 (Figure 1). This compound has been
formed only in small quantities, limiting its isolation as
a single pure compound. The whole solid product mix-
ture was readily soluble in aqueous buffers containing
e10% DMF, and only occasionally, with reaction times
longer than 24 h, were small traces of water-insoluble
solids, which might be due to polymeric byproducts,
observed. Qualitatively, these components of the mixture

2Safavy et al., unpublished data. The amine derivative was
prepared by the DCC coupling ofN-Boc-1,6-diaminohexane with
compound 1 of Scheme 1 followed by catalytic hydrogenation
and TFA deprotection of the adduct.

Scheme 1

L:P ) Mc/Mp
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may be readily detectable by mass spectroscopy (see
below). Quantitatively, however, only the concentration
of the target active ester needs to be determined for
conjugation purposes. On the basis of our mass spectral
analyses, and under the conditions required for such
conjugation, all other components of this mixture should
be unreactive and only the decomposition of the active
ester 4, through hydrolysis or aminolysis, should gener-
ate the yellow ONP-OH. Therefore, a simple ONP-OH
titration of the product mixture, decomposed by complete
base hydrolysis, should indirectly reveal the active ester
content in any given batch. The L:P molar ratio for any
conjugation reaction would be readily adjusted through
this technique, and all unwanted impurity byproducts
and decomposition material should be eliminated at the
same time during the conjugate purification step. A
linear A/C plot of ONP-OH was therefore constructed at
415 nm and used for the measurement of the trisuccin
ONP ester content of each batch of the product mixture.
A weighed sample of the product mixture was hydrolyzed
at a basic pH and elevated temperature, and the intensity
of the yellow color was measured at equilibrium. Using
the A/C plot, this intensity gave the amount of active
ester 4 in the mixture from which a %PF could be
calculated. It was found through this analysis that on
proper handling and storage of these mixtures,3 ester 4
remained intact for periods >6 months and the same
batch of the product could be used repeatedly for protein
conjugation with reproducible results. For protein con-
jugation, the calculated weight of 4 in pure form was
measured, immediately prior to the start of the reaction,
by applying the %PF to the product mixture. For the
active ester product used here, a %PF of 20 was obtained.
To validate this technique, we considered a quantitative
analysis of the ONP ester formation by standard analyti-
cal methods. One approach was to subject an aliquot of
the reaction mixture to 1H NMR spectrometry, assign the
peaks, and simply use the integration ratios to estimate
the ONP-ester content of the mixture. Also considered
was a similar technique using HPLC. It turned out,
however, that the unpurified reaction mixture resulted
in an NMR pattern which was too crowded to be useful.
This was particularly true within the δ 1.5-3.0 range,
where most of the signals of this structure occur. A
similar limitation was encountered with HPLC. We
therefore decided to carefully purify the reaction mixtures

and compare the weight of the recovered product with
that estimated by the nitrophenol assay. Thus, the dry
powder of the reaction mixture was purified on a semi-
preparative RP-HPLC column, taking all necessary
precautions to prevent loss of the product. Indeed,
weights of HPLC-purified products agreed closely with
that obtained by the assay. For two independently
prepared batches, these values differed by 7.1 ( 0.3%.
The relatively low yield of ester formation should not

pose a significant problem since the quantities needed
for conjugation are typically in the milligram range or
lower. Using DMF as solvent the mixture resulted in a
colorless homogeneous solution that turned pale yellow
only slowly on standing at room temperature (after 24 h
or longer depending on the purity and dryness of the
DMF used). The fresh solution thus prepared was mixed
with the buffered protein solution to form the homoge-
neous conjugation solution.
Rhenium-188 Radiolabeling. The MAb (CC49) con-

jugates prepared through this procedure were radiola-
beled with 188Re. The radio-HPLC trace of a typical 188Re-
radiolabeled antibody is shown in Figure 2. Peaks A and
B, respectively, show the UV and radioactivity traces of
[188Re]trisuccin-CC49 conjugate, whereas peak C shows
the free, unbound 188Re. On the basis of this chro-
matogram, it was estimated that about 89% of the total
radioactivity is protein-bound. It should be noted that
once corrected for the loss of rhenium as unreduced
perrhenate, the yield may even be higher. The radiola-
beled conjugates were purified by gel chromatography,
and the elution profile of a typical purification run is
shown in Figure 3. The radiolabeled antibody conjugates
were prepared in this way with preservation of immu-
noreactivities (17) and were used for animal biodistribu-
tion experiments. Details of these studies will be re-
ported separately. Furthermore, a derivative of a gastrin-
releasing peptide was conjugated to trisuccin through this
protocol as recently reported (18).
L:P Ratio Evaluation. A colorimetric assay, based

on the burgundy red color of hydroxamate-Fe+3 complex,
was developed for the measurement of L:P ratio, to be
used for evaluation of conjugation chemistries and final
products. In this procedure, the methyl ester of hydrox-
amate-deblocked trisuccin (7) was complexed with ferric
nitrate in DMSO and the λmax was determined in acetate
buffer at 386.5 nm. An A/C plot for the complex at this
wavelength was constructed which showed linearity (r
) 0.9998) and was used for the later measurements of
ligand concentrations in antibody conjugates. The choice
of DMSO and acetate buffer (pH 5.4) was based on our

3Each batch of the product active ester was dried in a vacuum
desiccator over P2O5 and stored under argon in sealed vials, at
freezer temperatures of e-20 °C.

Figure 1. Proposed structure for a m/z 748 trace byproduct of
the active ester 4 synthesis.

Figure 2. Size exclusion HPLC traces of a 188Re-labeled
trisuccin-CC49 conjugate: UV (A) and radioactivity (B) traces
eluted with a short tR difference due to a series connection of
the detectors. Free, unbound radioactivity (C) is eluted with
considerably longer tR. The radioactivity scale is in 103 counts/
min (kcpm).
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earlier studies: the trisuccin-Fe3+ compound had lower
water solubility and precipitated as a red solid mass
when a solution of the ligand in pure water was added
to the solution of either ferric nitrate or ferric chloride
in buffer, water, or methanol. DMSO, on the other hand,
retained the homogeneity of the burgundy red solution
with no precipitation on standing over extended periods
of time. Similarly, the low-pH acetate buffer retained
homogeneity of the solutions mainly through preserving
the ferric reagent. In PBS, for instance, the ferric salts
quickly hydrolyzed, resulting in precipitation of an
insoluble colloid. The selection of the methyl ester of
trisuccin, as opposed to that of the carboxylic acid 3, was
to eliminate possibilities of any interaction from the
-COOH function with the metal chelation process.
Samples of purified trisuccin-antibody conjugates with
known concentrations were treated with ferric nitrate
and incubated at 55 °C for 1 h, and the change in
absorbance at the same wavelength was recorded. The
absorbances thus obtained were used to calculate the L:P
ratio through the A/C plot of the ferric complex. For the
trisuccin-CC49 conjugate described in this paper, an
active ester-to-MAb molar ratio of 5 was used, which
resulted in a L:P ratio of 1.2. For validating this assay,
we analyzed these conjugates with MALDI-TOFMS. Due
to the apparent low stabilities of this ONP ester (4), we
were limited to a maximum buffer pH of 7.1. Reactions
at higher pH did not result in conjugation in any
detectable extent, and below this pH, probably due to
highly protonated protein -NH2 groups, again no con-
jugation was observed. This may lead to the conclusion
that, at least for this particular active ester,4 a low L:P
may always result which, for radiolabeling experiments,
poses no limitation as our radiolabelings proceeded
smoothly and with good yields. However, for analytical
experiments such as MALDI-TOF MS, this low L:P may
fall beyond the sensitivity limits of the instrument and,
therefore, not be easily detectible. Only in one conjuga-
tion, carried out under the described conditions, were we
able to detect a L:P of about 0.65 by MALDI-TOF MS. If
we consider the MS data a reliable tool for assessing the

L:Ps, we may conclude that the ferric assay reported here
may overestimate this ratio. However, due to the sim-
plicity of this assay and its cost-effectiveness, its applica-
tion may be considered as a preliminary test of conjuga-
tion, particularly in experiments for which an exact value
for L:P is not required.
These results indicate that the conjugation method

described in this paper may be utilized as a general
protocol for the covalent attachment of unprotected
hydroxamic acids to molecules containing suitable nu-
cleophilic functionalities.
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Synthesis of 17â-Hydroxy Esters of 4-Estren-17â-ol-3-one and
Carbenicillin, Ticarcillin, or Functionalized Oxacillin: Potentially
Useful Conjugates for â-Lactamase-Based Homogeneous
Immunoassays
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On the basis of the large range of kinetic constants of their substrates, â-lactamases seem to be
interesting enzymes for the development of homogeneous immunoassays. For this purpose, hapten-
penicillin or -cephalosporin conjugates have to be prepared. The aim of this work is to couple the
anabolizing steroid nandrolone to several penicillins characterized by extremely low Km and kcat
values: ticarcillin, carbenicillin, and oxacillin. The easy decarboxylation of derivatives of phenylmalonic
acid (carbenicillin) and thienylmalonic acid (ticarcillin) imposes the choice of very mild procedures
which have been specifically adapted to each substance investigated. 4-Estren-17â-ol-3-one hemi-
phenylmalonate is conjugated to 6-aminopenicillanic acid after 1,1′-carbonyldiimidazole activation,
while 4-estren-17â-ol-3-one hemi(3-thiophene)malonate is coupled to 6-aminopenicillanic acid after
activation using methanesulfonyl chloride. Before conjugation of oxacillin, a carboxylated analogue
of its side chain has been prepared. A procedure resorting to tert-butyl ester protection of the carboxyl
group present on the isoxazole ring allows the binding of nandrolone to the remaining carboxyl followed,
after specific deprotection, by the conjugation to 6-aminopenicillanic acid giving the oxacillin derivative.
In this way, conjugates retaining immunological properties of nandrolone and high inhibiting power
of â-lactamases should be obtained.

INTRODUCTION
â-lactamases have never been used as a basis for the

development of homogeneous immunoassays, although
they display interesting properties in this field (1, 2): the
formation of stable pseudocovalent enzyme-substrate
complexes and the availability of powerful inhibitory
substrates such as carbenicillin, ticarcillin, or oxacillin
(Figure 1) as well as efficient colored reporter substrates
such as nitrocefin.
When reporter substrates are mixed with inhibitory

substrates in the presence of some class C â-lactamases,
a modulation of â-lactamase activity is obtained depend-
ing on the relative concentration of the reporter substrate
and the inhibitor. These characteristics could be ex-
ploited for the design of a homogeneous immunoassay if
the inhibitor is conjugated to a hapten to be determined
and if the addition of an antibody directed to the hapten
results in a masking effect on the inhibitor activity.
Conjugation of penicillins to proteins or polymers has

been carried out after activation of the carboxyl groups
present on the thiazole ring or in the side chain (3, 4). In
several procedures, native or introduced thiols have also
been used for this purpose (5, 6). However, the best
known reaction of penicillins is the hemisynthesis which
is usually performed by enzymatic or chemical coupling
of side chains to 6-aminopenicillanic acid (6 APA) (II) or
7-aminocephalosporanic acid (7 ACA) (7).
In this work, we have tried to prepare conjugates of

â-lactamase inhibitors and of nandrolone (4-estren-17â-
ol-3-one) (I), an anabolizing steroid frequently determined
using immunoassay techniques (8).
EXPERIMENTAL PROCEDURES
General Methods. All chemicals and solvents were

commercial grade and of the highest purity. 4-Carboxy-

benzaldehyde (>99%), ethyl acetoacetate sodium salt
(98.5%), tert-butyl acetoacetate (98%), lithium iodide
(99%), p-toluenesulfonic acid monohydrate (98.5%), and
phenylmalonic acid (98%) were purchased from Aldrich
Chemical Co. (Milwaukee, WI). 4-Estren-17â-ol-3-one
(nandrolone) was from Steraloids (Wilton, NH) and
3-thiophenemalonic acid (98%) from Acros Chimica (Geel,
Belgium). Silica gel 60 (E-Merck, 230-400 mesh ASTM)
(Merck, Darmstadt, Germany) was used for column
chromatography. Thin layer Alugram Sil6/UV254 plates
(from Macherey-Nagel, Düren, Germany) with fluores-
cent indicator were used for thin layer chromatography
(TLC). All the organic extracts are dried over anhydrous
Na2SO4. All mixtures of solvents used either as mobile
phases or as crystallization solvents are expressed in
volume-volume proportions. Infrared (IR) spectra were
recorded on a Perkin-Elmer (Beaconsfield, Bucks, En-
gland) spectrum 2000 Fourier transform infrared spec-
trophotometer. Spectra were obtained either after dis-
solving the compound at 0.1% in tetrachloroethylene or
after mixing the compound at 0.4% in potassium bromide.

X Abstract published in Advance ACS Abstracts, August 15,
1997.

Figure 1. Penicillins characterized by interesting kinetic
parameters.
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Solutions were scanned in a liquid transmission cell,
with an internal volume of 200 µL and a path length of
500 µm.

Mass spectra (MS), by electrospray ionization (ES)
using a mixture of acetonitrile/water (50/50) as the
solvent and 30 V as the cone voltage and by liquid
secondary ion ionization (20 kV) (LSI) using glycerol as
a matrix, were obtained on a VG platform Fisons or on a
Autospec Q VG analytical Fisons (Danvers, MA) mass
spectrometer. Elemental analyses were accomplished on
a Carlo Erba CHNS-O EA 1108 instrument (Rodano,

Milano, Italy). All obtained products have analytical data
(C, H, and N), except for unstable products.

EXPERIMENTAL SYNTHESIS

(A) Conjugation of Nandrolone to Carbenicillin
or Ticarcillin (Figure 2). (1) Preparation of 4-Estren-
17â-ol-3-one Hemiphenylmalonate (3a). To a solution of
2 g (11.2 mmol) of phenylmalonic acid (1a) in a mixture
of dry ether (20 mL) and dry 1,4-dioxan (4 mL) are added
1 drop of dimethylformamide and 1.18 g (736 µL = 10
mmol) of thionyl chloride. The solution is warmed to 45

Figure 2. Synthesis of 6-[3-(4-estren-3-one-17â-oxy)-3-oxo-2-phenylpropanamido]penicillanic acid and of 6-[3-(4-estren-3-one-17â-
oxy)-3-oxo-2-thienylpropanamido]penicillanic acid.
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°C for 2 h. The yellow solution obtained (2a) is cooled to
-25 °C. A solution of 2 g (7.2 mmol) of 4-estren-17â-ol-
3-one (I) is prepared in dry toluene (15 mL) and added
to the acyl chloride solution. A triethylamine solution
(2.26 g = 3.14 mL = 20 mmol) in dry toluene (10 mL) is
slowly added dropwise to the combined solutions. The
mixture is allowed to warm to room temperature for 1 h.
The solution is then poured into 150 mL of a 0.1 M HCl/
water solution. The organic phase is washed copiously
with cold water and dried. The so-obtained organic
solution is treated with charcoal. After filtration, the
solution is partially evaporated under reduced pressure
and the residue is purified by column chromatography
(using the same mobile phase as for the TLC). The
4-estren-17â-ol-3-one hemiphenylmalonate (3a) is crys-
tallized from a mixture of toluene and petroleum ether:
bp 100-140 °C (5-45); yield 42% IR (cm-1) (KBr) 1738
(νestren ester, CdO), 1716 (νmalonic acid, CdO), 1682 (νestren ketone,
CdO), MS (LSI) m/z 437 (M + H)+; TLC toluene/ethyl
acetate/acetic acid (1/1/0.1) Rf ) 0.36.
(2) Preparation of 6-[3-(4-Estren-3-one-17â-oxy)-3-oxo-

2-phenylpropanamido]penicillanic Acid (5a). A solution
of 50 mg (0.1 mmol) of 4-estren-17â-ol-3-one hemiphe-
nylmalonate (3a) and 16 mg (0.1 mmol) of 1,1′-carbon-
yldiimidazole is stirred at 0 °C for 4 h in dry tetrahy-
drofuran (6 mL). Forty milligrams (0.2 mmol) of
6-aminopenicillanic acid (II) is dissolved into a 2%
NaHCO3/water solution (5 mL), diluted with acetone (4
mL), and cooled under stirring to 0 °C. The former
solution containing the activated derivative of 4-estren-
17â-ol-3-one hemiphenylmalonate (4a) is added drop by
drop to the latter solution. After 2 h, the mixture is
diluted with a 2% NaHCO3/water solution (20 mL) and
filtered. The filtrate is poured into ethyl acetate (10 mL
) and acidified with a 0.1 M HCl/water solution to pH
2-3. The organic phase is washed three times with
water and dried. The solvent is removed under reduced
pressure. The oily yellow residue is crystallized from
toluene and petroleum ether: bp 40 °C (5-25); yield 52%;
IR (cm-1) (KBr) 1740 (νestren ester, CdO), 1676 (νmalonic amide,
CdO), 1765 (νcyclic amide, CdO), 1725 (νpenicillanic acid, CdO),
MS (LSI) m/z 635 (M + H)+; TLC toluene/ethyl acetate/
acetic acid (1/1/0.2) Rf ) 0.04, chloroform/ethyl acetate/
methanol/acetic acid (4/4/1/0.2) Rf ) 0.63.
(3) Preparation of 4-Estren-17â-ol-3-one Hemi(3-

thiophene)malonate (3b). To a solution of 2 g (10.75
mmol) of 3-thiophenemalonic acid (1b) in a mixture of
dry ether (20 mL) and dry 1,4-dioxan (4 mL) are added
1 drop of dimethylformamide and 1.06 g (662 µL = 9
mmol) of thionyl chloride. The solution is stirred at room
temperature for 4 h. The resulting solution (2b) is cooled
to -35 °C. A cooled solution of 1.5 g (5.4 mmol) of
4-estren-17â-ol-3-one (I) in dry acetone (10 mL) is added
to the acyl chloride solution. A triethylamine solution
(2.26 g = 3.14 mL = 20 mmol) in dry toluene is added
slowly and by little portions to the combined solution.
The mixture is allowed to warm to room temperature
for 1 h. The solution is then poured into 150 mL of a
cooled water solution of 0.1 M HCl. The organic phase
is washed copiously with cold water and dried. The so-
obtained organic solution is treated with charcoal. After
filtration, the toluene is partially evaporated under
reduced pressure and the residue is purified by col-
umn chromatography (using the same mobile phase as
for the TLC). The 4-estren-17â-ol-3-one hemi-(3-thio-
phene)malonate (3b) is crystallized from a mixture of
toluene and petroleum ether: bp 100-140 °C (5-25);
yield 31%, IR (cm-1) (C2Cl4) 1743 (νestren ester, CdO), 1715
(νthiophenmalonic acid, CdO), 1682 (νestren ketone, CdO); MS (ES+)

m/z 443 (M + H)+; TLC toluene/ethyl acetate/acetic acid
(1/1/0.1) Rf ) 0.38.
(4) Preparation of 6-[3-(4-Estren-3-one-17â-oxy)-3-oxo-

2-(3-thienyl)propanamido]penicillanic Acid (5b). A solu-
tion of 100 mg (0.276 mmol) of 4-estren-17â-ol-3-one
hemi(3-thiophene)malonate (3b) in dry tetrahydrofuran
(5 mL) is treated withN,N-diisopropylethylamine (51 µL,
0.292 mmol) and then cooled to -50 °C. Methanesulfonyl
chloride (56 µL, 0.692 mmol) is added, and the solution
is stirred at -50 °C for a further 2 h. This mixture
containing the mixed sulfonic acid anhydride (4b) is then
added to a preformed solution of 6.3 mg (0.292 mmol) of
6-aminopenicillanic acid (II) in a 2% NaHCO3/water
solution (5 mL) and acetone (4 mL) and cooled to 0 °C.
After the mixture has been stirred for 1 h at 0 °C, ethyl
acetate and water are added. The pH is adjusted to 3
with a 0.1 M HCl/water solution. The organic phase is
washed with water. The solvent is removed under
reduced pressure. The viscous yellow residue is purified
on a precoated TLC plate sil 6-200 from Merck. The
mixture toluene/ethyl acetate/acetic acid (1/1/0.1) is used
as the mobile phase. The linear spot is scraped from the
plate. The silica is washed with several ethyl acetate
fractions. The resulting organic solution is washed with
water and dried. The solvent is removed under reduced
pressure. Crystallization from ethyl acetate and petro-
leum ether gave the product (5b): bp 40 °C (10-90); yield
21%; IR (cm-1) (KBr) 1672 (νmalonic amide, CdO), 1767 (νcyclic

amide, CdO), 1724 (νpenicillanic acid, CdO); MS (ES-) m/z 639
(M - H)-; TLC chloroform/ethyl acetate/methanol/acetic
acid (4/4/1/0.02) Rf ) 0.64).
(B) Preparation of a Nandrolone-Oxacillin Con-

jugate (Figure 3). (5) Preparation of 4-Carboxybenzal-
doxime (7). A stirred solution of 10 g (65 mmol) of
4-carboxybenzaldehyde (6) and 9.1 g (130 mmol) of
hydroxylamine hydrochloride in a mixture of methanol
(100 mL)/water (100 mL) is brought up to pH 4.5 with a
1 M NaOH/water solution. The reaction mixture is then
kept at 45 °C for 2 h. The starting reactive product (4-
carboxybenzaldehyde, Rf ) 0.79) (6) is gradually used up,
and this is monitored by thin layer chromatography. The
methanol is removed under reduced pressure when the
reaction is over. To the so-obtained aqueous solution is
added a water solution of 0.1 M HCl to pH 2. It gives a
white precipitate. The suspension is then filtered. The
solid residue is washed three times with water. It is then
dissolved in a 5% NaHCO3/water solution and treated
with charcoal. The aqueous mixture is filtered. The
filtrate is acidified with a 0.1 M HCl/water solution to
pH 2. The wished compound crystallizes from water. The
carboxybenzaldoxime (7) is then filtered off, washed
with water, and dried under reduced pressure: yield
89%, IR (cm-1) (KBr) 1689 (νacid, CdO), 1608 (νoxime,
CdN), 3585 (νoxime, N-OH); MS (ES+)m/z 166 (M + H)+;
TLC chloroform/tetrahydrofuran/acetic acid (7/0.8/0.2)
(Rfcarboxybenzaldoxime ) 0.76). Anal. Calcd for C8H7O3N: C,
58.19; H, 4.27; N, 8.48. Found: C, 58.29; H, 4.29; N, 8.46.
(6) Preparation of 4-Carboxybenzohydroxamoyl Chlo-

ride (8). A stirred solution of 8 g (48 mmol) of 4-carboxy-
benzaldoxime (7) in anhydrous 1,4-dioxan (65 mL) and
chloroform (20 mL) is cooled to -10 °C. The solution is
treated with 4 g (60 mmol) of chlorine in chloroform (150
mL). The mixture is left overnight at room temperature.
After removal of the solvent under reduced pressure,
crude 4-carboxybenzohydroxamoyl chloride (8) is ob-
tained as an oil. This residue is crystallized from a
mixture of ethanol and petroleum ether (bp of 40 °C;
5-65). The 4-carboxybenzohydroxamoyl chloride (8) is
filtered off, washed with petroleum ether (bp of 40 °C),
and dried under reduced pressure: yield 86%, IR (cm-1)
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(KBr) 1691 (νacid, CdO), 1610 (νoxime, CdN), 3581 (νoxime,
N-OH); ES- m/z 198 (M - H)-; TLC chloroform/tetrahy-
drofuran/acetic acid (7/0.8/0.2) Rf ) 0.86. Anal. Calcd
for C8H6O3NCl: C, 48.14; H, 3.03; N, 7.01. Found: C,
48.24; H, 3.15; N, 6.90.
(7) Preparation of Ethyl 3-(4-Carboxyphenyl)-5-meth-

ylisoxazole-4-carboxylate (9). A solution of 7 g (35.1
mmol) of 4-carboxybenzohydroxamyl chloride (8) in metha-
nol (80 mL) and acetonitrile (80 mL) is chilled to -5 °C.
Then a solution of 10.7 g (70 mmol) of ethyl acetoacetate
sodium salt in acetonitrile (60 mL) is slowly added. The

mixture is allowed to warm to room temperature over-
night. The solvent is then evaporated under reduced
pressure. The oily residue is shaken in a 0.1 M HCl/
water solution (100 mL) and chloroform (200 mL). The
aqueous phase is once again extracted with chloroform.
The combined chloroform extracts are washed with water
and dried. The solvent is removed under reduced pres-
sure. The obtained residue is crystallized from a mixture
of chloroform and petroleum ether (bp of 40 °C; 5-45).
The ethyl 3-(4-carboxyphenyl)-5-methylisoxazole-4-car-
boxylate (9) is filtered off, washed with petroleum ether

Figure 3. Synthesis of 6-[3-(4-estren-17â-ol-3-one benzenecarbox4-yl)-5-methylisoxazole-4-carboxamido]penicillanic acid.
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(bp of 40 °C), and dried under reduced pressure: yield
70%; IR (cm-1) (KBr) 1688 (νacid, CdO), 1720 (νester, CdO);
ES- m/z 274 (M - H)-; TLC toluene/ethyl acetate/acetic
acid (2/1/0.1) Rf ) 0.42. Anal. Calcd for C14H13O5N: C,
61.09; H, 4.76; N, 5.08. Found: C, 61.21; H, 4.95; N, 5.01.
(8) Preparation of tert-Butyl 3-(4-Carboxyphenyl)-5-

methylisoxazole-4-carboxylate (10). This compound is
prepared from 7 g (35.1 mmol) of 4-carboxybenzohydrox-
amoyl chloride (8) and 13.75 g (70 mmol) of tert-butyl
acetoacetate potassium salt by a similar procedure used
previously for ethyl 3-(4-carboxyphenyl)-5-methylisox-
azole-4-carboxylate (9): yield 71.24%, IR (cm-1) (C2Cl4)
1698 (νacid, CdO), 1614 (νoxime, CdN), 1714 (νtert-butyl ester,
CdO); ES- m/z 301 (M - H)-; TLC toluene/ethyl acetate/
acetic acid (2/1/0.1) Rf ) 0.5. Anal. Calcd for
C16H18O5N: C, 61.85; H, 5.88; N, 5.08. Found: C, 61.68;
H, 5.81; N, 4.96.
(9) Preparation of Ethyl 3-(4-Estren-17â-ol-3-one-ben-

zenecarboxylate-4-yl)-5-methylisoxazole-4-carboxylate (13).
A solution of 1 g (3.6 mmol) of ethyl 3-(4-carboxyphenyl)-
5-methylisoxazole-4-carboxylate (9), 4 mg of 4-dimeth-
ylaminopyridine, and 900 mg (3.28 mmol) of 4-estren-
17â-ol-3-one (I) in dry dichloromethane (25 mL) is cooled
to 0 °C. A small excess of 1,3-dicyclohexylcarbodiimide
(900 mg, 4.32 mmol) is added by little portions. This
mixture is stirred for 2 h until room temperature is
reached. The starting reactive product [ethyl 3-(4-
carboxyphenyl)-5-methylisoxazole-4-carboxylate,Rf ) 0.42]
is gradually used up, and this is monitored by thin layer
chromatography . After reaction, the solution is filtered.
The filtrate is concentrated under reduced pressure, and
the oily residue is dissolved in ethyl acetate. This ethyl
acetate solution is cooled to 4 °C over 2 h. The cooled
solution is then filtered in order to eliminate dicyclo-
hexylurea. The filtrate is washed with a 5% NaHCO3/
water solution and then with water and dried. The
solvent is removed under reduced pressure. The solid
residue is purified by crystallization from a mixture of
toluene and petroleum ether: bp 40 °C (10-90); yield
83%, IR (cm-1) (C2Cl4) 1716 (νethyl ester, CdO), 1725 (νestren
ester, CdO), 1668 (νestren ketone, CdO); ES+ m/z 532 (M -
H)+; TLC toluene/ethyl acetate/acetic acid (2/1/0.1) Rf )
0.52. Anal. Calcd for C32H37NO6: C, 72.30; H, 7.01; N,
2.63. Found: C, 72.61; H, 7.26; N, 2.72.
(10) Preparation of tert-Butyl 3-(4-Estren-17â-ol-3-one-

benzenecarboxylate-4-yl)-5-methylisoxazole-4-carboxy-
late (14). This compound is prepared from 1 g (3.43
mmol) of tert-butyl 3-(4-carboxyphenyl)-5-methylisox-
azole-4-carboxylate (10) and 900 mg (3.28 mmol) of
4-estren-17â-ol-3-one (I) by a similar procedure used for
ethyl 3-(4-estren-17â-ol-3-one benzenecarboxylate-4-yl)-
5-methylisoxazole-4-carboxylate (13): yield 81%, IR (cm-1)
(C2Cl4) 1713 (νtert-butyl ester, CdO), 1725 (νestren ester, CdO),
1678 (νestren ketone, CdO); ES+ m/z 561 (M - H)+; TLC
toluene/ethyl acetate/acetic acid (2/1/0.1) Rf ) 0.62. Anal.
Calcd for C34H41NO6: C, 72.90; H, 7.38; N, 2.50. Found:
C, 72.59; H, 7.66; N, 2.63.
(11) Preparation of 3-(4-Estren-17â-ol-3-one-benzen-

ecarboxylate-4-yl)-5-methylisoxazole-4-carboxylic acid (15)
(11.1) by LiI. Six hundred thirty milligrams mg (4.7
mmol) of dry LiI, 500 mg (0.94 mmol) of ethyl 3-(4-estren-
17â-ol-3-one benzenecarboxylate-4-yl)-5-methylisoxazole-
4-carboxylate (13), and 77 mg (0.94 mmol) of anhydrous
sodium acetate are dissolved in dry dimethylformamide.
The solution is heated under a nitrogen stream in a
thermostatically controlled oil bath for 32 h at 115 °C.
The solution is then cooled to room temperature and
poured into a mixture of a 0.1 M HCl/water solution (25
mL) and chloroform (25 mL). The organic phase is
washed three times with water and dried. The solvent

is removed under reduced pressure. The desired com-
pound is isolated by column chromatography using the
same mobile phase as for TLC. The resulting organic
solution is washed with water and dried. The solvent is
removed under reduced pressure. The obtained residue
is crystallized from a mixture of toluene and petroleum
ether (bp of 40 °C; 5-75). The 3-(4-estren-17â-ol-3-one-
benzenecarboxylate-4-yl)-5-methylisoxazole-4-carboxy-
lic acid (15) is filtered off, washed with petroleum ether
(bp of 40 °C), and dried under reduced pressure: yield
3-16%, IR (cm-1) (C2Cl4) 1698 (νacid, CdO); ES- m/z 502
(M - H)-; TLC toluene/ethyl acetate/acetic acid (2/1/0.1)
Rf ) 0.44. Anal. Calcd for C30H33NO6: C, 71.55; H, 6.60;
N, 2.78. Found: C, 71.68; H, 6.87; N, 2.75.
(11.2) Preparation of 15 by p-Toluenesulfonic Acid. To

a solution of 500 mg (0.9 mmol) of tert-butyl 3-(4-estren-
17â-ol-3-one benzenecarboxylate-4-yl)-5-methylisoxazole-
4-carboxylate (14) in nitromethane (25 mL) and toluene
(10 mL) is added a solution of 235 mg (1.35 mmol) of
p-toluenesulfonic acid in nitromethane (10 mL) warmed
to 50 °C. That mixture is kept at room temperature for
4 h. It is then diluted with chloroform. The organic
phase is washed three times with water and dried. The
solvent is removed under reduced pressure. The oily
residue is purified by column chromatography using a
mixture of toluene/ethyl acetate/acetic acid (2/1/0.1) as a
mobile phase. After elimination of the solvent under
reduced pressure, the resulting organic solution is washed
with water and dried. The obtained white residue
crystallized from a mixture of chloroform and petroleum
ether (bp of 40 °C; 5-70). The 3-(4-estren-17â-ol-3-one
benzenecarboxylate-4-yl)-5-methylisoxazole-4-carboxy-
lic acid (15) is filtered off and dried under reduced
pressure: yield 56%; IR (cm-1) (C2Cl4) 1696 (νacid, CdO);
ES- m/z 502 (M - H)-; TLC toluene/ethyl acetate/acetic
acid (2/1/0.1) Rf1 ) 0.44, chloroform/ethyl acetate/metha-
nol/acetic acid (4/4/1/0.02) Rf2 ) 0.88. Anal. Calcd for
C30H33NO6: C, 71.55; H, 6.60; N, 2.78. Found: C, 71.71;
H, 6.87; N, 2.96.
(12) Preparation of 3-(4-Carboxyphenyl)-5-methylisox-

azole-4-carboxamide (11). A solution of 4 g (14.5 mmol)
of ethyl 3-(4-carboxyphenyl)-5-methylisoxazole-4-carboxy-
late (9) in 22 mL (0.29 mol) of a 25% ammonia/water
solution cooled to 0 °C is put into a pressure-sealed
reactor and autoclaved over 48 h at 50 °C. The solution
is cooled to 0 °C and then transfered into a flask, and
the excess of the ammonia water solution is removed
under reduced pressure. The solution is acidified with
a 1MHCl/water solution to pH 2.5. The obtained residue
is washed with water and then with ether and with
chloroform. It is dried under reduced pressure: yield
65%, IR (cm-1) (KBr) 1694 (νacid, CdO); ES- m/z 245
(M - H)-; TLC chloroform/tetrahydrofuran/acetic
acid (7/0.8/0.2) Rf ) 0.47. Anal. Calcd for C12H10N2O4:
C, 58.54; H, 4.09; N, 11.37. Found: C, 58.71; H, 4.38; N,
11.68.
(13) Preparation of 3-(4-Estren-17â-ol-3-one-benzen-

ecarboxylate-4-yl)-5-methylisoxazole-4-carboxamide (12).
A solution of 1 g (4.06 mmol) of 3-(4-carboxyphenyl)-5-
methylisoxazole-4-carboxamide (11), 4 mg of 4-dimeth-
ylaminopyridine, and 900 mg (3.28 mmol) of 4-estren-
17â-ol-3-one (I) in dry dichloromethane (25 mL) and dry
dimethylformamide (6 mL) is cooled to 0 °C. A small
excess of 1,3-dicyclohexylcarbodiimide (1 g, 4.86 mmol)
is added by little portions. This mixture is stirred for 2
h; the starting reactive product [3-(4-carboxyphenyl)-5-
methylisoxazole-4-carboxamide, Rf ) 0.48] is gradually
used up, and this is monitored by thin layer chromatog-
raphy . The solution is filtered. The filtrate is concen-
trated under reduced pressure, and the oily residue is
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dissolved in ethyl acetate. The ethyl acetate solution is
cooled to 4 °C for 2 h. The solution is then filtered in
order to eliminate dicyclohexylurea. The filtrate is
washed with a 5% NaHCO3/water solution and then with
water and dried. The solvent is removed under reduced
pressure. The solid residue is purified by column chro-
matography using the same mobile phase as above and
by crystallization from a mixture of toluene and petro-
leum ether: bp 40 °C (5-45); yield 35%; IR (cm-1) (C2-
Cl4) 1713 (νestren ester, CdO), 1609 (νoxime, CdN), 1659
(νamide, CdO); ES+ m/z 503 (M - H)+; TLC chloroform/
tretrahydrofuran/acetic acid (7/0.8/0.2) Rf ) 0.63. Anal.
Calcd for C30H34N2O5: C, 71.70; H, 6.82; N, 5.57.
Found: C, 71.98; H, 7.01; N, 5.71.
(14) Preparation of 6-[3-(4-Estren-17â-ol-3-one-benzen-

ecarboxylate-4-yl)-5-methylisoxazole-4-carboxamido]peni-
cillanic Acid (16). A solution of 100 mg (0.2 mmol) of
3-(4-estren-17â-ol-3-one-benzenecarboxylate-4-yl)-5-
methylisoxazole-4-carboxylic acid (15) in dry tetrahydro-
furan (5 mL) is treated with N,N-diisopropylethylamine
(46 µL, 0.25 mmol) and then cooled to -50 °C. Meth-
anesulfonyl chloride (40 µL, 0.52 mmol) is added and the
solution is stirred at -50 °C for a further 2 h. This
mixture containing the mixed sulfonic acid anhydride is
then added to a preformed solution of 6.3 mg (2.92× 10-4

mol) of 6-aminopenicillanic acid (II) in a 2% NaHCO3/
water solution (5 mL) and acetone (4 mL) and cooled to
0 °C. After the mixture has been stirred for 1 h at 0 °C,
ethyl acetate and water are added. The pH is adjusted
to 3 with a 0.1 M HCl/water solution. The organic phase
is washed with water and dried. The solvent is removed
under reduced pressure. The oily white residue is
purified by a precoated TLC plate sil 6-200 from Merck.
The toluene/ethyl acetate/acetic acid (1/1/0.1) is used as
the mobile phase (Rf ) 0.1). The linear spot is scraped
from the plate. Silice is washed with several ethyl
acetate fractions. The resulting organic solution is
washed with water and dried. The solvent is removed
under reduced pressure. Crystallization from ethyl
acetate and petroleum ether (bp of 40 °C; 5-55) gave the
product (16): yield 42%; IR (cm-1) (KBr) 1726 (νestren ester,
CdO), 1767 (νcyclic amide, CdO), 1717 (νpenicillanic acid, CdO),
1664 (νisoxazol amide, CdO); ES- m/z 699 (M - H)-; TLC
chloroform ethyl acetate methanol-acetic acid (4/4/1/0.2)
Rf ) 0.71.

RESULTS AND DISCUSSION

(A) Conjugation of Nandrolone to Carbenicillin
or Ticarcillin (Figure 2). The activation methods of
penicillins or cephalosporins are carried out in order to
bind them to various substances among others carrier
proteins (9, 10). The functionnal groups born from the
enzymatic or alkaline hydrolysis of the â-lactam cycle
cannot be used because these reactions yield products
which have lost all valuable properties in relation to the
enzymes (â-lactamases) (4). Some studies on the active
site of class A and C â-lactamases have shown that
modified substrates where a free carboxylate group on
C-3 of penicillins or C-4 of cephalosporins had been
esterified does not impair much either acylation or
deacylation steps for these compounds with the enzymes
(11). We have been aware of keeping these original
properties and of obtaining conjugates as similar as
possible to the original antibiotics. So we considered
chiefly the reactive functions which were located on the
side chains. The two carboxylic acid functions on car-
benicillin and ticarcillin have a real close reactivity (12)
so that it seems rather difficult to make one react without
any influence on the other. Therefore, a hemisynthesis
of these substances has been tried using a modifed side

chain by conjugation to nandrolone. The hemisynthesis
of penicillin from a side chain and from 6-aminopenicil-
lanic acid is often carried out in two steps (3, 7). The
carboxylic acid function on the side chain is first activated
into an acyl chloride or a mixed anhydride or by using a
dioxanedione cycle (meldrum acid) (13), before coupling
to 6-aminopenicillanic acid. Here, the side chain had to
be first synthesized by reaction of the hydroxyl function
on C-17 of nandrolone upon phenylmalonic and 3-thio-
phenemalonic acids. But these two acids are easily de-
carboxylated when one of the acid functions is activated
(14).
Because it is difficult to obtain a monoactivated deriva-

tive from these two acids, through classical activators
such as 1,3-dicyclohexylcarbodiimide (DCC), ethyl chlo-
roformate, or 1,1′-carbonyldiimidazole (CDI), the old
acylation techniques have been selected. By using a
strong chlorinating agent such as thionyl chloride (SOCl2)
in an equivalent amount, monochlorides of phenylmalonic
and 3-thiophenemalonic acids are obtained. By binding
at low temperature these monoactivated derivatives to
the slightly and not easily reachable hydroxyl of nan-
drolone, we were able to identify a nandrolone hemiphen-
ylmalonate and a nandrolone hemi(3-thiophene)ma-
lonate. The binding of these substances to 6-amino-
penicillanic acid could not be carried out by reagents
classically used in the synthesis of carbenicillin or ticar-
cillin; conversion of malonate carboxyl into an acyl
chloride using either thionyl chloride or phosphorus
pentachloride or dichloromethyl methyl ether does not
operate without any damage to the steroid. Moreover,
the use of dioxanedione cycle (meldrum acid) is not
possible, because the second acid function has been
turned into a nandrolone ester. Enzymatic synthesis can
no more be applied due to the hydrophobicity of a steroid-
modified side chain. Among the mild coupling proce-
dures, DCC or ethyl chloroformate leads to decarboxy-
lation, giving nandrolone phenylacetate or 3-thiophene-
acetate. However, a carbonyldiimidazole activation was
partly successful.
A [(4-estren-3-one-17â-oxy)-3-oxo-2-phenylpropanami-

do]penicillanic acid (5a) has been isolated with a 21%
yield. We could not obtain a [(4-estren-3-one-17â-oxy)-
3-oxo-2-(3-thienyl)propanamido]penicillanic acid using
the same procedure (5b), while this substance has been
obtained in good yield by activating 4-estren-17â-ol-3-
one hemi(3-thiophene)malonate (3b) with methanesulfo-
nyl chloride (CH3SO2Cl) into mixed sulfonic acid anhy-
dride (3).
4-Estren-17â-ol-3-one hemi(3-thiophene)malonate (3b)

which seems more sensitive to decarboxylation does react
upon addition of CH3SO2Cl. Probably this latter reagent
provides a slighter electronic density on the oxygen
constitutive of the mixed sulfonic acid anhydride. This
reduced electronic mobility (in comparison with an usual
mixed anhydride) decreases the trend toward decarboxy-
lation.
(B) Preparation of a Nandrolone-Oxacillin Con-

jugate. Oxacillin is an antibiotic created by binding
6-aminopenicillanic acid to a phenyl isoxazole molecule
(15). This substance cannot be coupled with nandrolone.
In order to proceed to such coupling, a reactive group
must be present on the phenyl cycle of phenylisoxazole.
Knowing the reactivity of the hydroxyl function located
on C-17 of nandrolone with a carboxylic acid function (16)
on one hand and being aware of most techniques of
synthesis of isoxazole nuclei on the other hand, we have
been conveyed to synthesize a 3-(4-carboxyphenyl)-5-
methylisoxazole-4-carboxylate derivative. Cycloaddition
of an enamine to a benzonitrile oxyde derivative (18) or
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a dimethyl acetylenedicarboxylate derivative leads to
phenylisoxazole products (19). Binding benzoyl chloride
with ethyl 3-(methylamino)-2-butenoate leads to phenyl-
isoxazole derivatives as well (17). The last one can also
be obtained by coupling ethyl acetoacetate sodium salt
with either benzaldehyde chloroxime (benzohydroxamoyl
chloride) or benzoyl chloride (20).
Only the last two techniques started from a commercial

product. We chose the method described above with
benzaldehyde and ethyl acetoacetate sodium salt and,
from a commercial product (p-carboxybenzaldehyde), we
were able to obtain ethyl 3-(-4-carboxyphenyl)-5-meth-
ylisoxazole-4-carboxylate (9) (Figure 3).
The carboxylic acid function of the isoxazole cycle being

so protected by an alkyl ester, nandrolone could react
upon a mixed iminoanhydride derivative obtained by
activating the carboxyphenyl group with DCC in contact
with 4-dimethylaminopyridine (DMAP). The next syn-
thesized molecule, ethyl 3-(4-estren-17â-ol-3-one-benzen-
ecarboxylate-4-yl)-5-methylisoxazole-4-carboxylate (13)
displays an ester function at each of its terminals. We
tried to eliminate the ethyl ester function in order to bind
the molecule to 6-aminopenicillanic acid.
Alkaline reagents (K2CO3/MeOH-H2O) induced pref-

erential hydrolysis of the ester function of nandrolone less
stable than the ethyl ester. We then tried to remove the
ethyl ester function with lithium iodide in contact of
pyridin and acetate or cyanide (21) (Figure 3). We
obtained with this trial the end product we wanted, but
the yield was week and inconsistent (3-15%).
In order to overcome these problems of hydrolysis of

the nandrolone ester, we turned the ethyl ester into an
amide (Figure 3). Before we bound it to nandrolone, ethyl
3-(4-carboxyphenyl)-5-methylisoxazole-4-carboxylate (9)
reacted upon ammonia under pressure. The binding of
nandrolone to 3-(4-carboxyphenyl)-5-methylisoxazole-4-
carboxamide (11) was carried out following the same
route as for 9. The splitting of the primary amide
function did not give satisfactory results. We could not
obtain the desired product. We were looking for it by
using reagents like nitrite salts in a methanolic acid
medium or N2O4 in contact with sodium acetate and CCl4
(22, 23).
At this time, we tried to use a more unstable protection

(Figure 3). tert-Butyl acetoacetate potassium salt was
bound to 4-carboxybenzohydroxamoyl chloride (8). And
so we could identify a tert-butyl 3-(4-carboxyphenyl)-5-
methylisoxazole-4-carboxylate derivative (10). The bind-
ing to nandrolone was conducted according to the previ-
ous method. The tert-butyl ester was more easily removed
by p-toluenesulfonic acid than by trifluoroacetic acid
when solved into toluene and nitromethane without any
conflict of ester hydrolysis (24, 25) (Figure 3).
The so-obtained 3-(4-estren-17â-ol-3-one-benzenecar-

boxylate-4-yl)-5-methylisoxazole-4-carboxylic acid (15)
was then connected to 6-aminopenicillanic acid by means
of a mixed sulfonic anhydride at low temperature (3). An
end product according to the expected formula has been
isolated in good yield.
In conclusion, we succeded in the preparation of these

three penicillin conjugates. These products were ob-
tained in good yields. So we set up an efficient prepara-
tion for coupling haptens to â-lactam derivatives.

ACKNOWLEDGMENT

We are grateful to the Fond National de la Recherche
Scientifique (FNRS) for the support accorded to one of
us (RL). The authors thank Prof. E. Depauw (service de

Chimie physique) and Dr. G. Ghitti (Biocode Biotechnol-
ogy) for taking and interpreting mass spectra.

LITERATURE CITED

(1) Galleni, M., Frere, J. M. (1988) A survey of kinetic param-
eters of class C â-lactamases. Biochem. J. 255, 119-122.

(2) Matagne, A., Misselyn-Bauduin, A.-M., Joris, B., Erpicum,
T., Granier, B., and Frere, J. M. (1990) The diversity of
catalytic properties of class A â-lactamases. Biochem. J. 265,
131-146.

(3) Brown, P., Calvert, S. H., Chapman, P. C. A., Cosham, S.
C., Eglington, A. J., Elliot, R. L., Harris, M. A., Hinks, J. D.,
Lowther, J., Merrikin, D. J., Pearson, M. J., Ponsford, R. J.,
and Syms, J. V. (1991) â-lactamase-stable penicilins. Syn-
thesis and stucture-activity relationships of (Z)-alkyloxyimino
penicillins; Selection of BRL 44154. J. Chem. Soc., Perkin
Trans. 1, 881-890.

(4) Bondaruk, J., Curcio-Vonlanthen, V., and Schneider, C. H.
(1995) Basic aspect related to penicillin-allergy skin testing:
on variability of the hapten-paratope interaction. Allergy 50,
671-676.

(5) Rose, B. G., Kampsholtzapple, C., and Stanker, L. H. (1995)
Competitive indirect elisa for ceftiofur sodium and the effect
of different immunizing and coating antigen conjugates.
Bioconjugate Chem. 6, 529-535.

(6) Rose, B. G., Buckley, S. A., Kampsholtzapple, C., Beier, R.
C., Stanker, L. H. (1996) (1996) Ceftiofur sodium - monoclonal
antibody development and cross-reactivity studies with struc-
turally related cephalosporins. J. Agric. Food Chem. 44, 622-
627.

(7) Buckwell, S. C., and Page, M. I. (1988) Hydrolysis of 6-alkyl
penicillins catalysed by â-lactamase I from Bacillus cereus
and by hydroxide ion. J. Chem. Soc., Perkin Trans. 2, 1809-
1813.

(8) Van Look, L. J., Jansen, E. H., Van den Berg, R. H., Zomer,
G., Vanoosthuyze, K. E., and Van Peteghem, Ch. (1991)
Development of a competitive enzyme immunoassay for 17
R-19-nortestosterone. J. Chromatogr. 564 (2), 451-459.

(9) Caneva, E., Di Gennaro, P., Farina, F., Orlandi, M., Rindone,
B., and Falagiani, P. (1993) Synthesis and characterization
of a penicillin-poly(L-lysine) which recognizes human IgE
anti-penicillin antibodies. Bioconjugate Chem. 4, 309-313.

(10) Eng, G. Y., Jones, L., and Medina, M. (1995) Characteriza-
tion of an immobilized protein matrix for use in an affinity
method for beta-lactam antibiotics.Biotechnol. Appl. Biochem.
22, 129-144.

(11) Monnaie, D., Dubus, A., Cooke, D., Marchand-Brynaert,
J., Normark, S., and Frere, J. M. (1994) Role of residue
Lys315 in the mechanism of action of the Enterobacter
cloacae 908R beta-lactamase. Biochemistry 33, 5193-5201.

(12) Neise, B., and Steglich, W. (1978) Simple method for the
esterification of carboxylic acids. Angew. Chem., Int. Ed. Engl.
17, 522-524.

(13) Crooy, P., De Neys, R., Eliaers, J., Liveyns, R., Simonet,
G., and Vandevelde, J. (1977) Use of meldrum’s acids in the
semi-synthesis of a carboxylated penicillins and cephalospor-
ins. Bull. Soc. Chim. Belg. 86, 991-1002.

(14) Brain, L., and Nayler, J. H. C. (1964) BE 646991; Chem.
Abstr. 63, 13269.

(15) Doyle, F. P., and Nayler, J. H. C. (1962) US 2996501; Chem.
Abstr. 56, 5971.

(16) Hassner, A., and Alexanian, V. (1978) Direct room tem-
perature esterification of carboxylic acids. Tetrahedron Lett.
46, 4475-4478.

(17) Chantegrel, B., Deshayes, Ch., and Pujol, B. (1990) Syn-
thesis of isoxazolo[4,5-d]pyridazin-4(5H)-ones and 4-acyl-5-
hydroxy-3(2H)-pyridazinones. J. Heterocycl. Chem. 27, 927-
934.

(18) Chantegrel, B., Nadi, A. I., and Gelin, S. (1984) Synthesis
of [1]benzopyrano[3,4-d]isoxazol-4-ones from 2-substituted
chromone-3-carboxylic esters. A reinvestigation of the reaction
of 3-acyl-4-hydroxycoumarins with hydroxylamine.Synthesis
of 4-(2-hydroxybenzoyl) isoxazol-5-ones. J. Org. Chem. 49,
4419-4424.

(19) Farina, F., Fraile, T. M., Martin, M. R., Martin, M. V., and
Martinez de Guerenu, A. (1995) Synthesis of isoxazoles

778 Bioconjugate Chem., Vol. 8, No. 5, 1997 Kohl et al.



bearing methoxycarbonyl and formyl groups by 1,3-dipolar
cycloaddition of nitrile oxides to olefinic and acetylenic di-
polarophiles. Heterocycles 40, 285-293.

(20) Doyle, F. P., Hanson, J. C., Long, A. A. W., Nayler, J. H.
C., and Stove, E. R. (1963) Derivatives of 6-aminopenicillanic
acid. Part VI. Penicillins from 3- and 5-phenylisoxazole-4-
carboxylic acid and their alkyl and halogen derivatives. J.
Chem. Soc., 5838-5976.

(21) Mc Murry, J. E., and Wong, G. B. (1972) An improved
method for the cleavage of methyl esters. Synth. Commun.
6, 389-394.

(22) Woodward, R. B. (1973) The total synthesis of vitamin B12.
Pure Appl. Chem. 33, 145-148.

(23) Kempe, U. M., Das Gupta, T. K., Blatt, K., Gygax, P., Felix,
D., and Eschenmoser, A. (1972) a-Chlor-nitrone I: Darstel-
lung und Ag induzierte reaktion mit olefinen. Helv. Chim.
Acta 55, 2187-2198.

(24) Pirotte, B., Dive, G., Delarge, J., Masereel, B., Dupont, L.,
Thunus, L., Schynts, M., Coyette, J., and Frere, J. M. (1992)
Synthese, etude theorique et evaluation biologique de derives
du amino 4h -1,2,4,-triazole analogues des antibiotiques
beta-lactamiques. Eur. J. Med. Chem. 27, 193-205.

(25) Anderson, G. W., and Callahan, F. M. (1960) T-Butyl esters
of amino acids and peptides and their use in peptide synthe-
sis. J. Am. Chem. Soc. 82, 3359-3363.

BC970138F

Technical Notes Bioconjugate Chem., Vol. 8, No. 5, 1997 779



COMMUNICATIONS

Listeriolysin O Potentiates Immunotoxin and Bleomycin
Cytotoxicity

David E. Kerr,† George Y. Wu,‡ Catherine H. Wu,‡ and Peter D. Senter*,†
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Antitumor immunotoxins were formed by covalently attaching the ribosome-inactivating protein ricin
A chain (RA) to the antitumor antibodies BR96 and L6. In vitro cytotoxicity assays established that
BR96-RA was cytotoxic to H2987 human lung adenocarcinoma cells (IC50 ) 6 nM), while L6-RA
exhibited very low levels of cytotoxic activity (18% cell kill at 67 nM). The virulence factor from the
intracellular pathogen Listeria monocytogenes, listeriolysin O (LLO), was able to potentiate the
cytotoxicity of BR96-RA and L6-RA by 120- and >1340-fold, respectively, resulting in IC50 values of
approximately 50 pM. LLO also potentiated the cytotoxicity of the peptide anticancer drug bleomycin
by a factor of >2500 but had no effect on the cytotoxic activities of the anticancer drugs cytarabine
and etoposide phosphate. In addition, LLO did not potentiate the cytotoxic activity of unconjugated
ricin A chain or L6-RA on H2987 cells that were saturated with L6 prior to conjugate treatment.
These results are attributed to LLO-induced alteration of the intracellular trafficking of molecules
that are incorporated into acidic vesicles.

INTRODUCTION

A great deal of research has been directed toward the
use of antitumor monoclonal antibodies (mAb1) for the
delivery of ricin A chain (RA) and other toxins to tumors
(reviewed in refs 1-3). Therapeutic efficacy with such
immunotoxins requires that sufficient quantities bind to
cell surface receptors, undergo intracellular uptake, and

then access the cytosol where the toxin exerts its activity
(4, 5). Entry into the cytosol has been identified as a
common limitation in immunotoxin efficacy (4-6), and
a number of methods have been described to enhance
cytosolic delivery. These include the use of lysosomotro-
pic amines such as ammonium chloride (7), ionophores
such as monensin (8, 9), and, more recently, a 25 amino
acid peptide derived from protein G of vesicular stoma-
titis virus (10). These agents reduce immunotoxin deg-
radation by raising lysosomal pH (7), by altering protein
trafficking within the cell (8), or by destabilizing intra-
cellular membranes in lower pH environments (10).
Thus, there is considerable evidence that improvements
in immunotoxin activity can result if the process of
cytosolic delivery is enhanced.
Listeriolysin O (LLO) is a major virulence factor from
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the intracellular pathogen Listeria monocytogenes. Upon
uptake of the bacteria into target cells, secreted LLO
disrupts endosomes and lysosomes, allowing the bacteria
to enter the cytoplasm and grow (11-14). One of the key
differences between LLO and other hemolytic proteins
is that its pH optimum is close to 5.5, and at pH 7 the
activity is almost undetectable (11). For these reasons,
it seemed reasonable that LLO might potentiate immu-
notoxin activity by facilitating its transport out of acidic
vescicles. The same might be true for anticancer drugs
that have restricted intracellular access. Here, we
describe the activities of LLO in combination with
immunotoxins and clinically approved anticancer drugs.
We show that LLO can have a pronounced effect on the
cytotoxic activities of selected antitumor agents.

EXPERIMENTAL PROCEDURES
Materials. The H2987 human lung carcinoma cell

line has been described before (15). Bleomycin sulfate,
cytarabine, bovine serum albumin, and dithiothreitol
were purchased from Sigma (St. Louis, MO), and etopo-
side phosphate was provided by Bristol-Myers Squibb.
The mAbs BR96 (16) and L6 (17) were conjugated to
deglycosylated ricin A chain (Inland Laboratories, Austin,
TX) through a disulfide bond using previously described
methods (16).
Isolation of LLO. The hemolytic L. monocytogenes

strain, MAC, a LLO hypersecretor, was a kind gift from
Dr. Daniel A. Portnoy. MAC cells were grown overnight
in 10 mL of brain heart infusion broth (Difco) at 37 °C,
and the culture was continued in 1 L of LB medium at
37 °C with shaking until A660nm was ∼0.6. After cen-
trifugation (10000g, 15 min at 4 °C), the supernatant was
concentrated at 4 °C to 200 mL using an Amicon
CH2PRS-spiral cartridge concentrator with an Amicon
S1Y30 spiral cartridge. The concentrated supernatant
was applied to a 40 mL Macro-Prep ceramic hydoxyapa-
tite column (80 µm particles, Bio-Rad) that was equili-
brated with 10 mM potassium phosphate buffer at pH
6.8 at 4 °C. LLO was eluted with 400 mM potassium
phosphate buffer at pH 6.8. The hemolysis assay on
human erythrocytes at pH 6.0 was performed as previ-
ously described (11), and it was found that the purified
protein contained 167 000 units/mg.
In Vitro Cytotoxicity. H2987 cells in Iscove’s modi-

fied Dulbecco’s medium supplemented with 10% fetal
bovine serum containing penicillin (60 µg/mL) and strep-
tomycin (100 µg/mL) were plated into 96-well-microtiter
plates at 104 cells/well and allowed to adhere overnight
at 37 °C. The cells (previously untreated or saturated
with unconjugated L6 at 1 mg/mL) were then treated
with L6-RA or BR96-RA at various concentrations at 37
°C in the presence or absence of LLO at 1 µg/mL. Control
cells were treated with LLO or ricin A chain alone. After
18 h, the plates were washed three times with Iscove’s
modified Dulbecco’s medium, incubated for an additional
8 h, and pulsed for 7 h with [3H]thymidine (1 µCi/well).
The plates were frozen at -20 °C and thawed, and the
cells were harvested on a Tomtec 96-well harvester.
Radioactivity was counted on aWallac beta plate counter.
In a separate experiment, cells were treated with bleo-
mycin, cytarabine, or etoposide phosphate in the presence
or absence of 1 µg/mL LLO. After 2 h, the plates were
washed, incubated overnight at 37 °C, and pulsed for 7
h with [3H]thymidine (1 µCi/well). The plates were then
treated as above.

RESULTS AND DISCUSSION
RA was conjugated to the antitumor antibodies L6 (17)

and BR96 (16) through a disulfide-containing linker as
previously described (16). The conjugates thus formed

were capable of binding to cell surface L6 and BR96
antigens, which are present in high density on the H2987
human lung adenocarcinoma cell line. These particular
antibodies were selected for the studies described here
since they display significantly different characteristics
upon antigen binding. BR96 is known to be very rapidly
internalized into cells (16), while L6 remains primarily
extracellular but gradually internalizes and is degraded
(18, 19). It was therefore not surprising to find that
BR96-RA was cytotoxic to H2987 cells (IC50 ) 6 nM),
while L6-RA exhibited very low levels of activity (18%
cell kill at 67 nM) (Figure 1A).
Once internalized into antigen-positive cells, the po-

tency of immunotoxins is often limited by their ability
to escape from acidic intracellular compartments to the
cytosol. Agents that are capable of facilitating this
transfer have been shown to lead to enhanced levels of
cytotoxicity (7-10). Toward this end, we explored the
activities of LLO, a 58 kDa protein that enables the
pathogenic bacterium L. monocytogenes to escape from
acidic vesicles into the cytosol of mammalian host cells

Figure 1. Cytotoxic effects of L6-RA and BR96-RA in the
presence or absence of LLO as determined by the inhibition of
[3H]thymidine into DNA: (A) H2987 cells incubated for 18 h
with L6-RA or BR96-RA ( LLO at 1 µg/mL, washed, and pulsed
with [3H]thymidine; (B) cytotoxic effects of LLO without immu-
noconjugate treatment; (C) H2987 cells incubated for 18 h with
RA or L6-RA ( LLO at 1 µg/mL and treated as in (A). Some of
the cells were treated with unconjugated L6 (1 mg/mL) and
incubated at 4 °C for 30 min, followed by L6-RA ( LLO. The
data represent the mean of three samples ( standard devia-
tions.
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(11-14). Purified LLO at 0.1, 1, and 10 µg/mL was
noncytotoxic to H2987 cells (Figure 1B). When LLO at
1 µg/mL was combined with BR96-RA or L6-RA, the
resulting activity far exceeded that of either immunotoxin
alone (Figure 1A). In both cases, the IC50 was reduced
to 50 pM, corresponding to 120- and >1340-fold increases
in activity for BR96-RA and L6-RA activity, respectively.
LLO did not significantly enhance the activity of ricin

A chain alone, a molecule that does not show detectable
binding to H2987 cells (Figure 1C). In this same experi-
ment, it was found that the effect of LLO on L6-RA
cytotoxic activity could be abrogated by saturating the
cells with unconjugated L6 prior to the addition of LLO
and the L6-RA chain conjugate. LLO therefore appears
to mediate its effects on molecules that bind to cell
surface receptors and are then actively transported inside
cells.
These results led us to explore whether LLO could

potentiate the activity of some clinically approved anti-
tumor agents. Bleomycin is used for the treatment of
lymphoma, squamous cell carcinoma, and testicular
cancer (20). The activity of this drug on mammalian cells
has been attributed to the induction of DNA (20) and
RNA (21) strand breaks. It has previously been reported
that bleomycin binds in a saturable manner to a mem-
brane protein that is thought to play a role in its
internalization (22). This process is most likely inef-
ficient, on the basis of the finding that bleomycin potency
is greatly increased when target cell membranes are
permeablized by electroporation (23, 24).
In a 2 h exposure assay on H2987 lung adenocarcinoma

cells, bleomycin had an IC50 value of 20 µM (Figure 2A).

LLO at a completely nontoxic concentration (1 µg/mL)
was able to enhance the activity of bleomycin by 2500-
fold, resulting in an IC50 of 8 nM. The effect of LLO was
not general, in that the protein had no effect on the
activities of etoposide phosphate and cytarabine (Figure
2B). Etoposide phosphate, being negatively charged, is
expected to have limited intracellular access and has been
shown to be significantly less cytotoxic than etoposide
(25). These results, taken together with those shown in
Figure 1, are therefore in general agreement with previ-
ously studies showing that LLO has an intracellular site
of activity rather than a nonspecific mechanism involving
disruption of the plasma membrane (11-14).
The data reported here indicate that LLO complements

other known immunotoxin potentiators (7-10) and has
the additional property of being able to significantly
increase the potency of bleomycin, a clinically approved
anticancer drug. It may be possible to exploit these
activities by combining the RA conjugates, bleomycin, or
other appropriate anticancer drugs with a mAb-LLO
conjugate that binds to the target cell population of
interest. Such studies will be the subject of future
investigations.
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Synthesis and Enzymatic Stability of Phosphodiester-Linked
Peptide-Oligonucleotide Hybrids
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Departament de Quı́mica Orgànica, Facultat de Quı́mica, Universitat de Barcelona, Martı́ i Franquès 1-11,
E-08028 Barcelona, Spain. Received March 21, 1997X

Nucleopeptides Ac-Tyr(p3′dACGT)-Ala-Phe-Gly-NH2, Ac-Thr(p3′dACGT)-Ala-Phe-Gly-OH, Ac-Ser(p3′-
dACGT)-Ala-Phe-Gly-OH, and Phac-Hse(p3′dACGT)-Ala-Phe-Gly-OH, in which the 3′-end of a
tetradeoxyribonucleotide is linked by a phosphodiester bond to a hydroxylated amino acid, were
synthesized using a stepwise solid-phase methodology to study the influence of the linking amino
acid on their stability to 3′-exonucleases. HPLC analysis of the reaction crudes after treatment of
each nucleopeptide with snake venom phosphodiesterase showed that the lability of the amino acid-
nucleoside linkage increases in the order Thr < Ser < Hse < Tyr.

The development of efficient and reliable synthetic
methods has allowed differently modified nucleic acid
fragments to be obtained, and it has opened the door to
the exploration of new therapeutic alternatives based on
the capacity of recognition of oligonucleotides (1). These
oligonucleotide analogs are designed to inhibit gene
expression by forming either a duplex with a comple-
mentary RNA sequence (antisense principle) or a triplex
with a double-stranded DNA fragment (antigene therapy).
The oligonucleotide modification is usually chosen to
facilitate cell uptake and/or to increase the resistance of
the oligonucleotide to the nucleases of biological fluids.
The covalent attachment of an oligonucleotide to a

protein recognized by a specific cellular receptor has been
shown to enhance the uptake of the oligonucleotide (2).
Consequently, various peptide-oligonucleotide conju-
gates have been prepared to facilitate the penetration of
the oligonucleotide into the cell. Polycationic (3), hydro-
phobic (4), viral (5, 6), and signal (7-10) peptides have
been evaluated as transporting agents, but there is no
general consensus yet as to which type of peptide is the
best carrier. Attachment of the peptide to the 3′-end of
the oligonucleotide has also been claimed to increase
oligomer stability to the most ubiquitous exonucleases,
3′-exonucleases (4, 6, 11, 12), but little experimental
evidence has been provided to support this assumption
(4, 12). The covalent union between the peptide and the
oligonucleotide is most often established through a linker
(3-12), but direct phosphoramidate (13) or phosphate
diester (14, 15) linkages may also be established between
the two molecules. Nucleopeptides (peptide-oligonucle-
otide hybrids with a phosphodiester bond between the
side-chain hydroxyl group of an amino acid and one of
the terminal hydroxyl groups of an oligonucleotide) offer
the advantage, with respect to other synthetic conjugates,
that the linking amino acid can be placed at any position
of the peptide sequence.
We report on the synthesis of four 3′-nucleopeptides,

three of which contain proteinogenic amino acid-nucleo-
side phosphate diester linkages, and the fourth one
incorporates a homoserine residue as the linking amino

acid (16): Ac-Tyr(p3′dACGT)-Ala-Phe-Gly-NH2 (1), Ac-
Thr(p3′dACGT)-Ala-Phe-Gly-OH (2), Ac-Ser(p3′dACGT)-
Ala-Phe-Gly-OH (3), and Phac-Hse(p3′dACGT)-Ala-Phe-
Gly-OH (4).1 We have used these products to evaluate
the effect of the linking amino acid on the relative
enzymatic stability of the hybrids. If nucleopeptides are
to be designed as antisense or antigene therapeutic
agents, the peptide sequence must be chosen so as to
facilitate polyanion uptake by the cell and to minimize
degradation of the oligonucleotide by exonucleases before
it can reach its target. To our knowledge, the only data
available on the enzymatic lability of peptide-oligonucle-
otide phosphate linkages refer to tyrosine-phosphate
bonds in nucleoproteins (17).
The four nucleopeptides were synthesized following a

stepwise solid-phase methodology in which the peptide
fragment is first built on a solid matrix and the oligo-
nucleotide is lengthened at the side chain group of a
hydroxylated amino acid (15, 18), as summarized in
Figure 1. Fmoc-leucine was first incorporated as the
internal reference amino acid onto an amine-functional-
ized polystyrene solid matrix (either aminomethylpoly-
styrene, in the case of 1 and 2, or a p-methylbenzhydryl-
amine resin for 3 and 4), and, after acetylation of the
unreacted amine groups, the Fmoc group was eliminated
and a hydroxy acid bifunctional handle was incorporated.
4-(2-Hydroxyethyl)-3-nitrobenzoic acid was used in the
preparation of tyrosine- and threonine-nucleopeptides,
as previously described (15, 18), whereas for the synthesis
of nucleopeptides 3 and 4 we chose a handle that
establishes a more base-labile ester bond with the C-
terminal amino acid, N-[2-(9-hydroxymethylfluorenyl)]-
succinamic acid (19). The glycine residue was attached
to the resulting resins by reaction with DCC and a
catalytic amount of dimethylaminopyridine.
The peptide chains were synthesized manually using

the standard protocol for Boc-amino acids. The side-

* Author to whom correspondence should be addressed (tele-
phone 34 3 4021263; fax 34 3 3397878; e-mail grandas@
mafalda.qui.ub.es).

X Abstract published in Advance ACS Abstracts, September
1, 1997.

1 Abbreviations: Ac, acetyl; Boc, tert-butoxycarbonyl; CNE,
2-cyanoethyl; DCC,N,N′-dicyclohexylcarbodiimide; DCM, dichlo-
romethane; DIEA, N-ethyl-N,N-diisopropylamine; DMF, N,N-
dimethylformamide; DMT, 4,4′-dimethoxytrityl; Fmoc, 9-fluo-
renylmethoxycarbonyl; HOBt, 1-hydroxybenzotriazole; NMI,
N-methylimidazole; oNPT, 5-(2-nitrophenyl)tetrazole; Phac,
phenylacetyl; PS, polystyrene-co-1%-divinylbezene; tBpa, 4-tert-
butylphenoxyacetyl; TBAF, tetrabutylammonium fluoride; TCA,
trichloroacetic acid; TFA, trifluoroacetic acid; THF, tetrahydro-
furan.
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chain hydroxyl groups of Boc-threonine, Boc-tyrosine, and
Boc-serine were unprotected. After their incorporation
and Boc removal, the terminal amine group was acylated
by treatment with Ac2O (10 equiv) in DMF for 0.5 h. In
the synthesis of nucleopeptide 4, the Phac-Hse(DMT)-
O- HTEA+ derivative of homoserine was coupled in the
presence of DCC and HOBt (16).
The elongation of the oligonucleotide on peptide-resins

was carried out on an automatic synthesizer using 5′-
(dimethoxytrityl)-3′-phosphoramidite deoxynucleoside de-
rivatives with the minor modifications that render the
phosphite triester approach compatible with polystyrene
supports (20). 5-(2-Nitrophenyl)tetrazole was used as the
acid catalyst in the coupling step in the first two
syntheses, but for the assembly of nucleopeptides 3 and
4 it was replaced by the standard catalyst, tetrazole, with
similar results.
In the case of nucleopeptides 1 and 2, tert-butylphe-

noxyacetyl groups (21) were used to protect the exocyclic
amino groups of cytosine, adenine, and guanine, so
unreacted hydroxyl groups were capped with tert-but-

ylphenoxyacetic anhydride (21). An unexpectedly low
value of DMT+ absorbance was found after the incorpora-
tion of the deoxyguanosine synthon, which approximately
doubled after the incorporation of thymidine. Even
though this surprising behavior was reproduced in dif-
ferent syntheses of the same products using commercial
nucleosides from different batches, it did not seem to have
any effect on the purity of the products (Figure 2).
Nevertheless, we decided to change the base-protecting
groups to benzoyl, isobutyryl, and (dimethylamino)-
methylene (for adenine, cytosine, and guanine, respec-
tively) in the assembly of nucleopeptides 3 and 4.
Reaction with 0.05 M TBAF in anhydrous THF (1 h,

room temperature) led to the detachment of nucleopep-
tides 2-4 from the resin and to their partial deprotection
(74, 71, and 89% cleavage yields, respectively). Full
deprotection was achieved by an overnight treatment
with 1:1 concentrated aqueous NH3/dioxane at room
temperature. Nucleopeptide 1 cannot be obtained using
these conditions, since the phenoxide ion is a fairly good
leaving group and TBAF may also cleave the phosphodi-

Figure 1. Stepwise solid-phase synthesis scheme of the four nucleopeptides: (i) peptide assembly [removal of the Boc group (TFA),
neutralization (DIEA), DCC-mediated coupling of the amino acid]; (ii) elongation of the oligonucleotide chain [coupling of the DMT-
nucleoside phosphoramidite (oNPT- or tetrazole-mediated), capping [(tBpa)2O or Ac2O + NMI], oxidation (aqueous I2), detritylation
(TCA)]; (iii) TBAF followed by concentrated aqueous NH3/dioxane 1:1 at room temperature or concentrated aqueous NH3/dioxane
1:1 at 55 °C (in the case of 1).
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ester bond between tyrosine and the 3′-end of the
oligonucleotide through attack at the phosphorus atom
(22). Nucleopeptide 1 was shown to be compatible with
an overnight treatment with 1:1 concentrated aqueous
NH3/dioxane at 55 °C as the final cleavage and depro-
tection step, which, as expected (18), afforded the C-
terminal carboxamide (66% cleavage yield).
After reversed-phase MPLC purification,2 all nucleo-

peptides were shown to be homogeneous by analytical
HPLC. The overall synthesis, cleavage, deprotection, and
purification yields were 19, 15, 8, and 18% for nucleo-
peptides 1, 2, 3, and 4, respectively. It should be
emphasized that no particular difficulties have been
detected in the formation of a phosphodiester linkage
between two secondary hydroxyl groups as in nucleopep-
tide 2.
The expected composition in amino acids and nucleo-

sides after acid hydrolysis and enzymatic digestion with
snake venom phosphodiesterase and alkaline phos-
phatase, respectively, was confirmed for all products. The
electrospray mass spectrometric analysis showed, in all
cases, a series of peaks with anm/z ratio from which the
calculated molecular mass was in accord with the ex-
pected mass.3
The relative stability of these four nucleopeptides in

the presence of a 3′-exonuclease was evaluated by treat-
ing them with snake venom phosphodiesterase4 in the
presence of an internal standard, Boc-Tyr-OH. This
amino acid derivative was stable to the reaction condi-
tions and did not coelute with any of the four nucleopep-
tides under the reversed-phase HPLC conditions used to
analyze the reaction mixtures. The comparison of the
relative areas of the nucleopeptide and the standard
showed that, after 4 h, nucleopeptides 1 (Tyr), 2 (Thr), 3
(Ser), and 4 (Hse) were degraded by 70, 5, 25, and 55%,
respectively. An enzyme-free control experiment showed

that all of the nucleopeptides are completely stable (6 h)
under the reaction conditions used to evaluate their 3′-
exonuclease stability.
It is not surprising that the tyrosine-nucleopeptide (1)

is the least stable, since phosphodiesterases are able to
hydrolyze phenyl-phosphate esters (23). With respect
to the other nucleopeptides, there seems to be a correla-
tion between steric hindrance and the lability of the
nucleopeptide to the 3′-exonuclease. The most sterically
hindered threonine-nucleoside bond (in 2) is cleaved
more slowly than the phosphodiester linkage to the
primary hydroxyl group of an amino acid (Ser and Hse).
The higher lability of the homoserine-nucleoside bond
(in 4) with respect to the serine-nucleoside linkage (in
3) is probably due to the additional methylene group in
the homoserine residue, which renders the 3′-end of the
oligonucleotide more accessible.
The results described in this paper show, for the first

2 Exchange of tetrabutylammonium ions for sodium ions by
chromatography through Dowex 50Wx4 sometimes simplifies
the HPLC traces of crude nucleopeptides and thus facilitates
the MPLC purification step. Nucleopeptides were purified by
reversed-phase MPLC (C18 Vydac), using a gradient from 15 to
45% of B, in the case of nucleopeptides 1 and 2, and from 17 to
31% of B, for 3 and 4 (A ) 0.05 M triethylammonium acetate,
pH 7.0; B ) acetonitrile/H2O 1:1; 150 mL of each solvent).

3 1: Gly 1.22, Ala 1.03, Tyr 0.80, Phe 0.97, dC 1.0, dG 1.2, T
1.0, dA 1.1; electrospray-MS m/z 576.3 [M - 3H]3-, 583.9 [M -
4H + Na]3-, 865.4 [M - 2H]2-, 876.4 [M - 3H + Na]2-; calcd
mass for C64H80O30N20P4 1733.4, mass found 1732.6 ( 0.7. 2:
Thr 0.87, Gly 1.24, Ala 1.03, Phe 0.97, dC 1.0, dG 1.2, T 1.0;
electrospray-MSm/z 556.4 [M - 3H]3-, 563.5 [M - 4H + Na]3-,
835.2 [M - 2H]2-, 845.7 [M - 3H + Na]2-, 856.8 [M - 4H +
2Na]2-; calcd mass for C59H77O31N19P4 1672.3, mass found
1671.8 ( 0.6. 3: Ser 0.39, Gly 1.45, Ala 1.02, Phe 0.98, dC 1.0,
dG 1.1, T 1.0; electrospray-MS m/z 551.7 [M - 3H]3-, 559.1 [M
- 4H + Na]3-, 828.1 [M - 2H]2-, 839.1 [M - 3H + Na]2-, 850.1
[M - 4H + 2Na]2-; calcd mass for C58H75O31N19P4 1658.2, mass
found 1658.0 ( 0.3. 4: Gly 1.39, Ala 1.05, Phe 0.96, dC 1.0, dG
1.0, T 1.0; electrospray-MS m/z 581.8 [M - 3H]3-, 884.2 [M -
3H + Na]2-; calcd mass for C65H81O31N19P4 1748.4, mass found
1748.9 ( 0.5.

4 Fifty microliters of a solution 10 mM in MgCl2 and 50 mM
in Tris‚HCl that contained 0.0076 unit of the enzyme (phos-
phodiesterase from Crotalus durissus, Boehringer Mannheim,
approximately 0.003 unit/µL) and 100 µL of an aqueous solution
of Boc-tyrosine (8.5 mM) were added to each nucleopeptide (1
OD260). The evolution of the enzymatic digestion mixture (pH
7.08, 36 °C) was monitored by HPLC analysis of aliquots of the
mixture (10 µL, diluted with 50 µL of water) removed at different
times. The samples were kept frozen while not analyzed (C18
Nucleosil, 1 mL/min, linear gradient from 15 to 45% of B in 20
min, where A ) 0.01 M triethylammonium acetate and B )
acetonitrile/H2O 1:1).

Figure 2. Reversed-phase HPLC profiles of crude nucleopeptides: (a) 1, (b) 2 (Na+ salt), (c) 3, and (d) 4. Analysis conditions (solvent
A, 0.01 M triethylammonium acetate; solvent B, acetonitrile/H2O 1:1, 1 mL/min, 260 nm): linear gradients from 10 to 50% of solvent
B in 20 min (chromatograms a and b) or 30 min (chromatograms c and d).
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time, that the enzymatic stability of nucleoside-O-P(O)-
(O-)-OR phosphodiester groups can vary significantly
even with small changes in the structure of the “R” group.
As a result, in the absence of any other experimental data
that might clarify this point, the enzymatic stability of
[oligonucleotide-linker-peptide] hybrids having a phos-
phodiester nucleoside-linker bond cannot be relied upon
and should be tested.
In summary, the stepwise solid-phase synthetic method

originally developed for serine-nucleopeptides has also
been shown to be suitable for the preparation of peptide-
oligonucleotide hybrids with different hydroxylated link-
ing amino acids. Even though the stability of nucleopep-
tides should be evaluated in biological media, the
preliminary results described in this paper indicate that
their lability to 3′-exonucleases increases in the order
threonine < serine < homoserine < tyrosine. The choice
of one of the four residues to establish the phosphodiester
bond with the oligonucleotide may thus depend on
whether the target product is to reproduce a naturally
occurring structure (homoserine is then excluded) or is
designed to be used in structural studies or to be
evaluated as a therapeutic agent. Homoserine-nucleo-
peptides are the most robust from the chemical point of
view, but threonine is the amino acid of choice if exonu-
clease resistance is the main requirement.
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The synthesis of a DNA-cutting agent that conjugates an ellipticine chromophore and a copper complex
of bis(salicylidene)ethylenediamine, referred to as a salen, is reported. The presence of the salen‚Cu
complex allows cleavage of DNA via oxygen-based radicals, and the ellipticine moiety serves as a
DNA anchor. Spectroscopic measurements indicate that the intercalation geometry of the ellipticine
chromophore is preserved with the hybrid. The cleavage is much more efficient with the conjugate
than with the Schiff base copper complex alone.

Among the strategies available for the design of
artificial nucleases is the use of metal complexes that
create different types of DNA lesions (1). While consider-
able attention has been focused on the development of
phenanthroline- and porphyrin-based metal complexes
to tune the selectivity and reactivity of such chelates, few
studies have sought to harness the potential of metal
complexes of bis(salicylidene)ethylenediamine, usually
referred to as salen. Complexes of tetradentate salen-
type Schiff bases with Cu, Co, and Mn have proved useful
as synthetic catalysts to investigate nucleic acids con-
formation (2). In recent studies, we have investigated
the capacity of different types of salen-CuII complexes
to cleave DNA. Initially, we reported that a functional-
ized salen-CuII complex is capable of triggering single-
stranded and nonspecific DNA cleavage after activation
with a reducing agent (3). Subsequently, we showed that
the coupling of the salen moiety to anthraquinone deriva-
tives significantly promotes their affinity for DNA but
has no effect on the cleavage reaction (4). More recently,
a DNA minor groove binding element was coupled to the
salen moiety in an effort to increase the specificity of
cleavage, but the cleavage remained relatively weak (5).
Here we report the preparation of an ellipticine-salen‚
Cu conjugate (Figure 1) and its ability to bind and to
cleave DNA. The appended ellipticine chromophore
serves as a DNA anchor, and as such, it potentiates sig-
nificantly the capacity of the salen moiety to cleave DNA.
The salen moiety functionalized with a butylamino side

chain was synthesized directly as a copper complex as
recently described (3). The ellipticine derivative bearing
an aminopropylaminoethyl side chain (6) was first re-
acted with succinic anhydride to give the corresponding
acid,1 which was then condensed with the salen moiety
via a conventional coupling procedure using dicyclohexyl-
carbodiimide and N-hydroxybenzotriazole.2

The absorption spectrum of the conjugate is signifi-
cantly modified in the presence of DNA (Figure 2). The
absorption band centered at 308 nm corresponding to the
ellipticine moiety is shifted by 11 nm when the ligand is
fully bound to DNA, and a marked hypochromism is
observed. The interaction of the salen‚Cu moiety with
DNA causes a weak hypochromism in the 360 nm band.
Circular dichroism (CD) and electric linear dichroism

(ELD) experiments were performed to define the orienta-
tion of the ligand chromophore with respect to the DNA
helix. In contrast to what we previously reported with
the functionalized salen‚Cu complex (3), the CD spectra
obtained with the ellipticine-salen‚Cu hybrid in the
presence of increasing DNA concentrations show no
isodichroic point, indicating that the binding is geo-
metrically heterogeneous (spectra not shown). The CD
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‡ Université de Liège.
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1 The succinyl side chain was introduced by reacting 1-[[(eth-
ylamino)propyl]amino]-9-methoxyellipticine (376 mg, 1 mmol)
with succinic anhydride (100 mg, 1 mmol) in 200 mL of toluene
for 5 h under reflux. After evaporation of the solvent, the
functionalized ellipticine derivative was recrystallized in ac-
etone. Yield: 310 mg, 63%, mp 150 °C; 1H NMR (DMSO-d6) δ
1.19 (t, 3H, J ) 6.9 Hz, CH3-CH2), 1.88 (q, 2H, J ) 6.8 Hz,
CH2-â), 2.67 (s, 3H, CH3-5), 3.38 (s, 3H, CH3-11), 3.4-3.5 (m,
10H, CH2-R, CH2-8, CH2-CH3, CO-CH2, CH2-CO2H), 3.92 (s,
3H, OCH3), 6.57 (s large, 1H, NH-1), 7.02 (d, 1H, J ) 6.2 Hz),
7.16 (dd, 1H, J ) 2.4 and 8.7 Hz), 7.47 (d, 1H, J ) 8.7 Hz, H-7),
7.77 (d, 1H, J ) 6.2 Hz, H-3), 7.79 (d, 1H, J ) 2.4 Hz, H-10),
11.04 (s, 1H, NH-6). Anal. Calcd for C27H32N4O4‚H2O: C, 65.57;
H, 6.93; N, 11.33. Found: C, 65.28; H, 6.88; N, 11.05.

Figure 1. Structure of the ellipticine-salen‚copper complex.
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signal monitored at 320 nm first increases with increas-
ing P/D ratios, until a P/D value of 0.5-1 is reached, and
then rapidly decreases to become negative at a P/D value
>5 and remains constant at P/D > 10 (Figure 3). The
same biphasic evolution of the CD at 320 nm was
previously reported with a structurally related ellipticine
derivative (7). The decrease of the CD peak at P/D ratio
G 1 is attributable to decrease of excitonic coupling
arising from a distance increase between adjacent inter-
calated molecules. Similar variation of molar dichroism
with the P/D ratio has been reported with other typical
intercalating agents such as ethidium bromide and
acridine orange (8).

The ELD spectra of the hybrid bound to calf thymus
DNA and to the alternating copolymers poly(dA-dT)‚poly-
(dA-dT) and poly(dG-dC)‚poly(dG-dC) are shown in Fig-
ure 4A. The mode of binding of the drug was analyzed
only on the basis of the highest ELD values, obtained
when the drug molecules are fully bound to DNA, i.e.,
for P/D ratios >10. At lower P/D ratio, the measured
ELD values fall significantly due to the appearance of
unbound molecules in the solution (Figure 4B). The
reduced dichroism is always negative in sign, even in the
350-400 nm region where the salen‚Cu unit aborbs the
light. The reduced dichroism values do not vary mark-
edly when the drug is bound to calf thymus DNA that
contains about 42% A‚T base pairs or to the AT and GC
polynucleotides; the ellipticine moiety retains much the
same orientation whatever the DNA composition. The
negative LD measured with the drug-DNA complex at
310 nm (i.e. in the ellipticine absorption band) is equally
intense as that measured with the DNA alone at 260 nm
(∆A/A ) -0.38), but the LD measured in the salen
absoprtion band (360-400 nm) is only half of that
obtained with DNA. This indicates that the ellipticine
ring is tilted close to the plane of the DNA bases,
consistent with an intercalative mode of binding, whereas
the salen substituent does not insert between the base
pairs. The orientation of the copper complex can be
determined by measuring the angles R and â between
the transition moments (of the bases and the dye chro-
mophore, respectively) and the orientation axis of the
DNA molecules. With calf thymus DNA, the ELD value
in the 350-400 nm band was found to be -0.2, which
corresponds to an orientation of the salen‚Cu moiety
chromophore inclined at about 65° (â) to the helix axis.
The angle is estimated by comparing the reduced dichro-
ism at a given electric field strength for the DNA bases
and for the hybrid in their respective absorption bands,
assuming a theoretical angle of 90° (R) for the bases with
respect to the orientation axis of the particles (9). The
angle is 62° if an experimental angle of 72° is taken for

2 N,N′-Dicyclohexylcarbodiimide (7.6 mg, 36.8 mmol) and
N-hydroxybenzotriazole (5.1 mg, 37.7 mmol) dissolved in 1 mL
of DMF were added to a cold solution of the ellipticine acid (16
mg, 32.6 µmol) in CH2Cl2. The mixture was stirred for 2 h at 0
°C before a solution containing the aminosalen‚Cu complex (20.3
mg, 39.4 mmol) and triethyamine (6 µL, 49.3 mmol) was added.
The reaction was continued for 1 h at 0 °C and then for 4 days
at room temperature. After evaporation of the solvent in vacuo,
the crude residue is dissolved in pure CH2Cl2 and washed twice
in turn with 10% citric acid (25 mL), 1 N sodium bicarbonate
(10 mL), and water (20 mL). The organic layer is dried over Na2-
SO4 and evaporated under reduced pressure to yield the final
product as a brown solid: 22 mg, 65%, mp 131-133 °C; IR ν
3400 (CONH), 2930 (CH2, CH3), 1730 (CONH), 1690 (CONH),
1620 (NH) cm-1; MS (laser desorption) 859.3 (M + 1)+, 921.2
(M + Cu)+, 881.4 (M + Na)+. Anal. Calcd for C47H53N7O5‚Cu:
C, 65.71; H, 6.22; N, 11.42. Found: C, 65.80; H, 6.25; N, 11.35.

Figure 2. Absorption spectra of the ellipticine-salen‚CuII
hybrid (35 µM) in the absence (full line) and presence (dashed
line) of calf thymus DNA (175 µM) in 1 mM sodium cacodylate
buffer, pH 6.5. The spectrum corresponding to the drug bound
to DNA was referenced against a DNA solution of exactly the
same concentration and was adjusted to a common baseline.

Figure 3. Dependence of the CD ∆A on the DNA-phosphate-
to-drug ratio. The CD was monitored at 320 nm in the presence
of 50 µM drug and decreasing concentrations of calf thymus
DNA in 1 mM sodium cacodylate buffer, pH 6.5.

Figure 4. Dependence of the reduced dichroism ∆A/A on (A)
the wavelength and (B) the DNA-phosphate-to-drug ratio.
Conditions: (A) (9) calf thymus DNA, (2) poly(dA-dT)‚poly(dA-
dT), (b) poly(dG-dC)‚poly(dG-dC), P/D ) 10, 12.5 kV/cm; (B) (O)
310 nm, (b) 350 nm, 12.5 kV/cm, in 1 mM sodium cacodylate
buffer, pH 6.5.
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the bases (10). Such an orientation is not consistent with
a minor groove binding (which usually gives an angle of
about 45°). It is more likely that the salen‚Cu moiety
extends out from the surface of the double helix.3
DNA cleavage was analyzed by monitoring the conver-

sion of supercoiled plasmid DNA (form I) to the nicked
circular molecules (form II) and linear DNA (form III).
The tests were performed under aerobic conditions in the
presence of 2-mercaptopropionic acid (MPA) as a reducing
agent. As shown in Figure 5A, the ellipticine derivative
equipped with a salen‚CuII functionality is able to cata-
lyze reductive cleavage of DNA. Incubation of the
plasmid for 2 h with 20 µM conjugate suffices to com-
pletely convert the form I to the nicked form II, whereas
in the same conditions only ∼50% of the DNA is cleaved
with the salen moiety lacking the ellipticine. The
reduced electrophoretic mobility of the nicked DNA
reflects the intercalation of ellipticine molecules. The
quantitative analysis of the cleavage data reveals that
the hybrid compound is considerably more efficient than
the salen‚Cu complex in producing nicked DNA species
(Figure 5B). In other words, the ellipticine moiety

3 The CuII atom is tetracoordinated. The ESR spectrum of the
conjugate-Cu complex was obtained from a frozen, aqueous
solution (0.1 mM) at 77 K and 9.32 GHz. The magnetic
parameters are A| ) 191 G, g| ) 2.23, and g⊥ ) 2.06.

4 Spin-trapping techniques have shown that the drug can
serve as a source of oxygen-based free radicals, with hydroxy
radicals OH• probably the ultimate reactive species. In the
presence of 5,5-dimethyl-1-pyrrolineN-oxide (DMPO), solutions
of the conjugate-Cu complex containing hydrogen peroxide
generate an ESR spectrum characteristic of the DMPO-OH
radical adduct (aN ) aH ) 15.2 G).

Figure 6. DNase I footprinting of the ellipticine-salen‚CuII conju-
gate bound to the 265- and 117-mer EcoRI-PvuII restriction fragments
cut out from plasmid pBS. In each case the DNA was 3′-end labeled
with [R-32P]dATP in the presence of AMV reverse transcriptase. The
drug concentration (micromolar) is shown at the top of the appropriate
gel lanes. The tracks labeled “Ct” contained no drug. The tracks labeled
“GA” represent formic acid-piperidine markers specific for purines.
Numbers on the left side of the gels refer to the numbering scheme of
the fragments. The sequences protected from cleavage are indicated.

Figure 5. (A) Cleavage of closed circular DNA. Supercoiled
DNA (0.7 µg) was incubated at 37 °C for 2 h with the drug at
the indicated concentration in the presence of 100 µM MPA.
Control lanes refer to the plasmid DNA incubated without drug
in the absence (DNA) and presence (MPA) of 2-mercaptopropi-
onic acid. Forms I, II, and III refer to the supercoiled, nicked,
and linear DNA forms, respectively. (B) Comparison of the
cleavage efficiency of the conjugate (b) and the salen (O). The
plots show the formation of nicked DNA (form II) as a function
of the drug concentration. Three gels as shown in (A) were
scanned and the results averaged.
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contributes significantly to reinforce the single-strand
cleavage efficiency of the salen complex.4
The capacity of the conjugate to recognize specific

sequences in DNA was studied by DNase I footprinting.
The gel in Figure 6 shows that the attachment of the
salen moiety does not hinder the capacity of the ellipti-
cine chromophore to recognize specific sequences. Two
well-resolved footprints encompassing the sequences 5′-
CCCTCACT and 5′-AGTCACGA can be detected using
micromolar drug concentrations. Complementary DNase
I footprinting experiments were carried out with the 160
base pair tyrT fragment and, again, binding was shown
to occur at various sequences with a preference for GC-
rich regions of DNA (not shown). The drug strongly
discriminates against runs of adenines or thymines. The
sequence selectivity of the conjugate is reminiscent to
that of the ellipticine alone (11). The intercalating
chromophore imposes its preference for GC-rich se-
quences.
In conclusion, the experimental results show that the

attachment of an intercalating ellipticine chromophore
was the correct way to proceed to confer highly efficient
cleavage of DNA, the first time this has been achieved
with a hybrid intercalator-salen‚copper complex conju-
gate. On the basis of this success, we intend to develop
a general strategy for constructing other salen-based
molecules as synthetic conjugates that will afford an
independent approach to the design of artificial nu-
cleases.
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The use of synthetic oligonucleotides as possible drugs for human therapy is usually hampered by
their low in vivo stability and capacity to achieve high concentrations at their cellular targets. To
overcome this, it has been suggested that they be modified chemically. Among the various options,
conjugation with short- and long-chain polyethylene glycols (PEGs) has several advantages: PEG is
nontoxic and very soluble, reduces immunogenic reactions, and increases the stability of the conjugated
molecules. PEG is generally joined to oligonucleotides while bound to the insoluble solid-phase
supports, after their synthesis, which does not allow for their being easy scaled up. The use of the
liquid-phase approach as an alternative synthetic process, utilizing the PEG polymer both as a soluble,
inert synthetic support and a stabilizing agent of the oligonucleotide, is proposed. A new protocol
has been set up, characterized by a stable phosphate bond between the support and the oligonucleotide.
This method has been tested on a 12mer previously investigated as an antisense agent against HIV.
The PEG-conjugated 12mer was efficiently synthesized and purified. It was found that the high-
molecular mass PEG chain results in enzymatic stability and does not interfere with the formation of
the duplex with its nucleic acid target.

INTRODUCTION

The use of synthetic oligonucleotides as new therapeu-
tic agents is currently of widespread interest (1). These
molecules interact with either specific single-stranded
RNA messengers, as antisense, (2) or double-stranded
genomic DNA, as antigene (3), inhibiting the expression
of pathogenic genetic messages. Moreover, these mol-
ecules have recently been investigated as new, specific
ligands of non-nucleic acid receptors, such as extracel-
lular proteins (4).
The utilization of these molecules as new drugs for

human therapy creates new problems related to their low
in vivo stability and capacity for achieving high concen-
trations in the biological targets, since they are rapidly
degraded by endogenous nucleases and exhibit reduced
cellular uptake (5). Their chemical modification, mainly
of the sugar-phosphate backbone, is commonly per-
formed (6) to avoid recognition by degradative enzymes
and, by increasing their lipophilicity, to enhance cellular
penetration. However, these modified oligonucleotides
have some disadvantages such as low solubility in a
physiological media, toxicity of their metabolites, or
inhibition of the degradative process of duplexes brought
about by RNase H.
Another solution considers the conjugation of the

oligonucleotides with molecules that mask their identity

and confer a stronger hydrophobic character, such as
long-chain alcohols (7), steroids (8), cholic acid (9),
peptides (10), etc. Recently, the introduction of short-
and long-chain polyethylene glycols (PEGs) has been
investigated. In fact, it is well known (11) that PEG is a
unique molecule that, when covalently bound to a sub-
strate, increases the solubility in organic and aqueous
solution, decreases the immunogenic effect, and extends
the body lifetime. This nontoxic compound has been used
for the preparation of a series of biologically active
conjugates (12). In oligonucleotide chemistry, a short
PEG chain has been used as a non-nucleosidic linker in
triplex-forming molecules (13), synthetic ribozymes (14),
loop-forming chains, and circular nucleic acid derivatives
(15).
High-molecular mass PEG has recently been intro-

duced at the 3′- and 5′-end of the oligonucleotide chains;
the 3′-position has been modified by a PEG-modified
solid-phase support (16-18), while the 5′-end reacted
with a reactive PEG chain when bound to the solid-phase
support (19-22) or after its release (23-25). With these
procedures, very often a limited amount of PEG conjugate
can be produced, owing to the reduced capacity of the
solid-phase processes and its difficult upscaling. More-
over, when a postsynthetic conjugation is performed with
high-molecular mass PEGs, the viscosity of their solution
hampers the condensation reaction, especially when the
oligonucleotides are still bound to an insoluble support.
This problem may be further compounded when large

scale production of these conjugated derivatives is needed
(26).
A procedure which is based on a new method of

oligonucleotide synthesis has recently been proposed to
solve these problems (27). During this process, PEG has

* Author to whom correspondence should be addressed.
Phone: +39 70 6758570. Fax: +39 70 6758553. E-mail:
bonora@chor02.chor.unipd.it.

† University of Cagliari.
‡ Novosibirsk Institute of Bioorganic Chemistry.
§ University of Padova.
X Abstract published in Advance ACS Abstracts, July 1, 1997.

793Bioconjugate Chem. 1997, 8, 793−797

S1043-1802(97)00082-7 CCC: $14.00 © 1997 American Chemical Society



been used as a soluble polymeric support for the large
scale synthesis of these molecules. In this liquid-phase
procedure (called HELP), a PEG unit with a molecular
mass between 5000 and 20 000 Da has been employed
to produce oligonucleotide chains of up to 20 monomers.
To obtain a useful PEG conjugate, that procedure has
been modified by introducing a stable bond between the
polymer and the growing chain. PEG was then utilized
both as a synthetic handle, for the liquid-phase proce-
dure, and as a biological carrier for the final oligonucle-
otide.
The synthesis of a high-molecular mass PEG-conju-

gated 12mer is reported here. This sequence was an
active antisense against HIV-1 (28). The synthetic
protocol, the purification of the final derivative, and the
first data on enzymatic stability and binding specificity
are described.

EXPERIMENTAL PROCEDURES

Functionalization of Polyethylene Glycol. One
gram of monomethoxy polyethylene glycol (MPEG, MW
) 9500), corresponding to 0.105 mmol of free OH groups,
was coevaporated twice with a few milliliters of anhy-
drous acetonitrile (AcCN). Dimethoxytrityl (DMT) (2-
cyanoethyl)-N,N-diisopropylnucleoside phosphoramidite
[0.26 mmol (2.5×)] and 1.05 mmol (10×) of tetrazole,
dissolved in anhydrous AcCN, were added, under argon,
to MPEG that had previously been dissolved in the
minimum amount of anhydrous AcCN. The mixture was
stirred under argon for 5 min and cooled in an ice bath,
and the MPEG-nucleoside was precipitated by the slow
addition of 5-6 volumes of tert-butyl methyl ether
(TBME). The product was filtered, washed with ether,
recrystallized from ethanol to eliminate any residual
amount of reagents or soluble byproducts, and dried.
The phosphite bond between the MPEG and the

nucleoside was then oxidized to a phosphate one by
dissolving the product in AcCN (1.0 g in 10 mL) and
reacting it with 0.6 mL of tert-butyl hydroperoxide
(TBHP), at 0 °C, under stirring, for 15 min. The product
was precipitated with TBME, filtered, washed thoroughly
with ether, and dried.
Any unreacted OH groups of the MPEG were capped

with a mixture of 2,6-lutidine,N-methylimidazole (NMI),
and acetic anhydride (0.5 mL each for 1.0 g of MPEG-
nucleoside, dissolved in 5 mL of AcCN). The mixture was
left under stirring at room temperature for 3 min; the
DMT-5′-oligonucleotide-3′-MPEG was precipitated with
TBME, filtered, washed with ether, and dried under
vacuum over KOH pellets.
Synthesis of MPEG-Conjugated Oligonucleotides.

The synthesis of the MPEG-conjugated oligonucleotides
was performed according to the phosphoramidite-based
procedure previously applied in the liquid-phase synthe-
sis of oligonucleotides (29) as follows.
The fully protected DMT-5′-oligonucleotide-3′-MPEG

was dissolved in a concentrated ammonia solution (20
mL for 100 mg of product) and left overnight at 60 °C.
The ammonia was eliminated by evaporation with water
(two or three times, 20 mL each) and the water solution
extracted with ether (three times) and lyophilized. The
5′-DMT protecting group was eliminated by treatment
with an acetic acid solution (4:1 v/v; 20 mL for 100 mg)
for 30 min at room temperature. The water solution was
extracted three times with ether and lyophilized.
The deprotected MPEG-conjugated oligonucleotide was

purified by anion-exchange HPLC. The chromatography
was performed on a MonoQ HR 5/5 column, eluted with
NaCl, the gradient ranging from 0.20 to 0.50 M, at pH

12.00, over 18 min (flow rate of 1.0 mL/min). Detection
was by UV absorbance at 260 nm. The product was
desalted by a gel-filtration procedure on Sephadex G25-F
(2 × 10 cm), with MilliQ water as the eluent. An
alternative desalification procedure was realized by dis-
solving the product in acetone or methanol (5 mL for 200
mg); after being stirred for 30 min, the solution contain-
ing the MPEG conjugate was filtered, or centrifuged, and
dried. It was also possible to selectively extract the
product from a water solution (5 mL for each gram) with
dichloromethane (4 × 100 mL).
Characterization of MPEG-Conjugated Oligo-

nucleotide. To calculate the reaction yields, the absorp-
tion at 498 nm of the DMT group was determined
spectrophotometrically (2 mg in 10 mL of a 70% perchlo-
ric acid solution in methanol) and the amount of MPEG-
bound nucleotide was measured by using the following
equation:

A Perkin-Elmer Lambda 5 UV/Vis spectrophotometer
was used.

1H and 31P NMR spectra were recorded on a Bruker
400 AM spectrometer, utilizing deuteriochloroform
(99.96%) or deuterium oxide (99.9%) as a solvent and
TMS as an internal standard for protons and 85%
phosphoric acid for phosphorus.
To ascertain the complete removal of reagents, the

MPEG conjugates were analyzed by thin-layer chroma-
tography on precoated silica gel sheets 60 F254 with the
eluant ethyl acetate/acetone/water (5:10:1). The purified
compound was analyzed by RP HPLC on a Vydac C18
column (eluant: 0.1 M triethylammonium acetate at pH
7.0; gradient of acetonitrile from 10 to 80% over 60 min)
and by IE HPLC on a MonoQ (eluant: gradient of NaCl
from 0.05 to 0.5 M at pH 12.00 over 30 min). A WATER
600E apparatus, equipped with a 717 autosampler and
a 490E UV/Vis detector, was used.
The starting MPEG, and the final conjugate, were

analyzed by GPC on a Biosil Sec-125 column (300 × 7.8
mm) eluted with 0.1 M Na2SO4/0.1 M NaH2PO4 at pH
6.8 (flow rate, 0.9 mL/min). A JASCO 880 PU apparatus,
equipped with an ERMA Erc-7512 refraction index
detector, was utilized.
Thermal Denaturation Studies. The thermal de-

naturation of oligonucleotide complexes was performed
by following the A260 variations of solutions containing
equimolar amounts of free and MPEG-bound oligonucleo-
tide and complementary sequence. The samples were 1.3
× 10-5 M in 10 mM sodium cacodylate (pH 7.4) contain-
ing 0.1 M NaCl and 1 mM EDTA. The temperature
inside the cell was increased at a ratio of 0.5 °C/min. More
than 600 experimental points for each optical melting
curve were collected, with 10 points/(°C step); the curves
were fully reversible. The UV detector of a Millichrom
chromatograph with a specially designed thermoregu-
lated cell was used (30). The first derivatives of the
melting curves were calculated using a linear approxima-
tion gradient by 10 experimental points.
Enzymatic Degradation. The enzymatic hydrolysis

of the oligonucleotides was performed with a mixture of
phosphodiesterase and nucleotidase from snake venom
in 0.01 mL of a buffer containing 0.1 optical unit of the
compound dissolved in 15 mM MgOAc2/0.2 mM EDTA/
0.1 M Tris-HCl at pH 8.8, and 37 °C. The changes in
concentration were followed by HPLC analysis of the
samples taken from the mixture on a time scale.

A498 × milliliters of HClO4 solution ×
14.3/(milligrams of MPEG-oligonucleotide)
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RESULTS AND DISCUSSION

Scheme 1 illustrates the liquid-phase method applied
for the synthesis of the high-molecular mass MPEG-
conjugated oligonucleotides. The OH end groups of the
MPEG unit were conjugated with 5′-DMT-protected
phosphoramidite nucleosides, using the procedure adopted
for the synthesis of the oligonucleotide chains (23). The
MPEG-bound product, purified by precipitation from the
reaction mixture and filtration, was again left to react
with the next nucleotide.
In comparison with the procedures based on insoluble

supports, this method had the advantages previously
observed in the traditional liquid-phase synthesis of
oligonucleotides. Since all the reactions are performed
in the solution state, the phase homogeneity may allow
for the easy scaling up of the process; moreover, owing
to the absence of diffusion problems inside the resin
beads, a lower amount of reagent was generally required.
It should be recalled that a reduced amount of conjugated
product is obtained, when the PEG chain is introduced
at the end of the oligonucleotide synthesis on the solid
support, owing to the low reactivity of the PEG solutions
in these heterogeneous conditions. This drawback, which
was further underlined by increasing the PEGmolecular
mass, was obviously absent in this method which took
place under homogeneous conditions. It is also worth
noting that the spectral transparency and the great
solubility of the PEGmoiety, and of its conjugates, allows
for the rapid and nondestructive analysis of the various
synthetic steps and easy evaluation of the reaction
products and its byproducts during the purification
processes.
To test the efficacy of this method, the 12mer conjugate

with a monofunctional PEG chain, monomethoxy-sub-
stituted (MPEG), was synthesized. This oligonucleotide
was previously employed to study its antisense activity
against HIV (23). A MPEGmolecule of a nominal 12 000
Da was used in this study, to obtain a better solubility
of the final oligonucleotide chain and verify the effect of
the higher molecular mass of the polymer on the biologi-
cal properties of its conjugate. This polymer used was
analyzed by GPC that indicated an average molecular
mass of 9500 Da, with low polydispersity.

The 1H and 31P NMR spectra of the polymer conjugated
to the first nucleotide of the planned oligo chain are
reported in Figure 1. Within the limits of instrumental
errors, a quantitative reaction of the MPEG was obtained
under the reported conditions; the integration values of
the nucleotide signals were in a 1:1 ratio with those of
the polymeric unit. Moreover, in the 31P NMR spectrum,
only the signal from the phosphate bond at -2.2 ppm
was visible, which demonstrated the efficacy of the
oxidation procedure.
From the UV/vis analysis of the sample, for each gram

of MPEG, 95 µmol of nucleotide was measured which
corresponded very well with the expected 97 µmol/g.
The stability of the phosphate bond between the MPEG

and the first nucleoside was evaluated by NMR and TLC
analysis of a sample subjected to the same reaction
conditions required for the synthesis and the final
deblocking of the oligonucleotide chain. The assay
indicates that no measurable release of the nucleoside
molecule occurred under these conditions.
The MPEG-12mer was obtained following the syn-

thetic protocol reported in Table 1. In all the precipita-
tion steps, TBME was used, instead of diethyl ether (23),
because this ether absorbed a lower amount of water,
which has an adverse effect during the synthetic process,
and also appeared to be more efficient for the complete
precipitation of the products.
The reaction data of each step of the synthesis of the

MPEG-12mer anti HIV are listed in Table 2. A very
good coupling yield was observed for each step, as judged
from the A498 of the derivatives. The overall and the
average yields were comparable to those of the solid-

Scheme 1. Liquid-Phase Synthesis of MPEG-Con-
jugated Oligonucleides

Figure 1. 1H NMR spectrum of the starting DMT-5′-(N-
benzoyl)deoxycytidine-3′-MPEG in CDCl3. (Inset) Partial 31P
NMR spectrum of the same solution (no further signals up to
150 ppm). MPEG methylene signals were suppressed by selec-
tive irradiation.

Table 1. Synthetic Cycle (1.0 g of MPEG12000-OH)

stepa reagents quantity
time
(min)

detritylation TCA solutionb 20 mL 15
coupling AcCN minimum

to dissolve
0.1 M phosphoramidite 5.0 mL
0.5 M tetrazole 4.0 mL 5

capping capping solutionb 10.0 mL 5
oxidation tBHP solutionb 10.0 mL 15

a After each step, the sample is precipitated with 5-6 volumes
of TBME, at 0 °C; a further recrystallization with 50 mL of ethanol
may be required at the end of each cycle. b See Experimental
Procedures.
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phase synthesis of similar products. We are hopeful that
the amount of the final collected oligonucleotide, which
in this case was not maximized because of the high
number of precipitation steps needed for the purification
of the intermediates, could be increased with automation
of the process (31). However, it should be recalled that
the amount of collectable product was even lower when
PEG was introduced with a postsynthetic modification
of the oligonucleotide supported on a solid phase, espe-
cially if a high-molecular mass polymer is employed.
The purification of the MPEG conjugates was achieved

by HPLC initially using a reversed-phase column. Un-
fortunately, the separation of the final 5′-DMT-protected,
fully deblocked, conjugated compounds from shorter
sequences was unsuccessful, since the MPEGmoiety was
similar chromatographically to all the derivatives, and
a single peak was always observed, despite the presence
of a crude mixture of products. However, the different
compounds in the mixtures could be separated by anion-
exchange chromatography, since the charge balance of
the different oligonucleotide chains was not suppressed
by the high-molecular mass MPEG unit. The chromato-
graphic patterns of the crude, fully deprotected 6mer and
12mer are reported in Figure 2; the efficacy of this
synthetic procedure was clearly seen.
After purification and desalting, the final compound

was further analyzed by GPC. From the elution behav-
ior, the approximate average molecular mass was 13 000
Da, close to the calculated value (13 480 Da).
The final MPEG-12mer was further characterized by

thermal denaturation studies. The dissociation of du-
plexes formed from equimolar concentrations of the
conjugated oligonucleotide and the complementary un-
modified target was examined. The A260 temperature

variations, and their first derivatives, are reported in
Figure 3. It has been clearly demonstrated that the
introduction of a single, long chain of MPEG at one end
of the oligonucleotide has very little, if any, adverse effect
on the hybridization properties of the oligonucleotide
itself.
The effect of stabilization against the enzymatic deg-

radation in the presence of the MPEG was finally
investigated. The disappearance over time of both free
and conjugated 12mers, incubated with a mixture of
hydrolytic enzymes, is reported in Figure 4. It was
possible to observe that, under these conditions, the
unprotected oligonucleotide was completely digested in
less than 30 min, while during the same period, at least
20-25% of the starting MPEG-12mer was still present,
which demonstrated the stabilizing effect of the MPEG
when bound to the oligonucleotide. These results are in
agreement with those published on oligonucleotide con-
jugates with PEG chains lower molecular mass (19).
To summarize, the utility of this new, modified liquid-

phase method for the preparation of oligonucleotides
firmly bound to high-molecular mass PEG chains has
been demonstrated. The intrinsic features of this pro-
cedure are especially suitable for the large scale produc-
tion of these derivatives. The first biological data have
confirmed that the high-molecular mass MPEG chain
could increase the cellular lifetime of its conjugated

Table 2. Synthetic Data of MPEG-12mer anti HIV (1.0 g
of MPEG12000-OH)

nucleoside
oligonucleotide
bound (µmol/g)a

step
yield (%)b

dC 95 98
dG 89 98
dA 85 99
dC 79 98
dG 76 99
dA 72 99
dA 69 99
dC 64 97
dT 60 98
dA 58 99
dC 56 99
dG 54 97

overall yield ) 82% average yield ) 98.5%
total amount recovered ) 0.9 g (60%) (5815 OD/g after purification)

a From A498 of the DMT group. b Calculated on the basis of the
increased MW of the conjugate.

Figure 2. IE HPLC of the crude MPEG conjugates: (a)
MPEG-6mer-OH and (b) MPEG-12mer-OH. Area values of the
main peaks are indicated.

Figure 3. Thermal denaturation profiles of unmodified (un-
broken line) and MPEG-conjugated (dashed line) 12mer du-
plexes. (Inset) First derivatives of the thermal profiles.

Figure 4. Digestion of unmodified (unbroken line) and MPEG-
conjugated 12mers (dashed line). The concentration of the
starting oligonucleotides, quantified by HPLC, is plotted versus
incubation time.

796 Bioconjugate Chem., Vol. 8, No. 6, 1997 Bonora et al.



molecules without interfering with their capability to
interact with the specific target.
The antisense properties of this derivative are now

under investigation and will be reported in the near
future.
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Several metal complexes of three different functionalized salen derivatives have been synthesized.
The salens differ in terms of the electrostatic character and the location of the charges. The interactions
of such complexes with DNA were first investigated in detail by UV-vis absorption titrimetry. It
appears that the DNA binding by most of these compounds is primarily due to a combination of
electrostatic and other modes of interactions. The melting temperatures of DNA in the presence of
various metal complexes were higher than that of the pure DNA. The presence of additional charge
on the central metal ion core in the complex, however, alters the nature of binding. Bis-cationic salen
complexes containing central Ni(II) or Mn(III) were found to induce DNA strand scission, especially
in the presence of co-oxidant as revealed by plasmid DNA cleavage assay and also on the basis of the
autoradiogram obtained from their respective high-resolution sequencing gels. Modest base selectivity
was observed in the DNA cleavage reactions. Comparisons of the linearized and supercoiled forms of
DNA in the metal complex-mediated cleavage reactions reveal that the supercoiled forms are more
susceptible to DNA scission. Under suitable conditions, the DNA cleavage reactions can be induced
either by preformed metal complexes or by in situ complexation of the ligand in the presence of the
appropriate metal ion. Also revealed was the fact that the analogous complexes containing Cu(II) or
Cr(III) did not effect any DNA strand scission under comparable conditions. Salens with pendant
negative charges on either side of the precursor salicylaldehyde or ethylenediamine fragments did
not bind with DNA. Similarly, metallosalen complexes with net anionic character also failed to induce
any DNA modification activities.

INTRODUCTION1

Design and synthesis of small synthetic systems that
recognize specific sites of DNA is an important area of
much current research (1). These could be at least in
part due to the formation of noncovalently associated
complexes by several such molecules with nucleic acids.
Many times, such physical complexation may produce
important pharmacological effects by interfering with the
biological processes in which DNA/RNAs take part. Such
investigations also sometimes provide insights for the
mechanism of action of naturally occurring antitumor
antibiotics (2). Toward this direction, there is a continu-
ing search for newmetal complexes that strongly interact
with DNA. These studies led to the development of
several new reagents. Examples include complexes e.g.
iron-EDTA (3), copper- or rhodium-1,10-phenanthro-
line (4, 5), manganese-porphyrin (6), platinum-diamine
(7), nickel-cyclam (8), and several photonucleases (9),
among others. Examination of the interactions of transi-
tion metal complexes with DNA aids in the development
of new reagents that are potentially useful in molecular
biology (10) and also in the design of putative drugs (11).
Utilities of some metal complexes as structural probes
(1, 12) for DNA and in drug/protein-DNA footprinting
(10, 13) are also known. Sometimes, such studies also

offer useful leads in the elucidation of potential toxicities
of various metal complex-based systems (14).
Earlier investigations (16-19) have indicated that,

while some metallosalen derivatives bind DNA avidly
(15), few others induce effective DNA scission (16-19)
or inhibit lymphocyte proliferation (20). Therefore, subtle
variation in the structure of the salen unit and variation
of the central metal ion influence the effect of the
resulting complex on DNA in a widely unrelated fashion.
Griffin carefully studied (16) some of these aspects of
DNA modification in detail with manganese-salen com-
plexes. Burrows and Rokita synthesized (17) some
nickel-salen derivatives which induced DNA cross-
linking. More recently, Routier et al. examined the
interaction of DNA with a functionalized salen-copper-
(II) complex which induced DNA strand scission in the
presence of a reducing agent (18). We also examined the
DNA cleavage processes induced by some bis-cationic
salen analogues (19). Examination of the above reports
makes it clear that much still remains to be understood
about the role of salen structure and that of the central
metal ion in the DNA binding/modification processes. We
thought that a progressive structural variation of the
salens with respect to charge on the aryl rings, at the
imine portions, and systematic variation of the central
metal ion under a given ligand (salen) environment might
provide additional insight on the factors involved in the
chemistry of binding and DNA modification by such
complexes. Herein, we report the synthesis of a number
of transition metal complexes based on a few different
water-soluble salen derivatives, 1-5. The results of the
binding abilities of different metal complexes with native
Escherichia coli genomic DNA at various salt concentra-
tions and with alkali-denatured DNA and the effects of
such binding on DNAmelting are included in this report.
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1 Caution. Although we did not experience any difficulty

while working with these systems, perchlorate salts are poten-
tially explosive!

798 Bioconjugate Chem. 1997, 8, 798−812

S1043-1802(97)00121-3 CCC: $14.00 © 1997 American Chemical Society



The DNA cleavage reactions and the nicking patterns
produced by different metal complexes are also presented.

EXPERIMENTAL PROCEDURES

General Aspects. Melting points were determined
in open capillaries and are uncorrected. Infrared spectra
were recorded with a Shimadzu FTIR 8101 infrared
spectrophotometer equipped with a DR-8001 workstation.
1H-NMR spectra were recorded with a Bruker AC-200
(200 MHz) or a Jeol FX-90 (90 MHz) NMR spectrometer
using CDCl3 or the appropriate deuterated solvent.
Elemental analyses were performed by the microanalyti-
cal division of the Department of Organic Chemistry at
the Indian Institute of Science in Bangalore and were
run on a Carlo Erba model 1106 elemental analyzer.
These are presented as percents. Electronic spectra were
recorded on a Shimadzu model 2100 UV-visible spec-
trophotometer equipped with a TCC-60 temperature
controller unit or a Julabo F-10 water-circulating tem-
perature-controlled bath.
Materials. Silica gel (UV254) plates (Sigma) were used

for TLC. Column chromatography was performed on
silica gel (60-120 mesh) from Merck (Schuchardt, Ger-
many). Commercial compounds used in the synthesis
and other studies herein were purchased from best
known suppliers and used as received; solvents were
purified and dried by standard methods. All other
materials used for preparing buffers were of the highest
quality commercially available. Millipore grade water
was used for all the experiments. The enzymes used in
this study were obtained from Pharmacia.
Calf thymus DNA (CT DNA) obtained from Sigma

Chemical Co. (St. Louis, MO) was purified by phenol-
chloroform extraction followed by ethanol precipitation
as described previously (21). Solutions of CT DNA in 10
mM Tris-HCl, 1 mM EDTA buffer (pH 7.4) gave a ratio
of the UV absorbances at 260 and 280 nm (A260/A280) of
>1.9. The DNA concentrations were determined by using
an extinction coefficient of 6600 M-1 cm-1 at 260 nm and
were expressed in terms of base molarity (22). Melting
temperature determinations and the spectroscopic bind-
ing studies were performed with CT DNA in 10 mM Tris-
HCl, 1 mM EDTA buffer (pH 7.4).
E. coli genomic DNA was isolated and purified as

described (23). Briefly, E. coli cells (CA 274 strain) were
overgrown in LB media, and the cells were subjected to
lysozyme treatment, followed by lysis with SDS and
proteinase K treatment. The mixture was finally sub-
jected to phenol-chloroform extraction two times, and
the DNA was precipitated using 2-propanol and washed
with 70% ethanol. Then, the DNA was dissolved in 10

mM Tris-HCl, 1 mM EDTA buffer (pH 7.4) which gave
an A260/A280 of ∼1.9.
The plasmid DNA pTZ19R used herein was grown in

E. coli cells and isolated in our laboratory as described
earlier (19a). The supercoiled plasmid was obtained by
CsCl/ethidium bromide density gradient centrifugation.
Synthetic Methods. 4-[(3-Bromopropyl)oxy]salicyl-

aldehyde (6). A mixture of 138 mg (1 mmol) of 2,4-
dihydroxybenzaldehyde and 404 mg (2 mmol) of 1,3-
dibromopropane was refluxed in the presence of 140 mg
(1.4 mmol) of KHCO3 in 50 mL of dry acetone for 60 h.
At the end of this period, the solvent from the reaction
mixture was removed in a rotavapor, 5 mL of water was
added to it, and then the solvent was extracted with 3 ×
10 mL portions of CHCl3. The combined chloroform
extracts were evaporated to dryness and then purified
by column chromatography over silica gel (60-120 mesh)
using 2-3% EtOAc in light petroleum (60-80 °C boiling
fraction). Upon chromatographic purification, a white
crystalline solid was obtained in ca. 60% yield: mp 62-
64 °C; 1H-NMR (200 MHz, CDCl3) δ 2.3 (2H, m, CH2CH2-
CH2Br), 3.6 (2H, t, CH2Br), 4.2 (2H, t, CH2CH2O), 6.45
(1H, d, ArH3, Jm ) 2.0 Hz), 6.55 (1H, dd, ArH5, Jm ) 2
Hz, J ) 9.5 Hz), 7.5 (1H, d, ArH6, J0 ) 9.5 Hz), 9.7 (1H,
s, CHO), 11.5 (1H, s, ArOH); IR (Nujol) (cm-1) 1630 (s),
1510, 1210, 1095. Anal. Calcd for C10H11BrO3: C, 46.35;
H, 4.27. Found: C, 46.42; H, 4.26.
4-[[3-(Trimethylammonio)propyl]oxy]salicylaldehyde Bro-

mide (6a). One hundred milligrams (0.38 mmol) of 6 was
dissolved in 20 mL of EtOAc in a screw-top pressure tube.
Two milliliters of dry trimethylamine gas was passed into
this solution precooled at ∼0-5 °C. Then, the screw top
of the tube was closed tightly and the tube allowed to
stand for 6 h at ambient temperature. At the end of this
period, a brownish-white solid was obtained. The solid
was collected by filtration and was recrystallized from a
mixture of EtOAc/EtOH. Recrystallization afforded a
colorless, crystalline, hygroscopic product in practically
quantitative yield: mp 152-154 °C; 1H-NMR (90 MHz,
D2O) δ 2.4 (2H, m, CH2CH2CH2N+Me3), 3.2 (9H, s, N+-
(CH3)3), 3.6 (2H, t, CH2N+Me3), 4.23 (2H, t, ArOCH2), 6.52
(1H, d, ArH3, Jm ) 2.0 Hz), 6.68 (1H, dd, ArH5, Jm ) 2
Hz, J ) 9.5 Hz), 7.68 (1H, d, ArH6, J0 ) 9.5 Hz), 9.8 (1H,
s, CHO); IR (Nujol) (cm-1) 1630 (s), 3400 (s). Anal. Calcd
for C13H20NO3Br‚H2O: C, 46.44; H, 6.59; N, 4.17.
Found: C, 46.41; H, 6.30; N, 4.02.
4-[[3-(Trimethylammonio)propyl]oxy]salicylaldehyde Per-

chlorate (6b). The above material, 4-[[3-(trimethyl-
ammonio)propyl]oxy]salicylaldehyde bromide (6a, 425
mg, 1.3 mmol), was dissolved in 1 mL of water, and the
resulting aqueous solution was treated with 1 mL of
aqueous NaClO4 (327 mg, 2.6 mmol). This resulted in
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the formation of the corresponding perchlorate salt which
precipitated as a white solid. This was filtered and dried
in a desiccator, ca. 95% yield: mp 140-142 °C; 1H-NMR
(200 MHz, DMSO-d6) δ 2.1 (2H, m, CH2CH2CH2N+Me3),
3.05 (9H, s, N+(CH3)3), 3.4 (2H, t, CH2N+Me3), 4.05 (2H,
t, ArOCH2), 6.3 (1H, d, ArH3), 6.5 (1H, dd, ArH5), 7.5 (1H,
ArH6, d), 9.5 (1H, s, CHO); IR (Nujol) (cm-1) 1630 (s),
1460 (s), 1375 (s), 1230 (s), 1100 (s), 625 (s). Anal. Calcd
for C13H20NO7Cl: C, 46.23; H, 5.97; N, 4.15. Found: C,
46.21; H, 6.01; N, 4.02.
N,N′-Bis[4-[[3-(trimethylammonio)propyl]oxy]salic-

ylidene]ethylenediamine Diperchlorate (1). 6b, 4-[[3-
(trimethylammonio)propyl]oxy]salicylaldehyde perchlo-
rate (250 mg, 0.74 mmol), was dissolved in 10 mL of dry
MeOH by careful warming. To this was added 22.2 mg
(0.37 mmol) of freshly distilled ethylenediamine, and the
resulting mixture was warmed to ∼60 °C for 10 min
which upon cooling to ambient temperature produced a
yellow precipitate. The yellow residue was isolated and
washed with cold MeOH and dried (yield ca. 80%): mp
258-260 °C; 1H-NMR (90 MHz, DMSO-d6) δ 2.1 (4H, m,
CH2CH2CH2NMe3), 3.05 (18H, s, N(CH3)3), 3.4 (4H, t,
CH2NMe3), 3.9 (4H, s, dNCH2CH2Nd), 4.05 (4H, t,
ArOCH2), 6.3-6.45 (4H, m, ArH3, ArH5), 7.2 (2H, d,
ArH6), 8.45 (2H, s, ArHCdN); IR (Nujol) (cm-1) 1630 (s),
1610 (s), 1520 (s), 1460 (s), 1370 (s), 1210 (s), 1095 (s),
620 (s). Anal. Calcd for C28H44N4O12Cl2: C, 48.06; H,
6.34; N, 8.0. Found: C, 47.62; H, 6.33; N, 7.90.
N,N′-Bis[4-[[3-(trimethylammonio)propyl]oxy]salic-

ylidene]ethylenediamine-Nickel (II) Bisperchlorate (2a).
1 (55 mg, 0.079 mmol) was suspended in 10 mL of dry
MeOH. NiCl2‚6H2O (15 mg, 0.08 mmol) was added in
the form a methanolic solution into this suspension, and
the resulting mixture was warmed at 60 °C for 30 min.
This gave a deep-red solution which was first allowed to
cool to room temperature and then kept in a refrigerator
for 48 h. A red-colored, hygroscopic, crystalline precipi-
tate separated out which was collected after filtration,
recrystallized from dry MeOH, and dried (yield ca.
42%): UV-vis [λmax (nm), ε] 1:1 (CH3CN/CH3OH) 348
(25 000), 304 (29 000), 236 (14 000), 211 (20 000); IR (KBr
pellet) (cm-1) 600 (m), 730 (m), 920 (m), 1040 (m), 1120
(s), 1200 (s), 1215 (s), 1300 (m), 1420 (m), 1480 (s), 1490
(s), 1530 (s), 1600 (s). Anal. Calcd for C28H42N4-
O12Cl2Ni‚2.5H2O: C, 41.94; H, 5.28; N, 6.99. Found: C,
42.01; H, 5.49; N, 6.99.
N,N′-Bis[4-[[3-(trimethylammonio)propyl]oxy]salic-

ylidene]ethylenediamine-Copper(II) Bisperchlorate (2b).
The ligand 1 (40 mg, 0.05 mmol) was suspended in 10
mL of dry MeOH, to which a methanolic solution of 16
mg (0.08 mmol) of Cu(OAc)2‚4H2O was added, and the
resulting mixture was warmed for 30 min at 60 °C. The
solution slowly turned into a bluish pink color which upon
cooling gave a pink crystalline precipitate. The residue
was collected by filtration and repeatedly recrystallized
from dry MeOH to give a pink hygroscopic solid (yield
ca. 60%): UV-vis [λmax (nm), ε] (H2O) 365.5 (10 000),
282.5 (20 000), 249.5 (30 000), 226 (29 000); IR (KBr
pellet) (cm-1) 620 (s), 840 (m), 1090 (s), 1110 (s), 1210
(s), 1400 (m), 1540 (m), 1610 (s). Anal. Calcd for C28H42-
N4O12CuCl2‚1H2O: C, 43.10; H, 5.43; N, 7.18. Found: C,
42.89; H, 5.54; N, 7.08. EPR: AII 190.1 G, gII 2.2.
N,N′-Bis[4-[[3-(trimethylammonio)propyl]oxy]salic-

ylidene]ethylenediamine-Cobalt(II) Bisperchlorate as a
Monomeric Oxygen Adduct (2c). 1 (30 mg, 0.043 mmol)
was suspended in 10 mL of dry MeOH. To this was
added a methanolic solution of 17.5 mg (0.07 mmol) of
Co(OAc)2‚4H2O, and the resulting mixture was warmed
at 60 °C for 30 min. This gave a brownish-red solution
which gradually changed into a deep dark brown color

upon standing at ambient temperature in exposure to air.
It was kept for 1 week in this manner, from which a dark
brown complex was precipitated upon addition of dry
ether (yield ca. 44%): UV-vis [λmax (nm), ε] (H2O) 361
(7100), 289 (broad hump), 258 (48 000); FTIR (KBr pellet)
(cm-1) 625 (s), 940 (m), 1000 (w), 1090 (s), 1125 (s), 1145
(s), 1200 (m), 1430 (s), 1550 (s), 1600 (s), 1620 (s). Anal.
Calcd for C28H42N4O12CoCl2O2‚2H2O: C, 40.97; H, 5.62;
N, 6.79. Found: C, 40.94; H, 5.63; N, 6.35 (24).
N,N′-Bis[4-[[3-(trimethylammonio)propyl]oxy]salic-

ylidene]ethylenediamine-Manganese(III) Trisperchlorate
(2d). The ligand 1 (66 mg, 0.09 mmol) was suspended
in 15 mL of dry MeOH to which was added a methanolic
solution of 26.7 mg (0.2 mmol) of Mn(OAc)3‚4H2O and
heated at 60 °C for 30 min. The initial yellowish color
of the solution of the Schiff base soon changed into a
grayish-black solution from which 70% of the MeOH was
removed under vacuum. Upon addition of dry ether to
this, a grayish-black solid separates out followed by
cooling in a refrigerator. The solid was repeatedly
recrystallized from dry MeOH to give a hygroscopic
material of 44% yield: UV-vis [λmax (nm), ε] (CH3CN)
343 (15 400), 303 (21 400), 237 (12 300), 208 (17 400);
FTIR (KBr pellet) (cm-1 630 (s), 850 (w), 1000 (w), 1095
(s), 1110 (s), 1150 (s), 1300 (w), 1400 (w), 1490 (w), 1530
(w), 1600 (s). Anal. Calcd for C28H42N4O16Cl3Mn‚
2.5H2O: C, 37.49; H, 5.28; N, 6.24. Found: C, 37.32; H,
5.17; N, 6.15.
N,N′-Bis(salicylidene)-3,4-diaminobenzoic Acid-Nick-

el(II) (3). To a solution of 400 mg (3.3 mmol) of salicyl-
aldehyde in 10 mL of MeOH was added with stirring a
methanolic solution of 250 mg (1.6 mmol) of freshly
recrystallized 3,4-diaminobenzoic acid. From this solu-
tion after some time, an orange-colored crystalline solid
precipitated out, which was filtered, dried, and then
recrystallized from MeOH. This orange Schiff base (100
mg) was dissolved in hot MeOH; to this was added a
methanolic solution of 46.7 mg (0.28 mmol) of the NiCl2,
and the resulting mixture was heated at 60 °C for 30 min.
This produced a transparent deep red-colored solution
which upon on standing at ambient temperature gave
an orange-red-colored precipitate which was filtered and
recrystallized from a mixture of MeOH and CHCl3 in 80%
yield. Anal. Calcd for C21H14N2O4Ni‚0.5CHCl3: C, 53.16;
H, 3.22; N, 5.76. Found: C, 53.38; H, 3.45; N, 6.05.
[(6-Oxo-6-ethoxyhexyl)oxy]benzaldehyde (7). A mixture

of 1.198 g (8 mmol) of 2,4-dihydroxybenzaldehyde and 2
g of ethyl 6-bromohexanoate was refluxed in dry acetone
for 2 days in the presence of 800 mg (8 mmol) of
anhydrous KHCO3. Then, the solvent form this reaction
mixture was removed, and 5 mL of water was added into
the residue. The resulting mixture was extracted with
3 × 30 mL of chloroform. The chloroform extract was
evaporated to dryness and then purified by column
chromatography over silica gel (60-120 mesh) using 2%
EtOAc in light petroleum (60-80 °C boiling fraction).
Upon concentration of the eluted fraction, a highly
viscous liquid was obtained in ca. 50% yield: IR (neat)
(cm-1) 3250-3400 (br), 2900 (s), 1715 (s), 1620 (s), 1495
(s), 1200 (s), 1100 (s), 1000 (s); 1H-NMR (90 MHz, CDCl3)
δ 1.2 (3H, t, CH2CH3), 1.5-2.0 (6H, m, OCH2(CH2)3CH2),
2.4 (2H, t, CH2COO), 4.05-4.2 (4H, m, ArOCH2, +
COOCH2CH3), 6.45 (1H, d, ArH3, Jm ∼ 1.5 Hz), 6.55 (1H,
dd, ArH5, Jm ∼ 1.5 Hz, J0 ∼ 9.4 Hz), 7.4 (1H, d, ArH6, Jo
∼ 9.4 Hz), 9.8 (1H, s, CHO), 11.5 (1H, s, ArOH).
[(6-Hydroxy-6-oxohexyl)oxy]benzaldehyde (7a). Com-

pound 7 was saponified under refluxing conditions using
2% aqueous NaOH. The resulting reaction mixture was
cooled in ice and neutralized by dropwise addition of
concentrated HCl under ice-cold conditions. This gave
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a white precipitate which was filtered, and the residue
was washed with cold water, dried, and then purified by
column chromatography over silica gel (60-120 mesh)
using 2% MeOH in CHCl3. The purified material was
recrystallized from EtOAc to afford a solid in 80% yield:
mp 124-125 °C; IR (Nujol) (cm-1) 3320 (s), 1710 (s), 1610
(s), 1460 (s), 1370 (s), 1300 (s), 1200 (s), 1050 (s), 860 (s);
1H-NMR (90MHz, CDCl3) δ 1.8 (6H, m, OCH2(CH2)3CH2),
2.2 (2H, t, CH2COO), 4.0 (2H, t, ArOCH2), 6.45 (1H, d,
ArH3, Jm ∼ 1.5 Hz), 6.6 (1H, dd, ArH5, Jm ) 1.5 Hz, Jo ∼
9.4 Hz), 7.3 (1H, d, ArH6, Jo ∼ 9.4 Hz), 9.8 (1H, s, CHO),
11.45 (1H, s, ArOH). Anal. Calcd for C13H16O5, 0.4-
EtOAc: C, 62.38; H, 6.83. Found: C, 62.71; H, 6.83.
N,N′-Bis[4-[(6-hydroxy-6-oxohexyl)oxy]salicylidene]Eth-

ylenediamine-Nickel(II) (4). 7a (252 mg, 1 mmol) was
suspended in 5 mL of dry MeOH. Freshly distilled
ethylenediamine (30 mg, 0.5 mmol) was added into this.
The resulting yellowing solution was stirred and warmed
for 5 min which on prolonged standing at ambient
temperature gave a yellow-colored precipitate, 7b. This
was filtered, washed with cold MeOH, and dried (yield
of 90%). The Schiff base 7b (100 mg, 0.18 mmol) was
suspended in 5 mL of a mixture of dry MeOH and CHCl3.
A methanolic solution containing 31 mg (0.18 mmol) of
NiCl2 was added to this, and the mixture was warmed
for 30 min at 60 °C. During warming, the yellow
suspension got slowly converted to a deep red solution
which on cooling and standing at ambient temperature
for several hours gave a red-colored crystalline precipi-
tate. It was filtered, and the residue was washed with
ice-cold, dry MeOH and then recrystallized from a
mixture of MeOH and CHCl3 to yield a material of ca.
70% yield: UV-vis [λmax (nm), ε] [5 mM Tris-HCl buffer
(pH 7.4) 376 (7000), 258 (41 000); FTIR (KBr pellet)
(cm-1) 700 (s), 760 (w), 800 (w), 830 (m), 1110 (s), 1200
(s), 1220 (s), 1540 (s), 1600 (s), 1700 (s). Anal. Calcd for
C28H34N2O8Ni‚0.75CHCl3: C, 51.17; H, 5.19; N, 4.15:
Found: C, 50.84; H, 5.30; N, 4.37.
N,N′-Bis(salicylidene)ethylenediamine-Manganese-

(III) Acetate (5). This was prepared by following a
literature procedure (16a). Briefly, 569 mg (2.1 mmol)
ofN,N′-bis(salicylidene)ethylenediamine was dissolved in
10 mL of dry MeOH, to which was added a methanolic
solution of 442 mg (2.2 mmol) of Mn(OAc)3‚4H2O, and
the resulting mixture was warmed at 60 °C for 30 min.
Then, it was allowed to cool to room temperature. Upon
addition of dry ether to this, a gray-black precipitate was
obtained. This compound showed all the properties as
reported previously (16a) (yield of 70%): IR (cm-1) 1630
(s), 1595 (s), 1560 (s), 1460 (s), 1440 (s), 1385 (s), 1330
(s), 1290 (s), 1200 (m), 1140 (m), 1130 (s), 1080 (m), 1030
(m), 960 (m), 900 (s), 800 (s), 770 (s); UV-vis [λmax (nm),
ε] (ethanol) 400 (6100), 350 (8000), 310 (16 000), 283
(21 000), 220 (41 000). Anal. Calcd for C18H17N2O4Mn:
C, 56.85; H, 4.50; N, 7.37. Found: C, 56.82; H, 4.47; N,
7.11.
Absorption Titration. Absorption titrations were

carried out by keeping the concentration of the probe
constant while adding a concentrated solution of the E.
coli genomic DNA in 1 mM Tris-HCl, 0.1 mM EDTA
buffer (pH 7.4) in increasing amounts in both the cuvettes
until the saturations in hypochromism were observed.
The saturation in hypochromism is quantitatively shown
by plotting the A0/A vs [DNA], where A0 and A are the
absorption intensities of the individual metal complexes
in the absence and presence of various concentrations of
DNA, respectively. The intrinsic binding constants for
the different metal complexes with DNAwere determined
by the half-reciprocal plot method as given in the
literature (25). The intrinsic binding constant (K) for a

given complex with DNA was then obtained from a plot
of D/∆εap vs D according to eq 1, D/∆εap ) D/∆ε + 1/(∆εK)
(1) where D is the concentration of DNA in base molarity,
∆εap ) |εa - εf|, and ∆ε ) |εb - εf|, where εb and εf are
respective extinction coefficients of the complex in the
presence and absence of DNA, respectively. The appar-
ent extinction coefficient, εa, was obtained by calculating
Aobsd/[complex]. The data were fitted to eq 1, with a slope
equal to 1/∆ε and a y-intercept equal to 1/(∆εK). The
intrinsic binding constants (K) were determined from the
ratio of the slope to the y-intercept.
Effect of the Addition of Salt on DNA Binding.

To find out the effect of the variation in the ionic strength
on the binding abilities of metal complexes with CT DNA,
we studied the effects of addition of various salts to a
solution containing DNA-2b complexes by adding in-
creasing amounts of different salt solutions (30 and 45
mM NaCl or 15 mM MgCl2) to the 2b-DNA complex.
The effects of such additions were followed by UV-vis
absorption spectroscopy (26).
DNA Denaturation and Binding of Metallosalen.

The comparative binding efficiencies of the Ni complex
(2a) toward double-stranded and alkali-denatured CT
DNA were studied by using UV-vis absorption spectros-
copy. The denatured CT DNA was obtained by incubat-
ing the DNA in 1 M NaOH at room temperature for 10
min. The spectrum of the Ni complex (2a) was recorded
first; then, 5 µL of alkali-denatured CT DNA was added
to this, and the changes in the spectra were then recorded
again. The pH of the resulting solution was then slowly
decreased by the addition of increasing amounts of HCl
until the saturation in binding was reached.
Melting Temperatures. Melting temperatures for

DNA in the absence and in the presence of various metal
complexes were measured by following the changes in
the UV-vis absorption spectra at 260 nm as a function
of temperature in a Shimadzu model UV-2100 UV-vis
spectrophotometer. The absorption intensities at 260 nm
were plotted against individual temperatures in the
presence of each metal complex, and the midpoints of the
inflection regions in the temperature vs A260 curves were
taken as the corresponding Tm values (27). The temper-
atures of the cuvettes were maintained using a Julabo
model F-10 water-circulating bath. Each melting tem-
perature determination employed 72 µM (base molarity)
CT DNA in 5 mM Tris-HCl buffer (pH 7.4).
DNA Cleavage Experiments. The DNA cleavage or

modification reactions induced by different metal com-
plexes in the absence and in the presence of co-oxidants
were performed using the supercoiled plasmid pTZ19R
(2.9 kbp, Pharmacia) in 20 mM Tris-HCl buffer (pH 7.4).
In a typical experiment, the plasmid DNA (0.25 µg/
reaction) was incubated in a reaction mixture (10 µL)
containing various concentrations of individual metal
complexes (either preisolated or prepared in situ) in 20
mM Tris-HCl buffer (pH 7.4) at 37 °C. Reactions were
initiated by the addition of MMPP (0.5 mM) and were
stopped after 5 min by the addition of a terminating
agent (5 µL) containing 10 mM â-mercaptoethanol, 20%
glycerol, 25 mM EDTA, and 0.05% bromophenol blue/
xylene cyanol (1:1). Then, this was kept on ice. The
samples were loaded on 1% neutral agarose gel and were
subjected to electrophoresis in a horizontal slab gel
apparatus using 0.5 × TBE as the buffer (at 100 V for ∼
1.5 h). After electrophoresis, the gels were stained with
a solution of 0.5 µg/mL ethidium bromide for ∼60 min
and then destained. Bands of DNA were then visualized
under UV light (photodyne transilluminator, 312 nm) and
photographed (Canon SLR camera with an orange filter)
in a darkroom.
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Sequencing and Autoradiogram. The sequence or
base selectivities in the DNA modification reactions
effected by different salen complexes were determined
in the following manner. The supercoiled plasmid pTZ19R
was linearized with EcoRI. After complete digestion of
the plasmid with EcoRI (confirmed by agarose gel), the
DNA was subjected to ethanol precipitation and drying.
The DNA prepared in the above manner was used for
the different reagent-induced DNA cleavage experiments.
The DNA cleavage reaction conditions for the sequenc-

ing experiments were similar to those employed in the
agarose gel assays (described above) except that a total
reaction volume of 50 µL and 2 µg of plasmid/reaction
were used. After incubation for 5 min, 10 µL of the
reaction mixture was aliquoted and analyzed by gel
electrophoresis on agarose to confirm the reagent-induced
DNA cleavage. The residual reaction mixture was first
subjected to ethanol precipitation and then dried under
vacuum. The dry DNA pellets were then resuspended
in water and used as templates for the primer extension
reactions. The primer extension reactions were carried
out by the adaptation of a literature procedure (28).
Briefly, ∼3 pmol of the 32P-end-labeled primer (300 000
counts, a 19-mer oligonucleotide) and 4 µL of 0.01 M
NaOH were added into a solution containing ∼0.5 µg of
the DNA templates. Then, the volume of the resulting
reaction mixture was made up to 40 µL which after
thorough mixing was kept at 80 °C for 2 min and finally
left on ice for an additional 5 min. Into this ice-cold
reaction mixture was added 5 µL of the primer extension
buffer [0.5 mM Tris-HCl (pH 7.4), 0.1 M MgSO4, and 2
mM DTT], and the resulting mixture was again incu-
bated at 45 °C for 3 min. After this, the mixture was
kept on ice for a period of 30 min. Then, an aliquot of 5
µL of the dNTP mix (dATP, dTTP, dCTP, and dGTP each
at 5 mM) was added to this mixture, and primer exten-
sion reactions for each reaction were initiated by the
addition of 1 unit of Klenow DNA polymerase at 50 °c
for 10 min. Finally, the reactions were quenched by the
successive addition of 10 µL of 4 mM ammonium acetate/
20 mM EDTA and 180 µL of absolute EtOH. The
resulting mixture was then kept at -20 °C for 1 h and
pelleted down by centrifugation. The pellets thus ob-
tained were air-dried and resuspended in 8 µL of 80%
formamide-denaturing gel loading dye, heated for 2 min
at 92 °C, then loaded onto a 7% polyacrylamide-
bisacrylamide/8 M urea denaturing sequencing gel, and
finally electrophoresed at 1500 V until the bromophenol
blue touched the foot of the gel (∼2 h). Then, the gel
was autoradiogrammed.

RESULTS AND DISCUSSION

Choice of the Ligand. The tetradentate chelator
salen [N,N′-ethylene bis(salicylideneaminato)] has been
widely employed for various purposes in the chemical
literature (29) over a long period of time. The utilities
of several metal-salen complexes in effecting catalytic,
regioselective alkene epoxidation have also been demon-
strated (30). Recently, Griffin et al. examined in detail
the DNA scission activities of an array of Mn(III)-salen
derivatives (16). Preferential cleavages of DNA at A‚T
rich sites by the Mn(III)-salen reagents such as 5 were
observed in the presence of the co-oxidant, magnesium
monoperoxyphthalate (MMPP). Due to our continuing
interest in the studies of metal complex systems that bind
DNA and induce DNA scission (19), we sought to examine
systematically the interactions that exist between indi-
vidual transition metal-salen with DNA under compa-
rable conditions. Since salen itself is not soluble in water,
we first chose to functionalize the parent salen unit by

covalent appendages with two NMe3+ residues (ligand,
1). This renders the ligand (1) and its different metal
complexes water-soluble irrespective of the pH of the
solution. This also allows these compounds to come
closer to the DNA surface due to the favorable electro-
static disposition. It should be mentioned, however, that
the idea of the introduction of the cationic residues into
salen is not new. Burrows and Rokita (17) developed a
bis-cationic Ni(II)-salen derivative which was shown to
induce interstrand cross-linking in DNA. Subsequently,
Sato et al. used a different cationic salen type Cu(II)
complex to examine their DNA binding abilities (15).
More recently, Bailly and Bernier examined the interac-
tions and the DNA-cleaving properties of the salen-
Cu(II) complex containing a pendant alkyl ammonium
residue (18). To find the effects of the role of other ligand
charges around the metal complexes, two anionic ligands
and their corresponding metal complexes (3 and 4) have
been also synthesized. The syntheses of the ligands and
different metal complexes are summarized in Scheme 1.
Synthesis. The synthesis of the ligand 1 began with

the functionalization of 4-hydroxybenzaldehyde with 1,3-
dibromopropane in the presence of KHCO3 in dry acetone
under refluxing conditions. The product, 4-[(3-bromo-
propyl)oxy]salicylaldehyde (6), thus obtained was quat-
ernized quantitatively upon reaction with Me3N in
EtOAc. The counterion of the quaternary salt was
changed to perchlorate by treatment with NaClO4, and
then the perchlorate salt was converted to the corre-
sponding salen (1) in 80% yield upon coupling with
ethylenediamine in MeOH. Different metal complexes
of this ligand were synthesized on treatment with ap-
propriate metal salts in MeOH. The ligand 3 was
prepared by coupling 3,4-diaminobenzoic acid with
salicylaldehyde in MeOH, and the corresponding Ni(II)
complex was synthesized upon treatment with NiCl2 in
MeOH. For the preparation of salens with pendant
negatively charged residues, 4-hydroxysalicylaldehyde
was coupled with ethyl 6-bromohexanoate in acetone in
the presence of KHCO3. This gave 7 in ∼50% yield upon
chromatographic purification. 7 was then saponified to
the corresponding acid (80%) which upon conversion into
imine with ethylenediamine gave the bis-anionic salen
7b in 90% yield. This on complexation with NiCl2 in a
mixture of MeOH/CHCl3 afforded the salen 4 in ca. 70%
yield. All the final compounds and the intermediates
were characterized by UV-vis, FTIR, and 1H-NMR
spectroscopy and by elemental analysis. The details of
the synthesis and characterization of each of the new
compounds are given in Experimental Procedures.
Absorption Titration. DNA appears to be a conve-

nient target for different metal complex-based reagents
(31) as most of the metal complexes contain a variety of
potential DNA binding loci. The presence of the nucleo-
bases with ligating abilities and phosphodiester linkages
offers scope for direct coordination with a central metal
ion in a complex. Furthermore, the coordinatively “un-
saturated” sites on the metal ion centers of these com-
plexes may also promote cross-linking at different regions
within a long DNA strand or between different strands.
In addition to these, other modes of interaction such as
ion pairing or hydrogen bonding to minor or major
grooves of the DNA and the intercalation of the planar
aromatic subunits of some of these complexes into the
stacked base pairs may also be possible. The above
considerations make it clear that in principle it should
be possible to modulate the binding and reactivities of
the transition metal complexes with DNA by changing
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the central metal ion, its oxidation state, and the
electrostatic character of the ligands of the metal com-
plexes.
In the present study, we investigated the interactions

between the newly synthesized salen complexes with
DNA. The binding of salen derivatives (1) and its various
metal complexes to duplex DNA led to decreases in the
absorption intensities with a small amount of red shifts
in the UV-vis absorption spectra of the salen species.
Figure 1 shows the absorption spectra of the bis-cationic
salen analogue 1 and its various metal complexes in the
presence and absence of varying concentrations of E. coli
genomic DNA. Absorption titrations with a given com-
pound were carried out by adding increasing amounts of
E. coli genomic DNA of a known concentration into a
solution [Tris-HCl buffer (pH 7.4)] containing a fixed
concentration of the metal complex or the ligand by
following changes in the UV-vis spectroscopy after each
addition. The addition of DNA was continued until a
saturation in the observed spectral changes for a given
system was reached. The absorption titration of different
metal complexes or the ligand with E. coli genomic DNA
allowed us to obtain estimates of the binding constants
of the individual metal complexes with DNA.
Curve 1 in Figure 1A shows the UV-vis spectrum due

to an aqueous solution (pH 7.4 Tris buffer) containing
2.14 × 10-6 M ligand 1 alone in the absence of DNA.
Curves 2 and 3 show spectra due to 1 manifested upon
addition of increasing amounts of E. coli genomic DNA.
It is clear that the progressive addition of DNA leads to
strong hypochromism in the absorption intensity of 1
finally reaching a saturation at P/D ) 2.3, where P is

the concentration of the DNA in phosphate molarity and
D is the concentration of the compound used in the study
(ligand, 1). The saturation plot obtained by plotting Ao/A
against [DNA] due to this titration is also given (inset of
Figure 1A).
Panels B-D of Figure 1 show the results of the UV-

visible absorption titration of bis-cationic metal com-
plexes 2a-c, respectively, in the presence of increasing
amounts of E. coli genomic DNA. Spectral trace 1 in all
of these panels represents the UV-vis absorption spectra
of metal complexes 2a-c, respectively, in pH 7.4 Tris
buffer in the absence of any DNA. In each instance, the
addition of progressively increasing amounts of DNA
resulted in gradual hypochromism in the absorption
intensities of the respective metal complexes which
finally reached saturation. The insets in panels B-D of
Figure 1 show the corresponding saturation plots.
The results of the absorption titration in the presence

of progressively increasing amounts of DNA with either
tricationic Mn complex 2d or monocationic Mn complex
5 are shown in panels E and F of Figure 1, respectively.
In either of these cases, spectrum 1 (in the absence of
DNA) gradually changed to traces 2 and then to 3 upon
addition of increasing amounts of DNA. Continuous
decreases in the intensities of absorption due to 2d or 5
were followed by saturation at high concentrations of
DNA (insets in panels E and F of Figure 1, respectively).
Isosbestic points are clearly observed in panels A (∼290

and ∼305 nm), B (∼330 nm), C (∼290 nm), D (∼300 nm),
and F (∼260 and ∼330 nm) of Figure 1 for binding of
respective salens with DNA. The presence of the isos-
bestic points in these titrations suggests that chemical

Scheme 1
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equilibria exist between the bound and the free metal
complexes or the ligand with no spectroscopically detect-

able intermediate states in the presence of DNA in each
of the above instances. Strong hypochromism and spec-

Figure 1. Absorption titration spectra of the ligand and different metal complexes in the presence of E. coli DNA. The absorption
titrations were carried out by keeping the concentration of the complex constant while adding increasing amounts of E. coli genomic
DNA until the saturation was reached. In all cases, spectrum 1 represents probe alone in the absence of any DNA; spectra 2 and
3 were obtained upon addition of increasing concentrations of DNA while keeping the probe concentration fixed. (A) 1 vs DNA. [1]
) 2.14 × 10-6 M. (B) 2a vs DNA. [2a] ) 5.67 × 10-6 M. (C) 2b vs DNA. [2b] ) 2.6 × 10-6 M. (D) 2c vs DNA. [2c] ) 3.9 × 10-6

M. (E) 2d vs DNA. [2d] ) 2.56 × 10-6 M. (F) 5 vs DNA. [5] ) 2.1 × 10-6 M. (G) 3 vs DNA. [3] ) 5.7 × 10-6 M. (H) 4 vs DNA.
[4] ) 7.19 × 10-6 M. (Insets) Respective saturation plots. The saturation in absorption intensity hypochromism is indicated by the
plot of Ao/A vs [DNA] in phosphate molarity, where Ao and A are the absorption intensities in the absence and in the presence of
varying concentrations of DNA, respectively.
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tral broadening in absorption intensity indicate intense
interaction between the electronic states of the complex
chromophore with that of DNA bases.
Panels G and H of Figure 1 show the UV-visible

absorption titration spectra for themonoanionic and the
dianionic Ni complexes 3 and 4, respectively, with DNA.
Interestingly, in either of these instances, small or no
significant spectral changes were observed upon addition
of increasing amounts of DNA to solutions containing the
above anionic metal complex 3 or 4.
Experimentally determined parameters from the ab-

sorption titration for the different free and DNA-bound
metal complexes as well as the metal free ligand are
collected in Table 1. The data clearly demonstrate that
the electronic spectra of all the cationic metal complexes
as well as those of the bis-cationic, water-soluble, metal
free ligand are indeed significantly affected upon binding
to DNA. This is in marked contrast with the absorption
titration involving the anionic metal complexes in the
presence of increasing amounts of DNA (panels G and H
of Figure 1).
The structural characteristics of compounds 1 and

2a-d are such that each of them is dicationic in the
bivalent oxidation state of the central metal ion. Ligands
in such complexes have positively charged residues
through a short spacer chain [(CH2)3NMe3+]. These
pendant NMe3+ residues remain positively charged ir-
respective of the pH and anionic strength of the media.
Thus, the overall positively charged character of the
metal complexes provides the basis for electrostatic
binding of these compounds with polyanionic DNA.
Under our experimental conditions, the bis-cationic

metal complexes, including that of Cu(II), showed strong
interaction with DNA as shown by the pronounced
hypochromism and red shift. This is in contrast to the
observation reported in the DNA binding studies of the
Cu(II)-salen analogue by Sato et al. It is noteworthy
that the ionic strength (50 mM) used by Sato et al. was
much higher than the one used in the present study.
Binding of several other metal chelates with DNA was
previously shown to depend on the ionic strength of the
media in which the titration experiments were conducted.
Binding Constants of Salen-DNA Association.

The association constants of different metal complexes
or the ligand with DNA were calculated by employing
the method (half-reciprocal plot) using eq 1 as described
previously (cf. Experimental Procedures). The half-
reciprocal plots for different compounds were constructed
using the most affected wavelength maxima as deter-

mined from the respective absorption titration experi-
ments. Importantly, the plots of D/∆εap vs D resulted in
straight lines (Figure 2) for the absorption titration of 1
and 2a-c with DNA. Individual association constants
due to DNA binding with 1 and 2a-c are given in Table
2. It is important to note that under comparable condi-
tions, however, when the absorption titration data of
either 2d or 5 in the presence of DNA were plotted, the
resulting fits did not give linear (straight) half-reciprocal
plots. Thus, the saturation plots corresponding to Mn
complexes 2d and 5 (insets of panels E and F of Figure
1, respectively) differed from the other saturation plots
given in the insets of panels A-D of Figure 1 with other
metal complexes or the ligand 1. These findings suggest
that the binding mode of either of these manganese-based
metal complexes (2d and 5) with DNA relative to that of
the free ligand or its Co(II), Cu(II), or Ni(II) complex
counterparts could be different, although all of the salen
complexes showed strong absorption hypochromicities as
long as the compounds contained net cationic charge.
Similar differences were also apparent while the effects
of inclusion of these metal complexes on the DNAmelting
were examined (see below).
Effect of the Addition of Salt on DNA Binding.

To elucidate the influence of the ionic strength on the
DNA binding abilities of the above metal complexes, we
then studied the effects of the addition of increasing
amounts NaCl and MgCl2 on the DNA binding of one of
the above metal complexes, e.g. 2b. This experiment was
performed by progressive addition of several aliquots of
concentrated solutions of either NaCl or MgCl2 into a
solution containing fully DNA-bound 2b. In Figure 3,
spectral trace 1 respresents the UV-vis absorption
spectrum due to the solution containing 2b alone (2.63
µM), in the absence of DNA. Spectrum 2 in Figure 3
shows the UV-vis absorption spectra of fully DNA-bound
2b obtained upon addition of excess CT DNA to the
solution containing 2b. Traces 3 and 4 were obtained
upon addition of 30 and 45 mM NaCl to the 2b-DNA
complex. Thus, addition of increasing amounts of NaCl
into the 2b-DNA complex led to an apparent hyper-
chromism in the absorption intensities of 2b finally
reaching a saturation. While further addition of NaCl
did not lead to any spectral changes, addition of a
concentrated aqueous solution of MgCl2 into the above
led to further hyperchromism (trace 5, [MgCl2] ) 15 mM).
In a separate experiment, we also examined the effect

of the addition of several aliquots of aqueous solutions
of MgCl2 to a solution containing the 2b-DNA complex
(figure not shown). Upon addition of increasing amounts
of MgCl2, the apparent hyperchromism in the absorption
intensities of the metal complex was observed, finally
reaching a saturation. To obtain the same extent of
hyperchromism in absorption intensities of the DNA-
bound 2b, nearly half the concentration of MgCl2 was
required compared to that of NaCl. Notably, the satura-
tion in the hyperchromism in the absorption intensities
of the DNA-bound 2b obtained by the addition of excess
MgCl2 could not be altered by further addition of NaCl.
The hyperchromism observed upon addition of increas-

ing amounts of salt to salen-bound DNA could be
explained by considering the enhanced charge neutral-
ization of the negatively charged DNA in the presence
of the metal ion of the salt (26). This charge neutraliza-
tion minimizes the intra and interstrand repulsion
between the DNA double helix, promoting the formation
of more “compact” DNA structure. Under these circum-
stances, the average distance between base pairs is
decreased. This makes the accommodation of 2b into the
duplex DNA difficult. The dicationic nature of Mg2+ ion

Table 1. UV-Vis Absorption Spectral Properties of
Metallosalens and Metal Free Ligand in the Presence
and Absence of E. coli Genomic DNAa

wavelength maxima (nm)b

compound free bound
% hypochromismc

(λmax, nm)

1 335, 281, 248 344, 282, 251 30 (335), 20 (281),
33 (248)

2a 381, 259 389, 260 18 (381), 57 (259)
2b 336, 282, 249 345, 292, 250 54 (336), 31 (282),

43 (249)
2c 262, 258 262, 253 25 (262), 34 (258)
2d 293, 245 293, 248 45 (293), 71 (245)
3 450, 372, 300, 250 d d
4 376, 258 d d
5 280, 237 280, 237 55 (237)

a See the text for the details of the experimental conditions.
b Upon binding with DNA, the λmax due to the bound complex
which was used for the construction of half-reciprocal plots is
italicized. c E. coli genomic DNA was purified by the phenol-
chloroform extraction as described in the text. d No significant
spectral changes were observed.
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affects the charge neutralization of DNA twice as ef-
fectively as the monocationic Na+ ion. This explains why
at nearly 50% concentration of MgCl2 relative to that of
NaCl the same extent of hyperchromism in absorption
intensities of the 2b-DNA complex could be attained.
Taken together, all of the above observations suggest that
intercalation may be important, but all of the above can
also be explained on the basis of charge neutralization
and may also involve groove binding or phosphate bind-
ing.
Binding of the Salen 2a to Denatured DNA. In

the present study, we compared the binding ability of the
Ni complex 2a toward the double-stranded DNA as
opposed to that with alkali-denatured DNA. The double-
stranded CT DNA was denatured using concentrated,
aqueous NaOH. Trace 1 (Figure 4) stands for the

complex 2a (3.35 µM) alone in the absence of DNA.
Spectral trace 2 is obtained after the addition 5.83 µM
(base molarity) alkali-denatured CT DNA (pH ∼11) to
2a. Under these conditions, the absorbance peak at 259
nm was reduced by about ∼65% compared to that
observed with native double-stranded CT DNA. The
decrease in the pH of this solution by progressive addition
of small aliquots of aqueous HCl solution led to successive
increases in hypochromism reaching a minima (∼55%)
at around pH 7 (traces 3-8).
The initial, small extent of hypochromism observed in

the absorption intensity of the Ni complex 2a in strongly
alkaline media even in the presence of excess DNA
suggested a weak binding of the probe 2a with the

Figure 2. Half-reciprocal plots for binding of different complexes with E. coli DNA. The half-reciprocal plots for different complexes
were obtained by plotting D/∆εap vs D according to eq 1 as described in Experimental Procedures. Panels A-D show the half-
reciprocal plots for DNA binding due to 1 and 2a-c, respectively. The binding constants for 1 and 2a-c were calculated as 3.6 ×
105, 5.2 × 105, 6.0 × 105, and 10.0 × 105 M-1, respectively, by taking the corresponding ratio of the slope to y-intercept.

Table 2. Binding Constants and Related Parameters for
DNA-Metallosalen Associationa

compound 106[compound] (M)b 106[DNA]c (M) 10-5Kd (M-1)

1 2.1 8.4 3.6
2a 5.7 4.3 5.2
2b 2.6 6.2 6.0
2c 3.9 70.0 10.0
2d 2.6 11.1 e
3 5.7 50 f
4 7.2 180 f
5 2.2 12.4 e

a For binding constant determination, see the text for details.
b The concentrations of the compounds were fixed at the given
values. c Saturating concentration of DNA. d K was determined
from the ratio of the slope to the y-intercept of each of the half-
reciprocal plots as described in Experimental Procedures. We
estimate that the values determined for K for the titration
experiments are within (5%. e Interpolation of the binding titra-
tion data did not result in a linear half-reciprocal plot, and hence,
binding constants could not be calculated. f No significant binding
was observed.

Figure 3. Effect of the addition of salt on DNA binding. This
was performed by examining the UV-vis spectra upon addition
of progressively increasing amounts of various salts to a 2b-
DNA complex solution: trace 1, 2b alone, [2b] ) 2.63 × 10-6

M; and trace 2, with excess CT DNA, [DNA] ) 5.83 × 10-6 M
in base molarity. Traces 3 and 4 contain the 2b-DNA complex
in the presence of 30 and 45 mM NaCl. Trace 5 contains the
2b-DNA complex in the presence of 15 mM MgCl2.
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denatured CT DNA. Increasing amounts of HCl addition
decrease the pH of the solution by making the conditions
more favorable for the renaturation of DNA. Under these
circumstances, the formation of more double-stranded
DNA duplexes was therefore facilitated. The increase
in hypochromism with decreasing pH therefore indicates
that there is stronger electronic interaction of the Ni
complex with double-stranded DNA upon renaturation.
This is in complete agreement with the fact that the
absorption hypochromism was maximal at pH ∼7 where
the DNA is present predominantly in the renatured form.
A further decrease in pH (below 6.5) also results in the
protonation of the DNA bases. Under these circum-
stances, there is a strong distortion in the DNA structure
(32). This was reflected in the reduction in hypo-
chromism with a further decrease in pH (not shown).
Taken together, these results clearly demonstrate that
the salen 2a does not physically bind to single-stranded
DNA to the extent it does with native duplex DNA.
Effects of Salen Binding on DNA Melting. Ad-

ditional information concerning the role of DNA binding
by different metallosalens was available from the thermal
denaturation studies. The melting temperature studies
clearly demonstrate that strong interactions between the
different cationic metal complexes with CT DNA. The
melting profiles of CT DNA in the absence and presence
of various metal complexes are shown in Figure 5. Curve
1 in Figure 5 shows the melting profile of 72 µMCT DNA
alone (Tm ∼ 62 °C) in 5 mM Tris-HCl buffer (pH 7.4).
Curves 2-6 show the melting profiles of the CT DNA in
the presence of 2a (1.7 × 10-5 M), 2b (1.6 × 10-5 M), 2c
(2.1 × 10-5 M), 2d (2.6 × 10-5 M), and 5 (2.6 × 10-5 M),
respectively. These experimentally determined melting
temperature data for CT DNA in the absence and
presence of different metal complexes are given in Table
3. The binding of either of 2a or 2b to DNA led to the
enhancement of the melting temperature by∼18 and∼10
°C, respectively, from that of the DNA alone, and the
corresponding melting profiles were also found to be
sharp. So the binding of either 2a or 2b increased the
thermal stability of DNA duplexes as shown by the
enhancement in the Tm values of CT DNA in the presence

of these compounds. This enhancement in melting
temperatures could be due to intercalative binding of the
metal complexes with DNA, although other modes of
binding are also possible. In the presence of 2d, a
complicated, apparently biphasic melting transition pro-
file with one at ∼51 °C and another one at ∼79 °C was
observed. This might indicate the differences in the mode
with which 2d interacts with DNA as opposed to 2a-c.
The melting profile of DNA in the presence of 5 becomes
slightly broadened, although the melting temperature did
not change significantly.
In 2a and 2b, the pendant positive charges (away from

the metal complex core) bring them closer to DNA on
electrostatic grounds, leaving the neutral, flat, aromatic
region of the complex favorably disposed for further
interaction with DNA duplexes. These features in 2a and
2b probably contribute to the significant enhancement
in DNA melting temperatures. But in the case of
Mn(III) complexes 2d, the complex core bears additional
positive charge which probably alters the mode of binding
of such complexes with DNA. That is why we see either
insignificant changes in Tm upon binding of 5 with DNA
or a more complex biphasic DNA melting profile with
tricationic 2d. In the case of Co(II) complex 2c, the

Figure 4. Binding of 2a to denatured DNA. This was
performed by adding an aliquot of alkali-denatured CT DNA
into solution of 2a. An absorption spectrum was recorded, and
the same was followed by addition of increasing amounts of
aqueous HCl to this mixture to allow progressive slow renatur-
ation. Trace 1 is for 2a alone in the absence of any DNA; [2a]
) 3.35 × 10-6 M. Trace 2 shows UV-vis the spectrum of 2a in
the presence of 5.83 × 10-6 M CT DNA ([NaOH] ) 5.0 × 10-3

M). Traces 3-7 were obtained by adding successively each time
1.5 µL of 0.6 M aqueous HCl.

Figure 5. Effect of the inclusion of different metal complexes
on the melting of CT DNA. Melting profiles of CT DNA in the
presence or absence of different compounds were obtained by
plotting the changes in the absorption intensities at 260 nm as
a function of temperature. These experiments were carried out
with 72 µM (bM) CT DNA with 5 mM Tris-HCl at pH 7.4: curve
1, CT DNA alone; and curves 2-6, melting profiles of CT DNA
in the presence of 2a (1.74 × 10-5 M), 2b (1.63 × 10-5 M), 2c
(2.09 × 10-5 M), 2d (2.59 × 10-5 M), and 5 (2.63 × 10-5 M),
respectively.

Table 3. Melting Transitions for Calf Thymus DNA in
the Presence of Various Metallosalen Complexesa

entry probe 105[probe]b Tm (°C)c

1 d d 62
2 2a 1.74 80
3 2b 1.63 72.5
4 2c 2.09 67.5
5 2d 2.59 79, 51
6 5 2.63 62

a The DNA melting was carried out at a DNA concentration of
72 µM (base molarity). b The concentration of the salen used. c The
melting temperatures were obtained in the presence of salen and
are within (1 °C. d Melting temperature of the DNA alone.
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increase of the DNA melting temperatures was found to
be ∼5 °C. It is important to note that, in order to bring
a comparable magnitude of absorption hypochromicity,
a DNA concentration nearly 1 order of magnitude greater
was necessary with this complex relative to that of 2a
and 2b. The exact reasons for the somewhat modest
increases in the DNA melting temperature and the
requirement of a higher concentration of DNA during
absorption titration are difficult to interpret adequately
at this time. However, it could be (i) due to the ability
of 2c to promote DNA scission even in the absence of co-
oxidants and (ii) owing to its high oxygen binding
capacity (24) the resulting complex may also adopt a
nonplanar shape. This deviation from planarity could
alter the mode of its interaction with DNA.
DNA Cleavage Studies. The DNA cleavage abilities

of different metal complexes in the presence and absence
of co-oxidants were investigated with the aid of electro-
phoresis on agarose gel by noting the conversion of the
supercoiled plasmid (form, I, FI) to a nicked circle (form,
II, FII) and then to the completely linear form (form III,
FIII). As shown in Figure 6A, compounds 2a, 2d, and 5
were able to induce oxidative cleavages of DNA. Incuba-
tion of the plasmid DNA pTZ19R at 37 °C for 5 min with
10 µM 2a, 2d, and 5 in the presence of MMPP caused
appreciable conversion of form I to the nicked circular
form II (lanes 9, 7, and 5, respectively, in Figure 6A).
The use of higher concentrations of these reagents (0.1
mM) and longer incubation (>15 min) with DNA resulted
in double-strand cleavages or even complete degradation
(smears) of DNA (figure not shown). Densitometric
examination revealed that the DNA nicking efficiencies
of tricationic 2d were a little higher than that of mono-
cationic 5 under comparable conditions. Control experi-
ments verified that any of the above metal complex by
itself (in the absence of MMPP) could not affect detectable
DNA scission. Significantly, compound 2b did not show
any DNA cleavage activity in the presence or absence of
MMPP or any other oxidants, e.g. oxone or H2O2 (figure
not shown). Even with low 2a concentrations in the
presence of MMPP, double-strand scission was appre-
ciable. With the Co(II) complex 2c, the situation was
more complex. It did not appear to show significant DNA
nicking when examined on an agarose gel either in the
absence or in the presence of MMPP (lanes 10 and 11,
respectively). However, more careful examination under
a high-resolution sequencing gel confirmed that 2c also
induced considerable DNA modification in the absence
of MMPP (see below).
To explore the possibilities of whether a mixture of a

given metal ion and the water-soluble ligand 1 could
induce DNA cleavage activity, we then went on to
examine the DNA cleavage reactions in situ by mixing
equimolar quantities of 1 with any one of the metal salts,
and the reaction products were separated by agarose gel
electrophoresis. Figure 6B shows the agarose gel for the
DNA cleavage reactions carried out with various mix-
tures prepared in situ by adding individual metal ion to
a solution of the ligand 1 in the presence and the absence
of co-oxidant MMPP. Lanes 1 and 2 in Figure 6B contain
supercoiled plasmid DNA pTZ19R alone and in the
presence of 0.5/mM MMPP, respectively. Lanes 3, 4, 8,
12, and 15 contain 50 µM 1, manganese(II) acetate,
nickel(II) chloride, cobalt(II) acetate, and copper(II)
acetate, respectively, in the presence of 0.5 mM MMPP.
Lanes 5, 9, and 16 contain 50 µM mixtures of Mn(II),
Ni(II), and Cu(II), respectively, with 50 µM 1 in the
absence of MMPP. Lanes 6 and 7 contain DNA treated
with 10 and 50 µM in situ-prepared Mn(II) complex,
respectively, in the presence of MMPP. Lanes 10 and

11 contain DNA in addition to 10 and 50 µM in situ-
prepared Ni(II) complex in the presence of MMPP. Lanes
17 and 18 contained DNA treated with 50 µM of Cu(II)
and Cr(III) complex (prepared in situ), respectively, in
the presence of 0.5 mM MMPP. The examination of the
electrophoreetic profile makes it clear that neither the

Figure 6. DNA cleavage studies and agarose gel assay. DNA
cleavage abilities of the different metal complexes were exam-
ined using supercoiled plasmid pTZ19R (0.25 µg/reaction) in the
presence and absence of 0.5 mM MMPP at 37 °C for 5 min in a
10 µL total reaction volume, and the reaction products were
analyzed in 1% agarose gel and then stained with ethidium
bromide and photographed. (A, top) DNA cleavages by different
metal complexes. Lane 1 shows DNA molecular weight mark-
ers. Lanes 2 and 3 are supercoiled plasmid pTZ19R alone and
in the presence of 0.5 mM MMPP, respectively. Lanes 4, 6, 8,
and 10 contained the same DNA treated with 10 µM 5, 2d, 2a,
and 2c, respectively, in the absence of MMPP. Lanes 5, 7, 9,
and 11 contained the same DNA treated with 10 µM 5, 2d, 2a,
and 2c, respectively, in the presence of 0.5 mM MMPP. (B,
middle) DNA cleavages by different metal complexes prepared
in situ. The different complexes were prepared in situ by mixing
the water-soluble ligand, 1, and the respective metal salts in
equimolar quantities. Lanes 1 and 2 contain supercoiled
plasmid DNA pTZ19R alone and in the presence of 0.5 mM
MMPP, respectively. Lanes 3, 4, 8, 12, and 15 contain 50 µM
1, manganese(II) acetate, nickel(II) chloride, cobalt(II) acetate,
and copper(II) acetate, respectively, in the presence of 0.5 mM
MMPP. Lanes 5, 9, and 16 contain 50 µM mixtures of Mn(II),
Ni(II), and Cu(II), respectively, with 50 µM 1 in the absence of
MMPP. Lanes 6 and 7 contain DNA treated with 10 and 50
µM in situ-prepared Mn(II) complex, respectively, in the pres-
ence of MMPP, and lanes 10 and 11 contain 10 and 50 µM in
situ-prepared Ni(II) complex in the presence of MMPP. Lanes
17 and 18 contained DNA treated with 50 µM Cu(II) and Cr-
(III) complex (prepared in situ), respectively, in the presence of
0.5 mM MMPP. Lanes 13 and 14 contain 50 µM in situ-
prepared Co(II) complex in the absence and presence of 0.5 mM
MMPP, respectively. (C, bottom) DNA cleavages by Ni com-
plexes of 2a, 3, and 4. Lanes 1 and 2 contain the DNA alone
and in the presence of 0.5 mMMMPP, respectively, Lanes 3, 5,
and 7 contain DNA incubated with 10 µM 2a, 3, and 4,
respectively, in the absence of MMPP. Lanes 4, 6, and 8 contain
DNA incubated with 10 µM 2a, 3, and 4, respectively, in the
presence of 0.5 mM MMPP.
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metal free ligand nor the ligand free metal ions even in
the presence of MMPP could induce any DNA nicking.
The DNA nicking was observed only when Mn(II) and
Ni(II) were treated with 1 in the presence of MMPP
(lanes 6 and 7 and 10 and 11, respectively). In the
presence of even micromolar concentrations of either
Mn(II)-1 or Ni(II)-1 and MMPP, efficient DNA cleav-
ages were observed. However, the combination of 1 with
any of the Cu(II) (lane 17), Cr(III) (lane 18), Fe(II), or
Zn(II) ions showed no detectable nicking even in the
presence of MMPP.
It is evident that in this experiment it is possible to

demonstrate that the DNA cleavage activities between
the preisolated metal complexes and the metal complexes
prepared in situ are quite similar. These results further
demonstrate that it is indeed possible to modulate the
reactivity of DNA cleavage by changing the central metal
ion of a complex under the same ligand environment.
Moreover, the DNA cleaving ability of different metal
complexes could be monitored by using the metal com-
plexes prepared in situ without requiring their prior
preparation, purification, and characterization.
Role of the Charge on the Metal Complexes. In

order to elucidate the role of the charge on the metal
complexes toward the DNA cleavage reactions, the DNA
modification abilities of monoanionic and dianionic Ni
complexes 3 and 4 in the presence and absence of co-
oxidant MMPP were examined. The results of these
DNA cleavages were compared with that of the bis-
cationic Ni complex 2a. Figure 6C shows the compara-
tive DNA cleavage abilities of 2a, 3, and 4. Lanes 1 and
2 contained the DNA alone and in the presence of 0.5
mM MMPP, respectively. Lanes 3, 5, 7, contained DNA
incubated with 10 µM 2a, 3, and 4, respectively, in the
absence of MMPP. Lanes 4, 6, 8 contained DNA incu-
bated with 10 µM 2a, 3, and 4 respectively, in the
presence of 0.5 mMMMPP. Thus, while in the presence
of MMPP, the cationic Ni complex 2a cleaves DNA
efficiently (lane 4); neither monoanionic 3 nor the dian-
ionic 4 induces and DNA scission under comparable
conditions. This inability of 3 and 4 to induce DNA
cleavage must be due to their unfavorable electrostatic
character which impedes any significant interaction with
the DNA. These results emphasize the fact that the
presence of cationic charge around the reagent moiety is
essential to bringing it close to DNA surfaces. Impor-
tantly, the inabilities of the anionic Ni complexes 3 and
4 to induce DNA modifications further suggest that the
active species involved in the DNA cleavage processes
described herein with the dicationic Ni complex are not
diffusible in nature.
Primer Extension Assay and Autoradiogram.

The examination of the DNA cleavage patterns produced
by different metal complexes (shown below) has been
confined only to those complexes that could apparently
produce apparent single- and double-strand breaks in
DNA on an agarose gel. The DNA modification patterns
produced by the different reagents were examined by
performing a primer extension assay. In this experiment,
the primer is extended (by Klenow DNA polymerase) to
the nick or any other modification in the DNA backbone.
The products of this reaction were then analyzed on a
high-resolution sequencing gel. Figure 7A shows the
chemical modification patterns caused by 20 µM reagents
(2a, 2d, 2c, and 5) on the linearized plasmid pTZ19R.
Although without appendages to DNA recognition ma-
trices, we did not anticipate any profound selectivities
in DNA modification, and we sought to find whether
there was any selectivity in DNAmodification by various
reagents. Toward this goal, we performed the usual

Sanger’s sequencing parallel to primer extension reac-
tions (lanes 1-4, G, A, T, and C, respectively.) Lanes 5
and 6 in Figure 7A are untreated DNA and with 0.5 mM
co-oxidant MMPP, respectively. Lanes 7, 9, and 11 in
Figure 7A contain 20 µM 5, 2d, and 2a, respectively,
without addition of MMPP. Lanes 8, 10, and 12 contain
20 µM 5, 2d, and 2a, respectively, in the presence of 0.5
mM MMPP. Lanes 13 and 14 showed the DNA modifi-
cation pattern produced by 2c, in the absence of MMPP.
Thus, these control experiments clearly showed that any
of the metal complexes 2a, 2d, or 5 did not generate any
cleaved products from the plasmid DNA without addition
of any co-oxidants (Figure 7A, lanes 11, 9, and 7,
respectively). We also found that reagents such as 2d,
5, and 2a cleaved DNA efficiently even at 20 µM in the
presence of 0.5 mM MMPP. The DNA cleavage efficien-
cies of 2d and 5 were found to be comparable, while 2a
was found to be somewhat more efficient under compa-
rable conditions. From the analysis of the autoradiogram
in base levels, we found that both 2d and 5 chemically
modified in DNA with some selectivity (60-65%) toward
the A‚T regions of DNA duplexes and the selectivity for
both the Mn(III) complexes are almost identical. These
observations are consistent with the reports of Griffin in
which it was already demonstrated that the related
Mn(III)-salen complexes induce A‚T selective DNA scis-
sion (16). In contrast, Ni(II) complex 2a preferred to
induce nicks in the G‚C region (∼70%) (19a). Thus, from
these results it appears that it is also possible to change
the selectivity of DNA modification to some extent by
changing the central metal ion in a complex while
keeping the ligand environment the same. These intrin-
sic selectivities, although modest, might indicate prior
coordination to preferred base regions of the duplexes by
the metal ions of 2a, 5, or 2d. It is noteworthy that the
Co complex 2c alone also induced DNA modifications
(without any co-oxidant MMPP) with little G selectivity
(lanes 13 and 14, respectively). More significantly, in the
presence of MMPP, 2c did not cleave DNA at all (figure
not shown). It is therefore apparent that 2c-mediated
DNA cleavage processes are not related to the DNA
nicking events observed with Ni(II) or Mn complexes wich
required the presence of co-oxidant MMPP.
The autoradiogram in Figure 7B shows the DNA

cleavage pattern produced by 2d and 2a, respectively,
toward supercoiled DNA and linearized DNA to elucidate
the dependence of efficiencies and selectivities on second-
ary structures of nucleic acid. Lanes 6 and 8 in Figure
7B represent linearized and supercoiled plasmid pTZ19R
alone, respectively. Lanes 2 and 4 show the supercoiled
DNA after treatment with 5 µM 2d and 2a, respectively,
in the absence of any MMPP. Lanes 1 and 3 contain
supercoiled plasmid after treatment with 5 µM 2d and
2a, respectively, in the presence of 0.5 mM MMPP.
Lanes 5 and 7 contain linearized DNA after treatment
with 20 mM 2d and 2a, respectively, in the presence of
0.5 mMMMPP. Thus, it is quite clear that the efficiency
of DNA cleavage produced by either of the reagents 2d
and 2a was more on supercoiled DNA over its linearized
counterpart at higher concentrations of the reagents are
necessary for linearized DNA to produce a comparable
cleavage pattern.
In order to independently confirm the results obtained

from the primer extension reactions, we also carried out
parallel control DNA cleavage experiments (not shown)
32P-end-labeled double-stranded DNA fragments (ap-
proximately 200 bp). These results clearly showed that
the Mn and Ni complexes could generate cleaved DNA
fragments, although in the case of the Ni complex, few
additional high-molecular weight bands possibly due to
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reagent-induced cross-linking were also seen. The ob-
servation of the formation of cross-linked bands is
consistent with earlier report of Burrows and Rokita (17b,
c).
Possible Mechanism. The active species responsible

for the DNA modification by the Ni complexes are
probably derived from Ni(III) species. We assume there-
fore that the scheme proposed by Burrows (17b) persists
in the present case also in which a related Ni-salen
analogue was used. On this basis, we anticipate the

involvement of an activated Ni(III) species for such
profound DNA scission. We also examined the redox
behavior of the Ni(II) complex under cyclic voltammetry
(not shown). The complexes were found to undergo
oxidative polymerization at the electrode surfaces. This
finding also suggests a possible ligand-radical coupling
involving the phenolic portion of the salen unit, where
Ni(II) is oxidized to Ni(III) Goldsby et al. reached similar
conclusions independently in their studies involving
Ni(II)-bis(salicylaldimine) complexes (33). Formation of

Figure 7. Sequencing and autoradiography. The sequence or the base specificities in DNAmodification by different metal complexes
in the presence and absence of different metal complexes were determined by performing primer extension. The 32P-end-labeled
primer was allowed on the chemically cleaved DNA fragments in the absence of any dideoxy nucleotide, and the primer extension
products were analyzed on 8 M urea PAGE and autoradiogrammed. (A, left) DNA cleavage patterns produced by different metal
complexes in the absence and presence of cooxidant MMPP. Lanes 1-4 are Sanger’s sequencing reactions G, A, T, and C, respectively.
Lanes 5 and 6 are untreated DNA and DNA with 0.5 mM MMPP, respectively. Lanes 7, 9, and 11 contain 20 µM 5, 2d, and 2a,
respectively, without addition of MMPP. Lanes 8, 10, and 12 contain 20 µM 5, 2d, and 2a, respectively, in the presence of 0.5 mM
MMPP. Lanes 13 and 14 show the DNA nicking pattern produced by 20 and 100 µM 2c, respectively, in the absence of MMPP. (B,
right) Structural (supercoiled vs linearized) dependence of DNA cleavage efficiencies for 2a and 2d. In lanes 6 and 8 are linearized
and supercoiled plasmid pTZ19R alone, respectively. Lanes 2 and 4 are supercoiled DNA treated with 5 µM 2d and 2a, respectively,
in the absence of any MMPP. Lanes 1 and 3 contained supercoiled plasmid treated with 5 µM 2d and 2a, respectively, in the
presence of 0.5 mM MMPP. Lanes 5 and 7 contained linearized DNA treated with 20 µM 2d and 2a, respectively, in the presence
of 0.5 mM MMPP.
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ligand-radical should in part be responsible for the DNA
cross-linking.
With regard to the chemistry of the Mn complexes, we

feel that the DNA cleavages in these instances are
affected in the following manner. The combination of the
salen-Mn3+ and MMPP produces direct DNA nicks
through pathways that do not require dioxygen. DNA
cleavage releases free, unmodified nucleobases. Such
observations are consistent with a plausible mechanism
involving deoxyribose CH activation potentiated by an
oxidatively activated species such as [salen-Mn(V)O]+.
The above suggestions are indeed supported in literature
from the independent work of Griffin and others (16b,
34).
The mechanistic pathways by which the Co(II)-salen-

O2-mediated DNAmodification occurs is currently under
investigation. Preliminary studies indicate that a su-
peroxide radical-mediated active species is probably
responsible for the observed DNA modification in this
instance. In the presence of MMPP, the complex is
oxidized to a Co(III) species which does not have ability
to activate dioxygen, and hence, this does not possess
DNA cleaving ability.
Concluding Remarks. In summary, we have devel-

oped several salen-based transition metal complexes
which interact with or modify DNA. The binding and
DNA modifications by such complexes can be modulated
by the charge on the salen unit and more profoundly by
the selection of the central metal ion. Only the salens
with net cationic electrostatic character bind DNA, and
the physical binding of the salen complexes does not occur
to denatured (predominantly single-stranded) DNA to the
extent that it does with native double-stranded DNA.
Thus, probably a combination of the electrostatic and
intercalative/groove binding interactions with DNA raise
the duplex melting temperatures significantly. The
anionic salens neither bind DNA nor induce strand
scission irrespective of the central metal ion selected. The
supercoiled forms of the plasmid DNA were found to be
more susceptible to scission compared to their linearized
forms by the cationic salens. Thus, to obtain comparable
degrees of DNA cleavage, higher concentrations of the
reagents were necessary with the linearized DNA.
The present findings demonstrate that modulation of

the reactivities of the salen-based reagents toward DNA
is possible and form a basis for further exciting studies.
The newly introduced salen derivatives when tethered
to suitable nucleic acid structural recognition matrices
should be attractive as sequence specific reagents. Elu-
cidations of the exact reaction conditions and mechanistic
pathways for such important applications and also for
the mapping of DNA tertiary structures are currently
underway in our laboratory.
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Studies on Base-Boronated Oligonucleotides. 2 (1). Incompatibility
of DMT and Cyanoborane Groups during Oligonucleotide Synthesis
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The cyanoborane (-BH2CN) nucleosides and nucleotides are a new class of compounds that mimic
natural and synthetic congeners in many ways and exhibit interesting biochemical and biophysical
properties. The B-N bond is isoelectronic with the C-N+ bond of N7-alkylated 2′-nucleosides, as
well as the C-C bond of naturally occurring 7-alkyl-7-deazanucleosides. These compounds differ from
normal guanosine in that they are incapable of hydrogen bonding at the 7-position. The syntheses of
N7-cyanoborane 2′-deoxyguanosine,N2-(dimethylaminomethylene)-N7-cyanoborane 5′-(dimethoxytrityl)-
2′-deoxyguanosine (3), and N2-isobutyryl-N7-cyanoborane 5′-(dimethoxytrityl)-2′-deoxyguanosine (9)
are described. Removal of the dimethoxytrityl (DMT) group from 3 or 9 is accompanied by significant
loss of the cyanoborane moiety. Additionally, dimethoxytritylation of a cyanoboronated nucleoside
leads to partial deboronation, thus limiting use of the commercially available 5′-DMT nucleosides as
viable precursors in base-boronated oligonucleotide synthesis. The incompatibility of the cyanoborane
moiety under DMT removal/addition conditions necessitated the search for an alternative method of
protecting the 5′-hydroxyl of the nucleoside. This paper addresses the possible cause of deboronation
and describes the synthesis of N7-cyanoboronated nucleosides by a method that avoids transient
protection of the sugar hydroxyls.

INTRODUCTION

Boronated nucleic acids are a class of compounds that
mimic natural and synthetic congeners in many ways.
The base-boronated nucleoside, N7-cyanoborane-dG (7b-
dG) (2), wherein one endocyclic nitrogen is coordinated
with the cyanoborane (-BH2CN) moiety, resembles the
N7-methyl-2′-deoxynucleoside and also a naturally oc-
curring 7-deazanucleoside like nucleoside Q found in
tRNA (3) (see Figure 1). All three compounds preclude
hydrogen bonding at position 7 of guanine, and the B-N
bond of 7bdG is isoelectronic with the C-N+ bond of N7-
alkylated nucleosides and the C-C bond of 7-alkyl-7-de-
azanucleosides. Cyanoboronated nucleosides exhibit po-
tent antitumor activity in mammalian cell lines, and anti-
inflammatory and hypolipidemic activity in mice (4-6).
Oligonucleotides having N7-cyanoborane 2′-deoxygua-

nosine units are of particular interest because they are
capable of Watson-Crick type base pairing, yet the
presence of an N7-cyanoborane substituent precludes
Hoogsteen-type base pairing as might be found in triplex
DNA (7). The cyanoborane group also imparts stability
toward cleavage of the glycosidic bond; 7bdG is more
stable to depurination at acidic pH than is normal dG
and is far more stable in both acidic and basic buffers
than the corresponding N-alkylated derivatives (8). We
recently reported thatN7-cyanoborane 2′-deoxyguanosine
triphosphate (5′-7bdGTP) serves as an excellent substrate
for DNA polymerases, including the thermostable Vent
and Taq polymerases, and is incorporated within an
M13mp2 DNA duplex efficiently (9, 10). The unique
properties exhibited by 7bdG and the resistance of 7bdG

oligos to restriction endonucleases (10, 11) have led us
to explore chemical methods for the synthesis of mono-
mers and oligomers containing the cyanoborane moiety.
Development of methods for the synthesis of base-

boronated oligonucleotides both in solution and on solid
support has been one of the main research goals in our
laboratory (2). Because of their superior stability (8), we
have focused our attention on oligonucleotides containing
cyanoborane modification at the endocyclic nitrogen of
the base, especially at N-7 of guanine (1). We recently
(1) reported the synthesis of the nine possible dinucleo-
side monophosphates containing the 7bdG moiety.
Oligonucleotide synthesis requires protection of func-

tional groups not participating in the condensation
reaction. We have attempted the synthesis of boronated
oligonucleotides using monomers containing a 4′,4′-
dimethoxytrityl (DMT) protecting group at the 5′-sugar
hydroxyl (12) and found that the two groups are incom-
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Figure 1. Structure of N7-modified nucleosides.
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patible. Substantial loss of the cyanoborane moiety
accompanies both the attachment of the DMT group to,
and its removal from, the 5′-OH group of 7bdG. A
systematic investigation of the possible cause of debor-
onation has been studied, and the results are sum-
marized in the present paper.

EXPERIMENTAL PROCEDURE

Materials and Methods. Compounds 1 (13), 4 (5),
and triphenylphosphine:cyanoborane (14) were prepared
following the literature procedure. Compound 8 was
purchased from Sigma. Bu4NF (1.1 M in THF) was
purchased from Aldrich. Pyridine was distilled from
phosphorus pentoxide and stored over 4 Å molecular
sieves. THF was freshly distilled from sodium and
benzophenone. DMF was distilled from CaH2 and stored
over 4 Å molecular sieves. All other chemicals were of
reagent grade.
Thin-layer chromatography (TLC) was run on 0.2 mm

Kieselgel 60 F254 chromatoplates (Merck). Most of the
compounds were visualized under a short-wave UV light.
Other compounds were visualized using either I2 vapors
(for 6) or HCl vapors (for compounds with DMT group)
or by heating the chromatograph at 100 °C after the TLC
plate was sprayed with 5% sulfuric acid in methanol.
Column chromatography was performed on silica gel
(60-200 mesh, Baker); the column (i.d. ) 2.5 cm) was
prepared from a slurry of silica gel (80-85 g) in the first
eluent. Fractions of 20-25 mL were collected with a flow
rate of ∼40 mL/min.
Melting points were recorded on a Mel-Temp capillary

melting point apparatus and are uncorrected. NMR
spectra of approximately 0.1 M solutions were recorded
at ambient temperature on a Varian Associates Model
XL-300 spectrometer at 300 MHz (1H) or on a JEOL
FX90Q spectrometer at 28.7 MHz (11B). Chemical shifts
are reported in ppm (δ) and are referenced to the internal
standard; tetramethylsilane for 1H or boron trifluoride
etherate for 11B. Splitting patterns are expressed as
follows: s (singlet), d (doublet), t (triplet), m (multiplet),
or br (broad). The presence of exchangeable protons was
confirmed by treatment with deuterium oxide (D2O)
followed by reintegration of the NMR spectrum. IR
spectra were obtained using a BOMEN MB 100 spec-
trometer. Fab-MS spectra were recorded on a JEOL JMS
5X102 high-resolution mass spectrometer using 3-ni-
trobenzyl alcohol as the matrix.
N2-(Dimethylaminomethylene)-5′-O-(dimethox-

ytrityl)-2′-deoxyguanosine (2). A suspension of 1 (340
mg, 1.0 mmol) (13), 4-(dimethylamino)pyridine (8 mg,
0.065 mmol), and DMT-Cl (678 mg, 2.0 mmol) in pyridine
(10 mL) was stirred with the exclusion of atmospheric
moisture at room temperature (RT). The reaction mix-
ture became homogeneous within 30 min. After 2 h, TLC
in CH2Cl2/MeOH (90:10 v/v) showed conversion (>95%)
of 1 to a much less polar compound. The solution was
poured into ice-water (∼100 mL) and a yellow oil
separated. The mixture was extracted with CH2Cl2 (1
× 50, 1 × 25 mL). The combined CH2Cl2 extracts were
dried over Na2SO4, filtered, and evaporated. After
evaporation, the oily residue was dissolved in CH2Cl2, and
the resulting solution was applied onto a silica gel
column. The column was eluted with CH2Cl2/MeOH
(98:2 v/v) (200 mL) followed by a 95:5 mixture of the same
solvents (v/v, 2500 mL). Elution was monitored by TLC
in CH2Cl2/MeOH (95:5 v/v). Fractions containing the
product (emerging after about 1000 mL of 95:5 mixture)
were pooled and evaporated. After overnight drying at
RT and e1 mmHg, a pale yellow solid was isolated, which
was homogeneous by TLC (Rf ) 0.11). The isolated yield

of compound 2 was 536 mg (86%): 1H NMR (CDCl3) δ
9.35 (s, 1H, NH), 8.53 (s, 1H, CHdN), 7.70 (s, 1H, H-8),
6.78-7.40 (m, 13 H, Ar), 6.39 (t, 3JHH ) 6.6 Hz, H-1′),
4.62-4.63 (m, 1H, H-3′), 4.15-4.16 (m, 1H, H-4′), 3.76
(s, 6H, 2 × CH3O), 3.46 (d, 3JHH ) 3.4 Hz, O3′-H), 3.26-
3.34 (m, 2H, H-5′ + H-5′′), 3.02 and 3.07 (2s, 6H, NMe2),
2.53-2.57 (m, 2H, H-2′ + H-2′′); Fab-MS calculated for
[M + H]+ ) 625.66, found 625.3.
N2-(Dimethylaminomethylene)-N7-cyanoborane 5′-

O-(Dimethoxytrityl)-2′-deoxyguanosine (3). A solu-
tion of compound 2 (536 mg, 0.86 mmol) and triphe-
nylphosphine:cyanoborane (970 mg, 3.2 mmol) in THF
(16 mL) was heated at reflux with the exclusion of
atmospheric moisture for 140 min. TLC in CH2Cl2/MeOH
(95:5 v/v) showed significant conversion (>50%) of 2 to a
less polar compound. After overnight standing at room
temperature under anhydrous conditions, the solution
was evaporated and the resulting residue was dissolved
in CH2Cl2 (8-10 mL). The solution was applied onto a
silica gel column. The column was eluted with mixtures
of CH2Cl2/MeOH (98:2 v/v, 200 mL) and (95:5 v/v, 1500
mL). Fractions containing the product were pooled and
evaporated to give a solid foam. Yield after overnight
drying at RT and 1 mmHg was 299 mg (56%), Rf ) 0.27:
1H NMR (CDCl3) δ 9.99 (s, 1H, NH), 8.58 (s, 1H, H-8),
8.09 (s, 1H, CHdN), 6.82-7.36 (m, 13 H, Ar), 6.26 (t, 3JHH
) 6.4 Hz, 1H, H-1′), 4.58 (unres, 1H, H-3′), 4.17-4.18
(m, 1H, H-4′), 3.76 (s, 6H, 2 × CH3O), 3.56 (d, 3JHH ) 4.1
Hz, 1H, O3′-H), 3.23-3.39 (2m, 2H, H-5′ + H-5′′), 3.07
and 3.17 (2s, 6H, NMe2), 2.45-2.72 (2m, 4H, BH2, H-2′
+ H-2′′); Fab-MS calculated for [M + H]+ ) 664.5, found
664.3.
N2-(Dimethylaminomethylene)-N7-cyanoborane

3′,5′-Bis(O-triisopropylsilyl)-2′-deoxyguanosine (5).
Compound 4 (6.0 g, 10.4 mmol) was suspended in MeOH
(105 mL). N,N-Dimethylformamide dimethylacetal (2.77
mL, 20.8 mmol) was added, and the solution was stirred
with the exclusion of atmospheric moisture at RT.
Crystals started to deposit from the solution after 30 min.
Stirring was continued for 1 h, and then the flask was
immersed into an ice-water bath for 3 h. The crystals
were filtered, washed with ice-cold MeOH (2 × 20 mL),
and dried at RT and 1 mmHg overnight to yield 5.3 g
(75.7%) of compound 5, mp 188-190 °C. The product was
identical (TLC, 1H NMR) to that obtained in DMF: Fab-
MS calculated for [M + H]+ ) 674.8, found 674.4.
N2-(Dimethylaminomethylene)-N7-cyanoborane 2′-

Deoxyguanosine (6). A solution of 1.1 M Bu4NF in
THF (3.6 mL) was added to a stirred solution of 5 (1.35
g, 2.0 mmol) in THF (10 mL) at RT. Oil separated from
the homogeneous solution within 5 min. After 2 h, TLC
(CH2Cl2/MeOH, 95:5 v/v) indicated complete conversion
of compound 5 (Rf ) 0.44) to a more polar compound 6
(Rf ) 0.06). The reaction mixture was evaporated, the
residual oil was dissolved in a mixture of CH2Cl2/MeOH
(95:5 v/v, 5 mL), and the solution was percolated through
a silica gel column. The column was eluted by a mixture
of CH2Cl2/MeOH (95:5 v/v). Appropriate fractions con-
taining the product were pooled and evaporated. The
residual pale yellow solid was thoroughly washed with
THF (altogether 10 mL) until the color disappeared. The
white solid was dried at RT and 1 mmHg overnight to
yield 558 mg (77%) of compound 6, homogeneous by
TLC: 1H NMR (DMSO-d6) δ 11.74 (s, 1H, NH), 8.70 (s,
1H, H-8), 8.50 (s, 1H, CHdN), 6.19 (t, 3JHH ) 6.4 Hz,
1H, H-1′), 5.24 (d, 3JHH ) 3.9 Hz, 1H, O3′H), 4.97 (t, 3JHH
) 5.1 Hz, 1H, O5′H), 4.26 (unres 1H, H-3′), 3.74-3.75
(m, 1H, H-4′), 3.40-3.52 (m, 2H, H-5′+H-5′′), 2.93 and
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3.06 (2s, 6H, NMe2), 2.18-2.56 (2m, 4H, BH2, H-2′ +
H-2′′); Fab-MS calculated for [M + H]+ ) 362.17, found
362.17.
Reaction of N2-(Dimethylaminomethylene)-N7-

cyanoborane 2′-Deoxyguanosine (6) with DMT-Cl.
Two experiments were carried out with 7bdG and DMT-
Cl. In the first, compound 6 (362 mg, 1.0 mmol) was
treated with DMT-Cl (678 mg, 2.0 mmol) in pyridine (10
mL) and 4-(dimethylamino)pyridine (8 mg, 0.065 mmol).
The resulting solution was kept at RT for 2 h. In the
other experiment, compound 6 (362 mg, 1.0 mmol) was
treated with DMT-Cl (542 mg, 1.6 mmol) in pyridine (6
mL) in the absence of 4-(dimethylamino)pyridine for 65
h at RT. TLC in CH2Cl2/MeOH (95:5 v/v) showed that
in both cases an identical complex mixture was formed.
The most intense product spot had a lower Rf value than
6.
N2-(Dimethylaminomethylene)-N7-cyanoborane

3′,5'-Bis(O-triisopropylsilyl)-2′-deoxyguanosine (5)
and N1-Methyl-N2-(dimethylaminomethylene)-N7-
cyanoborane 3′,5′-Bis(triisopropylsilyl)-2′-deoxygua-
nosine (7). To a solution of 4 (576 mg, 1.0 mmol) in
DMF (5 mL) was added N,N-dimethylformamide di-
methylacetal (1.0 mL, 7.5 mmol). The pale yellow
solution was stirred with the exclusion of atmospheric
moisture at RT for 19 h. TLC in CH2Cl2/MeOH (97:3 v/v)
showed two product spots (7, Rf ) 0.58; and 5, Rf ) 0.26)
and the pale spot of the starting material (4, Rf ) 0.11).
The solution was evaporated to give a thick, yellow oil.
After evaporation, the residue was dissolved in a mixture
of CH2Cl2/MeOH (97:3 v/v, 3 mL), and the solution was
applied onto a silica gel column. The column was eluted
with a mixture of CH2Cl2/MeOH (97:3 v/v). Appropriate
fractions were pooled, evaporated, and dried at 40-50
°C and 1 mmHg for 2 h to give 230 mg of 7, as a thick
oil, and 380 mg of 5 as a white solid. Compound 5: 1H
NMR (CDCl3) δ 10.39 (s, 1H, NH), 8.57 (s, 1H, H-8), 8.19
(s, 1H, CHdN), 6.35 (dd, 3JHH ) 5.7 Hz, 1H, H-1′), 4.66-
4.68 (m, 1H, H-3′), 4.13 (m, 1H, H-4′), 3.86-3.87 (m, 2H,
H-5′ + H-5′′), 3.18 and 3.20 (2s, 6H, NMe2), 2.30-2.80
(m, 4H, BH2, H-2′ + H-2′′), 1.02-1.08 (m, 42 H, 6 Me2-
CHSi); Fab-MS calculated for [M + H]+ ) 674.8; found
674.4. Compound 7: 1H NMR (CDCl3) δ 8.54 (s, 1H, H-8),
8.15 (s, 1H, CHdN), 6.34 (dd, 3JHH ) 5.7 Hz, H-1′), 4.67-
4.69 (m, 1H, H-3′), 4.13 (m, 1H, H-4′), 3.86-3.87 (m, 2H,
H-5′ + H-5′′), 3.59 (s, 3H, MeN), 3.16 and 3.21 (2s, 6H,
NMe2), 2.30-2.90 (m, 4H, BH2, H-2′ + H-2′′), 1.02-1.08
(m, 42 H, 6 Me2CHSi).
N2-Isobutyryl-N7-cyanoborane 5′-O-(Dimethox-

ytrityl)-2′-deoxyguanosine (9). A mixture of com-
pound 8 (1.04 g, 1.63 mmol) and triphenylphosphine:
cyanoborane (1.96 g, 6.5 mmol) in THF (50 mL) was
heated at reflux with the exclusion of atmospheric
moisture for 1.5 h. The mixture was evaporated, and the
residue was taken in CH2Cl2 and purified on silica gel
column. Elution of the column with 1.0-1.5% MeOH in
CH2Cl2 gave 452 mg (41%) of pure 9, followed by
unreacted 8 (335 mg, 34%): Fab-MS calculated for [M +
H]+ ) 678.3, found 678.3. The compound was identical
with an authentic sample prepared according to the
literature (6).
Reaction of N2-Isobutyryl-N7-cyanoborane 5′-O-

(Dimethoxytrityl)-2′-deoxyguanosine (9) with 2%
Benzenesulfonic Acid in CHCl3/MeOH (7:3 v/v),
THF, or Acetonitrile. Stock solutions of benzene-
sulfonic acid (2%) were prepared in CHCl3/MeOH (7:3 v/v)
(I), THF (II), or acetonitrile (III). Compound 9 (10 mg)
was dissolved in I, II, or III (5 mL of each). The solutions
were cooled to 0 °C and treated with the stock 2%
benzenesulfonic acid solutions (0.5 mL of each in I-III).

After standing for 2 min at 0 °C, the three mixtures were
analyzed by TLC in CH2Cl2/MeOH/Et3N (90:8:2 v/v/v).
Authentic 10 and 11 were also spotted onto the chro-
matoplate. Approximate ratios of the products were
determined by visual comparison of spot intensities under
UV light. Results are summarized in Table 1.
Reaction of N2-(Dimethylaminomethylene)-N7-

cyanoborane 5′-O-(Dimethoxytrityl)-2′-deoxygua-
nosine (3) with 0.3 M Dichloroacetic (or Trichloro-
acetic) Acid in CH2Cl2 (13a and 13b). (a) 0.3 M
Dichloroacetic Acid. A solution of 0.3 M dichloroacetic
acid in CH2Cl2 (2 mL) was added to compound 3 (150 mg).
A homogeneous, orange solution was formed immedi-
ately. After about 15 s, a precipitate started to deposit
from the solution, and the characteristic odor of HCN
could be smelled (see eq 1). An aliquot of the mixture
was analyzed by TLC, while the bulk of it was applied
onto a silica gel column. TLC in CH2Cl2/MeOH (9:1 v/v)
indicated that a complex mixture including a small
amount of 6 was formed. The most intense spot was free
of DMT and migrated midway between 3 and 6 on the
chromatoplate. The column was eluted by a mixture of
CH2Cl2/MeOH (95:5 v/v). Three bands emerged by elu-
tion with about 1 L of the eluent. The third eluting band,
which corresponded to the most intense spot on TLC of
the crude mixture, was pooled and evaporated to give 20
mg (18.4%) of 13a, as an oil, homogeneous by TLC: 1H
NMR (DMSO-d6) δ 11.99 (s, 1H, NH), 9.07 and 9.09 (2s,
1H, H-8), 8.64 (s, 1H, CHdN), 6.598 and 6.602 (2s, 1H,
CHCl2COO), 6.37 (t, 3JHH ) 6.2 Hz, 1H, H-1′), 5.39 (d,
3JHH ) 2.6 Hz, 1H, O3′H), 5.12 (d, 3JHH ) 2.2 Hz, 1H,
O5′H), 4.40-4.41 (m, 1H, H-3′), 3.89-3.92 (m, 1H, H-4′,
3.55-3.67 (m, 2H, H-5′ + H-5′′), 3.06 and 3.20 (2s, 6H,
NMe2), 2.36-2.96 (2m, 3H, BH, H-2′ + H-2′′); 11B NMR
(DMSO-d6) δ -10 to -15 (br); IR (Nujol) ν (cm-1): 2128,
2256 and 2468.
(b) 0.3 M Trichloroacetic Acid. The reaction was run

and the separation was done exactly as described under
(a). Observations, including the TLC pattern of the
reaction mixture, were quite similar to those obtained
for the reaction with dichloroacetic acid. About 15 mg
of 13b was obtained as a TLC homogeneous oil: 1H NMR
(DMSO-d6) δ 12.01 (s, 1H, NH), 9.09 and 9.11 (2s, 1H,
H-8), 8.64 (s, 1H, CHdN), 6.38 (t, 3JHH ) 6.3 Hz, 1H,
H-1′), 5.39 (d, 3JHH ) 4.0 Hz, 1H, O3′H), 5.11 (t,3JHH )
5.1 Hz, 1H, O5′H), 4.40-4.41 (m, 1H, H-3′), 3.89-3.93
(m, 1H, H-4′), 3.41-3.66 (m, 2H, H-5′ + H-5′′), 3.06 and
3.20 (2s, 6H, NMe2), 2.36-2.71 (2m, 3H, BH, H-2′ +
H-2′′).
Aliquots of 13b and 6 (1 mg of each) were dissolved

separately in concentrated NH4OH (0.1 mL for each). The
solutions were set aside at RT for 6 h. TLC in CH2Cl2/
MeOH (8:2 v/v) revealed complete conversion of 13b to
dG and >90% conversion of 6 to 7bdG.

Table 1. Product Distribution of
N2-Isobutyryl-N7-cyanoborane 2′-Deoxyguanosine (10)
and N2-Isobutyryl-2′-deoxyguanosine (11) Formed in the
Reaction of N2-Isobutyryl-N7-cyanoborane
5′-DMT-2′-deoxyguanosine (9) with 2% Benzenesulfonic
Acid in Various Solvents at 0 °C after 2 min

acid solvent productsa

2% benzenesulfonic acid MeOH/CHCl3 (3:7) 60% 10, 40% 11
2% benzenesulfonic acid THF 65% 10, 45% 11
2% benzenesulfonic acid ACN 45% 10, 55% 11

a The ratio is based on the visualization of TLC spots under
UV light. TLC solvent TEA/MeOH/CH2Cl2 (2:8:90 v/v/v). dGibu and
dGibu/BH2CN were spotted at the same time as the standard for
comparison.
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RESULTS

We originally intended to use N2-(dimethylamino-
methylene)-N7-cyanoborane 5′-O-(dimethoxytrityl)-2′-
deoxyguanosine (3) as a key intermediate for the prepa-
ration of oligomers containing 7bdG. Synthesis of 3 was
attempted either by cyanoboration of base-protected 5′-
DMT-dG (2) (Scheme 1, route A) or by dimethoxytrit-
ylation of the N7-boronated 2′-deoxyguanosine derivative
(6) (Scheme 1, route B). We found that 3 could be
obtained only by route A, Scheme 1. Treatment of N2-
(dimethylaminomethylene)-2′-deoxyguanosine (1) (13)
with DMT-Cl in pyridine (15) in the presence of a
catalytic amount ofN,N-dimethylaminopyridine (16) gave
compound 2. Compound 2 was converted to 3 by treat-
ment with excess triphenylphosphine:cyanoborane in
refluxing THF (2). According to route B, treatment of
N7-cyanoborane 3′,5′-bis(O-triisopropylsilyl)-2′-deoxygua-
nosine (4) (5) with N,N-dimethylformamide dimethylac-
etal in MeOH (17) gave N2-(dimethylaminomethylene)-
N7-cyanoborane 3′,5′-bis(O-triisopropylsilyl)-2′-deoxy-
guanosine (5). When the reaction was run in DMF (13),
however, a mixture of 5 and its N1-methyl derivative (7)
was obtained in an approximate ratio of 3:2. This is
consistent with published reports (17). Removal of the
two silyl groups from 5 to obtain compound 6 was
accomplished by Bu4NF in THF (18). Structures of
compounds 2, 3, and 5-7 were verified by MS and 1H-
NMR spectroscopies (Experimental Procedure). Conver-
sion of 6 to 3, however, failed. Treatment of 6 with

DMT-Cl in pyridine (13, 15, 16) gave a complicated
mixture of products, including deboronated nucleoside,
and not the desired boronated nucleoside 3.
Treatment of compound 3 under DMT removal/deblock

conditions (0.3 M dichloroacetic acid or trichloroacetic
acid in CH2Cl2, RT, several minutes) gave the expected
product 6 (Scheme 3). Unfortunately, significant decy-
anoboration also occurred with the concomitant formation
of HCN. The major product of the deboronation reaction
was sufficiently stable to survive adsorption column
chromatography. The NMR and IR spectra of the puri-
fied product are consistent with its having a “cyanobo-
rane-acetate” structure (13a or 13b, Scheme 3). The
presence of boron in 13a is confirmed by a broad signal
(at -10 to -15 ppm) in its 11B-NMR spectrum. The IR
spectrum contains bands at 2468 cm-1 (characteristic of
B-H stretching) and at 2128 and 2256 cm-1 (character-
istic of the CN group) (5). The 1H-NMR spectrum of
compound 13a (the CHCl2COO adduct) has a signal
around 6.6 ppm, which we attribute to the dichloromethyl
proton. This spectrum also contains overlapping signals
between 2.3 and 2.9 ppm, which are due to three protons
(B-H, H-2′, and H-2′′), whereas four protons (B-H2, H-2′,
and H-2′′) can be found in this region in compound 3.
As a result of the chirality of boron, compound 13a exists
as a pair of diastereoisomers, which display 1H-NMR
resonances at 6.598 and 6.602 ppm for the CHCl2COO
proton and two singlets at 9.07 and 9.09 ppm for H-8.
Similarly, compound 13b has signals at 9.08 and 9.11
ppm for H-8.

Scheme 1a

a (i) DMT-Cl, pyridine, N,N-dimethylaminopyridine, RT, 2 h; (ii) Ph3P:BH2CN, THF, reflux, 2 h; (iii) (MeO)2CHNMe2, MeOH, RT,
overnight; (iv) Bu4NF, THF, RT, 2 h; (v) DMT-Cl, pyridine, N,N-dimethylaminopyridine, RT, 2 h, or DMT-Cl, pyridine, RT, 65 h.
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The cyanoborane-acetate derivative 13 was quanti-
tatively converted to dG in concentrated NH4OH at RT
within 6 h, with loss of the borane ester. In contrast,
the cyanoborane nucleoside 6 was transformed into 7b-
dG under identical conditions (no loss of the cyanoborane
was detected by TLC).
Other reagents for DMT deprotection were also tried.

Solutions of 2% benzenesulfonic acid in CHCl3/MeOH (7:3
v/v) or THF or acetonitrile were used instead of 0.3 M
dichloroacetic or trichloroacetic acid in CH2Cl2. These
reactions were carried out at 0 °C for 2 min, and
N2-isobutyryl-N7-cyanoborane 5′-O-(dimethoxytrityl)-2′-
deoxyguanosine (9) was used in place of 3 for these
studies. TLC analysis of the reaction mixture revealed
the formation of two compounds, N2-isobutyryl-N7-cy-

anoborane 2′-deoxyguanosine (10) and N2-isobutyryl-2′-
deoxyguanosine (11) in commensurate quantities. Sig-
nificant deboronation of the DMT nucleoside derivatives
was observed in all three cases (Scheme 2; Table 1).

DISCUSSION

We have found that cyanoborane nucleosides such as
6 react with DMT cations released during DMT depro-
tection of 3. This reaction gives products that are
analogous to the reaction of amine boranes with halo-
carbons to give haloboranes and alkanes and probably
proceeds via a similar mechanism (19, 20). The latter
reaction is believed to proceed via a transition state
involving a reactive carbocation/halide ion pair. The
carbocation abstracts hydride anion from the borane
moiety, and the halide recombines with the oxidized
borane (20). Reaction of the cyanoborane with the DMT
cation could be explained by formation of an analogous
ion pair intermediate involving a DMT carbonium ion
and an acetate 12a or 12b (or sulfonate as in Table 1).
The DMT cation is liberated from 3 under deblocking
conditions and exists as an ion pair with dichloroacetate
(12a) or trichloroacetate (12b) in CH2Cl2 solution. The
cation probably abstracts a hydride anion from the
cyanoborane group, forming dimethoxytritan (14), and
the coordinatively unsaturated boron intermediate reacts
with the dichloroacetate or trichloroacetate to give 13a
or 13b (Scheme 3). The decomposition of 9 in benzene-
sulfonic acid solution to give the deboronation product,
11 (Table 1), can be interpreted similarly.
Compounds 13a and 13b are sufficiently stable in

aprotic solvent to record their NMR spectra, but they
decompose in water via intermediates of unknown struc-
ture to produce 1, the deboronation product (eq 1). While

intermediates in the decomposition of 13might react with
more than one equivalent of the DMT cation, we have
no evidence to support this theory.
Failure of dimethoxytritylation of 6 probably results

from reaction of DMT-Cl with the cyanoborane moiety.

Scheme 2a

a (i) Ph3P:BH2CN, THF, reflux, 1.5 h; (ii) 2% benzenesulfonic
acid in CHCl3/MeOH (7:3 v/v) or THF or ACN, 0 °C, 2 min.

Scheme 3

13 + 3H2O ) 1 + H3BO3 + HCN + H2 +
CRCl2COOH (1)
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This reaction leads to unstable products, which ulti-
mately leads to deboronation. The complexity of the
mixture, however, makes it impossible to rule out the
possibility that additional reactions occur. We conclude
that 3 can be synthesized only from 2, i.e., when
dimethoxytritylation precedes cyanoboration.

CONCLUSIONS

Our results clearly indicate the incompatibility of
cyanoborane and DMT groups during oligonucleotide
synthesis. In the course of investigating the cause of
deboronation, we developed an efficient synthesis of the
cyanoboronated nucleoside 9 starting fromN2-isobutyryl-
5′-O-(dimethoxytrityl)-2′-deoxyguanosine (8) and tri-
phenylphosphine:cyanoborane. This procedure has an
advantage over the prior method (6) in that it does not
require transient protection of the 3′-OH group (21).
Since that DMT cation interacts with cyanoborane, it will
not be possible to use DMT-derivatized nucleosides for
base-boronated oligonucleotide synthesis. To avoid oxi-
dation of cyanoborane by DMT cation, we have synthe-
sized and demonstrated the application of the base-labile
9-fluorenylmethoxycarbonyl (Fmoc) group for transient
protection of the 5′-OH function in the solution synthesis
of boronated (7bdG) dimer (1) and solid phase synthesis
of (7bdG)5dT (22).
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Biotin Reagents for Antibody Pretargeting. 2. Synthesis and in
Vitro Evaluation of Biotin Dimers and Trimers for Cross-Linking of
Streptavidin
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Polymerization and/or cross-linking of recombinant streptavidin (r-SAv) with biotin derivatives
containing two biotin moieties (biotin dimers) or three biotin moieties (biotin trimers) has been
investigated as a model for reagents to be used to increase the amount of radioactivity on cancer cells
in tumor pretargeting protocols. In the investigation, six biotin dimers and three biotin trimers were
synthesized. Most biotin derivatives synthesized had ether containing linker molecules incorporated
to improve their aqueous solubility. The synthesized biotin dimers contained linker moieties which
provided distances (when fully extended) of 13-49 Å between biotin carboxylate carbon atoms, and
the biotin trimers contained linker moieties which provided distances of 31-53 Å between any two
biotin carboxylate atoms. All of the biotin derivatives were evaluated for their ability to polymerize
r-SAv in solution. When the biotin derivatives were mixed with r-SAv, none of the biotin dimers
caused polymerization, but all of the biotin trimers resulted in complete polymerization. Some of the
biotin dimers did cross-link r-SAv (to form r-SAv dimers, trimers, etc.), but the percentage of cross-
linking was low (e40%). The length of the linker molecule was important in cross-linking of biotin
dimers. While linkers which provided distances of 13 and 19 Å between biotin carboxylate carbon
atoms did not result in cross-linking, a linker which provided a 17 Å distance resulted in a small
(e10%) amount of cross-linking. Also, cross-linking was increased in biotin dimers with linkers which
provided distances between biotin carboxylate carbon atoms of g23 Å. Cross-linking of streptavidin
bound in polystyrene wells with biotin dimers and trimers was also examined. In those experiments,
an excess of each biotin derivative was incubated at 37 °C for 10-30 min in polystyrene wells containing
bound SAv. After the excess biotin derivative was rinsed from the wells, an excess of r-[125I]SAv was
incubated for another 10-30 min. The amount of r-[125I]SAv bound after rinsing the excess from the
wells was an indicator of the extent of cross-linking that occurred. The process of alternating additions
of reagents was repeated four times to demonstrate that bound radioactivity could be increased with
each addition of [125I]SAv. The results of cross-linking r-SAv in polystyrene wells paralleled results
from cross-linking in solution.

INTRODUCTION

An alternative method to using radiolabeled mono-
clonal antibodies for cancer diagnosis and therapy,
termed “tumor pretargeting”, is under investigation by
a number of research groups, including our own (1-14).
Similar to directly labeled antibodies, pretargeting pro-
tocols use monoclonal antibodies as tumor selective
binding agents. However, pretargeting protocols involve
“two-step” or “three-step” methods to deliver the radio-
activity to the cancer cells (3, 14). This multistep
approach has an advantage in the fact that the delivery
of radioactivity is separated from the pharmacokinetics
of the monoclonal antibody (15), making it unnecessary
to match the biological half-life of the antibody and the
physical half-life of the radionuclide. The antibody
pretargeting approach is made possible by the formation
of antibody conjugates which bind strongly with another
molecule that is used to carry the radionuclide. Because
of the very strong binding with biotin (16), antibody
conjugates of the proteins avidin (17) and streptavidin
(18) have received the most attention in the development
of pretargeting methods.

Our interest in the use of biotin/avidin or biotin/
streptavidin in pretargeting extends further than the
very high binding affinities of these compounds. Avidin
(Av)1 and streptavidin (SAv) are proteins which contain
four identical subunits and bind four biotin molecules.
The tetravalent biotin binding property of Av and SAv
introduces the possibility of increasing the amount of
radioactivity localized on cancer cells by increasing the
number of (radiolabeled) biotin binding sites available.
Indeed, it can be envisioned that an amplification of the
number of biotin binding sites can be obtained in a two-
step protocol by binding more than one Av or SAv
molecule with a poly-biotinylated antibody bound with
a cancer cell, or alternatively, an antibody-Av or anti-
body-SAv conjugate localized at a tumor could poten-
tially bind up to 4 molar equiv of radiolabeled biotin per
conjugated Av or SAv (19). In a multistep protocol, an
increase in bound radioactivity might be achieved by
binding a radiolabeled polybiotin molecule to an antibody-
Av or antibody-SAv conjugate on a cancer cell, followed
by administration of Av or SAv, and then repeat admin-

* Address correspondence to D. Scott Wilbur, Ph.D., Depart-
ment of Radiation Oncology, University of Washington, 2121
N. 35th Street, Seattle, WA 98103-9103. Phone: 206-685-3085.
Fax: 206-685-9630. E-mail: dswilbur@u.washington.edu.

X Abstract published in Advance ACS Abstracts, September
1, 1997.

1 Abbreviations: Av, avidin; BSA, bovine serum albumin;
ChT, chloramine-T; cpm, counts per minute; EDC, 1-[3-(dimeth-
ylamino)propyl]-3-ethylcarbodiimide hydrochloride; 2 HEDS,
2-hydroxyethyl sulfide; nca, no-carrier-added; NCS, N-chloro-
succinimide; PBS, phosphate-buffered saline; r-SAv, recombi-
nant streptavidin; rt, room temperature; SAv, streptavidin; TFP,
tetrafluorophenyl; TFP-OH, tetrafluorophenol.
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istration of the radiolabeled polybiotin molecule (13, 14).
The multistep approach appeared to be particularly
interesting to us as it introduced the possibility of
increasing the quantity of radioactivity on cancer cells
in a fractionated dose regime and would, perhaps, allow
the use of lower-specific activity radionuclide prepara-
tions in therapy.
Although the potential for increasing the amount of

radioactivity at the tumor was apparent, it was also
apparent that new biotin reagents had to be developed
for the cross-linking step as no biotin reagents were
available which could be used for this task. Because it
was desired that the radiolabeled biotin molecules be
excreted via renal clearance, the smallest biotin deriva-
tives possible, biotin dimers and trimers, were of the
highest interest. Unfortunately, very little information
on the synthesis and properties of compounds containing
more than one biotin moiety could be found in the
literature. The most relevant studies were those of Green
et al. (20), in which it was demonstrated that biotin
dimers could be used to polymerize Av. However, the
biotin reagents used in their investigation were quite
insoluble in water and did not present a means by which
radionuclides could be attached. It was apparent that
the design of new biotin dimers and trimers for applica-
tion to human disease would require incorporation of
water-solubilizing moieties into the molecules and that
the distance between the biotin moieties was very
important.
To limit the scope of this investigation, only nonionic

compounds containing two or three biotin moieties were
synthesized and evaluated for their ability to polymerize
recombinant SAv (r-SAv), the protein we have chosen for
use in our tumor pretargeting studies (14). The biotin
compounds prepared were designed to provide informa-
tion pertaining to (1) the effect of distances between the
biotin moieties on the efficiency of r-SAv polymerization
and (2) the use of water-solubilizing linking moieties to
improve the water solubility of the new compounds. The
biotin compounds prepared in this study did not contain
a radiolabeling moiety, as the syntheses of such com-
pounds would be more difficult and the information
sought did not require it. In the investigation, six biotin
dimers and three biotin trimers were synthesized in
which the distances between the biotin moieties ranged
from 13 to 54 Å.2 Linking moieties which contained two
or three ether functionalities were incorporated into most
of the molecules to improve their water solubility. Once
the molecules were synthesized, the propensity for po-
lymerization of r-SAv by the biotin dimers and trimers
was evaluated in solution using size exclusion HPLC and
on a SAv-bound surface using commercially available
SAv-coated polystyrene wells. Reported here are the
results of that investigation.

EXPERIMENTAL PROCEDURES

General. All purchased chemicals were analytical
grade or better and were used without further purifica-
tion. Solvents for HPLC analysis were obtained as HPLC
grade and were filtered (0.2 µm) prior to use. Biotin-d,
2,2′-(ethylenedioxy)bis(ethylamine) (2), 4,7,10-trioxa-1,-
13-tridecanediamine (3), trimesic acid chloride (9), 3,5-
diaminobenzoic acid (15), 2,3,5,6-tetrafluorophenol, 3-ami-
nobutyric acid, chloramine-T, and most other chemicals

were purchased from Aldrich Chemical Co. (Milwaukee,
WI). 2,3,5,6-Tetrafluorophenyl trifluoroacetate was pre-
pared as previously described (21). Recombinant strepta-
vidin was obtained as previously described (22). Silica
gel chromatography was conducted with 70-230 mesh
60 Å silica gel (Aldrich Chemical Co.). Sephadex G-25
(NAP-10) columns were obtained from Pharmacia Biotech
AB (Uppsala, Sweden). Avidin and Reacti-Bind strepta-
vidin-coated polystyrene 96-well plates were obtained
from Pierce (Rockford, IL). Melting points were obtained
in open capillary tubes on a Mel-Temp II apparatus with
a Fluke 51 K/J electronic thermometer and are uncor-
rected.
Spectral Analyses. 1H NMR spectra were obtained

on a Bruker AC-200 (200 MHz) instrument, and chemical
shifts are expressed as parts per million using tetrameth-
ylsilane as an internal standard (δ ) 0.0 ppm). IR data
were obtained on a Perkin-Elmer 1420 infrared spectro-
photometer. Mass spectral data (both low- and high-
resolution) were obtained on a VG Analytical (Manches-
ter, England) VG-70SEQ mass spectrometer with an
associated 11250J Data System. Mass spectral data were
obtained by fast atom bombardment (FAB+) at 8 keV
using a matrix of MeOH/DMIX (thioglycerol/DMSO/
TFAA, 90/9/1). Attempts to obtain mass spectral data
for compounds 10 and 20 which contain the TFP esters
were unsuccessful using several different techniques. The
products from reactions involving these compounds had
satisfactory HRMS data for identification. 1H NMR and
HPLC were used to assess compound identity and purity
(these data are provided in the Supporting Information).
Chromatography. HPLC separations of biotin de-

rivatives were obtained on a Hewlett-Packard quaternary
1050 gradient pumping system with a variable-wave-
length UV detector (254 nm) and a Varex ELSD MKIII
evaporative light-scattering detector. Analyses of the
HPLC data were conducted on Hewlett-Packard HPLC
ChemStation software. All reactions were monitored by
HPLC. Reverse-phase HPLC was carried out using an
Alltech Altima C-18 column (5 µm, 250 mm × 4.6 mm)
with a gradient solvent system at a flow rate of 1 mL/
min. The gradient mixture was composed of MeOH
(solvent A) and 1% aqueous HOAc (solvent B). Starting
with 40% MeOH, the initial solvent mixture was held
for 2 min, and then the gradient was increased to 100%
MeOH over the next 10 min and then held at 100%
MeOH for 5 min. Retention times (tR) under these
conditions for biotin conjugates were as follows: 1, 12.9
min; 4, 7.4 min; 5, 8.5 min; 6, 11.6 min; 7, 7.5 min; 8, 8.4
min; 10, 16.6 min; 11, 2.5 min; 12, 2.5 min; 13, 9.2 min;
14, 10.4 min; 16, 8.6 min; 17, 3.8 min; 18, 9.3 min; 20,
12.7 min; and 21, 10.4 min.
HPLC separations of r-SAv and mixtures of r-SAv and

biotin derivatives were conducted on a Rainin Dynamax
variable-wavelength detector, an isocratic pump, and a
Waters Protein Pak Glass 300SW size exclusion column
(10 µm, 8.0 × 300 mm; Waters Corp., Milford, MA). The
mobile phase consisted of 50 mM potassium phosphate
(pH 6.8), 300 mM NaCl, 1 mM EDTA, and 1 mM NaN3
in deionized water. A flow rate of 0.75 mL/min was used.
The retention time of r-SAv under these conditions was
13.7 min. It should be noted that the total peak area for
each injection was monitored, and when the area dropped
significantly, a 200 µL bolus of 6 N guanidine hydrochlo-
ride was injected to clear polymerized SAv from the
column. This procedure was particularly important when
large excesses of the trimers were being studied.
Estimation of Aqueous Solubility of Biotin De-

rivatives. The aqueous solubility of biotin compounds
was estimated by HPLC. To obtain aqueous concentra-

2 Measurements of distances in biotin derivatives were ob-
tained from the computer program ChemDraw3D (Cambridge-
Soft Corp., Cambridge, MA) after structural and energy mini-
mization of fully extended, planar conformations of the com-
pounds.
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tions, a standard curve for the biotin derivative was first
obtained by dissolving a weighed quantity of compound
in MeOH, making two dilutions of that solution (to obtain
three points), and injecting a 20 µL volume of the diluted
samples to obtain the peak area. Linear regression
analysis of the peak areas vs quantity of biotin derivative
provided an equation for calculating the concentration
in water. The aqueous solubility was measured by
adding an excess of biotin derivative to 1 mL of water,
mixing occasionally on a vortex mixer while at rt for 10
min, filtering the aqueous solution from the solid present
through a 0.45 µm syringe filter, and injecting 20 µL of
the aqueous solution to obtain the peak area.
Biotin Tetrafluorophenyl Ester (1). This com-

pound was prepared by reaction of biotin with 2,3,5,6-
tetrafluorophenyl trifluoroacetate as previously described
(14).
3,6-Dioxaoctane-1,8-N-dibiotinamide (4). To a so-

lution containing 1.00 g (2.54 mmol) of biotin TFP ester
(1) in 150 mL of CH3CN at 55 °C was added 0.18 g (1.27
mmol) of 2 with stirring. The mixture was cooled to 0
°C, and the precipitate was filtered. Crystallization from
CH3CN gave 0.61 g (1.01 mmol, 40%) of the dibiotin 4 as
white crystals: mp 200-203 °C; 1H NMR (MeOH-d4) δ
4.49 (m, 2H), 4.31 (m, 2H), 3.62 (s, NH, 4H), 3.35 (t, J )
5.6 Hz, 4H), 3.35 (m, 4H), 3.31 (m, 4H), 2.93 (dd, J )
12.9, 4.9 Hz, 2H), 2.69 (d, J ) 12.9 Hz, 2H), 2.22 (t, J )
7.5 Hz, 4H), 1.63 (m, 8H), 1.44 (m, 4H); IR (KBr, cm-1)
3270, 2920, 2840, 1690, 1640, 1550, 1460, 1320, 1260,
1140; HRMS calcd for C26H45N6O6S2 (M + H)+ 601.2842,
found 601.2819.
4,7,10-Trioxatridecane-1,13-N-dibiotinamide (5).

To a solution containing 1.00 g (2.54 mmol) of 1 in 150
mL of CH3CN at 55 °C was added 0.28 g (1.27 mmol) of
3 with stirring. The mixture was cooled to 0 °C, and the
precipitate was filtered. Crystallization from CH3CN
gave 0.65 g (0.96 mmol, 38%) of the dibiotin 5 as white
crystals: mp 139-141 °C; 1H NMR (MeOH-d4) δ 4.48 (m,
2H), 4.30 (m, 2H), 3.64 (m, 4H), 3.62 (m, 4H), 3.54 (t, J
) 6.2 Hz, 4H), 3.36 (m, 8H), 3.27 (m, 4H), 3.21 (m, 2H),
2.95 (dd, J ) 12.3, 4.9 Hz, 2H), 2.72 (d, J ) 12.3 Hz, 2H),
2.21 (t, J ) 7.2 Hz, 4H), 1.77 (m, 8H), 1.66 (m, 8H), 1.47
(m, 4H); IR (KBr, cm-1) 3270, 2920, 2840, 1690, 1640,
1550, 1460, 1320, 1260, 1140; HRMS calcd for C30H53-
N6O7S2 (M)+ 673.3417, found 673.3397.
3-(Biotinamido)butyrate Tetrafluorophenyl Ester

(6). This compound was prepared in three steps as
previously described (23). Briefly, reaction of biotin TFP
ester with 3-aminobutyric acid and Et3N in DMF pro-
vided the adduct, which was esterified with 2,3,5,6-
tetrafluorophenyl trifluoroacetate to provide 6.
3,6-Dioxaoctane-1,8-N-di-(3′-biotinamido)bu-

tyrate (7). To a solution containing 0.025 g (0.167 mmol)
of 2 in 15 mL of DMF was added Et3N followed by 0.16
g (0.335 mmol) of 6. The reaction mixture was stirred
at rt for 0.5 h (monitored by HPLC), and the solvent was
removed under vacuum. The residue was loaded onto a
silica column (2.5 cm × 35 cm). The column was first
eluted with ethyl acetate and then with a mixture of ethyl
acetate/methanol. The solvent was removed from eluted
fractions containing 7 to give 0.09 g (70%) of colorless
solid: mp 186-188 °C; 1H NMR (MeOH-d4) δ 4.5 (m, 6H),
4.2 (m, 4H), 3.1-3.5 (m, 16H), 2.8 (dd, J ) 4.6, 12.9 Hz,
2H), 2.6 (d, J ) 12.6 Hz, 2H), 2.1-2.4 (m, 8H), 1.0-1.5
(m, 20H); IR (KBr, cm-1) 3280, 3060, 2920, 2840, 1695,
1640, 1540, 1260, 1100; HRMS calcd for C34H59N8O8S2
(M + H)+ 771.3897, found 771.3894.
4,7,10-Trioxatridecane-1,13-N-di-(3′-biotinamido)-

butyrate (8). To a solution containing 0.1 g (0.45 mmol)
of 3 in 15 mL of DMF was added Et3N followed by 0.43

g (0.9 mmol) of 6. The reaction mixture was stirred at
rt for 0.5 h (monitored by HPLC), and the solvent was
removed under vacuum. The product was triturated in
50 mL of CH3CN and was filtered. The isolated product
was dried under vacuum to yield 0.31 g (82%) of 8 as a
colorless solid: mp 175-177 °C; 1H NMR (MeOH-d4) δ
4.4 (m, 2H), 4.2 (m, 4H), 3.4-3.6 (m, 14H), 3.1-3.2 (m,
8H), 2.7-2.9 (m, 3H), 2.6 (d, J ) 12.6 Hz, 2H), 2.1-2.4
(m, 9H), 1.2-1.6 (m, 18H), 1.0 (d, J ) 6.6 Hz, 6H); IR
(KBr, cm-1) 3280, 3060, 2920, 2840, 1695, 1640, 1540,
1260, 1100; HRMS calcd for C38H67N8O9S2 (M + H)+
843.4472, found 843.4457.
1,3,5-Benzene Tricarboxylic Acid Tris-(2,3,5,6-

tetrafluorophenyl) Ester (10). To a solution contain-
ing 12.0 g (45.2 mmol) of trimesic acid trichloride (9) in
100 mL of CH2Cl2 was added 23.26 g (140.1 mmol) of
2,3,5,6-tetrafluorophenol in 150 mL of CH2Cl2 and 20 mL
(247.2 mmol) of pyridine at 0 °C. The mixture was stirred
for 4 h at rt, washed with (2 × 100 mL) 10% HCl and 3
× 100 mL of water, dried over anhydrous Na2SO4, and
evaporated to give 28.0 g (42.8 mmol, 94%) of the triester
15 as a solid. Crystallization from CH3CN gave a white
crystalline solid: mp 156-158 °C; 1H NMR (CDCl3) δ 9.31
(s, 3H), 7.10 (m, 3H); IR (KBr, cm-1) 3080, 1760, 1520,
1480, 1270, 1190, 950.
N-(8-Amino-3,6-dioxaoctanyl)biotinamide (11). A

2.80 g (7.13 mmol) quantity of biotin TFP ester (1) was
dissolved in 300 mL of warm CH3CN, cooled to rt, and
added dropwise over 45 min to a well-stirred solution
containing 21.1 g (142 mmol) of diamine 2 in 200 mL of
CH3CN. The reaction mixture was stirred for 4 h, and
the solvent was removed under reduced pressure. The
resultant oil was triturated in 300 mL of diethyl ether
and filtered to give a white solid. The crude product was
purified on a silica gel column, eluting with methanol/
ethyl acetate (8/2) to give 1.81 g (4.83 mmol) of 11 as a
white solid: mp 106-107 °C; 1H NMR (MeOH-d4) δ 4.50
(m, 1H), 4.31 (m, 1H), 3.62 (m, 4H), 3.52 (m, 4H), 3.36
(m, 2H), 3.2 (m, 1H), 2.92 (dd, J ) 12.6, 4.9 Hz, 1H), 2.79
(m, 2H), 2.70 (d, J ) 12.6 Hz, 1H), 2.22 (m, 2H), 1.67 (m,
4H), 1.44 (m, 2H); IR (KBr, cm-1) 3280, 3060, 2920, 2840,
1695, 1640, 1540, 1260, 1100; HRMS calcd for C16H31-
N4O4S (M + H)+ 375.2066, found 375.2056.3
N-(13-Amino-4,7,10-trioxatridecanyl)biotina-

mide (12). This compound was prepared from biotin
TFP ester (1) and 4,7,10-trioxa-1,13-tridecanediamine (3)
as previously reported (14).
N,N′,N′′-Tris(8-N-biotinamide-3,6-dioxaoctanyl)-

benzene-1,3,5-tricarboxamide (13). To a solution
containing 0.15 g (0.21 mmol) of 10 in 5 mL of DMF was
added 0.27 g (0.72 mmol) of 11 in 5 mL of DMF at rt.
The reaction mixture was stirred at rt for 12 h, and the
DMF was removed under vacuum. The solid obtained
was purified on silica gel, eluting with methanol/ethyl
acetate (7/3). The solvent was removed from eluted
fractions containing 13 to give 0.18 g (0.14 mmol, 57%)
of a colorless solid: mp 103-105 °C; 1H NMR (MeOH-
d4) δ 8.48 (s, 3H), 4.49 (m, 3H), 4.30 (m, 3H), 3.65 (m,
24H), 3.55 (m, 6H), 3.35 (m, 6H), 3.16 (m, 1H), 2.91 (dd,
J ) 12.8, 4.9 Hz, 3H), 2.69 (d, J ) 12.9 Hz, 3H), 2.16 (m,
6H), 1.60 (m, 12H), 1.40 (m, 6H); IR (KBr, cm-1) 3280,
3060, 2920, 2840, 1695, 1640, 1540, 1260, 1100; HRMS
calcd for C57H91N12O15S3 (M + H)+ 1279.5889, found
1279.5874.
N,N′,N′′-Tris(13-N-biotinamide-4,7,10-trioxatride-

canyl)benzene-1,3,5-tricarboxamide (14). Compound
14 was prepared from reaction of 0.31 g (0.70 mmol) of

3 This compound (N-biotinyl-1,8-diamino-3,6-dioxaoctane) has
been available from Boehringer Mannheim (24).
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12 with 0.15 g (0.21 mmol) of 10 according to the
procedure used for 13. After column chromatography,
0.22 g (0.15 mmol, 71%) of 14 was obtained as a colorless
solid: mp 106-108 °C; 1H NMR (MeOH-d4) δ 8.44 (s, 3H),
4.49 (m, 3H), 4.31 (m, 3H), 3.60 (m, 36H), 3.23 (m, 12H),
2.91 (m, 3H), 2.71 (d, J ) 12.7 Hz, 3H), 2.15 (m, 12H),
1.91 (m, 6H), 1.65 (m, 12H), 1.40 (m, 6H); IR (KBr, cm-1)
3280, 3060, 2920, 2840, 1695, 1640, 1540, 1260, 1100;
HRMS calcd for C69H115N12O18S3 (M + H)+ 1495.7614,
found 1495.7638.
N,N′-Bis(3′-biotinamidio)butyryl-3,5-diamidoben-

zoic acid (16). To a solution containing 0.076 g (0.34
mmol) of 15 in 20 mL of DMF was added Et3N followed
by 0.325 g (0.68 mmol) of 6 in 5 mL of DMF. The reaction
mixture was stirred at 60 °C for 15 h (monitored by
HPLC), and the solvent was removed under vacuum. The
solid obtained was purified on silica gel, eluting with
methanol/ethyl acetate (8/2). The solvent was removed
from eluted fractions containing 16 to give 0.1 g (40%) of
a colorless solid: mp 252-254 °C; 1H NMR (DMSO-d6) δ
7.9-8.2 (m, 3H), 7.0-7.5 (3s, 1H), 6.6 (d, J ) 12 Hz, 3H),
2.8-3.3 (m, 4H), 2.0-2.7 (m, 18H), 1.1-1.9 (m, 19H); IR
(KBr, cm-1) 3280, 3060, 2920, 2840, 1695, 1640, 1540,
1260, 1100; HRMS calcd for C35H51N8O8S2 (M + H)+
775.3271, found 775.3241.
1-N′-(13-Amino-4,7,10-trioxatridecanyl)-3′-(bio-

tinamido)butyramide (17). This compound was pre-
pared by reaction of 6 with an excess of the diamine 3 as
previously described (23).
N,N′,N′′-Tris(13-N-4,7,10-trioxatridecanyl)-3′-[(bi-

otinamido)butyryl]benzene-1,3,5-tricarboxamide
(18). To a solution containing 0.123 g (0.188 mmol) of
10 in 15 mL of DMF was added Et3N, followed by 0.3 g
(0.565 mmol) of 17. The reaction mixture was stirred at
room temperature for 16 h (monitored by HPLC), and
the solvent was removed under vacuum. The residue was
loaded onto a silica column (2.5 cm× 35 cm). The column
was first eluted with ethyl acetate and then with a
mixture of ethyl acetate/methanol. The solvent was
removed from eluted fractions containing 18 to give 0.13
g (40%) of colorless solid: mp 152-154 °C; 1H NMR
(MeOH-d4) δ 8.4 (s, 3H), 4.5 (m, 3H), 4.1-4.3 (m, 6H),
3.4-3.7 (m, 46H), 3.1-3.3 (m, 16H), 2.9 (dd, J ) 4.6, 12.8
Hz, 3H), 2.7 (d, J ) 12.6 Hz, 3H), 2.1-2.4 (m, 13H), 1.4-
2.0 (m, 33H), 1.0 (d, J ) 6.8 Hz, 9H); IR (KBr, cm-1) 3280,
3060, 2920, 2840, 1695, 1640, 1540, 1260, 1100; HRMS
calcd for C81H136N15O21S3 (M + H)+ 1750.9197, found
1750.9265.
3,6,9-Trioxaundecanedioate Bis-tetrafluorophen-

yl Ester (20). A 10 g (45 mmol) quantity of 3,6,9-
trioxaundecanedioic acid (19) was dissolved in 150 mL
of anhydrous DMF, and 19 g (115 mmol) of tetrafluo-
rophenol was added, followed by 21 g (108 mmol) of EDC.
The reaction mixture was stirred overnight at rt, and the
solvent was removed under vacuum. The residue was
extracted with 300 mL of ether, and the ether was
washed with a saturated NaHCO3 solution (3 × 25 mL)
and then with water (2 × 25 mL). The ether solution
was dried over anhydrous Na2SO4. Then the ether was
removed under vacuum. The resultant product was dried
under vacuum at 50-55 °C to yield 15.8 g (76%) of 20 as
an oil: 1H NMR (CDCl3) δ 3.6-3.8 (m, 8H), 4.46 (s, 4H),
6.9 (m, 2H); IR (neat, cm-1) 1795, 1635, 1520, 1480, 1370,
1270, 1100, 950.
1,11-Bis-N-(13-N-biotinamide-4,7,10-trioxatrideca-

nyl)-3,6,9-trioxaundecanediamide (21). To a solution
of 0.232 g (0.448 mmol) of 20 in 25 mL of DMF was added
0.14 µL of Et3N, followed by 0.4 g (0.897 mmol) of 12.
The reaction mixture was stirred at rt for 4 h (monitored
by HPLC), and the solvent was removed under vacuum.

The residue was loaded onto a silica column (2.5 cm ×
35 cm). The column was first eluted with ethyl acetate
and then with a mixture of ethyl acetate/methanol. The
solvent was removed from eluted fractions containing 21
to give 0.2 g (42%) of colorless solid: mp 96-98 °C; 1H
NMR (MeOH-d4) δ 4.8 (s, 4H), 4.5 (m, 2H), 4.3 (m, 2H),
4.0 (s, 4H), 3.4-3.7 (m, 36H), 3.1-3.3 (m, 11H), 2.9 (dd,
J ) 4.6, 12.8 Hz, 2H), 2.7 (d, J ) 12.6 Hz, 2H), 2.2 (t, J
) 7 Hz, 4H), 1.3-1.8 (m, 22H); IR (KBr, cm-1) 3280, 3060,
2920, 2840, 1695, 1640, 1540, 1260, 1100; HRMS calcd
for C48H87N8O15S2 (M + H)+ 1079.5732, found 1079.5714.
N-[13-(p-Tri-n-butylstannylbenzamido)-4,7,10-tri-

oxatridecanyl]biotinamide (22). This compound was
synthesized as previously described (23).
N-[13-(p-Iodobenzamido)-4,7,10-trioxatridecanyl]-

biotinamide (23a). This compound was synthesized as
previously described (23).
N-[13-(p-[125I]Iodobenzamido)-4,7,10-trioxatride-

canyl]biotinamide (23b). This compound was pre-
pared as previously described (23). Briefly, to 50 µL of a
1 mg/mL solution of 22 was added 1-5 µL of Na125I in
0.1 N NaOH, followed by 10 µL of a 1 mg/mL solution of
NCS in MeOH. After 2 min, 10 µL of a 1 mg/mL aqueous
sodium metabisulfite solution was added. The reaction
mixture was then drawn into a syringe for purification
by HPLC. The purified 23bwas obtained from the HPLC
effluent. A small aliquot of 23b in HPLC effluent was
mixed with a weighted amount of 23a to obtain the
specific activity desired.
Radioiodination of Streptavidin. To 25 µL of

sodium phosphate buffer (0.5 M, pH 7.4) were added 4
µL (1.19 mCi) of Na125I in 0.1 N NaOH and 167 µL of a
6 mg/mL solution of r-SAv. This was followed by the
addition of 19 µL of a 1 mg/mL solution of chloramine-T
in water. After 30 s at rt, the reaction was quenched
with 1.9 µL of a 10 mg/mL solution of Na2S2O5 in water.
The entire reaction mixture was placed on a NAP-10
column and eluted with PBS. The fractions containing
protein were combined for 1.05 mCi (88%) with a specific
activity of 1.07 µCi/µg. A second labeling conducted in
the same manner provided 0.45 mCi (79%) r-[125I]SAv
with a specific activity of 0.82 µCi/µg. These preparations
were used in the binding in coated wells study for
experiments 1 and 2, respectively.
Streptavidin Polymerization in Solution. Proce-

dure A. A 100 µL aliquot of r-SAv (0.5 mg/mL in PBS)
was placed in a microcentrifuge tube. The dimer or
trimer was diluted appropriately in 5% DMSO/water.
While vortexing, 10 µL of the diluted biotin dimer or
trimer was added rapidly. After incubating at rt for 30
min, the entire reaction mixture was injected onto a size
exclusion HPLC column and eluted.
Procedure B. This was conducted as was procedure A,

except the order of addition was reversed as follows. To
a microcentrifuge tube containing 40 µL of PBS was
added 10 µL of the appropriately diluted biotin dimer or
trimer in 5% DMSO. While vortexing, 100 µL of r-SAv
(0.5 mg/mL in PBS) was added slowly.
Streptavidin Cross-Linking Streptavidin-Coated

Wells. Experiment 1. A Reacti-Bind Streptavidin Coated
Polystyrene Strip Plate was washed two times with 100
mM PBS (100 µL/well) prior to use. To lane 1 (12 wells)
was added 100 µL of PBS. To lanes 2-7 was added 100
pmol of biotin dimer (4, 5, or 8) or trimer (13, 14, or 18)
to be tested in 100 µL of PBS. Lane 8 was treated in the
same manner with 100 pmol of biotin monomer (23a).
The plate was then incubated at 37 °C with shaking for
10 min. All the wells were emptied and rinsed with 100
µL of PBS. The PBS was removed, and 25 pmol of [125I]-
SAv (specific activity of 1 µCi/µg) was added to each well
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in 100 µL of PBS. The plate was incubated at 37 °C with
shaking for 10 min. The nonbound [125I]SAv was re-
moved, and all wells were washed with 100 µL of PBS.
After removal of the wash PBS, the first three wells of
each lane were again filled with 100 µL of PBS. The
remaining wells were filled with 100 µL of their respec-
tive biotin dimer or trimer (as in the first step). The plate
was incubated for 10 min at 37 °C, and all wells were
rinsed with PBS as before. Another 100 µL of the [125I]-
SAv was added to all wells and incubated for 10 min at
37 °C. After removal of the unbound SAv by rinsing of
the wells, 100 µL of PBS was added to the first six wells
of each lane. The remaining six wells in each lane were
filled with 100 µL of their respective biotin dimer or
trimer and again incubated for 10 min at 37 °C. After
removing the liquid in the wells and washing with PBS,
100 µL of the [125I]SAv was again added to each well
followed by incubation. The [125I]SAv was removed, and
the wells were washed with PBS. The first nine wells
in each lane were then filled with 100 µL of PBS, and
the remaining three wells in each lane were filled with
100 µL of their respective biotin dimer or trimer. After
incubating and washing, 100 µL of [125I]SAv was again
added to each well. After incubating for 10 min at 37
°C, each well was washed with 100 µL of PBS and all
liquid removed. The wells were then separated, and each
well was placed in a γ counter and counted. Results of
the r-[125I]SAv binding data are shown in Figure 5A.
Experiment 2. This experiment was conducted exactly

as described in experiment 1, except 100 pmol of biotin
dimers (5, 8, 16, or 21) and biotin trimers (13, 14, or 18)
was added to wells in lanes 2-8, respectively, and the
mixtures were incubated for 30 min at 37 °C. Results of
the binding of r-[125I]SAv are shown in Figure 5B.

RESULTS

Synthesis of Biotin Derivatives. Six biotin deriva-
tives containing two biotin moieties each (biotin dimers)
and three biotin derivatives containing three biotin
moieties each (biotin trimers) which have varying dis-
tances between biotin carboxylate carbons (Table 1) were
synthesized. Biotin dimers 4, 5, 7, and 8 were readily
synthesized (Scheme 1) by reaction of 2 molar equiv of
biotin TFP ester (1) or 3-(biotinamido)butyrate TFP ester
(6) with 1 molar equiv of the oxadiamines 2 or 3 in DMF.
Synthesis of biotin dimer 16 (Scheme 3) was accom-
plished by reaction of 2 equiv of 6 with 3,5-diamiobenzoic
acid (15). The coupling of 6with 15was conducted under
conditions that resulted in a slow reaction, but elevating
the reaction temperature to 50 °C resulted in obtaining
a reasonable yield of 16. Synthesis of biotin dimer 21
(Scheme 4) was also readily accomplished by reaction of
the cross-linking agent 3,6,9-trioxaundecanedioate bis-
tetrafluorophenyl ester (20) with N-(13-amino-4,7,10-
trioxatridecanyl)biotinamide (12). Syntheses of biotin
trimers 13, 14 (Scheme 2), and 18 (Scheme 3) were
readily accomplished by reaction of 3 molar equiv ofN-(8-
amino-3,6-dioxaoctanyl)biotinamide (11), N-(13-amino-
4,7,10-trioxatridecanyl)biotinamide (12), or 1-N′-(13-

amino-4,7,10-trioxatridecanyl)-3-(biotinamido)-
butyramide (17) with benzenetricarboxylate tri-TFP ester
(10) at room temperature in DMF.
Evaluation of r-SAv Polymerization in Solution.

Biotin dimers 4, 5, 7, 8, 16, and 21 and biotin trimers
13, 14, and 18 were evaluated for their ability to
polymerize r-SAv in aqueous solution. To affect polym-
erization, varying molar quantities of the biotin dimers
and trimers were mixed with solutions containing r-SAv
in PBS, incubated at rt, and then evaluated by size
exclusion HPLC. The chromatograms for mixtures con-
taining 1/1 molar quantities of r-SAv-to-biotin dimer 4,
5, 7, 8, 16, or 21 are provided in panels A-F of Figure 1.
The chromatograms indicate that only a small percentage
of the r-SAv formed what may be r-SAv dimers or
trimers, but it is clear that no polymerization occurred.
Contrary to the biotin dimer results, all of the biotin

trimers (13, 14, and 18) dramatically changed the reten-
tion time for r-SAv observed by size exclusion chroma-
tography (Figure 2A-C). Indeed, only very high-molec-
ular weight species, eluting at the solvent front, were
observed, indicating that complete polymerization had
occurred at a 1/1 molar ratio of r-SAv and biotin trimers
13, 14, or 18. Changes in the molar ratio of r-SAv and
biotin trimer and in the order of mixing of the compo-
nents led to very dramatic differences in the product
composition as observed for 14 by size exclusion HPLC
(Figure 3A-F). Rapid addition of 0.5 molar equiv of the
biotin trimer 14 into a solution of r-SAv led to a 1/1
mixture of a high-molecular weight streptavidin polymer
and unaltered r-SAv (Figure 3A). Rapid addition of 10
molar equiv of 14 to r-SAv led to a mixture containing
approximately 50% polymer, 30% dimer, trimer, tet-
ramer, etc., and 20% r-SAv (Figure 3C). It seems likely
that the r-SAv species observed by HPLC (tR ) 14 min)
was saturated with biotin (i.e. two trimers bound). As
one might expect, reversing the additions of reagents by
slow addition of 1 equiv of r-SAv to an excess (10×) of 14
led to a mixture that had 65% of the (perbiotinylated)
r-SAv, and the remaining peaks were higher-molecular
weight species, with no polymer observed (Figure 3D).
Repeating the foregoing additions with 100 equiv of 14
resulted in a larger shift from polymerization (Figure 3E),
with 80% of the (perbiotinylated) r-SAv being observed
when the r-SAv was added to the excess 14 (Figure 3F).
It was interesting to note that column retention of r-SAv
increased slightly as perbiotinylation of r-SAv was
achieved (i.e. tR has increased from 13.7 to 14.1 min).
Biotin Cross-Linking of r-SAv with Immobilized

SAv. To model cross-linking of SAv on cancer cells, SAv
bound to the surface of polystyrene wells was used.
Rather than using radiolabeled biotin derivatives, cross-
linking was measured by the quantity of [125I]SAv
retained in the wells after treatment of the bound SAv
with biotin derivatives. An initial experiment evaluated
triplicate runs having one to four additions of a large
excess (100 pmol) of biotin derivatives 4, 5, 8, 13, 14, and
18, alternating with one to four additions of a large excess
(25 pmol) of [125I]SAv. As controls, triplicate wells were
examined in which no biotin was added and in which
biotin monomer 23a was added. In that experiment, the
samples were incubated at 37 °C for 10 min after each
reagent was added. The picomoles of [125I]SAv bound vs
additions of biotin derivative and [125I]SAv is plotted in
Figure 5A. Column 1 of Figure 5A had no biotin added
and therefore shows the amount of nonspecific binding
occurring. Figure 5A shows that only a very small
amount (if any) of cross-linking with [125I]SAv was
obtained with biotin dimers. Contrary to that, all three
biotin trimers provided significant cross-linking under

Table 1. Estimated Distances between Two Biotin
Carboxylate Carbon Atoms in the Synthesized Biotin
Dimers and Trimersa

compd no. distance (Å) compd no. distance (Å)

4 13 21 49
16 17 13 31
5 19 14 41
7 23 18 53
8 29

a Listed in order of increasing distance.
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the conditions studied. A second experiment involving
[125I]SAv binding in SAv-coated wells was conducted with
biotin dimers 5, 8, 16, and 21 and biotin trimers 13, 14,
and 18. That experiment was conducted to examine
cross-linking of dimers 16 and 21, which had not been
evaluated in the first experiment, and to determine if
higher quantities of [125I]SAv would bind when incubated
for 30 min at 37 °C with some of the previously tested

biotin derivatives. The data obtained in that experiment
are plotted in Figure 5B. Biotin dimers 16 and 21 did
cross-link r-[125I]SAv (Figure 5B, first addition), but the
amount is quite small and is mostly obscured by a high
nonspecific binding of r-[125I]SAv brought about by the
longer incubation time. More importantly, the picomoles
of [125I]SAv bound by cross-linking with biotin trimers
increased significantly. While optimization of the poly-

Scheme 1. Synthesis of Oxadiamine-Linked Biotin Dimersa

a (a) 2, 55 °C, 16-24 h, CH3CN, 40%; (b) 3, 55 °C, 16-24 h, CH3CN, 38%; (c) 3-aminobutyric acid, Et3N, DMF, 24 h, 98%; (d) Et3N,
TFP-OTFA, 81%; (e) 2, DMF, rt, 0.5 h, 70%; (f) 3, DMF, rt, 0.5 h, 82%.

Scheme 2. Synthesis of Oxadiamine-Linked Biotin Trimersa

a (a) 9, CH2Cl2, TFP-OH, pyridine, rt, 4 h, 94%; (b) 11, DMF, rt, 12 h, 57%; (c) 12, DMF, rt, 12 h, 71%.
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styrene well binding assay was not a focus of these
studies, it seems likely that the nonspecific binding of
[125I]SAv could be decreased by including a small amount
(i.e. 0.1%) of BSA in the plate washing solution (as is done
in antibody-based applications of the Reacti-Bind plates).
The quantities of biotin derivatives and [125I]SAv used

in the SAv-coated well assay were based on having an
excess (i.e. 4×) of the 25 pmol of biotin binding capacity
per well that the manufacturer’s literature listed. If 25
pmol of biotin could bind, there should be the equivalent
of 6.1 pmol of streptavidin in each well. Since binding
with a biotin trimer could potentially produce twice the
picomoles of bound SAv (assuming two biotins from each
trimer bound), then there should be about 12.2 pmol of
[125I]SAv binding capacity in the wells. In our initial
binding experiment (Figure 5A), only about 2.5 pmol of

[125I]SAv bound in the first addition, and the quantity
per addition decreased with subsequent additions. When
the plates were incubated for a longer period of time, the
quantity of the first addition doubled to approximately
5.5 pmol of [125I]SAv bound, but this was still less than
expected. These results were perplexing since a large
excess of biotin derivative and [125I]SAv had been added
in each step. Therefore, some assays were conducted to
examine the number of biotin binding sites available per
well using a radioiodinated biotin derivative, [125I]23b.
In one assay, 100 pmol of [125I]23b was added to each of
eight SAv coated wells, incubated at 37 °C for 10 min,
then rinsed, and counted. The value obtained was 4.16
( 0.19 pmol of biotin binding/well. Repeat of this assay
at 37 °C for 30 min yielded a value of 4.33 ( 0.11 pmol/
well, and conducting the assay at rt for 10 min yielded a

Scheme 3. Synthesis of 3-Aminobutyric Acid-Derivatized Biotin Dimer and Trimera

a(a) 15, DMF, Et3N, 60 °C, 15 h, 40%; (b) 3, DMF, Et3N, rt, 30 min, 90%; (c) 10, DMF, Et3N, 40%.

Scheme 4. Synthesis of a Long Oxadiamine Biotin Dimera

a (a) DMF, TFP-OH, EDC, rt, 16-24 h, 76%; (b) 20, DMF, Et3N, rt, 4 h, 42%.

Biotin Dimers and Trimers Bioconjugate Chem., Vol. 8, No. 6, 1997 825



value of 4.39 ( 0.16 pmol/well. From this data, a value
of 4.2 pmol biotin binding/well was used to assess the
results from the cross-linking experiments. Considering
that half the amount of biotin trimers can bind as biotin
monomers, one might expect 2.1 pmol of r-[125I]SAv to
saturate its binding, which is very close to the amount
obtained with an incubation at 37 °C for 10 min (Figure
5A). It is difficult to explain the 2 times higher binding
observed when the solution is incubated at 37 °C for 30
min. However, one explanation might be that an ex-
tended incubation period produced higher nonspecific
binding of the r-[125I]SAv and/or biotin derivative and that
these residual materials could have resulted in cross-
linking in excess of the picomoles of SAv bound. Non-

specific binding of [125I]SAv is shown in Figure 5B (lane
1, after addition of biotin monomer 23a). Nonspecific
binding of [125I]23b was measured as described above for
assessment of picomoles of biotin binding/well, except the
biotin binding sites were saturated by incubating the
bound SAv with an excess of biotin at rt or at 37 °C for
10 or 30 min prior to incubating with [125I]23b. This
assay indicated that the amount of nonspecific biotin
binding, as assessed with [125I]23b, increased with tem-
perature and time. When the incubation was conducted
at rt for 10 min, there was approximately 14% [125I]23b
nonspecifically bound; at 37 °C for 10 min, 19% [125I]23b
was nonspecifically bound, and at 37 °C for 30 min, 25%
[125I]23b was nonspecifically bound.

Figure 1. Size exclusion chromatograms of reaction mixtures after mixing r-SAv with biotin dimers 4, 5, 7, 8, 16, and 21 at rt for
30 min. The chromatograms are shown in the order (A-F) of the length of the spacer between the biotin carboxylate carbon atoms
(distances shown in parentheses). All chromatograms were obtained after addition of 1 molar equiv of the biotin dimer to 50 µg of
r-SAv in 100 µL of PBS. A chromatogram (not shown) of r-SAv which had not been mixed with a biotin derivative was identical to
that seen in panel A. See Chromatography in Experimental Procedures for details of the HPLC equipment and conditions used.

Figure 2. Size exclusion chromatograms of reaction mixtures after mixing r-SAv with biotin trimers 13, 14, and 18 at rt for 30
min. The chromatograms are shown in the order (A-C) of the length of the spacer between the biotin carboxylate carbon atoms
(distances shown in parentheses). All chromatograms were obtained after addition of 1 molar equiv of the biotin trimer to 50 µg of
r-SAv in 100 µL of PBS. The retention time (tR) of monomeric r-SAv under the same HPLC conditions was 13.7 min. See
Chromatography in Experimental Procedures for details of the HPLC equipment and conditions used.
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Figure 4. Schematic representations of biotinylated and cross-linked SAv or Av. Schematic A represents Av or SAv with four
biotin binding sites (black circles). The representation does not try to show the 222 symmetry of these molecules. Schematic B
represents a biotin dimer molecule. Schematic C represents a biotin trimer molecule. Schematic D represents perbiotinylation of Av
or SAv with a biotin dimer which is too short to undergo intramolecular binding of the two biotin moieties. Schematic E represents
perbiotinylation of Av or SAv with a biotin trimer. Schematic F represents cross-linking or polymerization of Av or SAv with a biotin
dimer (having the correct spacing between biotin carboxylate carbons). Schematic G is a representation of cross-linking or
polymerization of Av or SAv with 1 molar equiv of a biotin trimer. Schematic H illustrates the potential for branching when an
excess of biotin trimer is used for polymerization (it is unclear that this is possible on the basis of molecular modeling).

Figure 3. Size exclusion chromatograms of reaction mixtures after mixing r-SAv with varying molar quantities of biotin trimer 14
and reversing the order of addition of reagents. In chromatograms A-C and E, varying quantities of 14 were rapidly added to 50 µg
of r-SAv in 100 µL of PBS. In chromatograms D and F, a solution containing 50 µg of r-SAv in 100 µL of PBS was slowly added to
a 10× or 100×molar quantity of 14. See Chromatography Experimental Procedures for details of the HPLC equipment and conditions
used.
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DISCUSSION

The rationale for developing tumor pretargeting meth-
ods is based on the fact that directly labeled monoclonal
antibodies are limited in their application to cancer
therapy due to some inherent problems (15, 25) and that
an alternative approach which circumvents some of those
problems might have broad application (2). Importantly,
the tumor pretargeting approach to cancer therapy has
been successfully demonstrated in preclinical studies and
is now undergoing clinical evaluation. It should be noted
that development of tumor pretargeting methods is more
difficult as there are more reagents and more steps
involved. However, this increased complexity also offers

the advantage of being able to optimize the reagents and
conditions used. Two important factors in the tumor
pretargeting approach are the choice of the molecule to
be used to carry the radionuclide and the choice of the
antibody conjugate that it will bind. We, and other
investigators, have chosen to employ the biotin/(strept)-
avidin technology (26-28) in tumor pretargeting, as
biotin binds streptavidin and avidin with a very high
affinity (e.g. 10-13-10-15 M-1), resulting in essentially
irreversible binding.
In this investigation, we sought to gain information

which would aid in the development of new biotin
reagents designed to increase the amount of radionuclide

Figure 5. Graph of data obtained for cross-linking of polystyrene-bound SAv and r-[125I]SAv with biotin derivatives at 37 °C for 10
min (top, A) and 30 min (bottom, B). Data were obtained from triplicate runs and are plotted as average ( standard deviation. The
wells had an average (n ) 8) of 4.2 pmol of biotin binding capacity (as measured by [125I]23b) which equates to 1 pmol of SAv bound.
An excess of biotin derivative was added and rinsed with PBS, and then an excess of [125I]SAv was added and rinsed with PBS. This
procedure was repeated four times, with the only change being the number of additions of the biotin derivative (i.e. all wells received
four additions of [125I]SAv). When one, two, or three additions of biotin derivative were made, 100 µL of PBS was added in the place
of the biotin derivative to keep the number of additions and rinses constant. All additions and rinses were made in a volume of 100
µL.
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(attached to a biotin moiety) on cancer cells. We hypoth-
esized that it might be possible to increase the amount
of radioactivity bound to cancer cells in antibody pretar-
geting protocols by utilizing the tetravalent binding
nature of r-SAv (or Av). The hypothesis was that a
radiolabeled molecule which contained at least two biotin
moieties could be administered to bind with antibody-
SAv conjugates prelocalized at tumors, leaving some
biotin moieties unbound, and subsequent administration
of nonlabeled SAv would provide new binding sites for
the radiolabeled biotin derivative. Repeat administration
of the radiolabeled biotin cross-linking reagent and SAv
would again provide more binding sites for radiolabeled
biotin, and this process could potentially be repeated
many times.4 Thus, each administration of radiolabeled
biotin dimer or trimer could add radioactivity to the cells
pretargeted with antibody. After consideration of the
factors involved, it was apparent that investigation of our
hypothesis could only be accomplished if the appropriate
radiolabeled biotin derivatives were made.
Few investigations involving small molecules contain-

ing more than one biotin have been reported.5 However,
in one particularly relevant investigation, Green et al.
described the use of bifunctional biotin derivatives to
probe the nature of subunits in Av (20). The bifunctional
biotin derivatives evaluated were dimers of biotin or
biotinamidobutyric acid produced by reaction of biotin-
mixed anhydride with diaminoalkane linkers of various
lengths. From their study, it was concluded that (1) the
dimensions of Av were 55 Å × 55 Å × 41 Å, (2) the biotin
binding site was about 9 Å below the surface of Av, (3)
linkers smaller than 15 Å did not permit the second biotin
molecule to project far enough from the surface of Av to
reach a biotin binding site on another Av molecule, (4)
linkers of 15-17.5 Å between biotin moieties (carboxylate
carbons) resulted in weak binding of the second biotin,
and (5) a linker of 18.4 Å cross-linked Av tightly whereas
linkers longer than 20 Å resulted in intramolecular
binding of the second biotin. The linker lengths in biotin
dimers reported by Green et al. were used as a guide for
designing new biotin dimers.
Although it was apparent from the studies of Green et

al. (20) that the biotin dimers had quite a low water
solubility, we were not concerned initially about that
parameter in the design of new biotin derivatives.
However, it became apparent soon after our initial
synthetic efforts that biotin dimers which were linked
by aliphatic molecules were highly insoluble in many
solvents, including water. For example, a biotin dimer
synthesized by cross-linking 5-(iodobenzoyl)aminoiso-
phthalate with 1,3-diaminopropane had a water solubility
so low that it was barely detectable by HPLC (i.e. <1
µg/mL). Another biotin dimer, prepared by cross-linking
two biotin moieties with 1,12-diaminododecane, had an
even lower aqueous solubility. These water solubilities
are much lower than biotin’s aqueous solubility under
the same conditions (e.g. 0.22 mg/mL) (30), presumably
due to the fact that the ionization of biotin carboxylate
aids in its solubilization. Since the biotin dimers and

trimers were being developed for potential injection into
patients, we decided to incorporate water-solubilizing
functional groups into their design so that they could be
administered in aqueous solutions. Previous studies by
our group had shown that ether-containing linkers helped
solubilize radiolabeled biotin derivatives (23) and biotin-
ylation reagents (14, 29) for use in aqueous media. Thus,
2,2′-(ethylenedioxy)bis(ethylamine) (2) and 4,7,10-trioxa-
1,13-tridecanediamine (3) were used in the design of most
biotin derivatives synthesized in the study. The use of
the ether-containing linkers greatly improved the aque-
ous solubility of biotin dimers and trimers over the use
of aliphatic linkers. For example, biotin dimer 5, which
has a linker length similar to that of the biotin dimer
containing diaminododecane (i.e. 19 vs 18 Å), has an
estimated solubility of approximately 9 mg/mL6 at ambi-
ent temperature, and biotin trimer 14, which uses the
same linker molecule, has a water solubility of ap-
proximately 25 mg/mL.6
Biotin dimers 4 and 5 were the first water-solubilized

biotin derivatives synthesized (Scheme 1) and evaluated
for in vitro polymerization of r-SAv. On the basis of the
previous studies by Green et al. (20), dimer 4, which has
a 13 Å distance between biotin carboxylate carbons, was
not expected to polymerize SAv, but dimer 5, which has
a 19 Å linker, was expected to polymerize SAv. However,
neither dimer polymerized SAv to any extent (Figure
1A,B). We felt that the length of the linker molecule
might be too short; therefore, we prepared dimer 7 in
which the distance between carboxylate carbons was 23
Å. We also prepared biotin dimer 8 to evaluate the effect
of an even longer (29 Å) linker. The biotinamidobutyrate
TFP ester (6) was chosen to extend the distance between
the biotin carboxylates in 7 and 8 as it had been
previously prepared for studies on stability toward bio-
tinidase cleavage (23). Although neither dimer polym-
erized r-SAv, some cross-linking could be noted as small
peaks at higher molecular weight (i.e. 12.1 and 10.6 min).
The failure to obtain polymerization of SAv with biotin

dimers led to consideration of molecules which contained
more than two biotin moieties. Initial consideration was
to prepare molecules with four biotin moieties, but it was
expected that this would produce linear polymers, limit-
ing the amplification possibilities. However, consider-
ation of molecules with three biotin moieties appeared
attractive as one biotin binding site would be left open
per cross-linking, and it was thought this might allow
branching of the polymeric chain as depicted in Figure
4H. Since it was expected that two of the three biotin
moieties in biotin trimers would bind with the same SAv
molecule, it seemed that the distance between any two
biotins might be >25 but <55 Å. Thus, biotin trimers
13 and 14 were synthesized (Scheme 2) and evaluated.
Both of these compounds caused immediate polymeriza-
tion of SAv in solution.
Although biotin trimers 13 and 14 readily polymerized

SAv, we still wanted to find a biotin dimer which could
polymerize SAv. Our desire to continue to look for biotin
dimer was based on the facts that use of biotin trimers
resulted in fewer radiolabeled biotin derivatives being
bound per SAv molecule as three binding sites would be
occupied and in biotin trimers the molecular weights are
increased significantly over the dimers, potentially alter-
ing the desired renal clearance of biotin molecules to
hepatobiliary. This prompted us to evaluate the dis-
tances between biotin carboxylates in SAv by molecular

4 A schematic representation of this multistep tumor pretar-
geting approach has been provided in ref 14.

5 A biotin dimer used in antibody pretargeting (1), diethyl-
enetriaminepentaacetic acid R,ω-bis(biocytinamide) (DTPA-
biotin), is available from Sigma Chemical Co. This biotin dimer
has a distance of approximately 32 Å between the biotin
carboxylate carbons when fully extended. It would be expected
to undergo intramolecular binding, resulting in both biotin
moieties bound to the same SAv molecule (even when the
distance between biotin moieties is reduced by metal complex
formation).

6 The aqueous solubility values must be considered crude
estimates as the experiments were not conducted in a rigorous
manner.
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modeling methods. Molecular modeling of a SAv crystal
structure which contains four bound biotin molecules
indicated that the biotin carboxylate carbons for biotins
on the same face were approximately 20 Å apart and that
it is over 60 Å around the molecule to another biotin
binding site.7 Green et al. (20) reported that the Av
molecule appeared to compress 2-3 Å on cross-linking.
Although such a compression of Av has not been con-
firmed, the dynamic nature of the protein is likely to
make it possible for the 19.4 Å distance in 5 to be long
enough to bind intramolecularly. Therefore, we became
interested in synthesizing a biotin dimer which had a
distance between biotin carboxylate carbons >15 but <19
Å. Synthesis of a biotin dimer with a linker arm between
15 and 19 Å in length could not be readily achieved with
an ether-containing linker. However, biotin dimer 16
which contained a carboxylate to aid in water solubili-
zation was obtained by cross-linking 6 with 3,5-diami-
nobenzoic acid (Scheme 3). In 16, the biotin carboxylate
carbons are approximately 17 Å apart. Examination of
a mixture of r-SAv and 16 in solution indicated that a
higher percentage of cross-linking8 was obtained with it
than was obtained with the longer biotin dimer 5, or the
shorter biotin dimer 4. However, the amount of cross-
linking obtained was only about 10%, and no polymeri-
zation was noted (Figure 1E). Although there was little
optimism for finding a biotin dimer that efficiently cross-
linked r-SAv, it had been noted that the increasing length
of biotin dimers 7 and 8 had shown a trend toward an
increased percentage of cross-linking r-SAv (Figure 1C,D).
Therefore, an additional biotin dimer, 21, which had a
much longer linker distance (49 Å) was prepared (Scheme
4) and evaluated. The percentage of r-SAv cross-linked8
with 21 was found to be higher (40%), but no polymer
was obtained. It seems that it will be difficult, if not
impossible, to develop biotin dimers that have a long
enough spacer to allow intermolecular binding of the
second biotin moiety with another SAv molecule without
also being long enough to permit the more facile intramo-
lecular binding of the second biotin with the same SAv
molecule. On the basis of the results obtained, we must
conclude that biotin dimers will not be useful for rapid,
facile polymerization of SAv and, thus, that further
studies with biotin dimers for application to in vivo tumor
targeting are not warranted.
A desire to examine the effect of an increased linker

length on cross-linking led to the synthesis of a third

biotin trimer, 18 (Scheme 3). This trimer was prepared
to evaluate the effect on r-SAv polymerization with a
distance between two biotin moieties of approximately
53 Å. This molecule was of interest as the biotin moieties
were separated by a distance that seemed unlikely to
result in all three biotin moieties binding with the same
r-SAv molecule. Indeed, when a solution with a 1/1 ratio
of 18/r-SAv was mixed, only polymerization was observed
(Figure 2C). This result indicates that the third (un-
bound) biotin moiety is not capable of binding on the
opposite face of the same r-SAv molecule as our modeling
predicted. However, the extra length did not appear to
increase cross-linking of r-[125I]SAv with polymer-bound
SAv in wells as the percentages bound (Figure 5) were
generally less than those observed for the biotin trimer
14.
Evaluation of the polymerization of SAv in solution was

an important step to undertake as it clearly showed the
effects of distances between biotin carboxylate carbons,
dilution, and varying quantities of biotin compounds on
the polymerization process. However, we felt that a
better in vitro model for the application of the biotin
dimers and trimers in vivo would be one that would
demonstrate an increase in the amount of radioactivity
localized to a surface containing bound SAv. The model
chosen was SAv-coated polystyrene plates. In that
system, the various biotin dimers and trimers (added in
excess) could saturate the biotin binding sites, and then
[125I]SAv could be added to cross-link with available
biotin moieties, resulting in a new layer of biotin binding
sites. Indeed, SAv-bound wells were a good model as the
cross-linking results correlated with the results obtained
in solution, and it was easy to detect an increase of the
amount of radioactivity bound with each cycle of re-
agents. The magnitude of increase was less than ex-
pected after an incubation for 10 min at 37 °C on the
basis of the manufacturer’s cited 25 pmol/well biotin
binding capacity. However, after a biotin binding capac-
ity of approximately 4.2 pmol/well was measured, the
data obtained indicate that at least 1 equiv of r-[125I]SAv
was added in the first cross-linking step. Although less
r-[125I]SAv was added in each subsequent addition, the
quantity that was added was significant. Assessing the
results of the binding to SAv in polystyrene wells was
complicated by issues of nonspecific binding of reagents.
As our goal was simply to demonstrate that cross-linking
can be achieved, optimization of the conditions to de-
crease the nonspecific binding has not been done. It is
clear that increasing the incubation time to 30 min
increased the percentage of biotin derivative and r-[125I]-
SAv bound nonspecifically. Further, no difference in
biotin binding was noted when the wells were incubated
at room temperature or at 37 °C. Therefore, it seems
likely that the nonspecific binding could be decreased by
conducting the incubations at room temperature. Ir-
respective of the issues of absolute quantities bound and
nonspecific binding, the fact that an increase of radioac-
tivity bound was obtained in each step is very encourag-
ing for continued studies toward in vivo application. To
our knowledge, this is the first demonstration of a biotin-

7 This estimation was made by adding distances between
atoms on the surface of the streptavidin molecule from a biotin
carboxylate on one face to that of another biotin on the opposite
face. Molecular modeling was conducted on a Silicon Graphics,
IRIS INDIGO computer running Insight II software (version
2.3.7).

8 The percentage of cross-linking refers to the area under
peaks eluting between 8 and 12.5 min, presumably the SAv
dimer and trimer, relative to the total peak area included in
those peaks plus the monomeric SAv peak (tR ) 13.7 min) on
size exclusion HPLC chromatograms (see Figure 1). The per-
centage of polymerization found refers to the percentage of very
high-molecular weight species eluting with the exclusion volume
at 7.6 min.

Scheme 5. Preparation of a Radioiodinated Biotin Monomera

a (a) NCS, NaI, MeOH, 1-5% HOAc.
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containing small molecule being able to increase the
amount of SAv bound to a surface.
We undertook this study to gain information on the

design of biotin derivatives that could be used with r-SAv
to increase the amount of radioactivity bound to cancer
cells in tumor pretargeting protocols. Although the
radioactivity will be delivered to the cancer cells as a
radiolabeled biotin derivative, the compounds in this
study were not designed with iodine-containing moieties
attached as it was felt that those compounds would be
more difficult to synthesize, and likely be less water
soluble than those investigated. Now that we have
gained the information sought, studies are planned to
prepare a radiolabeled biotin trimer and evaluate its in
vitro and in vivo cross-linking with r-SAv. As shown in
this study, the distance between biotin moieties is very
important, but other molecular design features such as
inclusion of functional groups to block the amide-cleaving
action of serum biotinidase are also critical (23). Ad-
ditional modifications such as preparing water-solubilized
biotin derivatives that contain ionic charged functional
groups are planned.
Summary. Six molecules containing two biotin moi-

eties (biotin dimers 4, 5, 7, 8, 16, and 21) and three
molecules containing three biotin moieties (biotin trimers
13, 14, and 18) were synthesized and characterized.
Investigation of the polymerization or cross-linking of
r-SAv in solution and bonding to a solid support was
carried out on each biotin derivative prepared. None of
the biotin dimers polymerized r-SAv in solution, but some
cross-linking to form small adducts (e.g. dimers, trimers,
etc.) was noted with biotin dimers having linking moieties
of 17 and g23 Å. Contrary to this, the three biotin
trimers synthesized completely polymerized r-SAv in
solution when a 1/1 molar ratio of reagents was used.
Similar results were obtained in the surface-bound SAv
cross-linking experiments as had been observed for
polymerization of SAv in solution. On the basis of the
results obtained in this study, it seems unlikely that
biotin dimers will be found which effectively cross-link
SAv, but biotin trimers should be useful for both in vitro
and in vivo applications which require cross-linking of
SAv or Av.
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The comb-type polycation consisting of a poly[2-(diethylamino)ethyl methacrylate] (PDEAEMA)
backbone and poly(L-lysine) (PLL) side chains has been prepared as a novel pH-sensitive DNA carrier.
The comb-type copolymer PDEAEMA-graft-PLL was prepared by using the macromonomer method,
in which a poly(Nε-carbobenzoxy-L-lysine) macromonomer was radically copolymerized with DEAEMA.
The comb-type copolymer exhibited a two-step proton dissociation and a dual ionic character owing
to the two cationic segments in the copolymer, as determined by acid-base titration. In addition, the
comb-type copolymer caused no significant turbidity even at pH 10, whereas PDEAEMA homopolymer
suddenly precipitated out of the aqueous medium above pH 7.5 owing to the deprotonation of amino
groups. Furthermore, a 1H NMR study proved that protonated PLL segments solubilized the comb-
type copolymer with a hydrophobic PDEAEMA core at higher pH. Finally, the pH-dependent behavior
of the DNA complex with the comb-type copolymer was evaluated. The discontinuous turbidity change
of the DNA/PDEAEMA-graft-PLL mixture at pH 7.5 suggested that the solubility of the complex varied
in response to pH. By circular dichroism measurement, we also found that the comb-type copolymer
was capable of varying DNA compaction pH-dependently. In conclusion, we have demonstrated that
the comb-type copolymer is capable of sensing a pH signal and outputting the nonlinear change of
the physicochemical properties of DNA polyelectrolyte complexes.

INTRODUCTION

Recently, the drug delivery systems using polymeric
drug carriers have been studied to effect the efficient
delivery of drugs to target sites (1, 2). Among the drug
delivery systems, the delivery of genes to target cells as
a novel class of clinical application has become one of the
topics. For the effective gene delivery by nonviral car-
riers, the special mechanisms for carrying genes to
specific tissues or cells are required. Receptor-mediated
gene transfer takes advantage of the ability of receptors
on the surface of cells to bind and internalize a ligand
(3-8). The components used in the receptor-mediated
gene delivery systems include DNAs, receptor-targeting
ligands, and linking polycations such as poly(L-lysine)
(PLL).1 The first report of successful DNA transfer and
gene expression via receptor-mediated endocytosis was
made by Wu and Wu (4), who developed the methods
used for the introduction of genes into the liver via the
asialoglycoprotein receptor. Many ligands and their
models were proposed and investigated as targeting
moieties. The polycations conjugated with several ligands,
such as transferrin (5), insulin (6), and antibody (7)
molecules, have been studied for the efficient internaliza-
tion of DNA-ligand complexes.
The major shortcomings of these delivery systems are,

however, transient and low levels of transfection activity.
These shortcomings are attributed to the barriers exist-
ing during the delivery to the final destination, i.e.,
cytoplasmic space or the nucleus of the target cells. One
of the major barriers is the reticuloendotherial system
that entraps and scavenges foreign materials in the blood
stream. Because most of DNA complexes are the size of
a few hundred nanometers, they are liable to be en-
trapped by the reticuloendotherial system before their
arrival at the target tissues or cells (9, 10). Another
major barrier of nonviral delivery is the fact that most
endocytozed complexes remain entrapped in vesicles and
are subsequently degraded by the lysosomal pathway
(11).
On the other hand, many viruses have evolved various

molecular mechanisms for gaining the efficient entry into
cells and escaping lysosomal degradation. For example,
some virus particles exhibit the fusogenic activity with
endosomal membranes to translocate the viral DNA to
cytoplasmic space (12). The mechanics of the direct
injection of DNA through the cellular plasma membrane
were well documented for the infection of T4 bacterio-
phages (13). The fact that these viruses display such
molecular mechanisms only after the arrival at the target
cells is unique. The viruses, therefore, switch on these
mechanisms by sensing environmental factors such as
pH and/or specific molecules at the target sites.
Such “intelligence” of viral infection pathways has led

us to create the nonviral carrier with intelligent func-
tions. The materials internalized via receptor-mediated
endocytosis are delivered into acidic endosomal vesicles
so that they are subjected to the significant pH change
(14). The polymer carriers which are capable of varying
their functions in response to pH, therefore, enable us
to construct intelligent DNA delivery systems.
In this study, we have prepared a novel comb-type

polycation exhibiting a dual ionic property. The comb-
type copolymer consists of stronger basic chains of PLL-
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+81-45-924-5122. Fax: +81-45-924-5815. E-mail: amaruyam@
bio.titech.ac.jp.

† Tokyo Institute of Technology.
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1 Abbreviations: PLL, poly(L-lysine); PDEAEMA, poly[2-

(diethylamino)ethyl methacrylate]; DMF, N,N-dimethylforma-
mide; NCA, NR-carboxyanhydride; CBZ, carbobenzoxy group;
V-65, 2,2′-azobis(2,4-dimethylvaleronitrile); GPC, gel permeation
chromatography; CD, circular dichroism; Pn, number-average
degree of polymerization.
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grafts and a weaker basic backbone of poly[2-(diethyl-
amino)ethyl methacrylate] (PDEAEMA). The PDEAE-
MA undergoes the drastic change in protonation degree
and solution properties near neutral pH (15, 16). Such
a change in the PDEAEMA segment would give pH
sensitivity to the DNA complex. It becomes possible to
vary complex properties, such as the state of electrical
charges and hydrophilic/hydrophobic balance, which are
the factors determining the interaction with cellular or
endosomal membranes. The higher-order structure of
DNA in the complex, which is an influential factor in the
transgene expression (17), can be also modified pH-
dependently. Furthermore, the pH-sensitive DNA-poly-
cation complexes may allow us to control the release of
transgene enhancers, such as fusogenic substances and
enzyme inhibitors, in a pH-sensitive manner.

EXPERIMENTAL PROCEDURES

Materials. 2-(Diethylamino)ethyl methacrylate (DE-
AEMA) was purchased from Wako Pure Chemical In-
dustries, Ltd. (Osaka, Japan) and was distilled under
reduced pressure after removing methacrylic acid with
a 0.1 M NaOH aqueous solution. Dehydrated N,N-
dimethylformamide (DMF) was purchased from Kanto
Chemical Co., Inc. (Tokyo, Japan), and the calf thymus
DNA was from Sigma Chemical Co. (St. Louis, MO). All
other chemicals of a special grade were used without
further purification.
Synthesis of PDEAEMA-graft-PLL Comb-Type

Copolymers. The synthetic route of the comb-type
copolymers is shown in Scheme 1. The NR-carboxyan-
hydride (NCA) ofNε-carbobenzoxy (CBZ)-L-lysine (2) (18)
was dissolved in dehydrated DMF. p-Aminomethyl-
styrene (1) (19) was dissolved in dehydrated DMF and
added to the solution of 2. The polymerization reaction
was performed with 10 g of CBZ-L-lysine NCA (2) in 100
mL of DMF at a monomer (2)/initiator (1) molar ratio of
20 or 40 (for 72 h at 25 °C). Then, the reaction mixture

was poured into a 10-fold volume of diethyl ether.
Precipitate was collected by filtration and washed with
diethyl ether, followed by drying in vacuo.
The resulting macromonomer (3) and DEAEMA (4)

were dissolved in 1 mL of DMF at the total monomer
concentration of 300 mg/mL. The radical copolymeriza-
tion reaction was carried out for 7 h at 47 °C in a sealed
glass ampule using 20 mM 2,2′-azobis(2,4-dimethylvale-
ronitrile) (V-65) as an initiator. After the reaction, the
content was poured into a large excess of water, and
precipitate was dried in vacuo. The crude polymers were
dissolved in trifluoroacetic acid, followed by the addition
of thioanisole to deprotect CBZ-amino groups. The final
concentrations of thioanisole and the polymer were 1.6
and 0.32 mM (based on the CBZ groups), respectively.
The deprotection reaction was carried out for 3.5 h at 25
°C. Then, the reaction mixture was poured into a large
excess of diethyl ether. Precipitate was redissolved in
trifluoroacetic acid and poured again into ether. The
precipitate was dried in vacuo and dissolved in water,
followed by dialysis against distilled water using a
Spectra/Por 7 membrane (molecular weight cutoff ) 104)
to remove unpolymerized macromonomers. After dialy-
sis, the resulting copolymer was obtained by freeze-
drying.
Gel Permeation Chromatography (GPC). GPC

was carried out using a JASCO 880-PU pumping system
(Tokyo, Japan) at a flow rate of 1.0 mL/min at 30 °C with
Ultrahydrogel 500 and Ultrahydrogel 250 columns (Ja-
pan Waters Ltd., Tokyo, Japan). The aqueous solution
containing 0.5 M CH3COOH and 0.3 M Na2SO4 was used
as a mobile phase. Three hundred microliters of 1 mg/
mL samples was injected into the columns. The detection
of the polymers was performed by a refractive index
detector (830-RI, JASCO) and a multiangle light scat-
tering detector (Dawn-DSP, Wyatt Technology Co., Santa
Barbara, CA).

1H NMR Spectroscopy. Each polymer (3-5 mg) was
dissolved in 700 µL of D2O (99.95 at. % D; Merck,
Darmstadt, Germany), and the pH of the solution was
varied by adding a trace amount of a 1 M HCl or 1 M
NaOH solution. The pH value was checked with a TOA
HM-20E pH meter (Tokyo, Japan) before and after 1H
NMR analysis. 1H NMR spectra (400 MHz) were ob-
tained by a Varian Unity 400plus spectrometer (Palo
Alto, CA), at a probe temperature of 298 K. The chemical
shifts are expressed as parts per million using internal
water molecules (δ ) 4.7 ppm in D2O) as a reference.
Acid-Base Titration and TurbidityMeasurement

of PDEAEMA-graft-PLL Solutions. To 1.5 mL of an
aqueous solution of the polymer (3.8 mg/mL) was added
a 1 M HCl solution (20-30 µL), and the acidic polymer
solution (pH 2) was titrated with a 1 M NaOH solution.
The titration was carried out by the stepwise addition of
1 M NaOH and stopped at pH 12. The reverse titration
was then performed as above, except that 1 M HCl was
used. The turbidity of the solution during the titration
was measured by monitoring the absorbance at 500 nm
with a Beckman DU-640 spectrophotometer (Fullerton,
CA).
Circular Dichroism Spectropolarimetry and Tur-

bidity Measurement of the Mixture of DNA and
PDEAEMA-graft-PLL. The stock solutions of both
DNA (1 mg/mL) and PDEAEMA-graft-PLL (4 mg/mL) in
0.15 M NaCl were mixed together at a final ratio of 1/10
or 10/1 for the lysine unit (PLL-graft) to the nucleotide
unit (DNA). The final concentration of DNA was ad-
justed to 0.1 mg/mL (3 × 10-4 M based on the nucleotide
units). The pH of the mixture was varied from 7 to 8.5
by adding either a 0.1 or 1 M solution of HCl or NaOH.

Scheme 1. Synthesis of PDEAEMA-graft-PLL Comb-
Type Copolymers
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The circular dichroism (CD) and the turbidity of the
mixture were measured at each pH point. The CD was
measured with a JASCO J-600 spectropolarimeter in the
quartz cell with an optical path length of 1 cm at room
temperature. The values of CD in the figure are ex-
pressed as molecular ellipticity, calculated for one nucle-
otide residue in the polynucleotide. The turbidity was
measured by monitoring the absorbance at 500 nm. The
pH value was also checked after the CD and turbidity
measurement.

RESULTS AND DISCUSSION

Synthesis of PDEAEMA-graft-PLL Comb-Type
Copolymers. The polymerizations of CBZ-L-lysine NCA
(2) had progressed homogeneously in the solvent of
dehydrated DMF. The vinyl groups were preserved in
the resulting polymer (3), which was confirmed by 1H
NMR spectroscopy in (CD3)2SO (DMSO-d6): δ 5.2 (dou-
blet), 5.8 (doublet), and 6.7 (quartet) ppm. The number-
average degree of polymerization (Pn) of the macromono-
mer (3) determined by GPC was almost equal to that
determined by 1H NMR (see footnotes in Table 1) and
was proportional to the feed ratio of monomer (2) to
initiator (1). These results confirmed that the resulting
macromonomers possessed one polymerizable vinyl end
per molecule.
The radical copolymerizations of 3 with DEAEMA (4)

had progressed homogeneously in DMF. Figure 1 shows
the representative GPC profile of the resulting copolymer.
The GPC profile indicated that unreacted macromono-
mers were removed by the purification process, including
dialysis. The number-average molecular weight of the
each copolymer determined by GPC was about 4.0× 104.
The 1H NMR spectra (Figure 2) of the copolymer showed
the characteristic signals of both PLL-graft and PDE-
AEMA backbone: δ 1.3 (methyl protons of the diethyl-
amino group of PDEAEMA), 1.4-1.8 (â-, γ-, and δ-me-
thylene protons of PLL), 3.0 (ε-methylene protons of
PLL), 3.3 (methylene protons of the diethylamino group

of PDEAEMA), 3.5 (2-methylene protons of PDEAEMA),
and 4.3 (R-methine protons of PLL) ppm. No residual
CBZ groups were detected in the final polymer samples,
indicating the successful deprotection of amino groups.
From the signal ratio of ε-methylene protons (3.0 ppm)
of the PLL-grafts and methylene protons (3.3 ppm) of the
PDEAEMA backbone, the content (mole percent) of 3 in
the copolymer was determined. As shown in Table 1, the
content of 3 in the copolymer was higher than that in
feed, which suggested the preferential incorporation of
the macronomomers (3) in the copolymers under the
experimental conditions. Thus, it is possible to obtain
the comb-type copolymers with well-controlled graft
chains by using the macromonomer method.
pH-Dependent Behavior of PDEAEMA-graft-PLL

Comb-Type Copolymers in Water. Figure 3 shows
the acid-base titration curves of PDEAEMA-graft-PLL.
The comb-type copolymer exhibited two-step proton dis-
sociation. First and second proton dissociation was
attributed to that of PDEAEMA (pH 7.5) and PLL (pH
10) segment, respectively. The dissociation profile varied

Table 1. Characteristics of Prepared
PDEAEMA-graft-PLL Comb-Type Copolymersa

mol % of 3b

sample
in
feed

in
copolymer

yield
(%)

[lysine]/[DEAEMA]
in copolymer

1 1.9 2.5 25 0.46
2 3.7 4.3 24 0.80
3 7.1 8.8 6 1.7
4 1.2 1.5 11 0.44

a Initiator, 20 mM V-65; reaction temperature, 47 °C; reaction
time, 7 h; solvent, DMF. b For samples 1-3, Pn (determined by
GPC) ) 20 and Pn (determined by 1H NMR) ) 18; for sample 4,
Pn (GPC) ) 30 and Pn (1H NMR) ) 28.

Figure 1. Gel permeation chromatograms of (a) the PDE-
AEMA-graft-PLL comb-type copolymer (sample 1) and (b) the
deprotected CBZ-L-lysine macromonomer: column, Ultrahydro-
gel 500 + 250; eluent, 0.5 M CH3COOH + 0.3 M Na2SO4; flow
rate, 1.0 mL/min; temperature, 30 °C; detection, refractive index.

Figure 2. 1H NMR spectra of (a) PLL, (b) PDEAEMA, and (c)
PDEAEMA-graft-PLL in D2O (pH 2).

Figure 3. Acid-base titration curves of PDEAEMA-graft-PLL
comb-type copolymers: (b) sample 1, (O) sample 2, and (9)
sample 3. Acidic polymer solutions were titrated with the
stepwise addition of 1 M NaOH. The horizontal axis is normal-
ized as the deprotonation degree based on the total amino
groups of the PDEAEMA-graft-PLL comb-type copolymer.
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according to the composition of the copolymer. Thus, the
comb-type copolymer exhibited a dual ionic character
owing to the two kinds of cationic segments, i.e., PDE-
AEMA and PLL, in the copolymer.
It should be noted that the solution behavior of the

comb-type copolymer, as shown in Figure 4, was totally
different from that of the PDEAEMA homopolymer. The
PDEAEMA homopolymer exhibited precipitation above
pH 7.5 owing to the deprotonation of the amino groups
of the PDEAEMA. The precipitation of PDEAEMA was
also seen in the polymer mixture of PDEAEMA and PLL.
On the other hand, no significant turbidity was observed
for the comb-type copolymer. The solution behavior of
the comb-type copolymer was further evaluated by 1H
NMRmeasurement. As shown in Figure 5, the 1H NMR
signals of the copolymer varied drastically with the
change of pH. The deprotonation of diethylamino groups

was observed by the upfield shifts of the 1H NMR signals
with increasing pH. It is worth noting that the signals
of the PDEAEMA segment disappeared at pH 8.4 where
the amino groups of the segment were completely depro-
tonated. The peak area of the signals of the PDEAEMA
segment decreased when more than 60% of the amino
groups of the segment were deprotonated (Figure 6),
whereas no significant change was observed for the PLL
segment. As the PDEAEMA homopolymer became in-
soluble in higher pH, the PDEAEMA segment in the
comb-type copolymer probably separated out of water and
formed the microprecipitate (microparticle) that caused
proton signal shielding (20, 21). The hydrophilic seg-
ments of the protonated PLL in the comb-type copolymer
would stabilize the microprecipitate of the PDEAEMA
segment and protect it from the bulk precipitation,
leading to the transparent solution even in higher pH.
In this sense, the comb-type copolymer was capable of
varying the hydrophilic-hydrophobic balance and higher-
order structure, in addition to the total positive charges,
in response to the small change of pH of the solution.
The pH sensitivity of the comb-type copolymer observed
with the turbidity and 1H NMRmeasurement was shown
to be reversible.
Solubility Change of the Polyelectrolyte Complex

between DNA and the PDEAEMA-graft-PLL Comb-
Type Copolymer in Response to pH. We examined
how the pH sensitivity of the PDEAEMA-graft-PLL
copolymers influenced the properties of their complex
with DNA. Figure 7 shows the pH-dependent turbidity
change of the DNA solution mixed with an excess amount
of the PDEAEMA-graft-PLL. Neither the DNA solution
nor the PDEAEMA-graft-PLL solution exhibited any
turbidity. However, the DNA/PDEAEMA-graft-PLL mix-
ture exhibited significant turbidity above pH 7.5, and the
turbidity decreased discontinuously at pH 7.5. The pH-
dependent change of turbidity was almost reversible.
Since the PDEAEMA homopolymer became soluble below
pH 7.5, the solubility change of the DNA/PDEAEMA-
graft-PLL complex in response to pH was probably
related to the protonation of the PDEAEMA segment in
the copolymer. We have already reported that the
soluble complexes between DNAs and polycations are
available by conjugating water soluble polymer chains
such as dextran to polycations (22). In this case, the

Figure 4. Effect of pH on the solubility of polymers in water:
(b) PDEAEMA-graft-PLL comb-type copolymer (sample 1, 3.8
mg/mL), (9) PDEAEMA homopolymer (2.7 mg/mL), and (O)
homopolymer mixture having the same composition (2.7 mg/
mL PDEAEMA and 1.3 mg/mL PLL) as that of the copolymer.
The turbidity was measured by monitoring the absorbance at
500 nm of the polymer aqueous solution during the acid-base
titration.

Figure 5. Effect of pH on the 1H NMR spectra of the
PDEAEMA-graft-PLL comb-type copolymer in D2O. The pH was
varied by adding a trace amount of 1 M HCl or 1 M NaOH.

Figure 6. Plot of the 1H NMR peak area ratio of the PDE-
AEMA signal at 2.0 ppm to the PLL signal at 3.0 ppm against
the deprotonation degree of the PDEAEMA segment. The pH
values are also indicated on the top horizontal axis.
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excess segments of the protonated PDEAEMA should
contribute to increasing the solubility of the complex at
lower pH.
pH-Dependent Conformational Change of DNA

in the Presence of the PDEAEMA-graft-PLL Comb-
Type Copolymer. To examine further the pH-depend-
ent behavior of the DNA complex with the comb-type
copolymer, we studied the structural change of DNA in
the presence of the copolymer. Figure 8 shows the CD
spectra of DNA in the presence of the comb-type copoly-
mer under the DNA excess condition. We found that the
CD spectra of DNA in the presence of the comb-type
copolymer varied between pH 7 and 9, whereas those of
DNA alone did not vary. The CD spectrum of DNA
exhibited the positive peak at around 275 nm and the
negative peak at around 246 nm. The ratio of -[θ]275/
[θ]246 is plotted against pH values in Figure 9a to estimate
DNA distortion (23, 24). The structure of DNA in the
mixture was distorted owing to the complex formation,
and the distortion of DNA was enhanced at lower pH.
Furthermore, the CD spectrum at lower pH exhibited
non-zero values above 300 nm, as shown in Figure 9b.
Such “tail” anomalies in the region of the spectrum above

300 nm (25), where the absorption of the uncondensed
DNA goes to zero, are an indication of the formation of
large chiral aggregates (26, 27). Taking these results into
account, the comb-type copolymer was capable of varying
DNA distortion and condensation at a particular pH. The
CD spectra varied around pH 8.0, which was a little
higher than the proton dissociation pH of the PDEAEMA
segment (around pH 7.5). This is reasonable because the
dissociation pH of DNA and the PDEAEMA segment
should be higher than the proton dissociation pH of
PDEAEMA (28). We also confirmed that the pH-depend-
ent conformational change of DNA was reversible.
Conclusion. We have prepared the novel pH-sensi-

tive comb-type copolymer PDEAEMA-graft-PLL and
evaluated the solution properties of the comb-type co-
polymer. The comb-type copolymer exhibited unique
solution properties in response to pH. The properties
were totally different from those of each homopolymer
and their mixture. By using the comb-type copolymer
as a pH-sensitive polycation, the assembling structure
of DNA complexes and the conformation of DNA were
drastically varied at a particular pH. The properties of
DNA complexes, such as the assembling structure and
the compaction of DNA, have been described as factors
which influence transfection activity (29, 30); therefore,
the comb-type copolymer can be a unique tool for gaining
insight into the structure-function relationship in the
transfection activity. From a practical point of view, the
transition pH value which triggered the response of the
DNA complex was a little higher than that desired for
sensing acidic endosomal vesicles. It is, however, possible
to lower the transition pH value by introducing hydro-
phobic groups to the PDEAEMA segment (31) or by
replacing PDEAEMA with other pH-sensitive polymers.
In this study, we have demonstrated that the comb-type
copolymer is capable of sensing a pH signal and output-

Figure 7. Effect of pH on the solubility of the mixture of DNA
and the PDEAEMA-graft-PLL comb-type copolymer: (b) mix-
ture of DNA (0.1 mg/mL) and PDEAEMA-graft-PLL (sample 1,
1.6 mg/mL) ([amino group]PLL-graft/[phosphate group]DNA ) 10),
(O) DNA alone (0.1 mg/mL), and (9) PDEAEMA-graft-PLL alone
(1.6 mg/mL) in 0.15 M NaCl. The pH was varied by adding a 1
M solution of HCl or NaOH. The turbidity was measured by
monitoring the absorbance of the mixture at 500 nm.

Figure 8. Effect of pH on the CD spectra of DNA in the
presence of the PDEAEMA-graft-PLL comb-type copolymer: pH
7.7 (solid line), pH 8.2 (dashed line), and DNA alone (dotted
line; the spectrum at pH 7.7 and 8.2 overlapped). DNA (0.1 mg/
mL) and PDEAEMA-graft-PLL (sample 1, 17 µg/mL) were mixed
in 0.15 M NaCl ([amino group]PLL-graft/[phosphate group]DNA )
0.1). The pH was varied by adding a 0.1 M solution of HCl or
NaOH. The molecular ellipticities based on nucleotide units (3
× 10-4 M) are represented.

Figure 9. Plot of (a) -[θ]275/[θ]246 and (b) [θ]305 in the CD
spectra against pH: (b) DNA/PDEAEMA-graft-PLL mixture
and (O) DNA alone.
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ting the nonlinear change of the physicochemical proper-
ties of DNA polyelectrolyte complexes. The achievement
of the pH-induced nonlinear output can be the first step
in mimicking the intelligent virus infection pathway with
artificial polymer carriers.

LITERATURE CITED

(1) Ringsdorf, H. (1975) Structure and properties of pharma-
cologically active polymers. J. Polym. Sci. Polym. Symp. 51,
135-153.

(2) Cartlidge, S. A., Duncan, R., Lloyd, J. B., Rejmanová, P.,
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A hepatocyte-directed vector has been developed; it includes several key features thought to favor in
vivo gene delivery to the liver: electrostatically neutral particles which avoid nonspecific binding to
other cells, to the extracellular matrix, and to complement proteins; asialoglycoprotein receptor-
mediated endocytosis which may address the complexes to the perinuclear region; and polyethylenimine
(PEI)-mediated endosome buffering and swelling as an escape mechanism to the cytoplasm. This
system is based on a 5% galactose-bearing polyethylenimine (PEI-gal) polymer which is condensed
with plasmid DNA to neutrality. Murine (BNL CL.2) and human (HepG2) hepatocyte-derived cell
lines were transfected 104-105-fold more efficiently than murine fibroblasts (3T3), whether transfection
was assessed globally (luciferase expression from the cell extract) or following histochemical staining
(â-galactosidase). Under these conditions, over 50% of the hepatocytes were selectively transfected
in the presence of 10% serum. Transfection was suppressed by removal of the targeting galactose
residues, by their replacement with glucose, or by the addition of excess asialofetuin. Thus, results
from comparative and competitive experiments indicate the asialoglycoprotein receptor is involved in
transfection of hepatocytes with neutral PEI-gal/DNA complexes.

In vivo gene delivery with nonviral vectors has been
demonstrated in many cases and provides the basis for
several clinical trials (Nabel, G. J., et al., 1993; Caplen
et al., 1994; Nabel, E. G., et al., 1994; Crystal, 1995).
However, with some exceptions (Stribling et al., 1992;
Logan et al., 1995), efficiency, especially when it comes
to the percentage and type of transfected cells, has been
rather low (Perales et al., 1994; Thierry et al., 1995;
Tsukamoto et al., 1995; Mclachlan et al., 1995; Schwartz
et al., 1995; Noguiezhellin et al., 1996; Stephan et al.,
1996; Lee et al., 1996). Most work has been done with
cationic lipid/plasmid complexes. Their net ionic charge
(i.e. the ratio of cationic vector over anionic phosphate)
governs the fate of the resulting particles (Behr et al.,
1989; Schwartz et al., 1995; Remy et al., 1995) and leads
to a dilemma. Transfection is most efficient only when
particles are cationic and thus can be taken up by
adherent cells following binding to anionic cell surface
proteoglycans (Mislick and Baldeschwieler, 1996; Labat-
Moleur et al., 1996); they will however bind to quite
similar polyanionic glycans present in the extracellular
matrix. Conversely, anionic particles will not be re-
tained, but will not bind efficiently to the cell surface
either. The tricky choice of the cationic vector/DNA ratio
is further complicated by the fact that around neutrality
particles become generally much larger and are unstable
(Jaaskelainen et al., 1994); indeed, particle size is an
important concern too when considering diffusion within
a tissue or escape from the reticuloendothelial system.
A way out of this dilemma is development of neutral
particles supplemented with a ligand which will prevent
complex aggregation and allow cell binding (Remy et al.,
1995).
In the pioneering work by Wu and Wu (1987) on

hepatocyte targeting with asialoglycoprotein-polylysine/

plasmid complexes, most components for dealing with
these problems were empirically present. Calculations
with the amounts of cationic vector and DNA they used
show that the charge of the complexes was on the anionic
side, leading to particles which were stable and diffusible
in vivo. Efforts in downsizing the particles were under-
taken by complex formation in a decreasing salt gradient.
Finally, cell binding by the anionic complexes was due
to the asialoglycoprotein component. Transgene expres-
sion was achieved in vivo (Wu et al., 1989, 1991; Wilson
et al., 1992; Stankovics et al., 1994; Frese et al., 1994),
yet most of the DNA remained for days in intracellular
vacuoles (Chowdhury et al., 1993). In vitro work showed
that these complexes required the lysosomotropic weak
base chloroquine to be efficiently released into the
cytoplasm (Plank et al., 1992; Midoux et al., 1993;
Wadhwa et al., 1995); ip injection of chloroquine prior to
gene delivery in vivo was even attempted (Merwin et al.,
1994).
We recently described a new property for an old

compound (Boussif et al., 1995, 1996). Indeed, the
versatile cationic polymer polyethylenimine (PEI) was
found to be among the most efficient polycationic gene
transfer vectors to date. PEI shares endosome buffering
capacity with chloroquine, and this “proton sponge” effect
provides the basis for endosomal escape for the PEI/DNA
complexes. On the other hand, chemical adduction to the
ethylenimine network does not seem to interfere with
gene delivery (Remy et al., 1997). Therefore, PEI con-
stitutes per se an outstanding core for the design of more
sophisticated devices. Here, we demonstrate that neutral
PEI/DNA complexes bearing galactose residues transfect
efficiently and specifically hepatocyte-derived cell lines
in the presence of serum and in the absence of any extra
membrane-disrupting agent.

EXPERIMENTAL PROCEDURES

Chemicals. Polyethylenimine (25 kDa average Mw),
lactose, maltose, and sodium cyanoborohydride were
purchased from Aldrich (Saint Quentin-Fallavier, France).
Asialofetuin and ethidium bromide were purchased from
Sigma Chemical Co. (St. Louis, MO).

* Address correspondence to J.-P. Behr, Chimie Génétique,
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Glycosylation of Polyethylenimine. PEI (31 mg;
581 µmol of amine functions assuming a mean Mw of 43
Da for the repeating unit) and the disaccharides lactose
or maltose (11 mg, 30 µmol, Mw ) 360.3 Da) were
dissolved in 1 mL of sodium borate buffer (200 mM, pH
8.5). After addition of sodium cyanoborohydride (5 equiv/
disaccharide), the reaction mixture was incubated for 48
h at 40 °C in a water bath. After cooling to room
temperature, the polymeric material was purified by
ultrafiltration through an Amicon membrane (cutoff,
30 000 Da, Millipore) and washing with distilled water.
Drying of the residue in vacuo led to 36 mg of glycosyl-
ated polyethylenimine. Carbohydrate quantitation with
the resorcinol test led to 5% conjugation. N/P calcula-
tions for PEI-gal and PEI-glu (see below) were thus
based on a mean Mw of 61 Da.
Cell Lines and Cell Culture. NIH 3T3 murine

fibroblasts and HepG2 human hepatocarcinoma cell lines
were purchased from ATCC (Rockville, MD) and grown
in Dulbecco’s modified Eagle medium (DMEM). BNL
CL.2 murine hepatocytes were kindly provided by E.
Wagner (Bender Co., Wien, Austria) and grown in high-
glucose DMEM (4.5 g/L). All cell culture media were
supplemented with 10% FCS (fetal calf serum, D. Dut-
scher, Brumath, France), 2 mM L-glutamine (Gibco BRL,
Cergy-Pontoise, France), 100 units/mL penicillin (Gibco
BRL), and 100 µg/mL streptomycin (Gibco BRL). Cells
were maintained at 37 °C in a 5% CO2 humidified
atmosphere. When 80% confluent, they were detached
with saline trypsine/EDTA (Gibco, BRL) and grown in
new flasks at a 1/10 dilution.
Plasmids. pCMV-luc and pCMV-NLSlacZ, encoding

respectively the Photinus pyralis luciferase and the
bacterial â-galactosidase genes under the control of the
cytomegalovirus enhancer/promoter, were kindly pro-
vided by M. Scarpa (CRIBI, Padova, Italy). Plasmids
were purified from Escherichia coli strain XL blue using
Qiagen columns (Courtaboeuf, France).
Cell Transfection. Adherent cells were seeded in 24-

well plates (Costar, D. Dutscher) the day before trans-
fection so they could reach 60-70% confluence during
transfection. All experiments were done in triplicate.
Prior to transfection, cells were rinsed and 1 mL of
culture medium complemented with 10% FCS was added.
Two micrograms of the desired plasmid (from a ca. 1.5
mg/mL solution in 10 mM Tris/1 mM EDTA buffer at pH
7.4) was diluted into 50 µL of 0.15 M NaCl. The desired
amount of 25 kDa PEI or glycosylated PEI [from 10 mM
stock solutions of PEI, PEI-gal, or PEI-glu in water at
pH 7.5; 1 N/P equivalent corresponds to the amount of
polymer necessary to have one amino group (43 Da mean
Mw for PEI and 61 Da for PEI derivatives) per phosphate
of nucleic acid (330 Da mean Mw) (Boussif et al., 1996)]
was diluted into 50 µL of 0.15 M NaCl, vortexed gently,
and spun down.
Fifteen minutes later, the cationic vector was added

at once to the plasmid solution [and not the reverse order;
see Boussif et al. (1996)], mixed, vortexed, and spun
down. The amounts and volumes given above refer to
those in a single well and were actually 3-fold larger and
distributed in three wells. After ca. 10 min, the resulting
mixture was added to the cells and the cell supernatant
was uniformly distributed with a gentle horizontal hand
rotation. Immediately after, the cell culture dish was
centrifuged (Sigma 3K10, Bioblock) for 5 min at 1500 rpm
(ca. 280g). The cells were cultured for 24 h and then
tested for reporter gene expression.
Luciferase Assay. Luciferase gene expression was

measured by luminescence. The culture medium was
discarded and cell lysate harvested upon cell incubation

for 30 min at room temperature in Lysis Reagent 1×
(Promega, Madison, WI). The lysate was vortexed gently
and centrifuged for 5 min at 14 000 rpm (ca. 17530g) at
4 °C. Twenty microliters of lysate was diluted into 100
µL of luciferase reaction buffer (Promega), and the
luminescence was measured for 10 s (Biolumat LB 9500,
Berthold, Wilbach, Germany). The results were ex-
pressed as light units per milligram of cell protein (BCA
assay, Pierce).
X-Gal Staining. â-Galactosidase gene expression was

detected by histochemical cell staining using X-Gal
(Euromedex, Souffelweyersheim, France) as described
(Boussif et al., 1996).

RESULTS

Synthesis and DNA Binding Properties of the
PEI-gal Molecular Conjugate. Several types of ligands
have been conjugated to polycations for transferring
genes to hepatocytes following endocytosis via the asia-
loglycoprotein receptor: asialoorosomucoid, a natural
protein ligand (Wu and Wu, 1987; Cristiano et al., 1993),
multiantennary synthetic galactose derivatives (Remy et
al., 1995; Plank et al., 1992; Wadhwa et al., 1995; Merwin
et al., 1994), and simple galactose groups (Perales et al.,
1994; Midoux et al., 1993; Chen et al., 1994; Martinezfong
et al., 1994). We opted for the simplest solution as strong
binding by individual residues may be unnecessary
provided sufficient galactose residues are present on each
PEI/DNA particle. The most straightforward way to link
galactose to PEI is via imine formation of lactose (galac-
tosyl-R1,4-glucose, see Figure 1) with the amine functions
of PEI, followed by in situ reduction back to a substituted
amine (Martinezfong et al., 1994). This introduces a four-
carbon hydrophilic spacer between the polymeric network
and the galactose ligand.
The percentage of derivatization is an important factor

to consider, too. A rough preliminary screening led to
5% of the total amine functions being a good choice. It
should be noted that, in contrast to amide or thiourea
linkers, the present sequence of chemical reactions does
not decrease the original number of cationic charges
borne by the polymer. Furthermore, in contrast to
polylysine-based vectors, only a fraction (ca. 25%) of the
amine functions of PEI are protonated at physiological
pH (Boussif et al., 1995). Complex formation with
anionic DNA is expected to increase this fraction, espe-
cially at a low PEI/DNA ratio. Some surface charge
measurements (zetasizer, Malvern) confirmed this view
since complexes were found to be neutral when PEI
(nitrogen)/DNA (phosphate) N/P ) 3. The ratio where
DNA binding is complete was assessed by agarose gel
electrophoresis of complexes formed between PEI or
PEI-gal and plasmid DNA. As shown in Figure 2, all
the DNA was retained for an N/P ratio of above 2,
whether with the native or derivatized polymers. The
best conditions for in vivo transfection would therefore
be around N/P ) 2-3.
Hepatocyte Transfection in Serum Remains Ef-

ficient at Low PEI-gal/DNA Charge Ratios. We
recently worked out optimized conditions for transfection
with lipopolyamines and PEI which tolerate the presence
of serum (Boussif et al., 1996); these conditions have been
used here to compare PEI to PEI-gal-mediated trans-
fection for various cation/anion ratios. The pKa’s of PEI
being variable, this ratio was expressed as PEI amine
monomer over DNA phosphate (N/P). A reasonable
assumption is that, above DNA charge neutralization by
PEI (N/P ) 3), excess complexed PEI behaves as free PEI;
i.e. every one out of four nitrogen atoms is protonated.
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Adherent 3T3 murine fibroblasts, as expected, were
efficiently transfected with cationic PEI/pCMV-Luc com-
plexes (N/P ) 10-5, Figure 3a) which bind nonspecifi-
cally to anionic cell surface “receptors”. Neutral or
anionic complexes (N/P ) 3-1) which cannot bind ef-
ficiently to the cells displayed poor transfection ability.
These results were confirmed histochemically by cell
counting after pCMV-NLSLacZ transfection (ca. 80 and
,0.1% transfected cells for N/P ) 10 and 2, respectively;
data not shown). Fibroblasts do not express [(F(-)] the
asialoglycoprotein receptor and are not expected to
display enhanced PEI-gal-mediated gene delivery. In
fact, galactose conjugation seemed even to interfere with
the ionic cell binding process, as transfection (N/P ) 10
and 5) decreased by 1-2 orders of magnitude.
Murine BNL CL.2 hepatocyte (Figure 3b) and human

HepG2 hepatoma (Figure 3c) cell lines also were ef-
ficiently transfected by cationic PEI/DNA complexes
[>109 LU/(mg of protein)] and showed similar trends
toward poor transfection [104-105 LU/(mg of protein)] for

neutral complexes. Here however, galactose-bearing
complexes retained high transfection levels down to below
neutrality (N/P ) 3 and 2). Decreasing the vector/
plasmid ratio further (N/P ) 1) led to a sharp efficiency
decrease. Indeed, less DNA is complexed (Figure 2),
fewer galactose residues are present on the complexes,
and DNA may loop out of the anionic complexes and
interfere with receptor binding.
Curves shown in panels a-c of Figure 3 are represen-

tative of six independent sets of experiments performed
with two batches of PEI-gal, pCMV-Luc from several
batches, and cells with various passage numbers. Ab-
solute luciferase expression values stayed within 1 order
of magnitude for ion-mediated PEI (N/P ) 10) and
galactose receptor-mediated PEI-gal (N/P ) 3 and 2)
transfections. Poor ion-mediated transfection values
with neutral PEI/DNA complexes were more scattered
(2 orders of magnitude). This had been noticed previ-
ously for cationic lipids (Remy et al., 1995) and may be
attributed to the fact that neutral complexes are unstable
(Jaaskelainen et al., 1994) and that a weak interaction
with cells is prone to larger binding variations. Relative
values taken from this large set of data however con-
firmed the conclusions derived above.
Neutral PEI-gal/DNA Complexes Show a 104-

105-Fold Selectivity for Hepatocytes. We compared
transfection results obtained on F(+) and F(-) cells with
neutral PEI-gal/DNA complexes in simultaneous experi-
ments to provide an idea of the targeting efficiency in
conditions relevant to in vivo transfection. A fair com-
parison should include cells transfectable to similar
extents with nontargeted vectors in serum. As shown
above, BNL CL.2 [F(+)], HepG2 [F(+)], and 3T3 cells [F-
(-)] fulfill this condition. With regard to the charge of
the PEI-gal/DNA complexes, electrophoresis showed
that most of the DNA remained in the well when N/P )
2 and that the residual faint smear disappeared when
N/P ) 3 (Figure 2). As discussed in the previous
paragraphs, this and surface charge measurements are
good evidence for the formation of slightly anionic and
neutral complexes at these ratios, respectively.
Transfection of BNL CL.2 and HepG2 hepatocyte cell

lines with PEI-gal/pCMV-Luc complexes atN/P ) 3 and
2 was very efficient [0.6-1 × 109 LU/(mg of protein)];

Figure 1. Idealized scheme for the conjugation of galactose to polyethylenimine via imine formation with lactose, and subsequent
condensation of PEI-gal with plasmid DNA into neutral galactose-bearing complexes (objects are not to scale).

Figure 2. Analysis of complex formation by agarose gel
electrophoresis. Above N/P ) 2 (N/P is the molar ratio of PEI
amine functions over DNA phosphates), all the DNA is com-
plexed and remains in the well. pCMV-Luc plasmid DNA (2 µg)
was mixed with increasing amounts of PEI (lanes P) or of PEI-
gal (lanes P-g) in a total volume of 100 µL of 0.15 M NaCl as
was performed for the transfection experiments (see Experi-
mental Procedures). After 15 min, 10 µL of each solution (200
ng/well) was loaded in a well for electrophoretic separation (0.8%
agarose in 150 mM Tris-acetate buffer at pH 7; electrophoresis
at 65 V for 90 min). DNA was visualized with ethidium bromide.
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transfection of 3T3 fibroblasts was 104-105-fold less
efficient (Figure 4). This very large factor was confirmed
histochemically following transfection with the pCMV-
NLSLacZ reporter gene; BNL CL.2 cells showed >50%
blue nuclei (Figure 5), whereas 3T3 cells hardly showed
any (0-2 cells/well, i.e. 0-0.002%, not shown).
Transfection of Hepatocytes Is Receptor-Medi-

ated. The external membrane of hepatocytes is rich in
receptors that bind and internalize terminal galactose-
bearing asialoglycoproteins. Preliminary evidence for the
involvement of these receptors in the gene delivery
process was inferred from the high level of reporter gene

expression that was observed with neutral PEI-gal/DNA
complexes (see above and compare experiments 1 and 6
with experiment 11 in Figure 6).
Additional evidence came from the following compari-

sons. Removal of the targeting element (galactose)
present on the complexes resulted in complete loss of
transfection for F(+) cells (Figure 6, experiments 2 and
7 vs 1 and 6); no such change was observed for F(-) cells
(Figure 6, experiment 12 vs 11). However, a glycosylated
vector may have other properties affected besides the
targeting phenomenon. We therefore synthesized a 5%
glucose-bearing polyethylenimine (PEI-glu) by reacting
the disaccharide maltose with PEI under the conditions
described for PEI-gal. Transfection of 3T3 cells with
PEI-glu was negligible and close to that obtained with
PEI-gal (experiments 11 and 13); with hepatocytes,
however, transfection became 10000- and 100000-fold less
effective (experiments 1 and 6 vs 3 and 8). Finally,
asialofetuin (ASF), a natural glycoprotein ligand of the
receptor, was added to the cell culture medium during
transfection (1 mg/well). This protein was not toxic to
the cells, nor did it interfere with receptor-independent
transfection (Figure 6, experiments 4 and 9). However,
competition between PEI-gal/DNA complexes and ASF
(36 molar equiv excess with respect to galactose) de-
creased transfection to very low levels (Figure 6, experi-

Figure 3. Graph of transfection efficiency vs vector/DNA ratio.
3T3 fibroblast (a), BNL CL.2 (b), and HepG2 (c) hepatocyte cell
lines were transfected in the presence of 10% serum with 2 µg
of pCMV-Luc plasmid/well and the desired amount of PEI and
PEI-gal as described in Experimental Procedures. Values are
the mean ( SD of three experiments. For most experiments,
circles and triangles on the graphs were larger than standard
deviations.

Figure 4. Neutral galactose-bearing complexes deliver genes
selectively to hepatocytes. 3T3 fibroblast and hepatocyte (BNL
CL.2 and HepG2) cell lines were transfected in a single run with
2 µg of pCMV-Luc and PEI or PEI-gal (N/P ) 2-3) as described
in Experimental Procedures. Values are the mean ( SD of three
experiments.

Figure 5. Transfection of BNL CL.2 hepatocytes with neutral
PEI-gal/DNA complexes is very efficient. Cells were transfected
in 10% serum with PEI-gal and 2 µg of pCMV-NLSLacZ atN/P
) 2. After 24 h, cell permeabilization and histochemical staining
with X-gal revealed >50% NLSLacZ-positive cell nuclei. Control
experiments at N/P ) 2 performed with PEI on BNL CL.2 cells
and with PEI-gal or PEI on 3T3 cells showed 0-2 blue nuclei
per 105 cells in a well.
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ments 5 and 10). Taken together, data from comparative
and competitive experiments all point to the involvement
of the asialoglycoprotein receptor in hepatocyte trans-
fection with PEI-gal/DNA complexes.

DISCUSSION

Hepatocytes are interesting as target cells for several
reasons. The asialoglycoprotein receptor they express is
well-characterized and abundant, and its interaction with
a ligand leads to endocytosis. Furthermore, the liver is
the center organ of several genetic, acquired, and viral
diseases amenable to gene therapy (Frese et al., 1994;
Ledley, 1993). Successful in vitro targeting of hepato-
cytes has been demonstrated in many cases, with vari-
able (10-102-fold) selectivities and experimental condi-
tions (Plank et al., 1992; Midoux et al., 1993; Cristiano
et al., 1993; Merwin et al., 1994; Chen et al., 1994; Remy
et al., 1995; Wadhwa et al., 1995). In our experimental
setup, PEI-gal is more selective, with factors in the
range of 104-105-fold. Due to its endosome-buffering
property, PEI-gal is also intrinsically more efficient than
polylysine-based vectors which require chloroquine (Plank
et al., 1992; Midoux et al., 1993; Merwin et al., 1994;
Wadhwa et al., 1995), fusogenic oligopeptides (Plank et
al., 1992; Midoux et al., 1993), or adenoviral particles
(Plank et al., 1992; Cristiano et al., 1993) to be efficiently
released in the cell cytoplasm (all these additives would
cause either toxicity or immunological problems in vivo).
Indeed, with neutral complexes and although cells were
maintained in 10% serum, over 50% of hepatocytes were
transfected, corresponding to 109 LU/(mg of protein) with
the luciferase reporter gene; these values fell to 0.002%
and 5 × 104 LU/(mg of protein) in the absence of the
receptor, respectively. Receptor-mediated transfection in
our conditions is thus very close to an all-or-nothing
process; most of the 105 F(+) cells in a well [whereas only
a few F(-) cells] are transfected, leading to the extreme
range found above. This interpretation is in agreement
with a “quantum” transfection when strongly driven
reporter genes are used, as discussed earlier (Boussif et
al., 1996).
Other attractive features of this delivery system in

relation to targeting of the liver are consequences of its

electroneutrality. The particles should not bind to ex-
tracellular matrix anionic proteoglycans, and neutral
PEI/DNA complexes have also been shown to have
reduced complement activation properties (Plank et al.,
1996). Yet on the extreme sides of the fate of a thera-
peutic plasmid, i.e. complex formation with the vector and
nuclear membrane crossing, the most challenging prob-
lems remain unsolved. (i) Downsizing of the particles to
avoid Kupffer cells and to cross the vascular endothelium
fenestration is one problem. Gene transfer in vivo with
small polylysine-gal/DNA complexes has been reported
(Perales et al., 1994); unfortunately, preliminary trans-
mission electron microscopy pictures of PEI-gal/DNA
complexes show rather large and polydisperse 100-400
nm particles. (ii) Restricted cytoplasmic diffusion (whether
concerning the PEI/plasmid complexes or the free plas-
mid) and nuclear membrane crossing are the main
barriers to gene delivery with cationic vectors (Labat-
Moleur et al., 1996; Zabner et al., 1995). Whereas no
satisfactory solution for crossing the nuclear membrane
has been described so far, hepatocytes may provide a
solution to intracellular trafficking. Indeed, in contrast
to the forced and “unnatural” endocytosis process of
cationic vector/DNA particles (Labat-Moleur et al., 1996),
receptor-mediated DNA uptake into hepatocytes with
PEI-gal may lead to endosomes which are able to travel
along microtubules toward the centrosome, which is
located very close to the nucleus (Novikoff et al., 1996).
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Neoglycoproteins with the Synthetic Complex Biantennary
Nonasaccharide or Its r2,3/r2,6-Sialylated Derivatives: Their
Preparation, Assessment of Their Ligand Properties for Purified
Lectins, for Tumor Cells in Vitro, and in Tissue Sections, and Their
Biodistribution in Tumor-Bearing Mice
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Neoglycoproteins were prepared with chemoenzymatically synthesized complex biantennaryN-glycan
derivatives the nonreducing ends of which bear typical sequences found in glycoproteins. A chemically
obtained biantennary heptasaccharide-azide was reduced and acylated with a 6-aminohexanoyl spacer.
Elongation of the deprotected heptasaccharide using glycosyltransferases yielded a biantennary
nonasaccharide with terminal galactose residues and two undecasaccharides terminating with R2,6-
or R2,3-linked sialic acid. The free amino group of the spacer of these oligosaccharides was converted
into an isothiocyanate. Its subsequent coupling to bovine serum albumin gave neoglycoproteins with
a yield of 2.4-3.6 glycan chains per carrier molecule. This versatile synthetic pathway allows
employment of a wide variety of complex-type glycans, which can be introduced to various test systems
in vitro and in vivo to evaluate potential biomedical applications. Solid-phase assays with biotinylated
sugar receptors revealed discriminatory binding properties of the three neoglycoproteins, especially
for the mistletoe lectin. This direct assay system is preferable to the measurement of inhibitory
capacities with respect to model ligands. Ligand type- and cell type-dependent quantitative differences
in the binding properties of the probes were detected by FACScan analyses with a panel of tumor cell
lines and by monitoring of staining in tissue sections for small cell and non-small-cell lung cancer
and mesotheliomas. Biodistribution of iodinated neoglycoproteins in mice gave a prolonged presence
of the sialylated probes in serum. Relative to the nonasaccharide, the uptake, especially of the iodinated
neoglycoprotein with R2,3-sialylated ligand chains, was clearly elevated in mice for kidneys and Ehrlich
tumors. On the basis of the documented feasibility of these applications, it is concluded that the
further elaboration of glycan chain variants by the described synthetic approach in combination with
the given test panel is warranted to evaluate the potential of complex glycan chain-carrying
neoglycoproteins for diagnostic and therapeutic purposes.

INTRODUCTION

Due to their enormous structural variability, oligo-
saccharides are predestined to store and to transmit
biological information (1). Physiologically, the recogni-
tion of distinct carbohydrate ligands by lectins is involved
in various functionally important processes such as cell
adhesion or glycoprotein routing (2). This wide-ranging
relevance of protein-carbohydrate interactions explains
the efforts to construct tailor-made neoglycoconjugates
as defined tools to explore medical applications (3, 4).
Already experimentally verified possibilities encompass
lectin-mediated drug targeting, especially to the C-type
asialoglycoprotein receptor of hepatocytes, and lectin
visualization in morphological or diagnostic approaches

(5-15). It is reasonable to assume that the extension of
the ligand complexity from often used mono- or disac-
charides will enhance the selectivity of the synthetic
product for respective receptors. Purified glycopeptides
obtained from natural glycoproteins are an obvious choice
to gain access to the required oligosaccharide part (16,
17). The continuous improvement in the preparative
capabilities to produce oligosaccharides by combined
chemical and enzymatic synthesis enables us to take an
alternative route to neoglycoproteins with complex sugar
chains. Having recently described the chemoenzymatic
synthesis of the R2,6-sialylated complex biantennary
undecasaccharide attached to asparagine (18), the basis
is therefore established to prepare neoglycoproteins with
deliberate changes in the terminal part of the sugar
antennae to study the ligand properties of the individual
variants. Following the experimental description of the
formation of the reactive derivatives of the complex
biantennary nonasaccharide and the two R2,3/R2,6-
sialylated undecasaccharides and their conjugation to
bovine serum albumin, the structures of the relevant
parts being shown in Figure 1, we herein document the
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comparative analysis of the use of the resulting neo-
glycoproteins as ligands in solid-phase assays with three
different types of purified sugar receptor. To initiate the
evaluation of their potential as medical tools, we present
the results on binding to purified sugar receptors, to the
surface of cells of established tumor lines in vitro, and
to tumor cells in tissue sections from different types of
lung cancer as well as on biodistribution in tumor-bearing
mice in vivo.

EXPERIMENTAL PROCEDURES

General. NMR spectra were recorded with a Bruker
AMX 500 spectrometer. HPLC separations were per-
formed on a Pharmacia LKB gradient system 2249
equipped with a Pharmacia LKB Detector VWM 2141
(Freiburg, Germany). For size exclusion chromatography
a Pharmacia Hi Load Superdex 30 column (600× 16 mm)
was used; RP-HPLC was performed on aMacherey-Nagel
Nucleogel RP 100-8 column (300 × 7.7 mm). Bovine
serum albumin (BSA), â1,4-galactosyltransferase, R2,6-
sialyltransferase, and nucleotide sugars were purchased
from Sigma (Munich, Germany), and alkaline phos-
phatase (calf intestine, molecular biology grade) was
purchased from Boehringer Mannheim (Germany). Mass
spectra were recorded by Dr. D. Renauer at the Boeh-
ringer Mannheim research facility (Tutzing, Germany)
on a Voager Biospectrometry workstation (Vestec/Per-
septive) MALDI-TOF mass spectrometer, using 2,5-
dihydroxybenzoic acid (DHB) as a matrix. We are grate-
ful to Prof. J. C. Paulson (Cytel Corp., San Diego, CA)
for a sample of recombinant R2,3-sialyltransferase (19).

The structures of the synthetic N-glycans were con-
firmed by the following 2D-NMR experiments: TOCSY,
NOESY, HMQC, HMQC-COSY, HMQC-DEPT, and
HMQC-TOCSY. NMR spectra were assigned according
to the following convention:

The general outline for the derivatization of the
synthetic heptasaccharide-azide, prepared previously
(20), to the final products with a convenient linker group
for attachment to albumin is given in Figure 2.
N1-(6-Benzyloxycarbonyl-6-aminohexanoylamido)-

O-(2-acetamido-2-deoxy-â-D-glucopyranosyl)-(1f2)-
O-r-D-mannopyranosyl-(1f3)-O-[(2-acetamido-2-
deoxy-â-D-glucopyranosyl)-(1f2)-O-r-D-manno-
pyranosyl-(1f6)]-O-â-D-mannopyranosyl-(1f4)-O-
(2-acetamido-3,6-di-O-benzyl-2-deoxy-â-D-gluco-
pyranosyl)-(1f4)-2-acetamido-3,6-di-O-benzyl-2-
deoxy-â-D-glucopyranoside, 3 (Bzl4Bi7AH-Z). To a
60 mg portion (35.2 µmol) of 1 dissolved in 2 mL of
absolute methanol was added 60 µL of ethyldiisopropyl-
amine. The flask was filled with an argon atmosphere,
and 180 µL of propane-1,3-dithiol, which efficiently
reduces azides to amines (21), was pipetted to the
mixture. After 4 h (TLC: 2-propanol/1 M ammonium
acetate, 4:1), the reaction mixture was concentrated and

Figure 1. Neoglycoproteins with BSA as carrier for the complex biantennary nonasaccharide 5 (Bi9-BSA) and the two
undecasaccharides 6 and 7, namely the R2,6-sialylated form (Bi1126-BSA) and the R2,3-sialylated isomer (Bi1123-BSA). The linker
arm and the attachment point to an ε-amino group of lysine on the carrier protein are also shown.
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dried under high vacuum for 15 min. Subsequently, the
remainder was dissolved in a solution of 80 mg (185 µmol)
of 2, 40 mg (261 µmol) of HOBt, and 45 µL (265 µmol) of
ethyldiisopropylamine in 1.9 mL ofN-methylpyrrolidone.
After complete reaction of the glycosylamine (TLC: 2-pro-
panol/1 M ammonium acetate, 4:1; Rf amine ) 0.36; Rf 3
) 0.53), the solvent was removed under high vacuum and
the remainder was triturated with 20 mL of water. After
centrifugation of the solution, the supernatant was loaded
into a plastic syringe and passed through an array of two
connected Waters Sep-Pak cartridges followed by 20 mL
of water. A first elution with 10 mL of acetonitrile/water
1:4 washed off side products. The product was eluted
with 15 mL of acetonitrile/water 3:2, lyophilized, and
purified by RP-HPLC (column, Macherey-Nagel Nucleo-
gel RP 100-8, 300 × 7.7 mm; mobile phase, gradient of
20-45% acetonitrile over 27 min; flow rate, 2 mL/min;
detection at 220 and 260 nm). The pooled fractions,
containing 38 mg of 3 (56% yield), were lyophilized and
analyzed: [R]23D ) +2.5° (0.5, methanol); C92H126N6O38
(1924.02), FAB-MS (thioglycerine) calcd value 1922.8,
found 1924 (M + 1), 1946 (M + Na); 1H NMR (500 MHz,
DMSO-d6) δ 8.18 (d, JNH,1 ) 9.0 Hz, 1H, NH-11), 7.99 (d,
JNH,2 ) 7.4 Hz, 1H, NH-22), 7.90 (d, JNH,2 ) 8.8 Hz, 1H,
NH-21), 7.58, 5.57 (2d, JNH,2 ) 8.6 Hz, 2H, NH-25, NH-
25′), 7.37-7.16 (m, 21H, Ar, NH urethane), 5.01-4.94 (m,
9H, H-11, H-14, OH-35, OH-35′, OH-43, OH-45, OH-45′,
CH2O), 4.75 (d, JOH,4 ) 4.9 Hz, 1H, OH-44), 4.71 (d, JOH,4
) 4.9 Hz, 1H, OH-44′), 4.66 (d, J1,2 < 1.0 Hz, 1H, H-14′),
4.62-4.42 (m, 11H, H-12, H-13, OH-23, OH-64, OH-65, OH-
65′, CH2O), 4.36 (d, J1,2 ) 8.3 Hz, 1H, H-15), 4.32 (d, Jgem
) 12.2 Hz, 1H, CH2O), 4.23 (d, J1,2 ) 8.2 Hz, 1H, H-15′),
4.19 (t, JOH,6 ) 6.6 Hz, 1H, OH-64′), 3.99-3.94 (m, 2H,
H-23, OH-34), 3.91(d, JOH,4 ) 8.0 Hz, 1H, OH-34′), 3.88-
3.83 (m, 2H, H-24, H-41), 3.14-3.02 (m, 5H, H-45, H-45′,
H-53, H-55, H-55′), 2.94 (m, 2H, εCH2 AH), 2.03 (m, 2H,
RCH2 AH), 1.80, 1.77, 1.73 (3s, 12H, NAc), 1.42 (m, 2H,
âCH2 AH), 1.36 (m, 2H, δCH2 AH), 1.18 (m, 2H, γCH2
AH); 13C NMR (125 MHz, DMSO-d6) δ 172.6 C)O amide,
169.8, 169.6, 169.5, 169.3 C)O NAc, 156.1 C)O ure-
thane, 139.3, 138.6, 138.5, 137.3 C-i Ar, 128.4-127.0
C-Ar, 101.6 C-15′, 101.2 C-15, 100.3 C-13, 99.9 C-14, 99.8
C-12, 97.6 C-14′, 81.6 C-33, C-31, 80.9 C-32, 79.3 C-24′, 78.8
C-24, 78.5 C-11, 77.03, 76.97 C-55, C-55′, 76.1 C-51, 75.9
C-42, 75.6 C-53, 74.8 C-41, 74.5 C-52, 74.2 C-54, 74.0 C-35,
C-35′, 73.8 CH2O, 73.7 C-54′, 73.2, 72.3, 71.9 CH2O, 70.6,
70.4 C-45, C-45′, 70.0, 69.9 C-34, C-34′, 69.2 C-23, 68.8 C-62,
68.5 C-61, 67.7 C-44, 67.1 C-44′, 66.0 C-63, 65.1 CH2O, 65.0
C-43, 61.6 C-64, 61.2 C-64′, 61.1 C-65, 60.9 C-65′, 55.7 C-25,
C-25′, 55.4 C-22, 53.3 C-21, 40.4 C-6 AH, 35.4 C-2 AH, 29.2
C-5 AH, 25.8 C-4 AH, 24.9 C-3 AH, 23.3, 23.0, 22.8 NAc.
N1-(6-Aminohexanoylamido)-O-(2-acetamido-2-

deoxy-â-D-glucopyranosyl-(1f2)-O-r-D-manno-
pyranosyl-(1f3)-O-[(2-acetamido-2-deoxy-â-D-glu-
copyranosyl)-(1f2)-O-r-D-mannopoyranosyl-(1f6)]-
O-â-D-mannopyranosyl-(1f4)-O-(2-acetamido-2-
deoxy-â-D-glucopyranosyl)-(1f4)-2-acetamido-2-
deoxy-â-D-glucopyranoside, 4 (Bi7AH). A 5.5 mg
(2.86 µmol) portion of 3 and 6.6 mg of Pd/C (10%) were
suspended in 0.5 mL of methanol and 0.1 mL of acetic
acid. The reaction mixture was stirred for 24 h with
hydrogen at a pressure of 1 atm (TLC: 2-propanol/1 M
ammonium acetate 2:1; Rf ) 0.18). The catalyst was
removed by centrifugation, and wash steps with methanol/
acetic acid 5:1 were repeatedly performed. After concen-
tration of the combined supernatants and washings, the
remainder was purified by gel filtration (column, Phar-
macia Hi Load Superdex 30, 600 × 16 mm; mobile phase,
100 mM NH4HCO3; flow rate, 750 µL/min; detection at
220 and 260 nm) and lyophilized. The yield was 3.9 mg

(95.4%), and the analysis provided the following results:
[R]23D ) +0.1° (1, H2O); C56H96N6O36 (1429.39); MALDI-
TOF-MS (DHB in H2O/EtOH ) 9 + 1); calcd value
1428.59, found 1452.4 (M + Na); 1H NMR (500 MHz,
D2O) δ 5.17 (d, J1,2 < 1.0 Hz, 1H, H-14), 5.11 (d, J1,2 )
9.6 Hz, 1H, H-11), 4.97 (d, J1,2 < 1.0 Hz, 1H, H-14′), 4.83
(d, J1,2 < 1.0 Hz, 1H, H-13), 4.67 (d, J1,2 ) 7.7 Hz, 1H,
H-12), 4.61 (2d, J1,2 ) 8.4 Hz, 2H, H-1,5 H-15′), 4.30 (dd,
J2,3 ) 2.1 Hz, 1H, H-23), 4.24 (dd, J2,3 ) 1.7 Hz, 1H, H-24),
4.16 (dd, J2,3 ) 1.7 Hz, 1H, H-24′), 2.88 (t, Jvic ) 7.5 Hz,
2H, εCH2 AH), 2.33 (t, Jvic ) 6.9 Hz, 2H, RCH2 AH), 2.13,
2.10, 2.05 (3s, 12H, NAc), 1.68-1.60 (m, 4H, â,δCH2 AH),
1.39 (m, 2H, γCH2 AH); 13C NMR (125 MHz, D2O, DMSO-
d6 as internal standard) δ 179.0, 176.18, 176.16, 176.06,
176.0 CdO, 102.8 C-12, 102.0 C-13, 101.18, 101.16 C-15,
C-15′, 101.12 C-14, 98.6 C-14′, 82.0 C-33, 81.1 C-42, 80.3
C-41, 79.8 C-11, 78.1 C-24, 77.9 C-24′, 77.8 C-51, 77.4 C-55,
C-55′, 76.0 C-52, 75.9 C-53, 75.1 C-54, 74.9, 74.8 C-35, C-35′,
74.4 C-54′, 74.2 C-31, 73.5 C-32, 71.7 C-23, 71.5 C-45, C-45′,
71.01, 70.97 C-34, C-34′, 68.91, 68.87 C-44, C-44′, 67.4 C-63,
67.3 C-43, 63.3, 63.2 C-64, C-64′, 62.2 C-65, C-65′, 61.54
C-62, 61.4 C-61, 56.9 C-25, C-25′, 56.5 C-22, 55.4 C-21, 41.0
C-6 AH, 37.1 C-2 AH, 29.0 C-5 AH, 26.6 C-4 AH, 26.1
C-3 AH, 23.9, 23.8, 23.6 NAc.
N1-(6-Aminohexanoylamido)-O-â-D-galacto-

pyranosyl-(1f4)-O-2-acetamido-2-deoxy-â-D-gluco-
pyranosyl)-(1f2)-O-r-D-mannopyranosyl-(1f3)-O-
[â-D-galactopyranosyl-(1f4)-(2-acetamido-2-deoxy-
â-D-glucopyranosyl)-(1f2)-O-r-D-mannopyranosyl-
(1f6)]-O-â-D-mannopyranosyl-(1f4)-O-(2-acetamido-
2-deoxy-â-D-glucopyranosyl)-(1f4)-2-acetamido-2-
deoxy-â-D-glucopyranoside, 5 (Bi9AH). A 4.0 mg
portion (2.8 µmol) of 4 was dissolved in 1400 µL of a 20
mM sodium cacodylate buffer, pH 7.4. The buffer con-
tained 1.0 mg of BSA, 2.5 µmol of NaN3, 1.4 µmol of
MnCl2, 5.6 mg (8.4 µmol) of uridine-5′-diphosphogalac-
tose, 6 units of alkaline phosphatase (EC 3.1.3.1) to
destroy the inhibitory nucleotide phosphates, as described
elsewhere (22), and 120 milliunits of GlcNAc-â1,4-galac-
tosyltransferase (EC 2.4.1.22). The reaction mixture was
incubated at 37 °C, and the pH was maintained at 7.0
by periodic addition of 1 M NaOH. After 24 h (TLC:
2-propanol/1 M ammonium acetate 2:1; Rf ) 0.24), the
precipitate was removed by centrifugation. The super-
natant was concentrated to a volume of 300 µL, purified
by gel filtration (column, Pharmacia Hi Load Superdex
30, 600 × 16 mm; mobile phase, 100 mMNH4HCO3; flow
rate, 750 µL/min; detection at 220 and 260 nm), and
lyophilized. The yield was 3.59 mg (73.2%) and analysis
provided the following results: [R]23D ) -1.9° (0.5, H2O);
C68H116N6O46 (1753.6770); MALDI-TOF-MS (DHB in
H2O/EtOH ) 9 + 1); calcd value 1752.7, found 1776.7
(M + Na); 1H NMR (500 MHz, D2O, DMSO-d6 as internal
standard) δ 4.92 (d, J1,2 < 1.0 Hz, 1H, H-14), 4.86 (d, J1,2
) 9.6 Hz, 1H, H-11), 4.73 (d, J1,2 < 1.0 Hz, 1H, H-14′),
4.57 (d, J1,2 < 1.0 Hz, 1H, H-13), 4.42 (d, J1,2 ) 7.8 Hz,
1H, H-12), 4.38 (2d, J1,2 ) 7.8 Hz, 2H, H-1,5 H-15′), 4.27,
4.26 (2d, J1,2 ) 7.8 Hz, 2H, H-1,6 H-16′), 4.05 (m, 1H, H-23),
3.99 (m, 1H, H-24), 3.90 (m, 1H, H-24′), 2.68 (t, Jvic ) 7.6
Hz, 2H, εCH2 AH), 2.08 (t, Jvic ) 6.9 Hz, 2H, RCH2 AH),
1.88, 1.853, 1.850, 1.80 (4s, 12H, NAc), 1.40 (m, 4H,
â,δCH2 AH), 1.15 (m, 2H, γCH2 AH).
N1-(6-Aminohexanoylamido)-O-(5-acetamido-3,5-

dideoxy-r-D-glycero-D-galacto-2-nonulopyran-
ulosonic acid)-(2f6)-â-D-galactopyranosyl-(1f4)-O-
(2-acetamido-2-deoxy-â-D-glucopyranosyl)-(1f2)-O-
r-D-mannopyranosyl-(1f3)-O-[(5-acetamido-3,5-
dideoxy-r-D-glycero-D-galacto-2-nonulopyran-
ulosonic acid)-(2f6)-â-D-galactopyranosyl-(1f4)-2-
acetamido-2-deoxy-â-D-glyucopyranosyl)-(1f2)-O-r-
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D-mannopyranosyl-(1f6)-O-â-D-mannopyranosyl-
(1f4)-O-(2-acetamido-2-deoxy-â-D-glucopyranosyl)-
(1f4)-2-acetamido-2-deoxy-â-D-glucopyranoside, 6
(Bi1126AH). A 4.0 mg portion (2.8 µmol) of 4 was
dissolved in 1400 µL of a 20 mM sodium cacodylate
buffer, pH 7.4. The buffer contained 1.0 mg of BSA, 2.5
µmol of NaN3, 1.4 µmol of MnCl2, 5.6 mg (8.4 µmol) of
uridine-5′-diphosphogalactose, 6 units of alkaline phos-
phatase (EC 3.1.3.1), and 120 milliunits of GlcNAc-â1,4-
galactosyltransferase (EC 2.4.1.22). The reaction mix-
ture was incubated at 37 °C, and the pH was maintained
at 7.0 by periodic addition of 1 M NaOH. After complete
reaction (24 h; TLC: 2-propanol/1 M ammonium acetate
2:1; Rf 5 ) 0.24), 4.8 mg (6.2 µmol) of cytidine-5′-
monophospho-N-acetylneuraminic acid and 50 milliunits
of â-galactoside-R2,6-sialyltransferase (EC 2.4.99.1) were
added. Incubation at 37 °C was continued, and the pH
was maintained at 7.0. After 48 h (TLC: 2-propanol/1
M ammonium acetate 1.5:1; Rf 5 ) 0.32; Rf 6 ) 0.27),
the precipitate was removed by centrifugation. The
supernatant was concentrated to a volume of 400 µL,
purified by gel filtration (column, Pharmacia Hi Load
Superdex 30, 600 × 16 mm; mobile phase, 100 mM
NH4HCO3; flow rate, 750 µL/min; detection at 220 and
260 nm), and lyophilized. The yield was 3.37 mg (51.5%),
and analysis provided the following results: [R]23D )
-7.1° (0.5, H2O); C90H150N8O62 (2336.19); MALDI-TOF-
MS (DHB in H2O/EtOH ) 9 + 1); calcd value 2334.9,
found 2359.2 (M + Na); 1H NMR (500 MHz, D2O, DMSO-
d6 as internal standard) δ 4.93 (d, J1,2 < 1.0 Hz, 1H, H-14),
4.86 (d, J1,2 ) 9.7 Hz, 1H, H-11), 4.76 (d, J1,2 < 1.0 Hz,
1H, H-14′), 4.56 (d, J1,2 < 1.0 Hz, 1H, H-13), 4.42 (d, J1,2
) 7.0 Hz, 1H, H-12), 4.41 (2d, J1,2 ) 6.9 Hz, 2H, H-15,
H-15′), 4.249, 4.246 (2d, J1,2 ) 7.7 Hz, 2H, H-16, H-16′),
4.06 (m, 1H, H-23), 4.0 (m, 1H, H-24), 3.92 (m, 1H, H-24′),
2.79 (t, Jvic ) 7.6 Hz, 2H, εCH2 AH), 2.47 (m, 2H, H-3eqN,
H-3eqN′), 2.08 (t, Jvic ) 6.8 Hz, 2H, RCH2 AH), 1.89, 1.872,
1.869, 1.84, 1.80 (5s, 16H, NAc), 1.52 (dd, Jvic ) Jgem )
12.1 Hz, 2H, H-3axN, H-3axN′), 1.47 (m, 2H, δCH2 AH),
1.40 (m, 2H, âCH2 AH), 1.16 (m, 2H, γCH2 AH).
N1-(6-Aminohexanoylamido)-O-(5-acetamido-3,5-

dideoxy-r-D-glycero-D-galacto-2-nonulopyran-
ulosonic acid)-(2f3)-â-D-galactopyranosyl-(1f4)-O-
2-acetamido-2-deoxy-â-D-glucopyranosyl)-(1f2)-O-
r-D-mannopyranosyl-(1f3)-O-[(5-acetamido-3,5-
dideoxy-r-D-glycero-D-galacto-2-nonulopyran-
ulosonic acid)-(2f3)-â-D-galactopyranosyl-(1f4)-(2-
acetamido-2-deoxy-â-D-glucopyranosyl)-(1f2)-O-R-
D-mannopyranosyl-(1f6)]-O-â-D-mannopyranosyl-
(1f4)-O-(2-acetamido-2-deoxy-â-D-glucopyranosyl)-
(1f4)-2-acetamido-2-deoxy-â-D-glucopyranoside, 7
(Bi1123AH). A 4.0 mg portion (2.8 µmol) of 4 was
dissolved in 1400 µL of a 20 mM sodium cacodylate
buffer, pH 7.4. The buffer contained 1 mg of BSA, 2.5
µmol of NaN3, 1.4 µmol of MnCl2, 5.6 mg (8.4 µmol) of
uridine-5′-diphosphogalactose, 6 units of alkaline phos-
phatase (EC 3.1.3.1), and 120 milliunits of GlcNAc-â1,4-
galactosyltransferase (EC 2.4.1.22). The reaction mix-
ture was incubated at 37 °C, and the pH was maintained
at 7.0 by periodic addition of 1 M NaOH. After complete
reaction (24 h; TLC: 2-propanol/1 M ammonium acetate
2:1; Rf 5 ) 0.24), 4.8 mg (6.2 µmol) of cytidine-5′-
monophospho-N-acetylneuraminic acid and 54 milliunits
of recombinant â-galactoside-R2,3-sialyltransferase (EC
2.4.99.6) were added. Incubation at 37 °C was continued,
and the pH was maintained at 7.0. After 24 h, an
additional 4.8 mg (6.2 µmol) of cytidine-5′-monophospho-
N-acetylneuraminic acid and 54 milliunits of recombinant
â-galactoside-R2,3-sialyltransferase (EC 2.4.99.6) were
added. Incubation was continued for 24 h (TLC: 2-pro-

panol/1 M ammonium acetate 1.5:1; Rf 5 ) 0.32, Rf 7 )
0.29) followed by removal of the precipitate by centrifu-
gation. The supernatant was concentrated to a volume
of 400 µL, purified by gel filtration (column, Pharmacia
Hi Load Superdex 30, 600 × 16 mm; mobile phase, 100
mM NH4HCO3; flow rate, 750 µL/min; detection at 220
and 260 nm), and lyophilized. The yield was 4.56 mg
(69.8%), and analysis provided the following results:
[R]23D ) -3.9° (0.5, H2O); C90H150N8O62 (2336.19); MALDI-
TOF-MS (DHB in H2O/EtOH ) 9 + 1); calcd value
2334.9, found 2359.2 (M + Na); 1H NMR (500 MHz, D2O,
DMSO-d6 as internal standard) δ 4.92 (d, J1,2 < 1.0 Hz,
1H, H-14), 4.85 (d, J1,2 ) 9.7 Hz, 1H, H-11), 4.73 (d, J1,2 <
1.0 Hz, 1H, H-14′), 4.56 (d, J1,2 < 1.0 Hz, 1H, H-13), 4.42
(d, J1,2 ) 7.8 Hz, 1H, H-12), 4.37 (2d, J1,2 ) 6.9 Hz, 2H,
H-15, H-15′), 4.35, 4.34 (2d, J1,2 ) 7.9 Hz, 2H, H-16, H-16′),
4.05 (m, 1H, H-23), 3.99 (m, 1H, H-24), 3.92 (m, 3H, H-24′,
H-36, H-36′), 2.79 (t, Jvic ) 7.6 Hz, 2H, εCH2 AH), 2.56
(dd, Jvic ) 4.4 Hz, Jgem ) 12.4 Hz 2H, H-3eqN, H-3eqN′),
2.08 (t, Jvic ) 6.9 Hz, 2H, RCH2 AH), 1.88, 1.851, 1.845,
1.835, 1.80 (5s, 16H, NAc), 1.60 (t, Jvic ) 11.6 Hz, 2H,
H-3axN, H-3axN′), 1.47 (m, 2H, δCH2 AH), 1.41 (m, 2H,
âCH2 AH), 1.16 (m, 2H, γCH2 AH).
Synthesis of Neoglycoproteins. Coupling of the

spacered oligosaccharides was in principle performed by
the isothiocyanate reaction protocol, as described (23).
In detail, a 0.34 µmol portion of each 6-aminohexanoyl-
N-glycan (5-7) was dissolved in 200 µL of dilute NaHCO3
(100 mg of Na2CO3/10 mL of H2O) in a 1.5 mL plastic
vessel. One microliter (13.1 µmol) of thiophosgene dis-
solved in 200 µL of dichloromethane was added, and the
mixture was vigorously stirred. After the amine was
consumed (1.5 h; TLC: 2-propanol/1 M ammonium
acetate 2:1; Rf value of the nonasaccharide derivative )
0.5; Rf value of the R2,3-disialylated derivative ) 0.44;
Rf of the R2,6-disialylated derivative ) 0.36), the phases
were separated by centrifugation, and the water phase
was collected. The organic phase was extracted twice
with 100 mL of dilute NaHCO3. To remove traces of
thiophosgene, the combined aqueous phases were ex-
tracted twice with dichloromethane. Two milligrams of
carbohydrate-free BSA was dissolved in the aqueous
solution containing the isothiocyanate derivative. After
6 days at ambient temperature, the neoglycoconjugate
was purified by gel filtration (column, Pharmacia Hi Load
Superdex 30, 600 × 16 mm; mobile phase, 100 mM
NH4HCO3; flow rate, 750 µL/min; detection at 220 and
260 nm), and the product-containing solution was lyo-
philized. To calculate the extent of oligosaccharide
incorporation into the protein carrier, a colorimetric assay
was employed (24). Gel electrophoretic analysis under
denaturing conditions combined with silver staining of
the neoglycoproteins was performed, as described (17).
In addition to these three neoglycoproteins, lactosylated
albumin was produced by the diazonium and phenyl-
isothiocyanate reactions with p-aminophenyl â-lactoside
(23).
Solid-Phase Assay for Lectin Binding. Thermo-

dynamic binding parameters were determined by im-
mobilization of the neoglycoproteins and asialofetuin,
obtained by acidic desialylation of commercial fetuin
(Sigma, Munich, Germany), onto the plastic surface of
microtiter plate wells and probing of the extent of binding
of the labeled carbohydrate-binding proteins, as described
(25). The lectins from mistletoe and bovine heart (ga-
lectin 1) were purified by affinity chromatography, as
described (26). The immunoglobulin G subfraction with
preferential affinity for â-galactosides was isolated by
sequential affinity chromatographic steps, as described
(27). Biotinylation was achieved either with the N-
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hydroxysuccinimide ester derivative in the case of the
lectins or with the amidocaproyl hydrazide derivative in
the case of the antibody under activity-preserving condi-
tions (27). The experimental series with duplicates were
performed at least four times up to the level of saturation
for the marker and a fixed amount of substance used for
coating, and the data sets were algebraically transformed
to obtain the KD value and the number of bound probe
molecules at saturation.
Flow Cytofluorometry. Various tumor cell lines of

different histogenetic origin were obtained from the
American Type Culture Collection (Rockville, MD). The
human pre-B cell line Blin-1 was kindly provided by Dr.
B. Woermann (Göttingen, Germany). The tumor cells
(myeloid, lymphoid, and epithelial tumor cells) were
cultured according to the instructions of the supplier and
carefully washed with Dulbecco’s phosphate-buffered
saline solution containing 0.1% carbohydrate-free BSA
to remove any inhibitory serum glycoproteins and to
saturate any nonspecific protein-binding sites prior to the
incubation with 100 µg of biotinylated neoglycoproteins/
mL for 30 min. The suspension was kept at 4 °C to
reduce uptake by endocytosis. Flow cytofluorometric
analysis of the thoroughly washed cells using the com-
mercial streptavidin R-phycoerythrin conjugate (Sigma,
Munich, Germany) as indicator for quantitative meas-
urement in a FACScan instrument (Becton-Dickinson,
Heidelberg, Germany) equipped with the software CON-
SORT 30 was performed, as described (28).
Visualization of Neoglycoprotein-Binding Sites

in Lung Cancer Tissue Sections. The glycohistochem-
ical procedure for visualizing binding sites for the car-
bohydrate moiety of biotinylated neoglycoproteins and
the control reactions to ascertain the specificity of the
protein-carbohydrate interaction has been described in
detail elsewhere (29, 30). Lactosylated BSA, asialofetuin,
and fetuin after complete sialylation of the three trian-
tennary chains were used as competitive inhibitors for
the binding of the nonasaccharide and the R2,6-sialylated
undecasaccharide. Briefly, sections (4-6 µm thick) of
formalin-fixed and paraffin-embedded specimen of disease-
free lungs (20 cases), of small cell lung carcinomas (10
cases), of non-small-cell lung carcinomas (adenocarcino-
mas, epidermoid carcinomas, and large cell carcinomas;
10 cases of each type), and of mesotheliomas (10 cases)
were processed by a series of steps including blocking of
endogenous peroxidase activity and nonspecific protein-
binding sites and subsequent incubation with the bio-
tinylated probe at a concentration of 40 µg/mL for 60 min
at room temperature and with ABC kit reagents as well
as the substrates diaminobenzidine/H2O2 for development
of the colored, water-insoluble product. A case was
considered to be positive when at least clusters of tumor
cells were specifically stained.
Organ Distribution of Radioiodinated Neoglyco-

proteins. Incorporation of 125I into the neoglycoproteins
to reach a specific activity of 11.5 MBq/mg of protein was
achieved by the chloramine-T method using limiting
amounts of reagents (31). The retention of radioactivity
in Ehrlich solid tumor-bearing ddY mice (7 weeks old;
Nihon Clea Co., Tokyo, Japan) after injection of 28.75
kBq/animal into the tail vain was determined by a
γ-counter (Aloka ARC 300, Tokyo, Japan) and expressed
as percentage of the injected dose per gram of wet tissue
or per milliliter of blood for a group of three to four mice
for each type of neoglycoprotein and for each time point,
as described (32).

RESULTS AND DISCUSSION

Preparation of the Neoglycoproteins. Neoglyco-
proteins carrying definedN-glycan ligands were obtained
by a combined chemical and enzymatic approach. As a
common precursor for the biantennary N-glycans the
heptasaccharide azide 1 (20) was used. The remaining
four benzyl protecting groups could not be removed
selectively in the presence of the anomeric azide and
facilitated the purification of the protected N-glycan 3
by reversed phase chromatography. Reduction to the
glycosylamine with propanedithiol and condensation with
pentafluorophenylester 2 introduced a suitable spacer.
The following hydrogenolytic deprotection of spacer-
linked 3 gave the free 6-aminohexanoylated hepta-
saccharide 4 (Figure 2A). Enzymatic galactosylation of
both carbohydrate chains in the heptasaccharide 4 af-
forded the biantennary nonasaccharide 5. Sialyltrans-
ferases with different specificities allowed rapid deriva-
tization of nonasaccharide 5 to the R2,6-sialylated
undecasaccharide 6 and its R2,3-linked isomer 7. High-
resolution NMR was used to verify the identity of the
synthetic compounds. The NMR data obtained for the
final compounds 5-7 were in good agreement with those
reported forN-glycans isolated from natural sources (33-
35). The 6-aminohexanoyl spacer attached to the reduc-
ing end of theN-glycans can be selectively activated prior
to coupling with a carrier protein (Figure 2B). Excess
thiophosgene in a biphasic system quantitatively con-
verted the primary amino group to an isothiocyanate that
was subsequently reacted with the ε-amino function of
lysine residues in BSA. The two final steps, which are
widely employed for the covalent incorporation of p-
aminophenyl glycosides into a carrier protein (23), es-
tablish a convenient method for attachment of the
biantennary sugar chains to BSA.
The yields for the covalent introduction of the bulky

nona- and undecasaccharides (10-fold excess during the
coupling reaction) were 3.6 biantennary chains for the
nonasaccharide, 3.0 chains for the R2,6-sialylated un-
decasaccharide, and 2.4 chains for its R2,3-sialylated
derivative. Since the chemical glycosylation will increase
the molecular weight of the carrier protein, the results
of the colorimetric analysis were corroborated by the
measurements of the gel electrophoretic mobilities of the
sugar-free carrier protein and the neoglycoproteins (Fig-

Figure 3. Visualization of the gel electrophoretic mobility
under denaturing conditions of sugar-free BSA (A) and the
neoglycoproteins with the nonasaccharide (B), the R2,6-
sialylated (C), or the R2,3-sialylated undecasaccharide (D).
Positions of marker proteins for molecular weight designation
are indicated by arrowheads.
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ure 3). It is noteworthy that the presence of the
voluminous sugar structures can lead to an anomalous
migration behavior. The detection of shifts should there-
fore only be regarded as semiquantitative evidence. In
comparison to other methods for glycan chain conjuga-
tion, the degree of modification of albumin by lyso-
gangliosides or high mannose-type glycopeptides and a
homobifunctional cross-linker yielded a similar extent
(17, 36, 37). Since already one sugar chain on a glyco-
protein can govern certain aspects of its physiological
behavior, as for example seen for plasma clearance (38),
these results encourage comparative assays of the three
neoglycoprotein preparations to delineate to what extent
the structural changes will translate into different prop-
erties in the interaction with isolated sugar receptors and
binding sites in cells. Having made neoglycoproteins
available with the typical termini of complex N-linked
chains, it is possible to directly determine the affinity of
these oligosaccharide chains for sugar receptors and cell
surfaces without having to resort to measuring inhibitory
capacities in an indirect system.
Binding to Sugar Receptors and Cells. To evalu-

ate the range in which the sialylation itself and its
linkage will affect receptor binding, we selected three
phylogenetically unrelated sugar-binding proteins, namely
a tetrameric plant agglutinin, dimeric mammalian ga-

lectin 1, and a polyclonal immunoglobulin G fraction with
enhanced selectivity for â-galactosides from human se-
rum. The neoglycoproteins were presented to the sugar-
binding proteins on a plastic surface, and the measurable
extent of specific binding was algebraically transformed
to Scatchard plots with straight lines. This result raised
evidence for the occurrence of a single class of binding
sites without exception, as exemplarily shown in Figure
4. It is evident that the site of introduction of the sialic
acid can markedly alter the ligand capacity to a receptor,
as seen especially for the mistletoe lectin. When satu-
rational levels of lectins or antibody concentrations are
reached, the computed maxima of probe molecule binding
appeared to reflect the different sizes of the studied
proteins, attributing the result to spatial accessibility and
orientation of the binding sites (Table 1). Whereas the
data for the plant agglutinin are in agreement with
inhibition studies, the direct interaction of R2,6-sialylated
sugar chains with galectin 1 was not unequivocally
predictable on this basis (39, 40). To determine the
differences in these properties between the biantennary
chains and either lactose or a glycoprotein with trian-

Figure 4. Scatchard plot analysis of the binding of biotinylated
galactoside-specific mistletoe lectin (upper part) and immuno-
globulin G fraction with enhanced selectivity to â-galactosides
from human serum (lower part) to surface-immobilized neo-
glycoproteins in microtiter plate wells: (0) nonasaccharide as
sugar part, (b) R2,6-sialylated undecasaccharide as sugar part;
(inset) R2,3-sialylated undecasaccharide as sugar part.

Figure 5. Semilogarithmic representation of the binding of
biotinylated BSA (s) and the nonasaccharide-exposing neogly-
coprotein (‚ ‚ ‚), shown in panels a, c, e, and g, as well as of the
R2,3-sialylated (s) and the R2,6-sialylated (‚ ‚ ‚) undecasaccha-
ride-exposing neoglycoproteins, shown in panels b, d, f, and h,
to cells of the pre-B cell line Blin-1 (a and b), the T-lympho-
blastoid line CCRF-CEM (c and d), the colon adenocarcinoma
line SW480 (e and f), and the line SW620, established from a
lymph node metastasis of the same patient after recurrence of
the colon adenocarcinoma (g and h), as monitored in FACScan
analysis employing streptavidin R-phycoerythrin as fluorescent
probe.
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tennary sugar chains as ligands, lactosylated neoglyco-
proteins and asialofetuin were used in the same assay.
The different stoichiometric relations in cross-link forma-
tion with asialofetuin’s three triantennary glycans be-
tween the lectins and the antibody fraction had already
underscored the importance of spatial factors (41, 42),
as similarly noted herein. Ligand clustering by increased
conjugation of a lactose derivative or presentation of the
triantennary chains of the naturally glycosylated asia-
lofetuin appeared to improve the affinity for the mistletoe
lectin (Table 1). This result is in line with an observation
previously described with cluster glycosides as inhibitors
(43-45). Viewing these data in terms of selectivity, the
experiments intimated that purified lectins can exhibit
preferences to the chain termini, albeit to an individually
variable degree. Further examples of lectins with al-
ready documented discriminatory potency to R2,3- and

R2,6-sialylated derivatives are given by several I-type
lectins (2, 46). Having therefore shown the feasibility
to delineate different ligand properties in a defined assay
system with purified receptors, the application of the
neoglycoproteins could be extended to the monitoring of
tumor cell surface binding using established cell lines in
vitro.
Attachment of the glycan chains obviously conferred

ligand properties for cell surfaces to the carrier protein,
which depended on the type of oligosaccharide and cell
under otherwise identical conditions (Figure 5). Whereas
the percentage of positive cells was in the range of 20-
30% of the T-lymphoblastoid and colon adenocarcinoma
cell populations for the nonasaccharide, the respective
values for the two undecasaccharides, which were within
the limit of 10%, were between 48 and 74%. Cell batches
were deliberately monitored at the same time with the

Table 1. Determination of the Apparent Affinity Constant (KD) for the Interaction of (Neo)glycoproteins with Sugar
Receptors and the Number of Bound Probe Molecules at Saturation for Viscum album Agglutinin (VAA), Bovine
Galectin 1, and the Human â-Galactoside-Binding Immunoglobulin G Subfraction (IgG) in a Solid-Phase Assay

VAA galectin 1 IgGprobe:
matrix KD

a Bmax
a KD

a Bmax
a KD

a Bmax
a

Bi9-BSA (0.5 µg) 26.7 ( 11.6 (4.6 ( 1.9) × 1010 900.1 ( 176 (42.8 ( 12.5) × 1010 32.9 ( 19.6 (0.35 ( 0.1) × 1010
Bi1123-BSA (0.5 µg) 938.4 ( 661 (8.2 ( 4.4) × 1010 829.5 ( 501 (42.0 ( 16.5) × 1010 87.3 ( 62.7 (0.38 ( 0.1) × 1010
Bi1126-BSA (0.5 µg) 8.7 ( 4.5 (6.1 ( 1.4) × 1010 1025.5 ( 619 (48.7 ( 18.4) × 1010 33.9 ( 4.6 (0.46 ( 0.1) × 1010
Lac-BSA (diazo) (3 µg)b 312.4 ( 190 (4.7 ( 2.3) × 1010 1127.2 ( 53.3 (34.6 ( 17.6) × 1010 139.0 ( 87.6 (0.70 ( 0.1) × 1010
Lac-BSA (thio) (0.5 µg)c 13.4 ( 7.3 (5.1 ( 0.2) × 1010 516.0 ( 20.3 (83.3 ( 6.5) × 1010 7.6 ( 5.2 (0.65 ( 0.1) × 1010
ASF (1 µg)d 7.4 ( 2.6 (4.9 ( 0.5) × 1010 819.0 ( 268 (37.5 ( 10.7) × 1010 69.2 ( 40.2 (0.43 ( 0.1) × 1010

a KD is given in nM; Bmax is expressed as bound probe molecules per well. b,c BSA was glycosylated either by the diazophenyl derivative
(diazo) or by covalent attachment of the p-isothiocyanatophenyl derivative (thio) of p-aminophenyl â-D-lactopyranoside. d Asialofetuin;
each value is given as the mean ( SD from at least four independent experimental series, the quantity of (neo)glycoprotein for coating
in µg/well being given for each type of substance.

Figure 6. Quantitative evaluation of the percentage of positive cases for sections of disease-free lungs (N ) 20), of small cell lung
carcinomas (N ) 10), of non-small-cell lung carcinomas (N ) 30), and of mesotheliomas (N ) 10), grouped for the three types of
labeled neoglycoprotein, under identical conditions.
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probes to avoid occurrence of any shift attributable to the
duration of culturing. Qualitatively similar observations
were made with other histogenetically different lines, e.g.
two prostate and breast carcinoma lines and five leuke-
mia or lymphoma lines (not shown). Having thus shown
the occurrence of quantitatively different bindings of the
probes to tumor cells in vitro, the proven value of
neoglycoproteins as tools in tumor diagnosis, discussed
elsewhere (11, 14), prompted us to include the determi-
nation of the binding properties of the three types of
neoglycoprotein to cellular binding sites in a well-defined
tumor system, i.e., lung cancer. As shown in Figure 6,
specific binding to the sections was nonuniform under
identical experimental conditions, the differences being
exclusively quantitative. Since discriminatory cell bind-
ing was therefore shown in vitro and in tissue sections,
the next step was to monitor whether the neoglyco-
proteins may also distribute between different organs
with a disparate profile following radioiodination and
intravenous injection. To determine the kinetics of organ
distribution of the conjugates which were stable in mouse
serum for the length of the assay periods, the radioactiv-
ity in a panel of organs and in blood was measured for
tumor-bearing mice after 1, 6, and 24 h. Relative to the
nonasaccharide, the conjugation of the two undeca-
saccharides prolonged the occurrence of the respective
marker proteins in blood, kidneys, and tumor, which
showed the relatively largest extent of radioactivity
(Tables 2-4). In accordance with previous studies with
biantennary glycopeptides (47, 48), no further site of
uptake involving a high-affinity receptor could be dis-
cerned. However, since modifications of the sugar chains,
attainable in our system by chemical and enzymatic
methods, indeed shifted the distribution profile of glyco-
peptides pronouncedly (12, 47, 48), further systematic
studies along this route, which are required to clarify the
actual extent of carbohydrate-mediated organ retention,
appear to be warranted.
In conclusion, complex biantennary nona- and un-

decasaccharides were prepared by chemical and enzy-
matic methods as the ligand part of neoglycoproteins.
Since the employed approach can readily be extended to
introduce glycans with further structural modifications,
e.g. tri- to pentaantennary chains with or without core
fucosylation, a bisecting N-acetylglucosamine residue,
and variations at the termini, the results presented in
this study of biantennary N-glycans have an exemplary
character. To demonstrate the practical value of this
preparative approach, versatile applications of the syn-
thetic tools are documented in solid-phase assays, for cell

binding in vitro and in tissue sections, and in biodistri-
bution. Systematic interplay between custom-made syn-
thesis and biological testing is expected to define the
position of any member of the array of devisable neogly-
coproteins for diagnostic and therapeutic applications.
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(45) Schneller, M., André, S., Cihak, J., Kaltner, H., Merkle,
H., Rademaker, G. J., Haverkamp, J., Thomas-Oates, J.,
Loesch, U., and Gabius, H.-J. (1995) Differential binding of
two chicken â-galactoside-specific lectins to homologous
lymphocyte subpopulations and evidence for inhibitor activity
of the dimeric lectin on stimulated T cells. Cell. Immunol.
166, 35-43.

(46) Crocker, P. R., Kelm, S., Hartnell, A., Freeman, S., Nath,
D., Vinson, M., and Mucklow, S. (1996) Sialoadhesin and
related cellular recognition molecules of the immunoglobulin
superfamily. Biochem. Soc. Trans. 24, 150-156.

(47) Chiu, M. H., Tamura, T., Wadhwa, M. S., and Rice, K. G.
(1994) In vivo targeting function of N-linked oligosaccharides
with terminating galactose and N-acetylgalactosamine resi-
dues. J. Biol. Chem. 269, 16195-16202.

(48) Gupta, D., and Surolia, A. (1994) Synthesis of neoglyco-
peptides and analyses of their biodistribution in vivo to
identify tissue- specific uptake and novel putative membrane
lectins. Glycoconjugate J. 11, 558-571.

BC970164D

Neoglycoproteins with Biantennary Glycan Chains Bioconjugate Chem., Vol. 8, No. 6, 1997 855



Esterase-Triggered Fluorescence of Fluorogenic Oligonucleotides

Alain Laurent,† Françoise Debart,*,† Ned Lamb,‡ and Bernard Rayner†

Laboratoire de Chimie Bio-organique, UMR 5625 CNRS-UM II, Case 008, Université Montpellier II, Place
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In the prooligonucleotide approach, a step of activation by cellular esterases is necessary for the removal
of internucleoside phosphate masking groups and subsequent intracellular delivery of active antisense
oligonucleotides. The efficacy of this approach implies that prooligonucleotides, once they are taken
up by cells, are demasked by esterases during their course to their nucleic acid targets. In this regard,
a method for labeling oligomers with esterase-activable fluorogenic tag was designed. The two phenolic
functions of carboxyfluorescein were protected by pivaloyl groups, yielding a nonfluorescent lactone
which was further activated as aN-hydroxysuccinimide ester. Two nuclease-resistant phosphorothioate
18-mer and methylphosphonate 19-mer oligodeoxynucleosides were attached to this biprotected
fluorescein derivative via an amino linker at the 5′-end of the oligomers. The two conjugates were
assayed for their carboxyesterase substrate ability in different biological media. In the presence of
purified esterases or when incubated in serum or cell extracts, both oligonucleotide conjugates became
fluorescent. In addition, the phosphorothioate oligoconjugate was microinjected into the cytoplasm
of human fibroblasts, and a fast cytoplasmic release of fluorescence was observed with a rapid
translocation of the fluorescent oligomer into the nucleus.

INTRODUCTION

The prooligonucleotide concept has been developed by
us and others during the past few years (1-5). Prooli-
gonucleotides were designed as a new class of antisense
analogs with internucleosidic phosphates masked by
enzymolabile protecting groups. Suppression of negative
charges and increase of lipophilicity are expected to
improve the cellular uptake of these oligonucleotide
prodrugs (6-8) and to induce a completely different
bioavailability pattern in relation with the route of
administration. After intracellular delivery, these un-
charged and nuclease-resistant analogs may be converted
by cellular esterases to phosphodiester or phosphorothio-
ate oligonucleosides able to elicit RNase H (9). The
efficacy of this approach implies that prooligonucleotides,
once they are taken up by cells, are demasked by
esterases during their course to their nucleic acid targets.
In this regard, the aim of our work was to design a

method for labeling oligomers with an esterase-activable
fluorogenic tag and to visualize esterase activity within
the cell. We report here the synthesis of the 5(6)-
carboxyfluorescein derivative protected on the two phe-
nolic functions by pivaloyl groups, yielding the nonfluo-
rescent lactone form. Cleavage of the ester groups by
the cellular carboxyesterases would open the lactone to
the fluorescent xanthen-3-one derivative. The N-hydrox-
ysuccinimide (NHS) ester of the biprotected carboxyfluo-
rescein was then prepared and reacted with the amino
linker at the 5′-end of two nuclease-resistant phospho-
rothioate (ps) 18-mer and methylphosphonate (mp) 19-
mer oligonucleosides, yielding the fluorogenic oligonu-
cleotide conjugates 1 and 2, respectively.

To assess the structure of the fluorogenic conjugates,
1 and 2 were treated with ammonia or pig liver esterase
(PLE) and the reaction products were analyzed by HPLC.
Furthermore, the fluorescence released upon PLE hy-
drolysis was measured by fluorescence spectrophotom-
etry. We examined the carboxyesterase substrate ability
of the two oligoconjugates 1 and 2 in different biological
media including cell culture medium and cell extracts.
Finally, we studied the fate of the fluorogenic phospho-
rothioate oligoconjugate 1 in human fibroblasts after
microinjection into the cytoplasm and nucleus.

EXPERIMENTAL PROCEDURES

Materials and Methods. Except as noted, reagents
and solvents were commercially obtained and used
without further purification. Amine-free N,N-dimethyl-
formamide (DMF) (puriss) was purchased from Fluka.
Anhydrous methylene chloride (CH2Cl2) was distilled
from phosphorus pentaoxide. Silica gel TLC was carried
out on Kieselgel 60 F254 plates (Merck), and compounds
were visualized by UV shadowing. Silica gel 60 (Merck
230-400 mesh) was used for flash column chromatog-
raphy. FABmass spectra (MS) were recorded on a JEOL
DX300 spectrometer operating with a JMA-DA 5000
mass data system in positive ion mode; the ESI mass
spectrum was obtained with a Finnigan MAT SSQ 7000
mass spectrometer, and the MALDI-TOF spectrum was
recorded on a PerSeptive Biosystems Voyager mass
spectrometer. The 1H-NMR spectra were recorded with
a Bruker DRX 400 MHz spectrometer, and chemical
shifts were measured relative to CHCl3 fixed at 7.24 ppm.
Reversed-phase HPLC was performed on a Waters 600
E system equipped with a Model 990 photodiode array
detector and using a Macherey-Nagel EC Nucleosil 5µ
C18 column (150 × 4.6 mm) for analytical purposes and
a Waters Delta Pak 15µ C18 100 Å column (300 × 7.8
mm) for preparative work. The fluorescence spectra were
recorded on a Spex-Fluorolog spectrofluorometer Model
1681 (Jobin-Yvon).

* Author to whom correspondence should be addressed [tele-
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3′,6′-Bis(tert-butyloxy)-3-oxospiro[isobenzofuran-
1(3H),9′(9H)-xanthene]-5(6)-carboxylic Acid (3). To
a cooled (ice bath) and stirred solution of 5(6)-carboxy-
fluorescein (1 g, 2.6 mmol) in dry pyridine (10 mL) was
added dropwise pivaloyl chloride (1.6 g, 1.6 mL, 13.3
mmol). The mixture was stirred at room temperature
overnight. The excess of pivaloyl chloride was hydrolyzed
with cold water (10 mL), and the volume of the reaction
mixture was reduced to 5 mL under reduced pressure.
Methylene chloride (10 mL) was then added, and the
resulting solution was washed four times with water (50
mL), dried over anhydrous sodium sulfate, and evapo-
rated to dryness under reduced pressure. The residue
(1.54 g) was fractionated by flash chromatography on a
silica gel (48 g) column (3.5 cm i.d.) using 10% diethyl
ether in CH2Cl2 (700 mL) and then a stepwise gradient
of 1-20% methanol in CH2Cl2 as eluants. Fractions
containing pure 3 as a mixture of regioisomers (Rf 0.35
for regioisomer 5 and Rf 0.42 for regioisomer 6, eluant
system CH2Cl2/CH3OH 4:1 v/v) were combined and
evaporated to give a colorless foam (766 mg, 1.4 mmol,
53% yield): 1H NMR (CDCl3) (regioisomer 6) δ 1.36 (1s,
18 H, tBu), 6.79 and 7.08 (2m, 6H), 7.85 (s, 1 H,H1), 8.11
(d, 1 H, H4, J4-5 ) 8 Hz), 8.32 (dd, 1 H, H5, J5-4 ) 8 Hz,
J5-1 ) 1 Hz), 10.57 (br s, 1 H, -CO2H); (regioisomer 5) δ
1.40 (1s, 18 H, tBu), 6.84 and 7.11 (2m, 6H), 7.32 (d, 1H,
H1, J1-6 ) 8 Hz), 8.43 (d, 1H, H6, J6-1 ) 8 Hz), 8.81 (s,
1H, H4); MS (+ FAB, glycerol/thioglycerol 50:50, v/v) [M
+ H]+ ) 545.
1-[3′,6′-Bis(tert-butyloxy)-3-oxospiro[isobenzofu-

ran-1(3H),9′(9H)-xanthene]-5(6)-yl]carbonyloxy]-2,5-
pyrrolidinedione (4). N-[3-(Dimethylamino)propyl]-N′-
ethylcarbodiimide hydrochloride (EDC) (377 mg, 1.96
mmol) and NHS (178 mg, 1.55 mmol) were successively
added to a solution of compound 3 (766 mg, 1.4 mmol) in
dry CH2Cl2 (10 mL). The reaction mixture was stirred
at room temperature for 4 h. EDC (54 mg, 0.28 mmol)
was then added and stirring was carried on for 3 h. The
reaction mixture was evaporated to give a yellowish foam.
The residue was dissolved in ethyl acetate (50 mL), and
the solution was washed four times with water (100 mL).
The organic layer was then dried over anhydrous sodium
sulfate and evaporated under reduced pressure. The
residue (982 mg) was fractionated on a silica gel (30 g)
column (3.5 cm i.d.) using first a gradient of CH2Cl2 (10-
100%) in cyclohexane and then a gradient of methanol
(1-2%) in CH2Cl2 as eluants. Pooled fractions containing
pure product 4 were evaporated to dryness. The residue
was dissolved in dioxane, and the solution was lyophilized
to afford a white powder (595 mg, 0.92 mmol, 47% yield):
Rf 0.5 (TLC solvent: CH2Cl2/CH3OH/CH3COOH 97:2.5:
0.5 v/v/v); 1H NMR (as a mixture of regioisomers 5 and 6
in 2:1 ratio) (CDCl3) δ 1.36 (br s, 18 H, tBu), 2.95 [m,
4H, -(CH2)2], 6.78 and 7.11 (2m, 6H), 7.36 (d, 2/3 H, H1
of isomer 5, J1-6 ) 8 Hz), 7.92 (s, 1/3 H, H1 of isomer 6),
8.19 (d, 1/3 H, H4 of isomer 6, J4-5 ) 8 Hz), 8.40 (dd, 1/3 H,
H5 of isomer 6, J5-4 ) 9 Hz, J5-1 ) 1.3 Hz), 8.42 (dd, 2/3
H, H6 of isomer 5, J6-1 ) 8 Hz, J6-4 ) 1.5 Hz), 8.83 (s, 2/3
H, H4 of isomer 5); MS (+ FAB, glycerol/thioglycerol 50:
50, v/v) [M + H]+ ) 642.
Synthesis of 5′-Amino-Linked Oligonucleotides 7

and 8. The phosphorothioate oligonucleoside 5 (sequence
5′ AACGTTGAGGGGCATCGT 3′) and the methylphos-
phonate oligo-6 (sequence 5′ TpAACGTTGAGGGGCA-
TCGT 3′) were prepared on 1 µmol scale with an Applied
Biosystems Model 381A DNA synthesizer. The standard
solid-phase â-cyanoethyl phosphoramidite chemistry in
combination with Beaucage’s reagent (10) was applied
to the phosphorothioate oligo-5 synthesis. The meth-
ylphosphonate oligomer 6 was prepared with the ap-

propriately protected nucleoside methylphosphonamidite
synthons purchased from Glen Research and according
to published procedures (11). Functionalization at the
5′-end of both phosphorothioate (ps) 18-mer and meth-
ylphosphonate (mp) 19-mer oligonucleosides 5 and 6 by
1,4 diaminobutane was manually performed on the solid
support as previously described (12). After deprotection
of 7 by standard ammonia treatment and deprotection
of methylphosphonate oligo-8 according to literature
conditions (13), the 5′-amino oligomers 7 and 8 were
lyophilized three times and then were reacted with 4
without further purification.
Synthesis and Purification of Fluorogenic Oli-

gonucleotide Conjugates 1 and 2. To a mixture of
DMF (105 µL) and 0.1 M NaHCO3/Na2CO3 buffer (pH 9)
(495 µL) were added successively a solution of 5′-amino-
linked oligo-7 (1.6 mM in water, 100 µL, 28.5 A260 units)
and a solution of the activated ester 4 (12.5 mM in DMF,
500 µL, 40-fold molar excess). The turbid mixture was
stirred vigorously at room temperature for 1.5 h in the
dark. The reaction was monitored by HPLC analysis
(solvent A ) 0.05 M triethylammonium acetate, pH 7;
solvent B ) 80% acetonitrile in buffer A; linear gradient,
from 7% to 63% of B over 20 min and then to 100% of B
over 20 min; flow rate ) 1 mL min-1). The reaction
mixture was loaded onto a Sephadex G-25 column (2 ×
33 cm) equilibrated with 20% ethanol in water, and the
crude oligoconjugate 1 was eluted with the same eluant.
The oligoconjugate 1 was further purified by preparative
reverse-phased HPLC (same eluting conditions as above
except 2 mL min-1 as flow rate). The pooled fractions
were directly desalted through a Sep-Pak C18 (Waters)
cartridge following the manufacturer’s instructions. The
oligoconjugate 1was eluted with a mixture of acetonitrile
and water (50:50, v/v) and then the solvent was evapo-
rated. Yield (measured by UV absorbance at 260 nm)
was 25% after purification and desalting with respect to
the crude 5′-amino-oligo-7: UV spectrum λmax ) 256.4
nm; MS (negative ion mode ESI, methanol/water/trieth-
ylamine 49:50:1, v/v/v) m/z calcd 6493.4, found 6495.5.
The same procedure as described above was applied

for the synthesis and purification of the oligoconjugate 2
except for the following modifications: to a mixture of
DMF (170 µL) and 0.1 M NaHCO3/Na2CO3 buffer (pH 9)
(495 µL) were added successively a solution of 5′-amino-
linked oligo-8 (1.4 mM in water/acetonitrile 50:50, v/v,
100 µL, 25 A260 units) and a solution of the activated ester
4 (12.5 mM in DMF, 438 µL, 40-fold molar excess). The
turbid mixture was stirred vigorously at room tempera-
ture for 0.5 h in the dark. Yield was 23% with respect
to the crude 5′-amino-oligo-8: UV spectrum λmax ) 255
nm; MS (positive ion mode MALDI-TOF, saturated
solution of hydroxypiccolinic acid in 0.3M diammonium
acetate in acetonitrile) m/z calcd 6487.6, found 6485.3.
Esterase Substrate Ability of Fluorogenic Oligo-

conjugates 1 and 2. a. HPLC Analysis. Oligonucle-
otide conjugate 1 or 2 (18 µM) was incubated at 37 °C
with PLE (80 units mL-1) (Aldrich Chemical Co.) in 25
mM Tris-HCl buffer (pH 7.5). DMSO (6‰ final concen-
tration in the incubation medium) was added for solu-
bilization of the methylphosphonate derivative 2. The
reaction was monitored by HPLC analysis with the same
eluting conditions described above.
b. Fluorescence Spectrophotometry. Oligonucleotide

conjugate 1 or 2 (1.1 µM for PLE experiments, otherwise
4.8 µM) was incubated at 37 °C either in the presence of
PLE (8 units mL-1) in 25 mM Tris-HCl buffer (pH 7.5),
in RPMI 1640 containing 10% (v/v) heat-deactivated fetal
calf serum (FCS; Gibco BRL), or in total CEM-SS cell
extracts (14). DMSO (6‰ final concentration in the
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incubation medium) was added for solubilization of the
methylphosphonate derivative 2. The intensity of fluo-
rescence emission (527 nm) was measured as a function
of time by fluorescence spectrophotometry upon excita-
tion at 494 nm.
Microinjection and Confocal Fluorescence Mi-

croscopy. Human foreskin fibroblasts Hs68 were cul-
tured in CO2 incubators at 37 °C in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 6-10%
FCS on 25 mm diameter acid-washed glass coverslips.
Cells were microinjected into the cytoplasm and nucleus
with a few femtoliters of a solution of 77 µM oligoconju-
gate 1 in 100 mM HEPES (pH 7.5). Cells were fixed in
3.7% formalin in phosphate-buffered saline (PBS) and
were observed with a Leica confocal laser scanning
microscope, equipped with a krypton-argon dual-wave-
length laser (excitation at 488 nm) (15).

RESULTS AND DISCUSSION

In the present work, we selected the carboxyfluorescein
which can exist as a fluorescent xanthen-3-one form or
as a nonfluorescent lactone form when the two phenolic
functions are esterified. In our approach, we wanted the
lactone form to persist all along the conjugate synthesis;
for this reason the strategy of coupling the fluorogenic
label to the oligomer required the carboxyfluorescein
protecting groups to be maintained intact.
Various methods for labeling oligonucleotides with

nonradioactive tags have been extensively reported in the
literature (16). One of the commonly used approaches
is to attach the label at the 5′ terminus of the oligomer
either by incorporating the suitably protected label
phosphoramidite during solid-phase oligonucleotide syn-
thesis or by derivatizing the deprotected oligonucleotide
in aqueous medium. In our case, the second procedure
of postsynthesis functionalization was more convenient
to avoid exposure of the biprotected carboxyfluorescein
residue to conditions used during oligonucleotide depro-
tection (ammonium hydroxyde, 55 °C for 5 h). This
strategy required the synthesis of a 5′-end-modified
oligonucleotide with a primary amino group available for
subsequent coupling with the activated ester of the
protected carboxyfluorescein 4.
The NHS ester of the 3′,6′-diacetyl-5(6)-carboxyfluo-

rescein is commercially available, but the acetyl groups
were not sufficiently stable during the coupling reaction
between the oligo derivative and the active ester. We
prepared the NHS ester 4 of the more stable 3′,6′-
dipivaloyl-5(6)-carboxyfluorescein 3, which has been
previously mentioned in the literature (17), but no

experimental procedures and data have been reported so
far. First, the commercial 5(6)-carboxyfluorescein was
reacted with pivaloyl chloride to give the nonfluorescent
lactone 3,which was subsequently reacted with EDC and
NHS to yield the NHS ester 4 as described under
Experimental Procedures (Scheme 1). In our hands,
attempts to synthesize the fluorogenic conjugate with the
5′-amino-linked oligomer prepared with commercially
available 5′-amino-modifier C6 (Glen Research) were not
satisfactory. Therefore, the functionalization at the 5′
end of two nuclease-resistant phosphorothioate 5 and
methylphosphonate 6 oligomers was performed manually
on solid support after activation of the 5′-hydroxyl group
by N,N′-carbonyldiimidazole (CDI) and then reaction
with 1,4-diaminobutane (12). The 5′-amino oligo-7 and
-8 obtained were used without purification in the sub-
sequent coupling step with the fluorogenic tag 4.
The fluorogenic conjugate synthesis was carried out in

the dark for 0.5-1.5 h using a 40-fold molar excess of 4
in a 1:1 mixture of DMF and NaHCO3/Na2CO3 buffer,
pH 9 (18). This coupling reaction was run at pH 9, which
was a good compromise to achieve synthesis without loss
of pivaloyl groups. The conversion of starting 5′-amino-
linked oligonucleotide 7 or 8 into oligoconjugates 1 and
2, respectively, was monitored by HPLC analysis (Figure
1). Two peaks at RT ) 23.4 and 24.2 min corresponding
to more lipophilic compounds than the 5′-NH2-oligonucle-
otide 7 (RT ) 13.3 min) were tentatively assigned to the
isomeric mixture of oligoconjugate 1. We noticed a
similar increase in retention time between the oligocon-
jugate 2 (RT ) 25.5 and 26.3 min) and the starting

Scheme 1. Synthesis of Fluorogenic Conjugates 1 and 2a

a Key: (a) pivaloyl chloride, pyridine; (b) NHS, EDC, anhydrous CH2Cl2; (c) oligo-7 or oligo-8, NaHCO3/Na2CO3 buffer, pH 9, 0.1
M, DMF. Oligo-7, H2N(CH2)4NHC(O)(A2CGT2GAG4CATCGT)3′. Oligo-8, H2N(CH2)4NHC(O)(TpA2CGT2GAG4CATCGT)3′. No mark
indicates a phosphorothioate linkage, the underscored nucleic bases a methylphosphonate linkage, and the (p) a phosphodiester
linkage.

Figure 1. Reversed-phase HPLC chromatogram (λ260nm) of the
reaction mixture between 5′-aminophosphorothioate oligonucle-
otide (18-mer) 7 and NHS ester of bis(pivaloyl)carboxyfluores-
cein 4 at t ) 0 and 2 h. 1, fluorogenic phosphorothioate
oligoconjugate. 3, bis(pivaloyl)carboxyfluorescein arising from
hydrolysis of 4.
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oligonucleotide 8 (RT ) 15.8 min). Two extra peaks
corresponding to the hydrolysis of succinimidyl ester 4
to carboxylic acid 3 (RT ) 31 and 32.5 min) were observed
(19). The formation of the oligoconjugates 1 and 2 was
monitored at three different wavelengths (245, 260, and
494 nm), and no absorption at 494 nm [characteristic of
the unprotected fluorescein derivative (20)] was detected,
which indicated that the fluorogenic label was still intact.
Unbound fluorescein derivatives were removed by size

exclusion gel chromatography, and oligoconjugates 1 and
2 were further purified by reversed-phase HPLC. These
oligonucleotide conjugates were characterized by ESI
mass spectrometry for the oligoconjugate phosphorothio-
ate 1 and MALDI-TOF/MS for the methylphosphonate
derivative 2; the molecular weight determined for each
compound was found to be in agreement with that
calculated.
For further characterization, two samples of oligocon-

jugate 1 were incubated with either ammonia or PLE.
For both chemical and enzymatic hydrolysis, HPLC
chromatograms indicated conversion of the starting
material into a more polar product. In both cases,
products had the same retention time and exhibited an
absorption at 494 nm similar to that present in fluores-
cent conjugates (20). Maximum excitation wavelength
was 494 nm, and maximum emission was determined at
514 nm. These experiments were performed with oligo-
conjugate 2, and the same data were obtained. These
results indicate that fluorogenic oligoconjugates 1 and 2
were deprotected to yield the corresponding fluorescent
oligonucleotides.
To determine the carboxyesterase substrate ability of

the two oligoconjugates 1 and 2 in biological media, the
oligoconjugates 1 and 2 were incubated with PLE or in
RPMI 1640 supplemented with 10% heat-deactivated
FCS or in total CEM-SS cell extracts, and the fluores-
cence emission spectra (Figure 2) and the fluorescence
curves as a function of time were recorded (Figure 3).
All of the curves reach a plateau that corresponds to the
deprotected conjugate, and their emission spectra were
similar in the three experiments. The fluorescence

Figure 2. Fluorescence emission spectra upon excitation at
494 nm of the phosphorothioate oligoconjugate 1 before incuba-
tion (A) and after 15 h of incubation (B) in cellular extract at
37 °C. (C) represents the fluorescence excitation spectrum of
the oligoconjugate 1 after 15 h of incubation in cellular extract.

Figure 3. Time course fluorescence at 527 nm (upon excitation
at 494 nm) during incubation of 1 at 37 °C with PLE (8 units
mL-1). The initial concentration of oligoconjugate 1 was 1 µM
in Tris-HCl buffer (25 mM), pH 7.5.

Figure 4. Microinjection of fluorogenic phosphorothioate oligoconjugate 1. Oligoconjugate 1 was co-injected with an inert rabbit
antibody into either the cytoplasm (A and B) or the nucleus (C and D) of human fibroblasts Hs68. Live cells were analyzed 30 min
after injection using fluorescence confocal microscopy. Marker antibodies were visualized after staining with Texas-Red conjugated
goat anti-rabbit antisera (A and C). Carboxyfluorescein-labeled material is displayed in panels B and D. Scale bar is 5 µm.
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intensity increased with a higher rate in cell extracts (t1/2
) 2 h for 1, t1/2 ) 1 h for 2) than in 10% deactivated FCS
RPMI 1640 (t1/2 ) 6 h for 1, t1/2 ) 7 h for 2), probably
because of the higher carboxyesterase content of the
former (14). These in vitro experiments confirmed that
the oligonucleotide conjugates 1 and 2 are substrates of
the esterases.
To investigate the fate of these fluorogenic oligonucle-

otides within the cell and to visualize the intracellular
esterase activity, phosphorothioate oligoconjugate 1 was
microinjected into either the cytoplasm or the nucleus of
living human fibroblasts. After microinjection into the
cytoplasm, confocal fluorescence microscopy revealed
primarily a fast emission of fluorescence localized in the
cytoplasm (Figure 4). Ten minutes after microinjection,
the fluorescence was diffusely distributed in the cyto-
plasm with some more fluorescent spots attributed to
confinement of the fluorescent oligomer to vesicles. This
can be explained by an important esterase activity in the
vesicles and/or an accumulation of the labeled oligomer
in these cytoplasmic organelles. Thirty minutes after
microinjection, fluorescence could no longer be observed
in the cytoplasm and was essentially located in the cell
nucleus. The persistence of fluorescence for >16 h within
the nucleus demonstrated the stability of the linkage
between the label and the oligomer in the cells (21, 22).
In contrast, when oligonucleotide conjugate 1 was mi-
croinjected into the cell nucleus, no detectable fluores-
cence was observed even after 30 min. This result
indicates that esterase activity was predominantly local-
ized in the cytoplasm and that a translocation of fluo-
rescent oligomer occurred from the cytoplasm to the
nucleus as already observed with fluorescent oligonucle-
otides (23). This last result shows that the fluorogenic
tag has no effect on the behavior of fluorogenic oligo-
nucleotides as compared to other fluorescent oligomers.
In conclusion, we described the synthesis of fluorogenic

oligonucleotides that were obtained by coupling the NHS
ester of the bis(pivaloyl)carboxyfluorescein to 5′-amino-
phosphorothioate or methylphosphonate oligonucleoside.
We provided chromatographic and spectroscopic evidence
of the synthesized conjugate identity. We demonstrated
that the designed fluorogenic oligonucleotides are sub-
strates of esterases present in serum and in cell extracts.
Additionally, we showed that the fluorogenic phospho-
rothioate conjugate become fluorescent upon esterase-
mediated hydrolysis within the cell and that esterase
activity was mainly localized in the cytoplasm.
The labeling of prooligonucleotides with this fluoro-

genic tag is under current investigation as is their
cellular uptake in comparison to that of anionic phos-
phorothioate conjugate 1 and uncharged methylphospho-
nate conjugate 2.

ACKNOWLEDGMENT

Financial support for this work was provided through
grants from the Association pour la Recherche contre le
Cancer and from the Agence Nationale de Recherche sur
le Sida. We thank Drs. Frederic Heitz and Anne Fernan-
dez for helpful advice and discussions. We are grateful
to Dr. Richard Griffey for MALDI-TOF/MS analysis. The
cell extracts were kindly prepared by Dr. A. M. Aubertin.

LITERATURE CITED

(1) Barber, I., Rayner, B., and Imbach, J. L. (1995) The
prooligonucleotide approach I: Esterase-mediated reversibil-
ity of dithymidine S-alkyl-phosphorothiolates to dithymidine
phosphorothioates. Bioorg. Med. Chem. Lett. 5, 563-568.

(2) Barber, I., Tosquellas, G., Morvan, F., Rayner, B., and
Imbach, J. L. (1995) The prooligonucleotide approach II:
Synthesis and stability studies of chimeric oligonucleotide
models. Bioorg. Med. Chem. Lett. 5, 1441-1444.

(3) Iyer, R. P., Yu, D., and Agrawal, S. (1995) Prodrugs of
oligonucleotides: the acyloxyalkyl esters of oligodeoxyribo-
nucleoside phosphorothioates. Bioorg. Chem. 23, 1-21.

(4) Tosquellas, G., Barber, I., Morvan, F., Rayner, B., and
Imbach, J. L. (1996) The prooligonucleotide approach III:
Synthesis and bioreversibility of a chimeric phosphorodithio-
ate prooligonucleotide. Bioorg. Med. Chem. Lett. 6, 457-462.

(5) Tosquellas, G., Morvan, F., Rayner, B., and Imbach, J. L.
(1997) The prooligonucleotide approach IV: Synthesis of
chimeric prooligonucleotides with 6 enzymolabile masking
groups and unexpected desulfurization side reaction. Bioorg.
Med. Chem. Lett. 7, 263-268.

(6) Temsamani, J., Kubert, M., Tang, J. Y., Padmapriya, A.,
and Agrawal, S. (1994) Cellular uptake of oligodeoxynucle-
otide phosphorothioates and their analogs.Antisense Res. Dev.
4, 35-42.

(7) Spiller, D. G., and Tidd, D. M. (1992) The uptake kinetics
of chimeric oligodeoxynucleotide analogues in human leu-
kaemia MOLT-4 cells. Anti-Cancer Drug Design 7, 115-129.

(8) Giles, R. V., Spiller, D. G., and Tidd, D. M. (1993) Chimeric
oligodeoxynucleotide analogues enhanced cell uptake of struc-
tures which direct ribonuclease-H with high specificity. Anti-
Cancer Drug Design 8, 33-51.

(9) Milligan, J. F., Matteucci, M. D., and Martin, J. C. (1993)
Currents concepts in antisense drug design. J. Med. Chem.
36, 1923-1937.

(10) Iyer, R. P., Phillips, L. R., Egan, W., Regan, J. B., and
Beaucage, S. L. (1990) The automated synthesis of sulfur-
containing oligodeoxyribonucleotides using 3H-1,2-benzodithiol-
3-one 1,1-dioxide as a sulfur-transfer reagent. J. Org. Chem.
55, 4693-4699.

(11) Hogrefe, R. I., Reynolds, M. A., Vaghefi, M. M., Young, K.
M., Riley, T. A., Klem, R. E., and Arnold, L. J., Jr. (1993). An
improved method for the synthesis and deprotection of
methylphosphonate oligonucleotides. Methods in Molecular
Biology: Protocols for Oligonucleotides and Analogs (S.
Agrawal, Ed.) pp 143-164, Humana Press, Totowa, NJ.

(12) Wachter, L., Jablonski, J.-A., and Ramachandran, K. L.
(1986) A simple and efficient procedure for the synthesis of
5′-aminoalkyl oligodeoxynucleotides. Nucleic Acids Res. 14,
7985-7994.

(13) Hogrefe, R. I., Vaghefi, M. M., Reynolds, M. A., Young, K.
M., and Arnold Jr., L. J. (1993) Deprotection of methylphos-
phonate oligonucleotides using a novel one-pot procedure.
Nucleic Acids Res. 21, 2031-2038.

(14) Pompon, A., Lefebvre, I., Imbach, J.-L., Kahn, S., and
Farquhar, D. (1994) Decomposition pathways of the mono-
and bis(pivaloyloxymethyl)esters of azidothymidine 5′-mono-
phosphate in cell extract and in tissue culture medium: an
application of the ′on-line ISRP-cleaning′ HPLC technique.
Antiviral Chem. Chemother. 5, 91-98.

(15) Girard, F., Fernandez, A., and Lamb, N. (1995) Delayed
cyclin A and B1 degradation in nontransformed mammalian
cells. J. Cell Sci. 108, 2599-2608.

(16) Agrawal, S. (1994) Functionalization of oligonucleotides
with amino groups and attachment of amino specific reporter
groups. Methods in Molecular Biology: Protocols for Oligo-
nucleotides Conjugates (S. Agrawal, Ed.) pp 93-120, Humana
Press, Totowa, NJ.

(17) Theisen, P., McCollum, C., Upadhya, K., Jacobson, K., Vu,
H., and Andrus, A. (1992) Fluorescent dye phosphoramidite
labelling of oligonucleotides. Tetrahedron Lett. 33, 5033-
5036.

(18) Acedo, M., Tarrason, G., Piulats, J., Mann, M., Wilm, M.,
and Eritja, R. (1995) Preparation of oligonucleotide-dexam-
ethasone conjugates. Bioorg. Med. Chem. Lett. 5, 1577-1580.

(19) Fukui, K., Morimoto, M., Segawa, H., Tanaka, K., and
Shimidzu, T. (1996) Synthesis and properties of an oligo-
nucleotide modified with an acridine derivative at the arti-
ficial abasic site. Bioconjugate Chem. 7, 349-355.

(20) Telser, J., Cruickshank, K. A., Morrison, L. E., and Netzel,
T. L. (1989) Synthesis and characterization of DNA oligomers

860 Bioconjugate Chem., Vol. 8, No. 6, 1997 Laurent et al.



and duplexes containing covalently attached molecular la-
bels: comparison of biotin, fluorescein, and pyrene labels by
thermodynamic and optical spectroscopic measurements. J.
Am. Chem. Soc. 111, 6966-6976.

(21) Fisher, T. L., Terhorst, T., Cao, X., and Wagner, R. W.
(1993) Intracellular disposition and metabolism of fluores-
cently-labeled unmodified and modified oligonucleotides mi-
croinjected into mammalian cells. Nucleic Acids Res. 21,
3857-3865.

(22) Chin, D. J., Green, G. A., Zon, G., Szoka Jr., F. C., and
Straubinger, R. M. (1990) Rapid nuclear accumulation of
injected oligodeoxyribonucleotides. New Biol. 2, 1091-1100.

(23) Leonetti, J.-P., Mechti, N., Degols, G., Gagnor, C., and
Lebleu, B. (1991) Intracellular distribution of microinjected
antisense oligonucleotides. Proc. Natl. Acad. Sci. U.S.A. 88,
2702-2706.

BC970168I

Esterase-Triggered Fluorescence Bioconjugate Chem., Vol. 8, No. 6, 1997 861



Incorporation of an Artificial Receptor into a Native Protein: New
Strategy for the Design of Semisynthetic Enzymes with Allosteric
Properties

Itaru Hamachi,* Tsuyoshi Nagase, Yusuke Tajiri, and Seiji Shinkai

Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu University,
Fukuoka 812, Japan. Received April 25, 1997X

The sugar-facilitated structure and enzymatic activity change of engineered myoglobins bearing a
phenylboronic acid moiety, which were semisynthesized by a cofactor reconstitution method, were
studied by the denaturation experiment, spectrophotometric titration of the pKa shift of the axial
H2O, circular dichloism (CD), and the kinetics of the myoglobin-catalyzed-aniline hydroxylation
reaction. Both boronophenylalanine-appended myoglobin [Mb(m-Bphe)2] and phenylboronic acid-
appended myoglobin [Mb(PhBOH)2] were stabilized by approximately 2 kcal/mol upon complexation
with D-fructose. CD spectral changes and the sugar-induced pKa shift suggested that the microen-
vironment of the active site of these myoglobins was re-formed from a partially disturbed state to
that comparable to the native state upon D-fructose binding. The correlation of pKa with kcat (for the
aniline hydroxylase activity) and the ∆GD

H2O-kcat profile showed that these structural changes of Mb-
(m-Bphe)2 and Mb(PhBOH)2 were closely related to their sugar-enhanced aniline hydroxylase activity.
Thus, the results established that an incorporation of the artificial receptor molecule can be a valid
methodology for the design of stimuli-responsive semiartificial enzymes.

INTRODUCTION

The introduction of unnatural atoms or molecules into
naturally occurring enzymes and proteins is one of the
most promising approaches for the development of new
tailored proteins, which then have potential applications
in chemistry and biology (Bell and Hilvert, 1994). Fol-
lowing Kaiser’s proposal on chemical mutation (Kaiser
and Lawrence, 1984; Kaiser, 1988; Wu and Hilvert; 1989;
Petersen and Hilvert, 1995), a more general biosynthetic
method that utilizes aminoacylated suppresser t-RNA
has been recently advanced by Schultz and co-workers
(Cornish et al., 1995). In addition to developing other
methodologies for the incorporation of unnatural mol-
ecules, the class of unnatural atoms and molecules that
can positively act on native enzymes also needs to be
expanded. As one example of such an interaction, we
preliminarily reported that the sugar-binding ability of
phenylboronic acid that has been incorporated into
myoglobin can enhance the dioxygen storage capability
of the myoglobin molecule (Hamachi et al., 1994a,b). On
the basis of the previous findings, the present study
demonstrates here that the aniline hydroxylase activity
of these engineered myoglobins is facilitated by sugar
molecules. The interesting relationship between the
structure and the activity change induced by sugars is
also discussed in great detail.

RESULTS

Design of Phenylboronic Acid-Appended Myo-
globins. Such researchers as Czarnik, Smith, and
Shinkai have recently and independently demonstrated
that phenylboronic acid is one of the most potentially
useful artificial receptors for saccharide molecules (Yoon
and Czarnik, 1992; Paugam et al., 1994; James et al.,

1996). A neutral boronic acid (sp2 configuration of boron)
binds a 1,2- or 1,3-diol unit of sugar to form a negatively
charged boronate ester (sp3 configuration) in aqueous
solution. Site-specific alteration in the charge and the
hydrophilicity can be induced when boronic acid binds
with sugar molecules. Thus, phenylboronic acid is ex-
pected to be useful for the modulation of structure and/
or activity of native proteins.

Initially, in this study, heme 1 was synthesized and
incorporated into apomyoglobin (apo-Mb) using a con-
ventional cofactor reconstitution method. The resultant
Mb(PhBOH)2 displayed a sugar responsive dioxygen
storage capability. However, the low yield (30% for the
reconstitution) and low stability of Mb(PhBOH)2 and its
derivative rendered them unsuitable for detailed analy-
sis.
In an attempt to solve these problems, a more sophis-

ticated design for the phenylboronic acid insertion into
myoglobin was used. To retain two carboxylic acid
groups, which are usually present in the side chains of
the native heme cofactor, an unnatural amino acid,
boronophenylalanine, was employed for pendant units.
m-Boronophenylalanine-appended heme 3 was success-
fully reconstituted with apo-Mb in an almost quantitative
yield [Mb(m-Bphe)2, g 95%]. Phenylalanine-appended
Mb [Mb(Phe)2, reconstitution of heme 4, yield > 90%] and
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aniline-appended Mb [Mb(PhH)2, reconstitution of heme
2, yield ≈ 50%] were also prepared as control proteins.

After purification using previously reported procedures
(Asakura and Yonetani, 1969; Asakura, 1978), the purity
of the proteins was assayed using the ratio of Soret
absorbance (408 nm) to protein absorbance (280 nm) as
a known purity index (Tamura et al., 1973). The ratios
were 4.5 for Mb(PhBOH)2, 4.4 for Mb(PhH)2, 4.8 for Mb-
(m-Bphe)2, and 4.7 for Mb(Phe)2. These are comparable
to the value of 4.8 for native myoglobin, indicating that
these semisynthetic myoglobins are pure enough to use
in the subsequent studies.
Sugar-Facilitated Stabilization of Phenylboronic

Acid-Appended Myoglobins. The net stability of the
present myoglobins was evaluated by urea-induced de-
naturation experiments. Increasing the concentration of
urea (a denaturant) destroys the three-dimensional
structure of myoglobin, resulting in the release of a heme
cofactor. This denaturation process can be spectropho-
tometrically observed by the broadening of the Soret band
(Puett, 1973). Figure 1a shows the denaturation curve
of Mb(m-Bphe)2 plotting the Soret absorbance changes
against urea concentration in the absence and presence
of D-fructose. Clearly, Mb(m-Bphe)2 with D-fructose is
more resistant to denaturation, relative to that without
D-fructose. The conventional linear extrapolation of these
denaturation curves gives denaturation free energies
(∆GD

H2O) (Pace, 1986). Table 1 summarizes ∆GD
H2O

values for all of the myoglobin derivatives.
Interestingly, both Mb(m-Bphe)2 and Mb(PhBOH)2

were stabilized by approximately 2 kcal/mol as a result
of D-fructose. On the other hand, the stability of Mb-
(Phe)2 (Figure 1b) and Mb(PhH)2 was not affected by
D-fructose. In addition to the sugar-facilitated stabiliza-
tion of phenylboronic acid-appended myoglobins, there
are other important findings related to the design of
engineered myoglobins (Table 1): (i) the modification of
protoheme at both propionic acid functional groups
destabilized the net 3D structure of holo-Mb, (ii) the
retention of carboxylic acid groups at heme side chains
was effective for the stabilization of reconstituted myo-
globins by 2-4 kcal/mol [please compare the ∆GD

H2O

values for Mb(PhH)2 and Mb(Phe)2 or for Mb(PhBOH)2
to Mb(m-Bphe)2].
The intensified heme-apoprotein interactions by fruc-

tose were observed for phenylboronic acid-appended
myoglobins using circular dichroism (CD) spectroscopy.
Figure 2 compares the CD spectra of Mb(PhBOH)2 in the
absence and presence of fructose. A positive peak at 408
nm is due to an induced CD of the heme which is
sensitive to the microenvironment of the heme crevice
(i.e., myoglobin active site). This peak is clearly intensi-
fied by 1.2-fold upon the addition of fructose, whereas
two negative (225 and 208 nm) CD peaks and one positive
(190 nm) CD peak, which are characteristic of the R-helix
structures of myoglobin, scarcely change. Similar CD
spectral changes were observed for Mb(m-Bphe)2, but no

fructose-induced changes occurred for Mb(PhH)2, Mb-
(Phe)2, and native Mb by fructose (data not shown). It
is clear that the heme-apoprotein interactions are
considerably reinforced by the fructose molecules bound
to phenylboronic acid sites and not by the fructose
dissolved in a solution.
Sugar-Induced pKa Shift of the Coordinated H2O.

Sugar-induced UV-visible spectral changes in Mb(Ph-
BOH)2, such as sharpening of the Soret band (408 nm)
and intensification of Q-bands (503 and 630 nm) due to
aqua-met-Mb with simultaneous lessening of Q-bands
(540 and 580 nm) due to hydroxide-met Mb, were evident.

These changes appear to be due to the pKa shift of a water
molecule coordinated to the iron(III) heme center (Brunori

Figure 1. Denaturation curve of the myoglobins derivatives
by the addition of urea: (a) Mb(m-Bphe)2 in the absence (O)
and the presence (b) of D-fructose (0.1 M); (b) Mb(Phe)2 in the
absence (O) and presence (b) of D-fructose (0.1 M). The slope m
is a parameter showing the cooperativity factor during the
protein denaturation. The values are within 2.2 ( 0.5, so the
cooperativity factors were practically identical in all cases.

Table 1. Parameters for the Urea Denaturation: Free
Energy Changes (∆GD

H2O) and the Slope (m)

none D-fructose

∆GD
H2O

(kcal/mol)
m

(kcal/mol‚M-1)
∆GD

H2O

(kcal/mol)
m

(kcal/mol‚M-1)

Mb(PhBOH)2 6.3 2.3 8.3 2.3
Mb(PhH)2 4.5 1.9 4.5 1.8
Mb(m-Bphe)2 8.0 2.3 10.1 2.6
Mb(Phe)2 8.3 2.4 8.4 2.3
native Mb 14.3 2.7 13.6 2.5

a ∆GD
H2O was determined by the following equation: ∆GD )

∆GD
H2O - m[urea] (Pace, 1986).
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et al., 1968). This suggests that the microenvironment
of the active site may be modulated by sugar binding.
Table 2 shows the pKa values of the reconstituted
myoglobins in the presence and absence of D-fructose. The
modification of the heme propionates clearly appears to
cause the acidic pKa shift seen in all of the myoglobin
derivatives. However, the pKa values for the phenylbo-
ronic acid-appended myoglobins were shifted to the basic
side by fructose compared to the pKa value without
fructose. In particular, the pKa of Mb(m-Bphe)2 in the
presence of D-fructose became almost identical to that of
native myoglobin. This suggests that the microenviron-
ment of the active site of Mb(m-Bphe)2 is re-formed from
a partially disturbed state to that comparable to the
native state by D-fructose binding. It is highly likely that
the bound sugar causes an increase in both the hydro-
philicity and the density of negative charge at boronic
acid moieties. On the basis of the pKa values, it is
conceivable that D-fructose causes no significant change
in the structure of the active site of the myoglobins
bearing no sugar-binding sites.
From these sugar-induced spectral changes of Mb-

(PhBOH)2, which show a typical saturation behavior with
respect to the D-fructose concentration, we can estimate
the binding constant of D-fructose to Mb(PhBOH)2. The
Benesi-Hildebrand plot (Benesi and Hildebrand, 1949)
gives a good linear relationship against the reciprocal
square of the D-fructose concentration, indicating that a
2:1 complex of D-fructose/Mb predominantly formed with
an association constant of 8× 104 M-2. This value proves
that 99% of Mb(PhBOH)2 binds two molecules of D-
fructose in our normal conditions.
Sugar-Enhanced Aniline Hydroxylase Activity of

Phenylboronic Acid-Appended Myoglobins. The
sugar-induced modulation that was evident not only in
the net structure but also at the active site promoted us
to investigate whether the enzymatic activity of phenyl-
boronic acid-appended myoglobins can respond to sugar

molecules. Therefore, an attempt was made to catalyze
the aniline hydroxylation reaction using the myoglobin
derivatives according to previously reported methodolo-
gies (Mieyal et al., 1976; Kokubo et al., 1987; Hamachi
et al., 1995). As shown in Figure 3, the initial rates of
generation of p-aminophenol were dependent on the
aniline concentration and then gradually saturated at
>10 mM of aniline. As shown, the initial rates of Mb-
(m-Bphe)2 were enhanced 3.5-fold by the addition of
D-fructose (Figure 3a,b), whereas Mb(Phe)2 was less
reactive and not responsive to D-fructose (Figure 3c,d).
Double-reciprocal plots of the initial reaction rates

against aniline concentrations (the Lineweaver-Burk
plot) gave good linear relationships and yielded the
Michaelis-Menten parameters (kcat and Km). Table 3
summarizes those parameters for all of the modified
myoglobins. The following points in Table 3 should be
noted. (i) Most importantly, the net activity (i.e., kcat/
Km) for Mb(PhBOH)2 and Mb(m-Bphe)2 was facilitated
by D-fructose (7.7- and 3.5-fold, respectively), whereas the
other myoglobins were unresponsive to D-fructose. (ii)
In terms of both the kcat value and the net activity, Mb-
(m-Bphe)2 in the presence of D-fructose displayed the
greatest hydroxylase activity of all the myoglobin deriva-
tives. (iii) Apart from the net activity, the responsiveness

Figure 2. CD spectral changes of the CN-coordinated Mb(PhBOH)2 in the absence (s) and presence (- - -) of D,L-fructose (0.1 M).
Buffer was Mb(PhBOH)2 7 µM, KCN 10 mM, and 50 mM phosphate (pH 7.5) at 25 °C. The left side (180-250 nm) shows the secondary
structure of the protein, and the right side (250-600 nm) shows the induced CD of the heme site. In these experiments, we used
low-spin met-Mbs in which a cyanide anion was bound to iron(III) heme because the sugar-induced ligand exchange from hydroxide
to H2O (due to the pKa shift) can be neglected in this form.

Table 2. pKa of the Axial H2O in the Active Center

none D-fructose

Mb(PhBOH)2 8.0 8.5
Mb(PhH)2 8.3 8.3
Mb(m-Bphe)2 8.5 9.0
Mb(Phe)2 8.1 8.1
native Mb 9.0 9.0

Figure 3. Dependence of the initial rates on aniline concentra-
tion in the aniline hydroxylation reaction catalyzed by Mb ([Mb]
) 8 µM): (a) Mb(m-Bphe)2 in the presence of 0.1 M D-fructose;
(b) Mb(m-Bphe)2 in the absence of D-fructose; (c) Mb(Phe)2 in
the presence of 0.1 M D-fructose; (d) Mb(Phe)2 in the absence of
D-fructose.
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[i.e., (kcat/Km)D-fru/(kcat/Km)no D-fru] of Mb(PhBOH)2 was
more efficient than that of Mb(m-Bphe)2. This is mainly
ascribed to the fact that the binding affinity (1/Km) was
enhanced 3-fold by D-fructose for only Mb(PhBOH)2,
while kcat values were accelerated ∼3-fold by D-fructose
for both Mb(PhBOH)2 and Mb(m-Bphe)2.

The aniline hydroxylase activity of Mb(m-Bphe)2 also
depended on the sugar’s structure (Figure 4). The order
of the sugar-facilitated reaction rates (D-fructose > D-
arabinose > D-mannose > D-saccharose > D-glucose)
corresponds to the binding selectivity of the phenylbo-
ronic acid unit to sugar derivatives (Lorand and Edwards,
1959). In addition, the reaction rate shows a saturation
curve with respect to the concentration of D-fructose,
which corresponded well to the saturation behavior for
the preceding D-fructose-induced spectral changes. These
results clearly indicate that the sugar molecules bound
to phenylboronic acid moieties play an essential role in
the enhanced aniline hydroxylase activity.

DISCUSSION

The present results establish that an incorporation of
the artificial receptor molecule can be a valid method for
the design of stimuli-responsive semiartificial enzymes.
Although theMb-catalyzed aniline hydroxylation reaction
is mechanistically complex, the reductively activated O2
that is bound to the heme oxidizes aniline according to
Mieyal’s mechanism. The pKa-kcat profile (Figure 5a)
shows that the kcat value was promoted along with an

increase in the pKa of the coordinated water (log kcat )
0.73pKa - 7.8; correlation coefficient ) 0.96). The effect
of D-fructose on Mb(PhBOH)2 and Mb(m-Bphe)2 is in this
correlation line, implying that the bound D-fructoses
induced the considerable pKa shift, and as a result, the
catalytic efficiency of the myoglobin derivatives was
enhanced. In addition, rough correlation (correlation
coefficient ) 0.82) between ∆GD

H2O and kcat was observed
as shown in Figure 5b. Apparently, the activity increases
with protein stability. It is conceivable sugar molecules
operate as an active effector on the enzymatic activity,
as well as structural stability (see Figure 6).
There are many allosteric enzymes, the activity of

which can be regulated by various effectors. Proton and
bisphosphoglycerate, for example, are known to lower the
dioxgen affinity of hemoglobin (Hb) by factors of 9 and
3, respectively (Imai, 1979; Benesch and Benesch, 1969).
The activity of aspartate transcarbamylase is regulated
by adenine triphosphate (ATP; 1.5-fold) and cytidine
triphosphate (CTP; 0.5-fold) (Kantrowitz et al., 1980). The
magnitude of the activity enhancement (3.5-7.7-fold) in

Table 3. Kinetic Parameters of the Aniline Hydroxylase Activity of the Myoglobin Derivatives

none D-fructose

kcat (× 10-2 min-1) Km (mM) kcat/Km (min-1 M-1) kcat (× 10-2 min-1) Km (mM) kcat/Km (min-1 M-1)

Mb(PhBOH)2 0.8 ( 0.2 9.4 ( 2.6 0.9 ( 0.3 2.4 ( 0.7 3.5 ( 1.0 6.9 ( 1.9
Mb(PhH)2a
Mb(m-Bphe)2 2.1 ( 0.7 3.5 ( 1.1 6.0 ( 2.0 7.0 ( 0.5 3.4 ( 0.4 21 ( 1.0
Mb(Phe)2 1.7 ( 0.5 10.8 ( 3.2 1.6 ( 0.5 1.7 ( 0.4 9.9 ( 3.0 1.7 ( 0.4
native Mb 5.6 ( 0.4 8.8 ( 0.9 6.4 ( 0.5 4.8 ( 0.4 4.8 ( 0.6 5.0 ( 0.8
a The kinetic parameters could not be determined because of its low activity.

Figure 4. Sugar structure dependence of aniline hydroxylase
activity of Mb(m-Bphe)2. The amount of the generated p-
aminophenol (reaction time ) 20 min) was determined according
to the phenol-indophenol method (Mieyal et al., 1976; Kokubo
et al., 1987; Hamachi et al., 1995). Reaction conditions were
described under Experimental Procedures.

Figure 5. Relationship of the kinetic parameter kcat with (a)
pKa of the axial H2O or (b) the Mb structure stability: Mb-
(PhBOH)2 (1), Mb(m-Bphe)2 (3), Mb(Phe)2 (5) and native Mb (7)
in the absence of D-fructose, respectively; Mb(PhBOH)2 (2), Mb-
(m-Bphe)2 (4), Mb(Phe)2 (6) and native Mb (8) in the presence
of 0.1 M D-fructose, respectively.
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our system is not sufficient for practical use as a
biosensor, but the activity enhancement is in the same
range as that of allosteric native enzymes.
Hemoprotein engineering has been performed prima-

rily by the exchange of axial ligands (to change the
electronic state of the heme iron) or the replacement of
amino acids located in the active site (to modify its
microenvironment) (Egeberg et al., 1990; Raphael and
Gray, 1991; Bren and Gray, 1993; Pin et al., 1994; Qin
et al., 1994; Adachi et al., 1993; DePillis et al., 1994;
Lloyd et al., 1995). In sharp contrast, the present
example is unique in its dynamic modulation of activity
using the external stimuli that act on a receptor located
on the protein surface, not at the active site. This
effector-triggered modulation of cofactor-apoenzyme in-
teractions can also be applied to other kinds of cofactor-
dependent enzymes.
Although the interaction between boronic acid and

sugars is employed as a typical model in this study, we
believe that a wide variety of artificial molecular recep-
tors can play a crucial role in the efficient modulation of
native enzyme properties (Zuckermann et al., 1988; Corey
et al., 1989; Reinhoudt et al., 1989).

EXPERIMENTAL PROCEDURES

Materials. Protoporphyrin IX (PP IX) was purchased
from Aldrich. Myoglobin (horse heart) was purchased
from Sigma. All chemicals were used without further
purification.
General Procedures. Thin-layer chromatography

(TLC) was carried out on aluminum sheets coated with
silica gel (Merck 5554). Column chromatography was
performed on silica 60 (Merck 9385, 230-400 mesh).
Melting points were determined on a Micro Melting Point
Apparatus Yanoco MP-500D and are uncorrected. UV-
visible spectra were recorded on a Shimadzu UV-3000
spectrophotometer. 1H-NMR spectra were recorded on
either a Bruker AC-250P (250MHz) or a JEOL GSX-400
(400 MHz) spectrophotometer. IR spectra were recorded
on a Jasco A-100 spectrophotometer. CD spectra were
recorded on a Jasco J-720 spectrophotometer.
Synthesis. Chemically modified heme derivatives

were synthesized according to Scheme 1. m-Boronophe-
nylalanine ethyl ester (5) was prepared according to the
slightly modified procedure of the para derivatives
reported previously (Snyder et al., 1958).
Synthesis of a m-Boronophenylalanine-Append-

ed Porphyrin (3a). Under N2 atmosphere, oxalyl

chloride (0.2 mL) was added dropwise to a suspended dry
CH2Cl2 solution (12 mL) containing PP IX (100 mg, 0.18
mmol) with ice cooling. After 1 h of stirring at room
temperature, the mixture was concentrated and dried in
vacuo. The residual dark green solid dissolved in dry
CH2Cl2 (8 mL) was added dropwise to an anhydrous
mixed solvent [pyridine (3 mL)/CH2Cl2 (5 mL)] containing
5‚HCl salt (325 mg, 1.2 mmol). The reaction mixture was
stirred at room temperature overnight and then concen-
trated in vacuo. The residue dissolved in CHCl3 (100 mL)
was washed with acidic water (pH 3) and then with
saturated NaHCO3 aqueous solution. The organic layer
was concentrated and applied to column chromatography
[silica gel, 3 cm × 15 cm; solvent, CHCl3/MeOH ) 30/1
(v/v)] to yield 6 (58 mg, 33%): mp 210 °C dec; IR (KBr,
cm-1) 3400 (OH), 1735 (ester CdO), 1650 (amide CdO);
1H NMR (CDCl3) δ -3.96 (2H, s, NH), 0.68 [6H, m,
CH3(ester)], 2.69 [4H, m, CH2(benzyl)], 3.08 (4H, m, CH2-
CO), 3.42 [4H, m, CH2(ester)], 3.65 (12H, m, CH3), 4.27
(2H, m, CH), 4.38 (4H, m, CH2), 6.22, 6.45 (2H each, d
each, dCH2), 6.78, 7.42, 7.53 (4H, 2H, and 2H, respec-
tively; m, t, and s, respectively, ArH), 7.92 (4H, s, OH),
8.53 (4H, m, NH and CHd), 10.24 [4H, m, CH(meso posi-
tion)]. Anal. Found: C, 65.31; H, 6.01; N, 7.86. Calcd
for C56H62N6O10B2‚1.5H2O: C, 65.44; H, 6.29; N, 8.18.
Synthesis of Iron(III) Complex (3b). FeCl2‚4H2O

(80 mg, 0.4 mmol) and 3a (40 mg, 0.04 mmol) were mixed
in dry DMF (20 mL) and stirred at 65 °C for 8 h in the
dark. DMF was evaporated off, and the residue was
washed with dilute HCl (pH 3, four times). The dark
brown solid was purified by reprecipitation (CHCl3/
MeOH/hexane) to yield 3b (35 mg, 85%): mp 250 °C dec;
IR (KBr, cm-1) 3400 (OH), 1735 (ester CdO), 1650 (amide
CdO); UV-vis (MeOH, λmax) 502 and 625 nm. Anal.
Found: C, 59.79; H, 5.48; N, 7.28. Calcd for C56H60N6-
O10B2FeCl‚2H2O: C, 59.73; H, 5.73; N, 7.46.
Synthesis of Heme 3. A mixed solution [THF (10

mL) andMeOH (4 mL)] containing 3b (60 mg, 0.06 mmol)
and 1 N aqueous NaOH (0.17 mL) was stirred at room
temperature overnight. After solvents were evaporated
off, the residue was dissolved in 20 mL of H2O. A black
solid was precipitated by acidification (pH 3), and it was
further purified by reprecipitation (CHCl3/MeOH/hexane)
to afford 3 (20 mg, 35%): mp 250 °C dec; IR (KBr, cm-1)
3300 (OH), 1710 (calboxylic acid CdO), 1650 (amide
C)O). Anal. Found: C, 60.63; H, 5.11; N, 7.98. Calcd
for C52H52N6O10B2FeCl: C, 60.41; H, 5.07; N, 8.13.

Figure 6. Schematic illustration of our sugar responsive enzymes bearing phenylboronic acid moieties.
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Other heme derivatives (1, 2, and 4) were prepared in
the same manner. Their analytical data are as follows.
Heme 1. Anal. Found: C, 62.35; H, 5.00; N, 9.34.

Calcd for C46H44N6O6B2FeCl: C, 62.09; H, 4.98; N, 9.44.
Heme 2. Anal. Found: C, 67.56; H, 5.35; N, 10.06.

Calcd for C46H42N6O2FeCl‚H2O: C, 67.36; H, 5.41; N,
10.25.
Heme 4. IR (KBr, cm-1) 1720 (carboxylic acid CdO),

1640 (amide CdO). Anal. Found: C, 66.12; H, 5.41; N,
8.80. Calcd for C53H52O6N6FeCl: C, 66.29; H, 5.46; N,
8.75.
Reconstitution of Apo-Mb with Various Heme

Derivatives. Chemically modified hemes were incor-
porated into the heme pocket of apo-Mb according to a
slightly modified procedure described previously (Asaku-
ra and Yonetani, 1969; Asakura, 1978). Molar extinction
coefficients of reconstituted myoglobins were determined
by following the conventional pyridine-hemochromogen
method (Paul et al., 1953) [ε409 for Mb(PhBOH)2 ) 147
mM-1 cm-1, for Mb(PhH)2 ) 138, for Mb(m-Bphe)2 ) 197,
for Mb(Phe)2 ) 151, and for native Mb ) 188]. Myoglo-
bins’ concentrations were spectrophotometrically deter-
mined using the corresponding values.
Denaturation of Mbs with Urea. Denaturation

experiments of the myoglobin derivatives with increasing
amounts of urea were conducted according to the reported
method (Puett, 1973; Pace, 1986) at [Mb] ) 8 µM, 50 mM
phosphate buffer (pH 7.5) and 25 °C.
pH Titration of Met-Mbs. Spectrophotometric pH

titration experiments were done according to the stan-
dard procedure. The pH of the solution was controlled
by the addition of an appropriate amount of 1 N aqueous
NaOH.
Assay of Aniline Hydroxylation by Mb. Aniline

hydroxylase activities were estimated by measuring the
amount of produced p-aminophenol according to the
phenol-indophenol method (Mieyal et al., 1976; Kokubo
et al., 1987; Hamachi et al., 1995).
The reaction mixture consisted of a total volume of 1

mL containing appropriate amounts of aniline, 1 mM
NADH, 500 µMFMN, 8 µMMb, and 0 or 0.1 M D-fructose
in 50 mM phosphate buffer (pH 7.5). The reaction was
initiated by the addition of NADH at 37 °C and termi-
nated by the extraction of the mixture with 1 mL of ethyl
ether (three times). The ether layers were combined and
evaporated under nitrogen gas at room temperature. The
residue dissolved in 1 mL of 0.1 N HCl was mixed with
0.2 mL of 2.5 N Na2CO3 and with 5% (w/v) phenol in 2.5
N NaOH. The mixture was then allowed to stand at 37
°C for 30 min. Absorbance of the resultant solution was
measured at 630 nm, the absorption maximum of the
indophenol derivative (1 nmol of p-aminophenol in the
standard assay mixture gave a ∆A630nm value of 0.018).

LITERATURE CITED

Adachi, S., Nagano, S., Ishimori, K., Watanabe, Y., and Mori-
shima, I. (1993) Biochemistry 32, 241.

Asakura, T. (1978) In Methods in Enzymology (S. Fleiser and
L. Packer, Eds.) Part C, p 446, Academic Press, New York.

Asakura, T., and Yonetani, T. (1969) J. Biol. Chem. 244, 537.
Bell, I. B., and Hilvert, D. (1994) In The Lock-and-Key Prin-
ciples, (J.-P. Behr, Ed.) P 73, Wiley, New York.

Benesch, R., and Benesch, R. E. (1969) Nature 221, 618.
Benesi, H., and Hildebrand, J. H. (1949) J. Am. Chem. Soc. 71,
2703.

Bren, K. L., and Gray, H. B. (1993) J. Am. Chem. Soc. 115,
10382.

Brunori, M., Amiconi, G., Antonini, E., Wyman, J., Zito, R., and
Rossi Fanelli, A. (1968) Biochim. Biopys. Acta 154, 315.

Corey, D. R., Pei, D., and Schultz, P. G. (1989) J. Am. Chem.
Soc. 111, 8523.

Cornish, V. W., Mendel, D., and Schultz, P. G. (1995) Angew.
Chem., Int. Ed. Engl. 34, 621.

DePillis, G. D., Decatur, S. M., Barrick, D., and Boxer, S. G.
(1994) J. Am. Chem. Soc. 116, 6981.

Egeberg, K. D., Springer, B. A., Martinis, S. A., and Sliger, S.
G. (1990) Biochemistry 29, 9783.

Hamachi, I., Tajiri, Y., and Shinkai, S. (1994a) J. Am. Chem.
Soc. 116, 7437.

Hamachi, I., Tajiri, Y., Murakami, H., and Shinkai, S. (1994b)
Chem. Lett., 575.

Hamachi, I., Fujita, A., and Kunitake, T. (1995) Chem. Lett.,
657.

Imai, K. (1979) J. Mol. Biol. 133, 233.
James, T. D., Linnane, P., and Shinkai, S. (1996) J. Chem. Soc.,
Chem. Commun., 281 and references cited therein.

Kaiser, E. T. (1988) Angew. Chem., Int. Ed. Engl. 27, 913 and
references cited therein.

Kaiser, E. T., and Lawrence, D. S. (1984) Science 266, 505.
Kantrowitz, E. R., Pastr-Landis, S. C., and Lipscomb, W. N.
(1980) Trends Biochem. Sci. 5, 124.

Kokubo, T., Sassa, S., and Kaiser, E. T. (1987) J. Am. Chem.
Soc. 109, 606.

Lloyd, E., Hildebrand, D. P., Tu, K. M., and Mauk, A. G. (1995)
J. Am. Chem. Soc. 117, 6434.

Lorand, J. P., and Edwards, J. O. (1959) J. Org. Chem. 24, 769.
Mieyal, J. J., Acherman, R. S., Blumer, J. L., and Freeman, L.
S. (1976) J. Biol. Chem. 251, 3436.

Pace, C. N. (1986) Methods Enzymol. 131, 206.
Paugam, M.-F., Valencia, L. S., Boggess, B., and Smith, B. D.
(1994) J. Am. Chem. Soc. 116, 11203.

Paul, K. G., Theorell, H., and A° keson, A° . (1953) Acta Chem.
Scand. 7, 1284.

Petersen, E. B., and Hilvert, D. (1995) Biochemistry 34, 6616.
Pin, S., Alpert, B., Cortes, R., Ascone, I., Chiu, M. L., and Silgar,
S. G. (1994) Biochemistry 33, 11618.

Puett, D. (1973) J. Biol. Chem. 248, 4623.
Qin, J., La Mar, G. N., Dou, Y., Admiraal, S. J., and Ikeda-Saito,
M. (1994) J. Biol. Chem. 269, 1083.

Raphael, R., and Gray, H. B. (1991) J. Am. Chem. Soc. 113,
1038.

Reinhoudt, D. N., Egendebak, A. M., Nigenhuis, W. F., Verboom,
W., Kloosterman, M., and Schoemaker, H. E. (1989) J. Chem.
Soc., Chem. Commun., 399.

Snyder, H. R., Reedy, A. J., and Lennarz, W. J. (1958) J. Am.
Chem. Soc. 80, 835.

Tamura, M., Asakura, T., and Yonetani, T. (1973) Biochim.
Biophys. Acta 295, 467.

Wu, Z.-P., and Hilvert, D. (1989) J. Am. Chem. Soc. 111, 4513.
Yoon, J., and Czarnik, A. W. (1992) J. Am. Chem. Soc. 114,
5874.

Zuckermann, R. N., Corey, D. R., and Schultz, P. G. (1988) J.
Am. Chem. Soc. 110, 1614.

BC970055Z

868 Bioconjugate Chem., Vol. 8, No. 6, 1997 Hamachi et al.



Bisintercalation of Homodimeric Thiazole Orange Dyes in DNA:
Effect of Modifying the Linker
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The thiazole orange dye 1,1′-(4,4,8,8-tetramethyl-4,8-diazaundecamethylene)-bis[4-[3-methyl-2,3-
dihydro(benzo-1,3-thiazole)-2-methylidene]]quinolinium tetraiodide (TOTO) binds to double-stranded
DNA (dsDNA) in a sequence selective bisintercalation. Each chromophore is sandwiched between
two base pairs in a (5′-CpT-3′):(5′-ApG-3′) site, and the linker spans over two base pairs in the minor
groove. The binding of analogs of TOTO in which the linker has been modified is examined. The aim
of the study is to utilize the sequence selectivity of the TOTO chromophores to enhance and/or alter
the overall selectivity of the binding. One- and two-dimensional 1H-NMR investigations of complexes
between TOTO analogs and various dsDNA oligonucleotides are reported. The following analogs were
synthesized and used: 1,1′-(4,4,8,8-tetramethyl-4,8-diazadodecamethylene)-bis[4-[3-methyl-2,3-dihydro-
(benzo-1,3-thiazole)-2-methylidene]]quinolinium tetraiodide (TOTO10), 1,1′-(5,5,9,9-tetramethyl-5,9-
diazatridecamethylene)-bis[4-[3-methyl-2,3-dihydro(benzo-1,3-thiazole)-2-methylidene]]quinolinium
tetraiodide (TOTO11), and 1,1′-(6,6,10,10-tetramethyl-6,10-diazapentadecamethylene)-bis[4-[3-methyl-
2,3-dihydro(benzo-1,3-thiazole)-2-methylidene]]quinolinium tetraiodide (TOTO13). The results show
that with a longer linker the dyes can bisintercalate into two (5′-CpT-3′):(5′-ApG-3′) sites separated
by one or two base pairs. Bisintercalation in two such “isolated” binding sites yields non-nearest-
neighbor bisintercalation in which the linker spans over more than two base pairs. The investigations
also showed that an exact length of the linker is not crucial for the site selectivity since TOTO, TOTO10,
and TOTO11 are almost equally suitable in binding selectively to the (5′-CTAG-3′)2 sequence.
Fluorescence measurements show that TOTO10, TOTO11, and TOTO13 have higher fluorescence
quantum yields than TOTO when bound to d(CGCTAGCG)2. This indicates that the length of the
linker in TOTO may not be the optimum one in terms of using the dye as a fluorescence marker.

INTRODUCTION

The search for nonradioactive DNA stains that are
stable under gel electrophoretic conditions has led to the
synthesis and characterization of a family of homo- and
heterodimeric DNA-binding dyes (Benson et al., 1993a,b;
Rye et al., 1992). These dyes form highly fluorescent and
stable noncovalent complexes with double-stranded DNA
(dsDNA1). Prominent among these are 1,1′-(4,4,8,8-tetra-
methyl-4,8-diazaundecamethylene)-bis[4-[3-methyl-2,3-
dihydro(benzo-1,3-thiazole)-2-methylidene]]quinolini-
um tetraiodide (TOTO, Scheme 1). The enhancement of
the fluorescence quantum yield of TOTO upon complex
formation with dsDNA is >1000 (Rye et al., 1992), and
t1/2 for the dissociation of the dsDNA-TOTO complex

under gel electrophoretic conditions is approximately 11
h (Benson et al., 1993). This makes TOTO an excellent
choice as a marker with a detection limit of ∼4 pg of
DNA (Benson et al., 1993a,b).
Recent work in our laboratory has focused on 1H-NMR

studies of the binding mode and sequence selectivity of
TOTO with various dsDNA oligonucleotides. We have
shown that TOTO binds via bisintercalation preferen-
tially to oligonucleotides containing the (5′-CTAG-3′)2 or
the (5′-CCGG-3′)2 sequences (Hansen et al., 1996; Jacob-
sen et al., 1995). In studies of complex formation in
oligonucleotides containing both of these binding sites,
we showed that the binding to the (5′-CTAG-3′)2 sequence
is favored compared to the (5′-CCGG-3′)2 sequence.
The solution structure of the complex of TOTO bis-

intercalated in the (5′-CTAG-3′)2 binding site of the d(5′-
CGCTAGCG-3′)2 oligonucleotide shows that the sequence
selectivity of TOTO is caused by the ability of the TOTO
chromophores to adapt to the propeller twist of the
nucleobases (Spielmann et al., 1995). This is possible
since the benzothiazole ring can twist relative to the
quinolinium ring due to the flexible cyanine methine
bond between. The benzothiazole is intercalated between
two pyrimidine bases and the quinolinium ring between
the two purine bases. In contrast to other intercalators,
the sequence selectivity of TOTO arises directly from the
interaction of the intercalated chromophores with the
nucleobases. Although the linker of TOTO adds signifi-
cantly to the binding strength, it is only a spectator with
respect to the sequence selectivity.
With the chromophore responsible for the sequence

selectivity, several opportunities for linker modifications
are possible to enhance or alter the overall selectivity of
TOTO analogs. The bisintercalation of TOTO obeys the
nearest-neighbor exclusion principle with the linker

* Author to whom correspondence should be addressed (e-
mail jpj@chem.ou.dk).

X Abstract published in Advance ACS Abstracts, October 15,
1997.

1 Abbreviations: AMBER, assisted model building with en-
ergy refinement; DNA, deoxyribonucleic acid; DMSO, dimethyl
sulfoxide; dsDNA, double-stranded DNA; DSS, 2,2-dimethyl-2-
silapentane-5-sulfonate; EDTA, ethylenediaminetetraacetic acid;
HSQC, heteronuclear single quantum coherence; NMR, nuclear
magnetic resonance; NOESY, nuclear Overhauser effect spec-
troscopy; RMD, restrained molecular dynamics; TOCSY, total
correlation spectroscopy; TOTO, 1,1′-(4,4,8,8-tetramethyl-4,8-
diazaundecamethylene)-bis[4-[3-methyl-2,3-dihydro(benzo-1,3-
thiazole)-2-methylidene]]quinolinium tetraiodide; TOTO10, 1,1′-
(4,4,8,8-tetramethyl-4,8-diazadodecamethylene)-bis[4-[3-methyl-
2,3-dihydro(benzo-1,3-thiazole)-2-methylidene]]quinolinium
tetraiodide; TOTO11, 1,1′-(5,5,9,9-tetramethyl-5,9-diazatrideca-
methylene)-bis[4-[3-methyl-2,3-dihydro(benzo-1,3-thiazole)-2-
methylidene]]quinolinium tetraiodide; TOTO13, 1,1′-(6,6,10,10-
tetramethyl-6,10-diazapentadecamethylene)-bis[4-[3-methyl-2,3-
dihydro(benzo-1,3-thiazole)-2-methylidene]]quinolinium
tetraiodide; TPPI, time proportional phase incrementation.

869Bioconjugate Chem. 1997, 8, 869−877

S1043-1802(97)00067-0 CCC: $14.00 © 1997 American Chemical Society



spanning over two bases in the minor groove. A priori,
there seems to be no structure-based justification that
the linker length in TOTO is the optimal one. A slightly
longer or shorter linker may enhance the binding strength.
Furthermore, a significant longer linker may allow TOTO
analogs to bisintercalate in “isolated” (5′-CpT-3′):(5′-ApG-
3′) sites, i.e. such sites separated by one or two base pairs.
Similar considerations on the length of the linker in other
bisintercalating agents with completely different chro-
mophores have been reviewed earlier (Wakelin, 1986).
In this paper, we present the results of one- and two-

dimensional 1H-NMR studies of complexes between
dsDNA and TOTO analogs with various linker lengths.
We have synthesized 1,1′-(4,4,8,8-tetramethyl-4,8-diaza-
dodecamethylene)-bis[4-[3-methyl-2,3-dihydro(benzo-
1,3-thiazole)-2-methylidene]quinolinium tetraiodide
(TOTO10, Scheme 1), 1,1′-(5,5,9,9-tetramethyl-5,9-diaza-
tridecamethylene)-bis[4-[3-methyl-2,3-dihydro(benzo-
1,3-thiazole)-2-methylidene]]quinolinium tetraiodide
(TOTO11, Scheme 1), and 1,1′-(6,6,10,10-tetramethyl-
6,10-diazapentadecamethylene)-bis[4-[3-methyl-2,3-dihy-
dro(benzo-1,3-thiazole)-2-methylidene]]quinolinium tetra-
iodide (TOTO13, Scheme 1) and investigated their com-
plexes with various oligonucleotides. These oligonucleo-
tides contain the (5′-CpT-3′):(5′-ApG-3′) and the (5′-ApG-
3′):(5′-CpT-3′) sequences separated by 0, 1, or 2 base pairs
(Scheme 2). We found that with a longer linker, TOTO
analogs bind into isolated (5′-CpT-3′):(5′-ApG-3′) base
pairs by bisintercalation. To our knowledge this is the
first time that non-nearest-neighbor bisintercalation has
been observed.

SYNTHESIS

So far, nobody seems to have synthesized TOTO
derivatives with extended methylene bridges between the
quinolinium ring and the quaternary ammonium nitro-
gen. In fact, two structures with 4-sulfobutyl are the only
examples reported with a chain of more than three
carbons attached to the quinolinium nitrogen of the
corresponding monomeric cyanine dye (Kagawa and
Kawashima, 1989). For the synthesis of the TOTO
analogs TOTO10, TOTO11, and TOTO13, we selected the
strategy of Brooker et al. (1941, 1942) (Scheme 3) to
condense the benzothiazole derivative 1 with the quino-
linium compound 2 in the presence of triethylamine in
absolute ethanol to give the intermediate cyanine dye 3,
which subsequently was reacted with 0.5 equiv of
N,N,N′,N′-tetramethyl-1,3-diaminopropane in refluxing
anhydrous methanol according to the procedure of Glazer
and o-workers (Benson et al., 1993; Rye et al., 1992) to
give the symmetrical derivatives TOTO11 and TOTO13.
The starting quinolinium compound 2 was synthesized
by treating lepidine with 5 equiv of the appropriate
diiodoalkane in refluxing dioxane followed by recrystal-
lization from acetone. The unsymmetrical TOTO10 was
synthesized by treatment of 3a (Brooker et al., 1941,
1942) withN,N,N′,N′-tetramethyl-1,3-diaminopropane in
excess followed by reaction with 3b.

RESULTS

The d(CGCTAGCG)2 (CTAG) Oligonucleotide. The
CTAG + TOTO11 Mixture. The line width observed in

Scheme 1. TOTO Numbering Scheme Scheme 2. Numbering Scheme for the dsDNA
Duplexes Used

Scheme 3. Synthetic Path for the TOTO Analogs
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the 1H spectrum of CTAG + TOTO11 is ∼6-7 Hz,
indicating essentially no dynamic exchange between two
or more complexes. Furthermore, only one resonance
frequency is observed for the protons on each strand of
the dsDNA and for each chromophore. This shows that
the CTAG + TOTO11 mixture forms a single complex
with dyad symmetry. The CTAG-TOTO11 complex
arises from bisintercalation in the 5′-CTAG-3′ binding
site. The amount of this complex is at least 100 times
higher than that of any other complex as seen from
inspection of the spectra.
Figure 1 shows the aromatic to H1′ part of the NOESY

spectrum of the complex. The sequential assignment of
the H1′(n-1)-H6/H8(n)-H1′(n) resonances is shown with
solid lines. Interruption due to intercalation in the 5′-
C3pT4-3′ and the 5′-A5pG6-3′ intercalation sites is
indicated with broken lines. The large up-field shifts of
C3H6 (1.02 ppm), C3H5 (0.85 ppm), T4H1′ (0.58 ppm),
and T4H6 (0.44 ppm) relative to the free oligonucleotide
are caused by the intercalation of the aromatic chro-
mophore. A few cross peaks between the dsDNA and
TOTO11 are indicated with unbroken arrows. Combined
with the interruption of the connectivity pattern, this
establishes binding in the 5′-CTAG-3′ site and shows the
proximity of the benzothiazole protons H1-H4 and the
quinolinium protons H13 and H14 to protons in the 5′-
C3pT4-3′ and the 5′-A5pG6-3′ binding sites, respectively.
Intramolecular connectivities between protons from
TOTO11 are shown with broken arrows. A characteristic
strong cross peak between H8 and H16 on TOTO11
confirms the relative conformation of the benzothiazole
and the quinolinium ring as drawn in Scheme 1.
Figure 2 (left) shows the aromatic to H2′/H2′′ area of

a NOESY spectrum. The aromatic protons yield cross
peaks to H2′/H2′′ of their own and the previous oligo-
nucleotide except at the 5′-C3pT4-3′ and 5′-A5pG6-3′
binding sites. Thus, this region is a further strong tool
for confirming the bisintercalation in the 5′-C3pT4-3′ and
5′-A5pG6-3′ sites. H13, H14, and H15 on TOTO11 yield
cross peaks to A5 H2′/H2′′, while H1 and H3 have cross

peaks to C3 H2′/H2′′. The above connectivities show that
the benzothiazole is sandwiched between the C3 and T4,
while the quinolinium ring is sandwiched between A5
and G6. The methyl group protons of T4 experience an
up-field shift of 0.88 ppm and yield cross peaks to H1-
H4 of TOTO11. This implies that the methyl group is
positioned above the benzothiazole. The relative assign-
ment of H2′ and H2′′ is based on analysis of the buildup
rates of intramolecular aromatic to H2′/H2′′ cross peaks
(Scheek et al., 1984) (Figure 2, right). The cross peaks
with the fastest buildup rate are assigned to H2′ and vice
versa. This analysis was not possible for A5 and G6 due
to overlap of the H2′/H2′′ pairs.
The 1H-31P HSQC spectrum is shown in Figure 3. The

1H-31P connectivities (Searle and Lane, 1992) found are
in full agreement with the assignment of H3′, H4′, and
H5′/H5′′ through NOESY and TOCSY spectra. Normally
the dispersion of 31P chemical shift values lies within a
range of ∼0.7 ppm (Roongta et al., 1990). The large
dispersion of the 31P chemical shift values of C3, T4, and
A5 is due to unwinding of the oligonucleotide upon
bisintercalation . A complete assignment of 1H and 31P
chemical shift values of the complex and the free oligo-
nucleotide is given in Table 1.
Intermolecular contacts between the N-methyl groups

and A5/G6 confirm that the linker crosses the minor
groove. The cross peak pattern observed for the CTAG-
TOTO11 complex is very similar to that observed for the
CTAG-TOTO complex (Spielmann et al., 1995). Re-
strained molecular dynamics calculations using cross
peak intensities in NOESY buildup experiments yielded
a structure of the CTAG-TOTO11 complex similar to the
structure of the CTAG-TOTO complex (results to be
published).
The CTAG + TOTO10 Mixture. Similar to the CTAG

+ TOTO11 mixture, the mixture of CTAG + TOTO10
forms only one complex. Neither the 1D nor the 2D
spectrum shows any sign of more than one compound.
The CTAG-TOTO10 complex arises from (5′-CTAG-3′)2
bisintercalation. Only small chemical shift differences
are observed between the proton resonances of the two
strands, and the observed differences are restricted to
the (5′-CTAG-3′)2 binding site. Chemical shift differences
of the proton resonances of the two chromophores are also
observed and are consistent with the asymmetric bis-
intercalation. A complete assignment of the chemical
shift values of the CTAG-TOTO10 complex compared
to those of the free oligonucleotide is given in the
Supporting Information (Table 1S).
The CTAG + TOTO13 Mixture. Unlike TOTO11 and

TOTO10, the dye TOTO13 forms more than one complex
with the CTAG oligonucleotide. The major form (50%)
has been identified as the complex with TOTO13 binding
in the (5′-CTAG-3′)2 site. In addition to that, two minor
forms exist. Severe overlap in the spectra prevents
conclusive evidence that would allow identification of the
binding sites of TOTO13 in these two minor forms.
The d(CGCTGAGCG):d(CGCTCAGCG) (CTGAG)

Oligonucleotide. The CTGAG + TOTO13Mixture. The
CTGAG-TOTO13 mixture yields one major form (90%)
and one minor form (10%). Dynamic exchange between
the major and the minor form yields extensive line
broadening and exchange cross peaks. This makes the
interpretation of the spectra difficult. The major form
is asymmetric and arises from nearest-neighbor bis-
intercalation in the 5′-CTGAG-3′ binding site.
Figure 4 shows the aromatic to H2′/H2′′ part of a

NOESY spectrum. Interruption in the sequential H2′/
H2′′(n-1)-H6/H8(n)-H2′/H2′′(n) pattern of the 5′-C3pT4-3′,
5′-G5pA6-3′, 5′-T13pC14-3′, and 5′-A15pG16-3′ sequences

Figure 1. Aromatic to H1′ region of a NOESY spectrum
(mixing time of 150 ms) of the CTAG-TOTO11 complex at 25
°C. The sequential H1′(n-1)-H6/H8(n)-H1′(n) connectivity pattern
is shown with solid lines. Interruption in the 5′-C3pT4-3′ and
the 5′-A5pG6-3′ binding sites are indicated with broken lines.
A few pairs of cross peaks between TOTO11 and the DNA are
marked with solid arrows. Intramolecular connectivities be-
tween protons from TOTO11 are shown with broken arrows.
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is clear evidence of 5′-CTGAG-3′ bisintercalation. Cross
peaks between A15H2′/H2′′ and H13/H14/H15 of one of
the chromophores are also consistent with intercalation
in the (5′-C3pT4-3′):(5′-A15pG16-3′) sequence. Similarly,
we observed cross peaks between G5H2′/H2′′ and H13/

H14/H15 of the other chromophore consistent with
intercalation in the (5′-G5pA6-3′):(5′-T13pC14-3′) se-
quence. A complete assignment of chemical shift values
of the major complex and the free oligonucleotide is given
in the Supporting Information (Table 2S) .
A model of the major form of the CTGAG-TOTO13

complex is shown in Figure 5. The model was obtained
from restrained molecular dynamics calculations using
20 intermolecular restraints obtained from cross peak
intensities of a NOESY spectrum with a mixing time of
200 ms as described under Experimental Procedures. It
is obvious that the linker is positioned in the minor
groove crossing from one side of the groove to the other.
A complete assignment of the minor forms is not

possible, but exchange cross peaks and exchange-
transferred NOEs show that TOTO13 bisintercalates in
the 5′-CTGAG-3′ binding site. This is demonstrated in
the upper part of Figure 4, which is a part of the NOESY
spectrum obtained at 25 °C corresponding to the lower
part of the figure, which is a part of the NOESY spectrum
obtained at 10 °C. Transferred NOEs at 25 °C correlate
the resonances of T13 H6 and T13 CH3 of the major form
(6.55 and 0.91 ppm, respectively) with those of the minor
form (7.02 and 0.80 ppm, respectively). This is indicated
with broken lines. The corresponding transferred NOEs
show that H6 and CH3 of T4minor resonate at 6.54 and
0.92 ppm, respectively.
The CTGAG + TOTO11 Mixture. TOTO11 yields one

major form with CTGAG (80%) and one minor form
(20%). Both the major and minor forms are asymmetric
complexes with nearest-neighbor bisintercalation in the
5′-CTGAG-3′ and 5′-CTGAG-3′ binding sites, respec-
tively. These complexes are similar to those observed in
the mixture of CTGAG + TOTO13. The assignments of
the resonances from the major form show many features
similar to the spectra of CTGAG + TOTO13 with bis-
intercalation in the 5′-CTGAG-3′ binding site. A com-
plete assignment of chemical shift values of the major

Figure 2. (Left) Aromatic to H2′/H2′′ region of a 100 ms NOESY spectrum of the CTAG-TOTO11 complex at 25 °C. Intraresidue
connectivities between aromatic protons and H2′/H2′′ are shown with solid arrows, and inter-residue connectivities to H2′/H2′′ on
the previous deoxyribose are shown with broken arrows. A few paisr of cross peaks between TOTO11 and the DNA are also marked.
(Right) Buildup curves used for the relative assignment of intrraesidue connectivities between the aromatic protons and the H2′/
H2′′ pair.

Figure 3. 1H-31P HSQC spectrum of the CTAG-TOTO11
complex. The sequential connectivities establish the intrasugar
connectivities found through NOESY and TOCSY spectra. 31P
chemical shift values are relative to 85% phosphoric acid. The
arrows shown indicate the following 1H-31P backbone connec-
tivities (Searle and Lane, 1992): intraresidue, 31P(n) f H3′(n);
and inter-residue, 31P(n) f H4′(n+1) and 31P(n) f H5′/H5′′(n+1).
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form and the free oligonucleotide is given in the Sup-
porting Information (Table 3S).
A similar complete assignment of the minor form is

not possible, but transferred NOEs and exchange cross
peaks prove that the minor form of CTGAG + TOTO11
arises from bisintercalation in the 5′-CTGAG-3′ binding
site.
The d(CGCTAAGCG):d(CGCTTAGCG) (CTAAG)

Oligonucleotide. The CTAAG + TOTO13Mixture. The
mixture of CTAAG + TOTO13 yields rather broad lines
in the spectrum due to exchange between three com-
plexes. The major form (∼75%) arises from non-nearest-
neighbor bisintercalation in the 5′-CTAAG-3′ binding
site. This major form constitutes the first complex that
has been shown to contain a non-nearest-neighbor bis-
intercalation of a ligand in dsDNA.
Figure 6 shows the aromatic to H2′/H2′′ part of a

NOESY spectrum of the CTAAG-TOTO13 complex.
Interruption in the sequential H2′/H2′′(n-1)-H6/H8(n)-
H2′/H2′′(n) pattern is observed in the 5′-C3pT4-3′, 5′-
C12pT13-3′, 5′-A6pG7-3′, and 5′-A15pG16-3′ sequences.
More importantly, sequential connectivities for the 5′-
T4A5A6-3′ and 5′-T13T14A15-3′ sequences show that no
intercalation takes place in this part of the oligonucleo-
tide, proving that the linker spans over 3 base pairs.
Interruption in the sequential H1′(n-1)-H6/H8(n)-H1′(n)
pattern confirms the binding site. The aromatic protons
on A6 and G7 have cross peaks to H15 and/or H14 on
one of the chromophores, while the aromatic protons on
A15 an G16 have cross peaks to H15 and H14 on the
other chromophore. Furthermore, an up-field shift of
∼0.8 ppm of the methyl group protons of T4 and T13 is
observed. Such an up-field shift is normally observed in
binding sites containing a thymidine (Jacobsen et al.,
1995; Hansen et al., 1996). All together, this establishes
bissintercalation in the 5′-CTAAG-3′ site. A complete
assignment of chemical shift values of the major form
and the free oligonucleotide is given in the Supporting
Information (Table 4S).
A similar complete assignment of the minor forms is

not possible, but exchange cross peaks and transferred

NOEs show that the two minor forms arise from nearest-
neighbor 5′-CTAAG-3′ and 5′-CTAAG-3′ bisintercalation,
respectively. One aromatic thymidine proton from each
of the two minor forms experiences an up-field shift of
∼0.5 ppm (not shown). The methyl group protons from
these thymidines have an up-field shift of∼0.8 ppm. This
large up-field shift is typical when a TOTO chromophore
intercalates on the 3′ site of a nucleobase. Transferred
NOEs from the T4/T13 methyl group protons on the
major form to the up-field-shifted thymidine protons on
the minor forms are indicated with broken lines in Figure
6. Combined with exchange cross peaks, this makes it
possible to assign the binding site of the minor forms.
The CTAAG + TOTO11 Mixture. The mixture of

CTAAG + TOTO11 yields complexes similar to those in
the CTAAG-TOTO13 mixture, but the ratio between the
complexes varies. There is no pronounced major form
observed.
The d(CGCTGCAGCG)2 (CTGCAG) Oligonucleo-

tide. The CTGCAG + TOTO13 Mixture. Dynamic
exchange between different forms yields very broad lines
in the spectrum of the CTGCAG + TOTO13 mixture. It
is not possible to establish the binding sites conclusively.
However, it was observed that the thymidine methyl
groups in all cases were shifted up-field. A mixture of a
symmetric form with intercalation between the 5′-C3pT4-
3′ and the 5′-A7pG8-3′ in the 5′-CTGCAG-3′ binding sites
and an asymmetric form with intercalation in the 5′-
C3pT4-3′ and the 5′-C6pA7-3′ in the 5′-CTGCAG-3′
binding sites is a possible explanation of the features in
the spectra. In both cases, this gives a non-nearest-
neighbor bisintercalation where the linker spans over
more than two base pairs in the minor groove. Complete
assignment of the spectra was not possible.
Absorbance and Fluorescence Emission Spec-

troscopy. Data from absorbance and fluorescence emis-
sion measurements of the free dye and the dye-dsDNA
complexes are given in Table 2. A red shift of ∼35 nm
of the absorbance maximum and a blue shift of 38-49
nm of the fluorescence emission maximum are observed
upon complex formation. Fluorescence enhancement

Table 1. 1H Chemical Shift Values (in Parts per Million) for the CTAG-TOTO11 Complex Compared with Those of the
Free Oligonucleotide in Parenthesesa

C1 G2 C3 T4 A5 G6 C7 G8

H8/H6 7.54 (7.67) 7.75 (8.01) 6.44 (7.46) 6.98 (7.42) 8.18 (8.24) 7.80 (7.71) 7.28 (7.31) 7.90 (7.95)
H5/Me/H2 5.80 (5.95) 4.56 (5.41) 0.83 (1.71) 6.83 (7.40) 5.30 (5.35)
H1′ 5.68 (5.82) 5.67 (5.98) 6.00 (6.00) 5.05 (5.63) 5.60 (6.05) 5.81 (5.73) 5.72 (5.78) 6.10 (6.17)
H2′ 1.86 (2.03) 2.43 (2.74) 1.93 (2.08) 1.97 (2.15) 2.75 (2.76) 2.61 (2.52) 1.85 (1.89) 2.59 (2.62)
H2′′ 2.29 (2.47) 2.35 (2.79) 2.53 (2.53) 2.14 (2.46) 2.75 (2.90) 2.67 (2.62) 2.28 (2.35) 2.34 (2.39)
H3′ 4.63 (4.74) 4.84 (5.02) 4.63 (4.78) 4.67 (4.90) 5.12 (5.06) 4.85 (4.97) 4.78 (4.80) 4.67 (4.68)
H4′ 4.02 (4.11) 4.25 (4.40) 4.06 (4.27) 4.13 (4.17) 4.36 (4.42) 4.49 (4.38) 4.17 (4.16) 4.16 (4.18)
H5′ 3.67 (3.75) 4.02 (4.14) 4.15 (4.27) (4.11) 4.14 (4.17) 4.02 (4.21) (4.12) 4.05 (4.08)
H5′′ 3.67 (3.75) 3.87 (4.04) 4.04 (4.21) (4.11) 4.04 (4.09) 4.35 (4.21) (4.21) 4.15 (4.08)
H1/H3 12.77 (13.05) 13.51 (13.79) 12.00 (12.78)
H4/H6 7.95 (8.30) 7.24 (-) 8.22 (8.36)
H4/H6 6.59 (6.59) 6.54 (-) 6.43 (6.49)

TOTO11 TOTO11 TOTO11 TOTO11

H1 7.59 H10 7.99 H19′ 4.04 H23′ 3.22
H2 7.47 H13 6.96 H19′′ 4.55 H23′′ 3.26
H3 7.59 H14 6.88 H20′ 2.02 H24′ 3.52
H4 7.43 H15 6.64 H20′′ 2.02 H24′′ 3.52
CH3(6) 3.58 H16 7.46 H21′ 1.87 Η25′ 2.37
H8 7.17 H21′′ 1.87 H25′′ 2.37
H9 6.46 H22′ 3.52

H22′′ 3.52

phosphate phosphate phosphate phosphate

C1 31P 0.46 C3 31P 1.45 A5 31P 2.73 C7 31P 0.70
G2 31P 0.66 T4 31P 1.02 G6 31P 0.52

a The values are relative to DSS at 25 °C. 31P chemical shift values are relative to 85% phosphoric acid.
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upon binding to the 5′-CTAG-3′ sequence is several
thousand for all four dyes, which is much larger than

the enhancement reported from binding of TOTO to calf
thymus DNA (Rye et al., 1992). The uncertainties on the
values of the fluorescence enhancement (Fbound/Ffree) are
expected to be very large because the free dye is nearly
nonfluorescent and it has not been possible to ensure that
the dye was absolutely free of fluorescent impurities.
Consequently, we have determined the relative fluores-
cence intensities at equal normalized absorbance intensi-
ties of the dye-dsDNA complexes. The values are given
in the last column in Table 2 showing that TOTO10,
TOTO11, and TOTO13 have higher fluorescence quan-
tum yields than TOTO.

DISCUSSION

The sequence selectivity and the binding mode of the
TOTO analogs to various dsDNA oligonucleotides exam-
ined in this work are very similar to those of TOTO. In
the CTAG oligonucleotide both TOTO10 and TOTO11
bind exclusively to the 5′-CTAG-3′ site. Also, TOTO13
has this sequence as a preferred binding site, but due to
the longer linker other binding sites are possible as well.
On the basis of the NMR spectra it is somewhat difficult
to establish the relative binding strengths of TOTO,
TOTO10, and TOTO11 to the CTAG oligonucleotide.
However, a comparison of the line width in the NMR
spectra indicates that there is no reason to believe that
either TOTO10 or TOTO11 binds more weakly or less
preferentially to the (5′-CTAG-3′)2 site than TOTO.
The results of the fluorescence spectroscopy experi-

ments using the CTAG oligonucleotide show that the
fluorescence quantum yield of TOTO and analogs (Table
2) increases with the length of the linker. Thus, TOTO13

Figure 4. Aromatic to H2′/H2′′/methyl area of a NOESY
spectra (mixing time of 200 ms) of CTGAG + TOTO13. (Lower
part) Spectrum obtained at 10 °C. The H8/H6(n) f H2′/H2′′(n)
connectivities of the major form are shown with unbroken double
arrows, while the H8/H6(n) f H2′/H2′′(n-1) connectivities are
indicated with broken double arrows. (Top part) Part of the
spectrum acquired at 25 °C. Transferred NOEs used for assign-
ment of the minor form are shown with broken lines.

Figure 5. Stereoview of a stickplot of the CTGAG-TOTO13
complex looking into the minor groove. Nearest-neighbor bis-
intercalation in the 5′-CTGAG-3′ binding site forces the linker
between the N-methyls to cross the minor groove nearly
perpendicularly. Deoxyribose protons have been omitted for
clarity.

Figure 6. Aromatic to H2′/H2′′ part of a NOESY spectrum
(mixing time of 200 ms) of the CTAAG-TOTO13 complex at 25
°C. (Lower part) The H8/H6(n) f H2′/H2′′(n) connectivities of the
major form are shown with unbroken double arrows, while the
H8/H6(n) f H2′/H2′′(n-1) connectivities are indicated with broken
double arrows. (Upper part) Transferred NOEs showing the
correlation between the major form and the two minor forms.
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gives the largest enhancement of the fluorescence upon
binding to the CTAG oligonucleotide. This effect is not
at all correlated to the binding selectivity. One may
argue that the most useful fluorescence marker is the
one with the lowest selectivity and the highest quantum
yield. This would make TOTO13 a better choice as a
marker than TOTO.
Both TOTO11 and TOTO13 were observed to give non-

nearest-neighbor bisintercalation in oligonucleotides with
isolated (5′-CpT-3′):(5′-ApG-3′) base pairs. On the basis
of the results of TOTO11 and molecular modeling, we
refrained from examining the binding of TOTO and
TOTO10 to such oligonucleotides since it seems obvious
that the length of the linker is too short in these two dyes
to accommodate the binding into isolated (5′-CpT-3′):(5′-
ApG-3′) binding sites.
The CTGAG sequence contains 5′-CpT-3′ and 5′-ApG-

3′ sites separated by one base pair. This is anticipated
to lead to non-nearest-neighbor bisintercalation in the
5′-CTGAG-3′ binding site of TOTO11 and TOTO13.
However, in both cases we observed predominantly
nearest-neighbor bisintercalation in the 5′-CTGAG-3′
binding site. Earlier results have shown the 5′-CTGA-
3′ is a good binding site for TOTO, although less favorable
than the 5′-CTAG-3′ binding site (Jacobsen et al., 1995).
The results in the present work demonstrate that this is
also the case for TOTO11 and TOTO13. Consequently,
it was not possible to observe non-nearest-neighbor
bisintercalation in the CTGAG oligonucleotide since the
competition from four base pair binding sites is too
strong. In the CTAAG oligonucleotide it is more favor-
able to bisintercalate in a non-nearest-neighbor fashion.
The mixture of TOTO13 and CTAAG gives as the major
form a complex in which the linker spans over three base
pairs. The linker of TOTO11 seems to be slightly too
short to really favor the non-nearest-neighbor bisinter-
calation, although a minor form of that kind was observed
in the binding to the CTAAG oligonucleotide.
In case of the CTGCAG oligonucleotide, the linker of

TOTO13 was observed to be able to span over four base
pairs in the binding to the 5′-CTGCAG-3′ site. This is
probably initiated by the presence of the 5′-GpC-3′ step,
which is known to be a very poor TOTO binding sequence
(Jacobsen et al., 1995; Spielmann et al., 1995; Hansen
et al., 1996).
There seems to be a somewhat rational trend in the

ability of TOTO analogs to bind in a non-nearest-neighbor
fashion with difficulties in the case of TOTO11, whereas
such binding is favored by TOTO13 in some oligo-
nucleotides. However, this behavior probably hides a
much more complicated situation than just a simple
relation to the length of the linker. The position of the
linker in the minor groove is stabilized by electrostatic
interactions between the negatively charged phosphate
groups on the DNA backbone and the positively charged
nitrogen atoms on the linker. It was previously shown

(Spielmann et al., 1995) that the positively charged
nitrogens are positioned near the negatively charged
phosphate groups between T4 and A5 in the CTAG-
TOTO complex with the linker crossing the minor groove.
Three CH2 groups are probably needed to make this
crossing. This leaves the first three CH2 groups of the
4,4,8,8-tetramethyl-4,8-diazaundecamethylene linker with
the task of reaching from the intercalating chromophore
to the position of the nearest phosphate group. In
TOTO11 this can be achieved by the first four CH2 groups
in the 5,5,9,9-tetramethyl-5,9-diazatridecamethylene
linker, since it may not be very essential whether there
are three or four CH2 groups in this part of the linker.
On the other hand, it may be more crucial for the ability
to cross in the minor groove that there are three CH2
groups between the two positively charged nitrogen
atoms in the linker. Preliminary molecular modeling
studies have supported these types of considerations on
the positions of CH2 groups in the linker.
In our opinion, the results in this work are best

understood if the stability of the complexes is determined
not just by the length of the linker but also by the ability
of the linker to cross the minor groove so as to place the
positively charged nitrogen atoms close to backbone
phosphate groups. This makes it understandable that
TOTO11 does not bisintercalate in a non-nearest-
neighbor fashion, while TOTO13 is able to do so in even
the CTGCAG oligonucleotide where the linker has to
span over four base pairs. TOTO11 has the optimal
length of the linker for nearest-neighbor bisintercalation,
while TOTO13 with two extra CH2 groups in the linker
can span much longer in the minor groove.
The non-nearest-neighbor bisintercalation complex of

TOTO13 with the CTGCAG was not observed to be
kinetically very stable. The linker in the minor groove
spans over four base pair, but only two of the four possible
phosphate groups can be close to a positively charged
nitrogen atom in the linker. This situation is obviously
a very dynamic one, giving broad lines in the NMR
spectra. The linker may be slightly too short in TOTO13
to span over four base pairs, but more importantly the
linker should contain just as many positively charged
nitrogen atoms as the number of phosphate groups it
meets in the minor groove. A TOTO analog with a
4,4,8,8,12,12,16,16-octamethyl-4,8,12,16-tetraazanona-
decamethylene linker would probably be optimal for
TOTO bisintercalation in the CTGCAG oligonucleotide.
Likewise, a 4,4,8,8,12,12-hexamethyl-4,8,12-triazapenta-
decamethylene linker should be optimal for binding in
two isolated 5′-CT-3′ sites separated by one base pair.
Recently, Glazer and co-workers (Benson et al., 1995;

Zeng et al., 1995) have dealt with the problem of
modifying the length of the linker in bisintercalating
fluorescent dimeric dyes. In the case of the heterodimeric
dyes TOTAB and TOTIN, which are closely related to
TOTO, they found that the linker length strongly affected

Table 2. Data from Absorbance and Fluorescence Emission Spectra of TOTO Analogs Bound to the CTAG
Oligonucleotide

λA (nm) ε (M-1 cm-1) λF (nm)
free bound free bound free bound Fbound/Ffree

rel fluorescence
intensity

TOTO 479.5 513.5 1.18 × 105 0.81 × 105 565 527 ∼5000 1
TOTO10 479 512.5 1.16 × 105 0.98 × 105 565 528 ∼7400 1.2
TOTO11 474 510 0.90 × 105 0.91 × 105 575 526 ∼2400 1.3
TOTO13 475.5 509.5 1.37 × 105 0.91 × 105 575 527 ∼6000 1.4
a A red shift of ∼35 nm of the absorbance maximum (λA) and a blue shift of 38-49 nm of the fluorescence emission maximum (λF) upon

complex formation is observed. The fluorescence enhancement upon complex formation, Fbound/Ffree, is the ratio of the intensities at the
fluorescence emission peaks. Measurements were performed in the same buffer with normalized absorbance intensities at the excitation
wavelengths. The relative fluorescence emission intensities show that TOTO10, TOTO11, and TOTO13 have higher fluorescence quantum
yields than TOTO.
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the emission spectra of the dsDNA-bound dye. In agree-
ment with our work they observed that the energy
transfer from donor to acceptor chromophores was opti-
mized in the analog with a linker slightly longer than
the 4,4,8,8-tetramethyl-4,8-diazaundecamethylene linker
in TOTO.

EXPERIMENTAL PROCEDURES

Synthesis. 1-(4-Iodoalkyl)-4-[3-methyl-2,3-dihydro-
(benzo-1,3-thiazole)-2-methylidene]quinolinium Iodide (3).
Equimolar amounts of 1 and 2 were dissolved in absolute
ethanol by heating. One equivalent of triethylamine was
added, and the mixture was stirred at room temperature
for 30 min. The title compound precipitated on addition
of ether and was recrystallized from acetone/ether to give
a red powder.
3b: yield 75%; mp 216-219 °C; 1H NMR [(CD3)2SO] δ

7.00-8.75 (m, 10H, Ar), 6.78 (s, 1H, CH), 4.54 (m, 2H,
NCH2), 3.93 (s, 3H, NCH3), 3.33 (m, 2H, CH2I), 1,89 (m,
4H, 2 × CH2); FAB MS m/z 473 (M+).
3c: yield 75%; mp 206-209 °C; 1H NMR [(CD3)2SO] δ

7.26-8.77 (m, 10H, Ar), 6.85 (s, 1H, CH), 4.58 (m, 2H,
NCH2), 3.99 (s, 3H, NCH3), 3.29 (m, 2H, CH2I), 1.83 (m,
4H, 2 × CH2), 1.46 (m, CH2); FAB MS m/z 487 (M+).
1,1′-(4,4,8,8-Tetramethyl-4,8-diazadodecamethylene)-

bis[4-[3-methyl-2,3-dihydro(benzo-1,3-thiazole)-2-meth-
ylidene]]quinolinium Tetraiodide, TOTO10. A suspen-
sion of 3a in anhydrous methanol and 8 equiv of
N,N,N′,N′-tetramethyl-1,3-propanediamine were refluxed
for 12 h. Evaporation of the solvent and subsequent
recrystallization from acetone/ether afforded 4 in 80%
yield, mp 230-233 °C. Equivalent amounts of 4 and 3b
in anhydrous methanol were refluxed for 12 h. TOTO10
was precipitated by addition of ether and recrystallized
from acetone/ether: yield 85%; mp 238-240 °C; 1H NMR
[(CD3)2SO] δ 7.26-8.77 (m, 20H, Ar), 6.85 (s, 1H, CH),
6.88 (s, 1H, CH) 4.68 (m, 4H, NCH2), 4.00 (s, 3H, NCH3),
3.99 (s, 3H, NCH3), 3.5-3.9 (m, 8H, 4xNCH2), 3.21 (s,
12H, NCH3), 2.40 (m, 4H, 2 × CH2), 1.96 (m, 4H, 2 ×
CH2); FAB MS m/z 1189 (M+ - 127). Anal. Calcd for
C50H60I4N6S2‚4H2O: C, 43.24; H, 4.94; N, 6.05. Found:
C, 42.80; H, 4.86; N, 5.70.
1,1′-(5,5,9,9-Tetramethyl-5,9-diazatridecamethylene)-

bis[4-[3-methyl-2,3-dihydro(benzo-1,3-thiazole)-2-meth-
ylidene]]quinolinium Tetraiodide, TOTO11. A suspen-
sion of 3b and 0.5 equiv of N,N,N′,N′-tetramethyl-1,3-
propanediamine in anhydrous methanol was heated at
reflux for 24 h. Recrystallization from DMF/MeOH
afforded the title compound as an orange-red solid: yield
80%; mp 258-261 °C; 1H NMR [(CD3)2SO] δ 7.15-8.70
(m, 20H, Ar), 6.76 (s, 2H, CH) 4.68 (m, 4H, NCH2), 3.94
(s, 6H, NCH3), 3.61 and 3.49 (2m, 8H, 4 × NCH2), 3.20
(s, 12H, NCH3), 2.34 (m, 2H, CH2), 1.97 (m, 8H, 4 × CH2);
FAB MS m/z 1203 (M+ - 127). Anal. Calcd for
C51H62I4N6S2‚2H2O: C, 44.82; H, 4.87; N, 6.15. Found:
C, 44.73; H, 4.90; N, 5.78.
1,1′-(6,6,10,10-Tetramethyl-6,10-diazapentadecameth-

ylene)bis[4-[3-methyl-2,3-dihydro(benzo-1,3-thiazole)-2-
methylidene]]quinolinium Tetraiodide, TOTO13. The
same procedure as for TOTO11 was used: yield 90%; mp
253-255 °C; 1H NMR [(CD3)2SO] δ 7.23-8.76 (m, 20H,
Ar), 6.82 (s, 2H, CH) 4.62 (m, 4H, NCH2), 3.98 (s, 6H,
NCH3), 3.40 (m, 8H, 4 × NCH2), 3.13 (s, 12H, NCH3),
2.26 (m, 2H, CH2), 1.91-1.94 (m, 8H, 4 × CH2), 1.46 (m,
4H, 2× CH2); FABMSm/z 1231 (M+ - 127). Anal. Calcd
for C53H66I4N6S2‚3H2O: C, 45.04; H, 5.18; N, 5.95.
Found: C, 44.67; H, 5.18; N, 5.69.
Materials. Purified DNA oligonucleotides were pur-

chased from DNA Technology (Aarhus, Denmark) and

used without further purification. The non-self-comple-
mentary single-stranded DNA oligomers were added to
an equivalent amount of the complementary strand and
duplexes formed by annealing from 80 °C over 2 h. In
this work four different oligonucleotides have been used
(Scheme 2).
Stock solutions of TOTO10, TOTO11, and TOTO13 in

DMSO-d6 were used for complex formation with the
dsDNA oligonucleotides according to the procedure de-
scribed earlier (Jacobsen et al., 1995). A phosphate buffer
containing ethylenediaminetetraacetic acid (EDTA), 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS), and NaN3 was
added, giving a final concentration in the NMR sample
of 10 mM Pi (pD 7.0), 0.025 mM EDTA, 0.1 mM DSS,
and 0.01 mM NaN3. The complexes were redissolved in
500 µL of 99.96% D2O (from Cambridge Isotope Labora-
tories). For experiments in H2O a mixture of 90% H2O/
10% D2O (500 µL) was used. The samples were kept
under N2 and remained stable for months.
Absorbance and Fluorescence Emission Spectra.

For determination of the absorbance and fluorescence
emission spectra of the dye-dsDNA complexes, aqueous
solutions of 0.02 mMwere used. A phosphate buffer was
added, giving a final concentration in a 3 mL sample of
10 mM Pi (pD 7.0), 0.02 mM EDTA, 0.1 mM DSS, and
0.02 mM NaN3. After recording of the absorption spec-
trum, the excitation wavelength for the fluorescence
emission was selected to the wavelength of maximum
absorbance. A similar aqueous solution of the free dye
was prepared and diluted until the absorbance was
identical to that of the dye-dsDNA. Once again, the
excitation wavelength was selected to the wavelength of
the maximum absorbance. The intensities at the fluo-
rescence emission maximum were used to calculate the
fluorescence enhancement defined as Fbound/Ffree. Ab-
sorbance spectra were recorded on a Shimadzu UV-160
spectrophotometer, and fluorescence measurements were
performed with a Perkin-Elmer MPF-3 fluorescence
spectrophotometer. All spectra were recorded at room
temperature.
NMR Experiments. The NMR spectra of the free

dyes were obtained on a Bruker AC250 NMR spectrom-
eter. All NMR experiments on the DNA-dye complexes
were performed at 500 MHz on a Varian Unity 500 NMR
spectrometer. NOESY spectra in D2O were acquired
with a mixing time of 200 ms using 1024 complex points
in t2 and a spectral width of 5000 Hz. A total of 512 t1
experiments with 64 scans each were acquired using the
States-Haberkorn-Ruben phase cycle. Furthermore,
experiments with mixing times of 25, 50, 100, and 150
ms were acquired for the mixture of CTAG + TOTO11.
These experiments were acquired successively without
removing the sample from the magnet.
NOESY spectra in H2O were acquired using 2048

complex points and a spectral width of 10 000 Hz using
a NOESY pulse sequence in which the last 90° pulse was
replaced by a pulse containing a notch to suppress the
water signal (Stein et al., 1995). This ensured suppres-
sion of the water signal together with a linear excitation
profile over the whole spectral width.
TOCSY experiments in D2O were acquired with mixing

times of 30 and 90 ms using 1024 complex points in t2
and a spectral width of 5000 Hz. A total of 512 t1
experiments with 64 scans each were acquired using the
TPPI phase cycle.
The 1H-31P HSQC experiments were recorded with

1024 complex points and a spectral width of 1000 Hz in
both dimensions. A total of 512 t1 experiments with 288
scans each were acquired using the States-Haberkorn-
Ruben phase cycle.
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One-dimensional spectra in D2O were acquired sepa-
rately. All spectra were recorded at 10 or 25 °C using
DSS as reference.
The acquired data were processed using FELIX (ver-

sion 95.0, Biosym/MSI, San Diego, CA). The TOCSY and
NOESY spectra were assigned in the conventional way
as described in the literature (Boelens et al., 1985; Feigon
et al., 1983; Hare et al., 1983; Scheek et al., 1984, 1983).
Molecular Modeling. The model structure of the

CTGAG-TOTO13 complex was made using an isolated
spin pair approximation. The assigned cross peaks from
a 200 ms NOESY spectrum were integrated and trans-
formed into a restraint file. Twenty structures were
calculated using the following restrained molecular dy-
namics (RMD) protocol: initially 100 and 10 000 cycles
of steepest descent and conjugate gradient energy mini-
mization, respectively. This was followed by 28 ps of
RMD (steps of 1 fs) with the following temperature
profile: 425 K for 4 ps and then cooled to 250 K in 25 K
steps of 3 or 4 ps each. Force constants of 50 kJ/mol were
used. Finally, the structures were energy minimized
using conjugate gradient until the derivative was <0.01.
Computational results were obtained using software from
Biosym/MSI. Energy minimizations and restrained mo-
lecular dynamics were done with the the Discover
program (ver. 2.9.7), using a modified AMBER force field.
Modifications were made to take the thiazole sulfur
atoms into account. Graphical displays were obtained
by the Insight II molecular modeling system (ver. 95.0).
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Generation and Characterization of an Anti-CD19 Single-Chain Fv
Immunotoxin Composed of C-Terminal Disulfide-Linked dgRTA†
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Our laboratory utilized two methods to produce the anti-CD19 immunotoxin containing a single-
chain Fv (scFv) FVS191 and a ricin A chain (RTA). The first method produced the recombinant protein
FVS191CDRTA from a fusing gene containing sequences encoding FVS191, catheptsin D proteinase
digestion site (CD), and RTA. FVS191CDRTA did not show CD19 antigen binding and cytotoxic
activity. The second method generated a disulfide-linked FVS191cys-dgRTA from a FVS191cys, the
FVS191 with an additional C-terminal cysteine, and a deglycosylated RTA (dgRTA). The formation
of FVS191cys-dgRTA is efficient; up to 70% of the proteins participating in the reaction had formed
FVS191cys-dgRTA when the molar ratio of FVS191cys to dgRTA was 1:1. A competitive ELISA
assay indicated that FVS191cys-dgRTA and the parental monoclonal antibody B43 possessed
comparable CD19 binding abilities. The protein synthesis inhibition assay revealed that FVS191cys-
dgRTA was toxic to CD19 positive cell lines, but it was less potent than the intact antibody-conjugated
B43-dgRTA, which had an IC50 ) 2 × 10-11 M. 125I-Labeled FVS191 and 125I-labeled B43 were
internalized by Nalm-6 cells at 37 °C as demonstrated by internalization studies; this result indicates
that cross-linking of CD19 antigen is not required for the endocytosis of CD19 and raises the possibility
that the lower cytotoxity of FVS191cys-dgRTA is not due to the monovalent binding of CD19 by
FVS191cys-dgRTA. Our study with anti-CD19 scFv immunotoxin indicates that the formation of a
disulfide-linked scFv immunotoxin is an alternative to the recombinant method of producing scFv
immunotoxin.

INTRODUCTION

Immunotoxins are cytotoxic molecules designed to
eliminate populations of cells that display specific cell
surface antigens or markers. An immunotoxin has two
functional components: one is the binding domain, which
targets the specific marker of a cell; the other is a toxin
domain, which kills the target cell. The binding domains
of immunotoxins can be a monoclonal antibody (mAb),
Fab, F(ab′)2, Fv, or single-chain Fv (scFv). The popular
toxic domains of immunotoxins include the ricin A chain
(RTA), Pseudomonas exotoxin B chain (1-5), or diphthe-
ria toxin A chain (6).
ScFv is a protein fragment composed of immunoglo-

bulin heavy and light chain with a peptide linker con-
necting the heavy and light chain. A scFv-immunotoxin
is a chimeric molecule containing a scFv and a toxin.
There are two methods that can be used to generate a
scFv immunotoxin. The conventional method is to pro-
duce a recombinant fusion protein by genetically linking
a scFv gene with a toxin gene. Several scFv immuno-
toxins have been made using this method, such as B3-
(Fv)-PE38KDEL (1, 2), e23(Fv)-PE38KDEL (3), antiTac-
(Fv)-PE38 (4), and BR96 sFV-PE40 (5). All of these scFv
immunotoxins have been shown to possess antitumor

activity in vitro and in animal models bearing human
tumor xenografts. The second method of generating a
scFv immunotoxin is to build a scFv with C-terminal
cysteine and then covalently link the scFv-cys with a
toxin through a disulfide bond (7).
The construction of anti-CD19 scFv immunotoxins

using the above two methods is described in this paper.
CD19, as a pan B-cell antigen, is an ideal target for
immunotoxin therapy of B-lineage leukemia and lym-
phomas (8, 9). Our laboratory has previously constructed
an anti-CD19 scFv, FVS191, from a hybridoma producing
mAb B43 (10). FVS191cys, a FVS191 containing a
C-terminal cysteine, has also been constructed (11). RTA
inactivates the 60S ribosomal subunit of eukaryotic
ribosomes and has been used for construction of anti-
CD19 immunotoxins (12). The RTA gene has been cloned
(13); the DNA sequence indicates that RTA has two
cysteines. Therefore, RTA can be used to form both
recombinant and disulfide-linked immunotoxins.
The recombinant anti-CD19 scFv immunotoxin we

produced contained a cathepsin D cleavable peptide (CD)
(14); therefore, this protein was named FVS191CDRTA.
Deglycosylated ricin A chain (dgRTA) was used to form
a disulfide bond with FVS191cys to generate FVS191cys-
dgRTA. The characterization of these two proteins is also
described in this paper.

MATERIALS AND METHODS

Construction of FVS191CDRTA. FVS191 had been
previously cloned in our laboratory (10). To construct the
FVS191CDRTA, a DNA fragment containing the se-
quences encoding cathepsin D proteinase sensitive pep-
tide and RTA was inserted in frame at the 3′ end of
FVS191 in pFVS191. The nucleotide sequence encoding
cathepsin D proteinase sensitive peptide is ACCTGT-
TCTTCCTGAACCTGTTCTACCTGA; the RTA gene was
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obtained from a genomic clone of ricin (13). The structure
of the expression vector of pFVS191CDRTA is shown in
Figure 1.
Production and Purification of FVS191CDRTA.

pFVS191CDRTA plasmid DNA was transformed into
Escherichia coli BL21(DE3) (Novagen, Madison, WI). The
transformed bacterial cells were grown in SOB medium
(20 g of tryptone, 5 g of yeast extract, 0.5 g of NaCl, 5 g
of MgSO4‚7H2O, per liter) at 37 °C. When the absorbance
of A600 of the bacterial culture reached 0.65, production
of FVS191CDRTA was induced with 1 mM isopropyl â-D-
thiogalactopyanoside (IPTG) for 1.5 h at 37 °C.
FVS191CDRTA was expressed in bacterial cells as

inclusion bodies. The method used to isolate FVS191-
CDRTA inclusion bodies was the same as that described
by Wang et al. (11). Briefly, the harvested cell pellets
from the above cell culture were suspended in 50 mL of
inclusion body separation (IBS) buffer (0.1 M KCl, 0.02
M Tris-HCl, 0.005 M EDTA, 0.1% Nonidet P-40, pH 8.0)
by sonication. Lysozyme was added into the cell lysate
to a final concentration of 0.2 mg/mL. After incubation
at room temperature for 1 h, the cell lysate was frozen
at -80 °C. When thawed at room temperature, the cell
lysate was sonicated for 10 min and centrifuged at
17000g for 30 min at 4 °C. The pellets were suspended
in 50 mL of IBS buffer and added with sodium deoxy-
cholate to a final concentration of 2%. The mixture was
stirred at room temperature for 1 h and then centrifuged
at 17000g for 30 min at 4 °C. The inclusion bodies were
washed with IBS buffer and water.
FVS191CDRTA was refolded according to the method

of Buchner (15) with minor modifications. The inclusion
bodies of FVS191CDRTA were dissolved in a denaturing
buffer [0.1 M Tris, 6 M guanidine hydrochloride, 0.3 M
dithioerythreitol (DTE), 0.002 M EDTA, pH 8] at room
temperature for 2 h. The insoluble materials were
removed by centrifugation at 30000g for 30 min. The
concentration of solubilized proteins was adjusted to 20
mg/mL with denaturing buffer. Renaturation of
FVS191CDRTA was carried out by a rapid 100-fold
dilution of the denatured protein into a refolding buffer
(0.1 M Tris-HCl, 0.5 M L-arginine, 0.008 M GSSG, 0.002
M EDTA, pH 8) at 10 °C and an incubation at the same
temperature for 48 h.
Other refolding methods were also used to refold

FVS191CDRTA. Reduced FVS191CDRTA in the above
denaturing buffer was dialyzed against phosphate-
buffered saline (PBS) buffer containing 0.4 M L-arginine
(PBS-arginine buffer) or a buffer composed of 20 mM
Tris and 100 mM urea, pH 7.4 (Tris-urea buffer).
After refolding, FVS191CDRTA was dialyzed against

PBS to eliminate redox agents and concentrated by
ultrafiltration using a YM10 membrane (Amicon, Bev-
erly, MA). The final product of FVS191CDRTA was
purified by FPLC using a Superdex 75 (HiLoad 60)
column (Pharmacia).

Preparation of FVS191cys-dgRTA. The construc-
tion and production of FVS191cys have been described
previously (11). The dgRTA was purchased from Inland
Laboratory (Austin, TX). Prior to conjugation, dgRTA
was buffer exchanged with PBS by dialysis.
A schematic representation of forming disulfide-linked

FVS191cys-dgRTA is shown in Figure 2. DgRTA (2 mg/
mL) was reduced with 2 mM dithiothreitol (DTT) for 1 h
at room temperature and then separated from DTT using
a PD10 column (Pharmacia). The DTT-treated dgRTA
was immediately reacted with a 1/10 volume of 25 mM
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) in phosphate
buffer (0.12 M K2HPO4, pH 7.2) at room temperature for
1 h. The DTNB-derivatized dgRTA was then isolated
using a PD10 column. At the same time, FVS191cys in
PBS buffer was reacted with 2 mM DTT at room
temperature for 1 h. After the DTT had been removed
by a PD10 column, FVS191cys was reacted with DTNB-
derivatized dgRTA at a molar ratio of 1:1 or 1:2. The
conjugation was performed at room temperature for 2 h
and at 4 °C overnight. The conjugation products were
analyzed by a nonreducing SDS-PAGE and kept at 4
°C.
The free sulfhydryl groups of DTT-treated FVS191cys

were quantified using DTNB. After DTT-treated
FVS191cys had been reacted with 25 mM DTNB in
phosphate buffer (0.12 M K2HPO4, pH 7.2) at room
temperature for 15 min, the absorbance at 412 nm was
measured using a spectrophotometer. The molar con-
centration of the free sulfhydryl group (C) was calculated
according to the equation C ) absorbance/14150 (mol/L)
(16). The molar concentration of FVS191cys was deter-
mined according to the absorbance of FVS191cys at 280
nm.
Preparation of B43-dgRTA. B43 was conjugated to

dgRTA by the chemical cross-linkerN-succinimidyl-3-(2-
pyridyldithio)propionate (SPDP, Pierce) using the method
of Ghetie et al. (17) with minor modifications. Five
milligrams of B43 mAb in 2 mL of conjugation buffer
(0.05 M borate acid, 0.3 M NaCl, 0.5% butanol, pH 9.0)
was reacted with 30 µL of SPDP (6 mg/mL, in diethyl-
formamide) at room temperature for 30 min. The de-
rivatized B43 was separated from SPDP using a PD10
column (Pharmacia) and dissolved in 2 mL of phosphate
buffer (0.1 M sodium phosphate, 0.15 M NaCl, 0.005 M
EDTA, pH 6.5). DgRTA in phosphate buffer was incu-

Figure 1. Gene structure of FVS191CDRTA. The fusion gene
of FVS191CDRTA is composed of nucleic acids encoding FVS191,
cathepsin D sensitive peptide, and RTA. The expression of
FVS191CDRTA is under the T7 promoter. The expression vector
is derived from pET3b (Novagen).

Figure 2. Schematic diagram of the formation of disulfide-
linked FVS191cys-dgRTA. DgRTA was reduced with DTT and
treated with DTNB prior to conjugation with DTT-treated
FVS191cys.
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bated with the derivatized B43 at room temperature for
1 h and at 4 °C overnight. The molar ratio of dgRTA to
B43 in the reaction was 1:1. After conjugation, free
dgRTA was removed by FPLC using a Superdex 75
column (Pharmacia) at a flow rate of 0.5 mL/min. The
conjugated B43-dgRTA was separated from free B43 by
an open column affinity chromatography. Briefly, Blue
Sepharose gel (Supelco Separation Technology, Belle-
fonte, PA) was packed in a 1 × 20 cm column according
to the packing manual of TSK-Gel Toyopearl column. The
blue gel column was equilibrated with 50 mL of sodium
phosphate buffer (50 mM, pH 7.5) at a flow rate of 2 mL/
min. Protein samples were passed through the Blue
Sepharose column at a flow rate of 0.3 mL/min. The
unconjugated B43 passed through the column; B43-
dgRTA, which bound to the column, was eluted with a
buffer (0.05 M sodium phosphate, 0.5 M NaCl, pH 7.5)
described by Knowles and Thorpe (18).
ELISA Assay. B43 was conjugated to alkaline phos-

phatase (AP) using a commercial conjugation kit (Pierce,
Rockford, IL). The conjugated B43-AP was used directly
without further purification. The CD19 antigens used
in the ELISA were isolated from CD19 positive Daudi
cells using the methods of Siegall et al. (19). The optimal
concentrations of CD19 antigen and B43-AP for the
ELISA assay were determined by a series of experiments.
Before the ELISA assay, the isolated CD19+ membrane
proteins (80 µg/mL in H2O, 50 µL/well) were coated in
ELISA plates (Immuron 4, Dynatech Laboratories Inc.,
Chantilly, VA). These plates were dried in a vacuum
desiccator at 4 °C overnight and washed three times with
PBS. During the ELISA assay, various amounts of
competing proteins (FVS191CDRTA, FVS191cys-dgR-
TA, or B43 mAb) and a fixed amount of B43-AP were
incubated inside the coated plates at room temperature
for 1 h. The final dilution of B43-AP in the reaction was
1:2000. The plates were washed four times with PBS
before incubation with 100 µL of substrate solution for
alkaline phosphatase at 4 °C overnight. The optical
density of each reaction well was measured at 405 nm
using an ELISA reader.
Cytotoxity Assay. Blin-1 or Nalm-6 cells were pre-

pared to a final density of 1 × 106 cells/mL in RPMI 1640
medium containing 10% (w/v) fetal bovine serum (FBS),
1% L-glutamine, 1% penicillin/streptomycin, and 20 mM
NH4Cl. One hundred microliters of the cells, along with
50 µL of immunotoxins diluted in the same medium, was
plated into wells of the 96-well microtiter plates. The
assay was performed in triplicate. After incubation at
37 °C for 48 h in an atmosphere of 5% CO2, the cells were
pulsed with 1 µCi of [3H]leucine (Amersham, Life Science)
in 50 µL of the medium for 4 h at 37 °C and frozen at
-80 °C. After thawing, the cells were harvested onto
GF/F glass microfiber filters (Whatman). Radioactivity
was measured using a â scintillation counter (Beckman
Instrument). The [3H]leucine incorporation of immuno-
toxin-treated cells was compared with that of nontreated
cells to determine the percent of protein synthesis.
Internalization Assay. FVS191 and B43 mAb were

labeled with Na125I (New England Nuclear, Boston, MA)
using the Iodo-Beads method (Pierce). Nalm-6, in RPMI
1640 medium supplemented with 10% FBS, was used in
this assay. Ten micrograms of 125I-labeled FVS191 or 10
µg of 125I-labeled B43, with specific activity ∼5-7 µCi/
µg, was incubated with 1 × 108 Nalm-6 cells (5 mL) on
ice for 1 h. After incubation, the cells were washed four
times with cold, serum-free RPMI 1640 and then sus-
pended in warm RPMI 1640 plus 10% FBS at 0.5 to 1.0
× 108 cells/mL. Aliquots of 5× 106 cells were transferred
to 1 mL sterile test tubes and incubated at 37 °C in a

tissue culture incubator for various time intervals. At
each time point, the samples were analyzed for the per-
cents of cell-surface-bound, dissociated, internalized, and
degraded FVS191 (or B43), on the basis of a total cell-
associated radioactivity at time 0 according to the meth-
ods of Press et al. (20). The nonspecific binding of 125I-
labeled FVS191 or 125I-labeled B43 was assessed by
incubating the 125I-labeled proteins with B43-blocked
Nalm-6 cells.

RESULTS

Production of FVS191CDRTA, FVS191cys-dgR-
TA, and B43-dgRTA. FVS191CDRTA was produced
in E. coli as inclusion bodies. The optimal amount of
FVS191CDRTA was observed when FVS191CDRTA
was refolded in buffer containing GSSG. When
FVS191CDRTA was refolded in PBS-arginine or Tris-
urea buffer, the majority of the protein aggregated; these
refolding approaches were not used in future experi-
ments. After the refolding process in GSSG buffer,
aggregated FVS191CDRTA was separated; soluble
FVS191CDRTA was purified by gel filtration chroma-
tography and examined by SDS-PAGE. The purity of
FVS191CDRTA is shown in Figure 3, lane 1.
Figure 3, lane 2, shows the refolded-FVS191cys used

to form FVS191cys-dgRTA. Prior to chemical conjuga-
tion, the number of DTT-reduced cysteine per FVS191cys
was examined. When the concentration of DTT-treated
FVS191cys was 3.8 × 10-6 M, the absorbance of DTNB-
derivatized FVS191cys was 0.045. According to the
formula given under Materials and Methods, the con-
centration of free sulfhydryl group was 3.1 × 10-6 M;
therefore, the ratio of FVS191cys concentration to free
sulfhydry concentration is about 1:1. This result indi-
cated that there was only one cysteine per FVS191cys
that had been reduced by DTT.
The formation of FVS191cys-dgRTA was demon-

strated by a nonreducing SDS-PAGE. When FVS191cys
(Figure 3, lane 2) was reacted with dgRTA (Figure 3, lane
3), a 58 kDa protein (Figure 3, lanes 4 and 5) was formed.
When this 58 kDa protein was treated with DTT, it was
separated into smaller proteins with the corresponding
sizes of FVS191cys and dgRTA (Figure 3, lane 7). This
58 kDa protein is, therefore, the disulfide-linked
FVS191cys-dgRTA.
The observed 58 kDa protein (Figure 3, lanes 4 and 5)

is not the dimeric dgRTA or the dimeric FVS191cys. The
formation of dimeric dgRTA had been prevented by
derivatizing dgRTA with DTNB prior to chemical conju-

Figure 3. Formation and purification of FVS191CDRTA and
FVS191cys-dgRTA. Protein samples were analyzed by a 12%
nonreducing SDS-PAGE and visualized by Coomassie blue
stain: (lane 1) FVS191CDRTA purified by gel filtration chro-
matography; (lane 2) FVS191cys used in the chemical conjuga-
tion with dgRTA; (lane 3) dgRTA; (lane 4) conjugation products
when FVS191cys:dgRTA ratio is 1:2; (lane 5) conjugation
products when FVS191cys:dgRTA ratio is 1:1; (lane 6)
FVS191cys-dgRTA purified by gel filtration FPLC; (lane 7)
DTT-reduced products of FVS191cys-dgRTA. The positions of
molecular weight markers are labeled at the left side of the gel.

880 Bioconjugate Chem., Vol. 8, No. 6, 1997 Wang et al.



gation. Under the conjugation condition, the formation
of dimeric FVS191cys was slow (11); it could not compete
with the formation of FVS191cys-dgRTA.
The maximum yield of FVS191cys-dgRTA was reached

when equal moles of FVS191cys and dgRTA FVS191cys
were used in the conjugation. When the mole ratio of
FVS191cys to RTA was 1:2, the yield of FVS191cys-
dgRTA was∼40% as estimated by a densitometer (Figure
3, lane 4). When that ratio was 1:1, ∼70% of proteins
formed FVS191cys-dgRTA (Figure 3, lane 5).
FVS191cys-dgRTA was separated from FVS191cys

and dgRTA by a gel filtration chromatography. The
purity of isolated FVS191cys-dgRTA is demonstrated by
Figure 3, lane 6; no FVS191cys or dgRTA was detected.
The formation of covalently linked B43-dgRTA was

confirmed by a nonreducing SDS-PAGE (data not shown).
After purification by a gel filtration and affinity chro-
matography, >90% B43-dgRTA was found to have been
conjugated with one dgRTA (data not shown).
CD19 Binding of FVS191CDRTA and FVS191cys-

dgRTA. The CD19 binding activities of FVS191CDRTA,
FVS191cys-dgRTA, and B43 were indicated by the
relative activities of B43-AP in ELISA (Figure 4).
FVS191cys-dgRTA (IC50 ) 1.33 × 10-9 M) had a similar
CD19 binding ability with B43 (IC50 ) 1.3 × 10-9 M).
FVS191CDRTA did not bind CD19 as indicated by the
lack of inhibition of the activity of B43-AP; this result
suggested that FVS191CDRTA was not properly refolded.
Cytotoxic Activities of FVS191CDRTA, FVS191-

cys-dgRTA, and B43-dgRTA. FVS191CDRTA did
not show cytotoxic activity to CD19+ Blin-1 and Nalm-6
cells as shown by Figure 5. To further evaluate the lack
of activity of FVS191CDRTA, a cell-free transcription and
translation system of rabbit reticulocyte lysates (Prome-
ga) was used. The results showed no evidence of catalytic
activity of RTA in the reticulocyte lysates system (data
not shown).
However, FVS191cys-dgRTA inhibited protein syn-

thesis of Blin-1 (IC50 ) 1.3 × 10-9 M) and Nalm-6 cells
(IC50 ) 1.0 × 10-9 M) as shown by Figure 6. With the
same cell lines, dgRTA (IC50 > 1 × 10-7 M) is 100-fold

less toxic than FVS191cys-dgRTA. FVS191cys, how-
ever, did not show any cytotoxic activity to Blin-1 and
Nalm-6.
B43-dgRTA was also potent to Blin-1 (IC50 ) 2× 10-11

M) and Nalm-6 (IC50 ) 3 × 10-11 M) (Figure 7). B43
alone was not cytotoxic to the above two cell lines.
Internalization of FVS191 and B43 by Nalm-6

Cells. Both FVS191 and B43 were internalized by CD19
positive Nalm-6 cells as shown by Figure 8. The inter-
nalizations of B43 occurred in the first hour of incubation,
and the amount of internalized FVS191 increased from
time 0 to the fourth hour of incubation.

DISCUSSION

In this study, we have constructed and compared two
different kinds of anti-CD19 scFv immunotoxins:
FVS191CDRTA and FVS191cys-dgRTA. The disulfide-
linked FVS191cys-dgRTA, but not the FVS191CDRTA,
was cytotoxic to CD19 positive cells. The results dem-
onstrating that FVS191CDRTA did not bind to CD19
positive cells and did not inactivate translation in a cell-
free transcription and translation system strongly sug-

Figure 4. Competitive ELISA to compare the CD19 binding
ability of FVS191CDRTA, FVS191cys-dgRTA, and B43. Vari-
ous amounts of FVS191CDRTA, FVS191cys-dgRTA, and B43
along with a fixed amount of B43-AP were incubated with
CD19 antigens. The means of percentage activity of alkaline
phosphatase associated with B43-AP were plotted against log
molar concentrations of FVS191CDRTA (4), FVS191cys-dgRTA
(b), and B43 (0).

Figure 5. Protein synthesis inhibition assay of FVS191-
CDRTA: (a) Blin-1 cells and (b) Nalm-6 cells; FVS191CDRTA
(0), FVS191 (O), and dgRTA (b). The percentage of [3H]leucine
incorporation was calculated using the immunotoxin-untreated
cells as controls. Data were based on either duplicate or
triplicate experiments. The standard deviation is indicated by
the vertical bar.
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gest that FVS191CDRTA was not correctly refolded. It
is not clear why FVS191CDRTA could not be refolded
with the method used in this study; the amino acid
sequence, the size, and the chimeric nature of
FVS191CDRTA may contribute to the difficulty of refold-
ing.
In comparison to FVS191CDRTA, FVS191cys-dgRTA

was produced using the refolded FVS191cys; therefore,
the formation of FVS191cys-dgRTA avoids the difficulty
of renaturation of the whole immunotoxin. The chemical
conjugation provides an alternate method when a recom-
binant scFv immunotoxin cannot be refolded or when the
yield of a recombinant scFv immunotoxin is extremely
low.
Our study shows that disulfide-linked scFv immuno-

toxin can be produced relatively efficiently; ∼70% of
FVS191cys and dgRTA can form FVS191cys-dgRTA.
The yield of refolded FVS191cys from 1 L of cell culture
is from 1 to 0.5 mg using the method described in this
study. The amount of FVS191cys may limit the large-
scale production of FVS191cys-dgRTA. One way to
increase the yield of FVS191cys could be to express

FVS191cys in the methylotropic yeast Pichia pastoris
(21). An anti-CD7 scFvcys fragment, 3A1F, has been
reportedly produced (60 mg/L) in P. pastoris (22).
The disulfide-linked scFv immunotoxins are homoge-

neous and smaller in size compared with intact antibody-
conjugated immunotoxin. The conjugation of FVS191cys
to dgRTA is one to one, unlike the antibody-conjugated
molecules which may have more than one dgRTA.
FVS191cys-dgRTA is only one-third of the size of B43-
dgRTA; thus, it may penetrate tumor tissue better (23-
26).
FVS191cys-dgRTA has a lower cytotoxic activity than

B43-dgRTA. Several variables can influence the potency
of an immunotoxin, such as the affinity of the immuno-
toxin to the target, the epitope on the target antigen
recognized by the immunotoxin, the rate of endocytosis,
and intracellular routing of the immunotoxin (27). The
ELISA and internalization assay described in this paper
were carried out to identify the factors influencing the
cytotoxity of FVS191cys-dgRTA. The ELISA result
reveals no differences of CD19-binding ability between
FVS191cys-dgRTA and B43 (Figure 4). This indicates
that the addition of a disulfide bond to FVS191cys does

Figure 6. Protein synthesis inhibition assay of FVS191-
cys-dgRTA: (a) Blin-1 cells and (b) Nalm-6 cells; FVS191cys-
dgRTA (0), FVS191 (O), and dgRTA (b). The percentage of [3H]-
leucine incorporation was calculated using the immunotoxin-
untreated cells as standards. Data were based on either
duplicate or triplicate experiments. The standard deviation is
indicated by the vertical bar.

Figure 7. Protein synthesis inhibition assay of B43-dgRTA:
(a) Blin-1 cells and (b) Nalm-6 cells; B43-dgRTA (0), B43 (2),
and dgRTA (b). The percentage of [3H]leucine incorporation was
calculated using the immunotoxin-untreated cells as controls.
Data were based on either duplicate or triplicate experiments.
The standard deviation is indicated by the vertical bar.
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not interfere with its antigen-binding activity. The
internalization studies of FVS191 and B43 demonstrated
that both FVS191 and B43 were internalized by Nalm-
6, although the internalization patterns were slightly
different. This result suggests that cross-linking of CD19
is not required for CD19 endocytosis. The extent of
internalization of FVS191cys-dgRTA needs further study.
A study of anti-CD22-ricin A immunotoxin conducted

by Horssen et al. (28) demonstrates that the cytotoxity
of CD22-ricin A depends on intracellular routing rather
than on the number of internalized molecules. Another
study conducted by May et al. (27) also reveals that
intracellular routing rather than cross-linking or rate of
internalization determines the potency of immunotoxins
directed against different epitopes of sIgD on murine B
cells. These studies suggest that intracellular routing
is an important factor in determining the potency of an
internalized immunotoxin. It is very likely that the
discrepancy in cytotoxic activities between FVS191cys-

dgRTA and B43-dgRTA is due to their differences in
intracellular routing.
The efficacy of an immunotoxin in vivo is a combination

of several effects, such as the stability and the tumor
penetration ability of an immunotoxin. Whether
FVS191cys-dgRTA will have an efficacy in vivo needs
to be studied further.
In summary, we compared two different methods to

generate scFv immunotoxin and demonstrated that the
formation of a disulfide-linked protein is an effective
approach to produce anti-CD19 scFv immunotoxin. To
our knowledge, FVS191cys-dgRTA is the first anti-CD19
scFv immunotoxin showing cytotoxic activity. However,
more work is necessary to develop anti-CD19 scFv
immunotoxins with improved cytotoxity. One possible
approach is the development of an immunotoxin made
of dimeric scFv. An immunotoxin with dimeric scFv
potentially retains the advantages of bivalent binding to
antigen and a smaller size in comparison to intact
antibody immunotoxin; the reduced size of an immuno-
toxin should enhance its tumor penetration.
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An in vitro selection system was developed for the selection of RNA molecules catalyzing bimolecular
reactions between small reactants. The system is based on the direct selection protocol and involves
libraries of multifunctional RNA conjugates rather than unmodified RNA transcripts. For the
preparation of RNA conjugate libraries, a dinucleotide analog has been designed and synthesized
containing a poly(ethylene glycol) linker with an embedded photocleavage site and a terminal
attachment site for coupling potential reactants. Reactants are first coupled to the dinucleotide analog
by activated ester chemistry and then ligated to the 3′-ends of enzymatically prepared RNA pool
molecules, giving libraries of complex conjugates. Species that become attached to biotin on incubation
with a biotinylated partner are isolated using streptavidin-derivatized matrices and then subjected
to a photocleavage step. Selective cleavage of the linker releases only those RNA species in which
reaction has taken place at the linker-coupled reactant, while products with the biotin attached to
internal positions of the RNA part remain immobilized. Efficient photocleavage is achieved by laser
irradiation at 355 nm, and the released RNAs are intact and amplifiable by reverse transcription.
All steps are shown to be compatible with the overall selection procedure, as was shown by performing
a model selection cycle. Besides allowing a broader scope of reaction types to be selected for, the
strategy relieves the RNA from the requirement to possess substrate properties as well as catalytic
activity, and the use of a cleavable linker will suppress the selection of catalysts for side reactions.

INTRODUCTION

Combinatorial RNA1 libraries have found increasing
use for the identification of new ligands and catalysts
(Gold et al., 1995; Lorsch and Szostak, 1996). In the most
basic versions of in vitro selection or SELEX (for Sys-
tematic Evolution of Ligands by EXponential enrichment)
(Ellington and Szostak, 1990; Tuerk and Gold, 1990), a
pool of RNA sequence variants is subjected to a selection
(or partitioning) step, and the selected molecules are
copied and enzymatically amplified. The ability to iterate
the selection amplification cycle ideally allows the isola-
tion of the most active sequences, even when they are
exceedingly rare in the initial pool or when they have
only a small advantage over competitors. This iterative
procedure is possible only because nucleic acids can be
copied enzymatically and is not available for organic
small-molecule libraries and chemically synthesized pep-
tide or carbohydrate libraries. Due to this property,
recursive deconvolution, tagging, or binary coding is
unnecessary, and the complexity of libraries used in
SELEX experiments is great compared to other classes
of compounds.

The most successful strategy for the isolation of RNA
molecules with catalytic properties is direct selection.
This process requires that the desired reaction be con-
figured so that the catalytic molecules are themselves
changed in a way that provides a basis for their enrich-
ment during the selection step (Williams and Bartel,
1996). Selection criterion is ideally the catalysis of a
chemical reaction. However, as a catalyst is per defini-
tion required to leave the reaction unchanged, catalysis
must be coupled with some other principle that leads to
a selectable change in the catalyst molecule, and the way
this is achieved is self-modification, letting one and the
same molecule act as both catalyst and substrate. The
principle is illustrated in Figure 1a. A synthetic combi-
natorial RNA pool (typical complexity 1013-1016 different
species) is incubated with a potential reactant that
carries an anchor group, which is either a specific
functional group (e.g., thiol, thiophosphate, primary
aliphatic amine) or an affinity tag (e.g., biotin). Some
RNA molecules react and are then covalently linked to
that anchor group. These species can be specifically
separated from the unreacted excess RNA using suitably
derivatized solid supports (e.g., activated thiopropyl
agarose or streptavidin agarose). The isolated species
are then enzymatically amplified, and the scheme is
repeated several times. This strategy has been success-
fully applied to the identification of RNA catalysts for
ligation, alkylation, acylation, transesterification, and
phosphorylation reactions (Bartel and Szostak, 1993;
Illangasekare et al., 1995; Lorsch and Szostak, 1994;
Wilson and Szostak, 1995).
Despite the success of direct selection, however, there

are several drawbacks that severely limit its application:
• Since one of the reactants is always the RNA itself,

only catalysts for self-modifying reactions of RNA can be
identified. If modified monomers were incorporated into
RNA pools (Jensen et al., 1995; Wecker et al., 1996), their
different chemistry could be exploited, too, but alignment
of the substrates has always been controlled by base-

* Author to whom correspondence should be addressed
[telephone (49) 30 838 6023; fax (49) 30 838 6413; e-mail
jaschke@chemie.fu-berlin.de].

X Abstract published in Advance ACS Abstracts, October 15,
1997.

1 Abbreviations: BSA, bovine serum albumine; cDNA, copy-
DNA; CPG, controlled pore glass; DNA, deoxyribonucleic acid;
DMF, N,N-dimethylformamide; DMSO, dimethyl sulfoxide;
DMT, 4,4′-dimethoxytrityl; dNTPs, deoxyribonucleoside 5′-tri-
phosphates; DTT, dithiothreitol; HEPES, N-(2-hydroxyethyl)-
piperazine-N′-(2-ethanesulfonic acid); MALDI-TOF, matrix-
assisted laser desorption/ionization time-of-flight (mass spec-
trometry); NTPs, (ribo)nucleoside 5′-triphosphates; PCR,
polymerase chain reaction; PEG, poly(ethylene glycol); RNA,
ribonucleic acid; RT-PCR, reverse transcription-polymerase
chain reaction; SELEX, Systematic Evolution of Ligands by
EXponential enrichment; TBDMS, tert-butyldimethylsilyl; Tris,
tris(hydroxymethyl)aminomethane.

885Bioconjugate Chem. 1997, 8, 885−890

S1043-1802(97)00115-8 CCC: $14.00 © 1997 American Chemical Society



pairing interactions. Catalysts for reactions between two
small reactants, being the basis of biochemistry, prebiotic
chemistry, and organic synthesis, could so far not be
isolated using direct selection.

• To be selected, the catalytically active RNA molecule
must also possess substrate properties. RNA molecules,
being excellent catalysts but poor substrates, are elimi-
nated in the selection step.

• Selection criterion is the attachment of the anchor
group, while the position of attachment is irrelevant.
Therefore, catalysts for side reactions at different posi-
tions of the RNA (Illangasekare et al., 1995; Lorsch and
Szostak, 1994) or for different chemistries (Wilson and
Szostak, 1995) are enriched and finally isolated along
with the desired species, as long as these modifications
do not interfere with reverse transcription.
Here we decribe an approach developed to overcome

these limitations involving multifunctional RNA conju-
gates (Figure 1b). To select for catalysts of a general
bimolecular reaction A + B f AB, the active RNAs have

to acquire a selectable change in a characteristic property
as a result of a successful catalysis. This is achieved by
coupling one of the reactants (A) to each individual RNA
sequence. To allow optimal orientation of the reactant
and the RNA, both are tethered by a flexible polymeric
linker. By high dilution during the reaction step, self-
modification (i.e., reaction of the RNA’s “own” reactant)
is favored over true intermolecular catalysis. After
reaction, the products AB would then be linked to both
the anchor group (allowing isolation) and the RNA
(allowing amplification). The incorporation of a cleavage
site within the linker allows discrimination of side
products at the RNA backbone in favor of the desired
reaction products at the reactant A.

EXPERIMENTAL PROCEDURES

General. UV-MALDI-TOF mass spectra were ob-
tained on a Bruker Reflex, and IR-MALDI-TOF mass
spectra were obtained on a Vision 2000, Model SEQ 1-2-
3, Thermo Analysis, Schwartz, Hempstead, U.K. Laser
experiments were performed with a Nd-YAG laser,
Spektron, SL800 G.
Synthesis of the Dinucleotide Analogs 1a and 1b.

The photocleavable building block 2 was synthesized as
described (Ordoukhanian and Taylor, 1996) and incor-
porated into the dinucleotide analog 1a by solid phase
synthesis on an Applied Biosystems 391 synthesizer
using a 1 µmol RNA cycle. 3′-Aminomodifier-C6-CPG
support (3), DMT-hexaethylene glycol phosphoramidite
(4), N4-benzoyl-5′-O-DMT-2′-TBDMS-cytidine-3′-O-(2-cya-
noethyl-N,N′-diisopropylphosphoramidite) (5), and bis-
(cyanoethyl)-N,N-diisopropylphosphoramidite (6) were
from Chemgenes, Waltham, MA (Scheme 2). Cleavage
from the solid support and deprotection were performed
in a 1 mL mixture of 33% aqueous ammonia and ethanol
(3:1) at 55 °C for 24 h and overnight incubation of the
lyophilized mixture with 0.4 mL 1 M tetrabutylammo-
nium fluoride in DMF (Aldrich) at room temperature.
This solution was diluted with 5 mL of 60 mM NH4OAc
and passed over a 2 mL DEAE-Sephadex A-25 column
equilibrated with 0.05 M triethylammonium acetate, pH
7, followed by a 15 mL wash with 0.1 M triethylammo-
nium acetate, pH 7, and elution of the product with 2 M
triethylammonium acetate, pH 7. The product fractions
were lyophilized and purified by reversed phase chro-
matography on a HP 1028B liquid chromatograph with
a Beckman Ultrasphere C18 column (4.6 × 250 mm, 80
Å pore) using a 0.1 M triethylammonium acetate gradi-
ent, pH 7, containing 0-80% acetonitrile with compound
1a eluting at ∼25% acetonitrile with a total yield of 22%.
Fourteen nanomoles of this compound was biotinylated

with 0.7 mg of sulfosuccinimidyl 6-(biotinamido)hex-
anoate (Sigma) in 100 µL of 0.1 M K2HPO4 buffer, pH 8,
for 12 h at 25 °C. After quenching with 10 µL of 1 M
NH4OAc, purification by HPLC yielded 5.3 nmol of 1b.
Transcription. For the preparation of pool RNA, a

randomized DNA pool was synthesized as described
(Famulok, 1994). Thirty picomoles of this double-
stranded DNA template were transcribed in a 100 µL
reaction mix containing 80 mM HEPES, pH 7.5, 22 mM
MgCl2, 1 mM spermidine, 10 mMDTT, 0.12 mg/mL BSA,
4 mM of each ribonucleoside triphosphate (Boehringer
Mannheim), 10 µCi [R-32P]CTP, 100 units of T7 RNA
polymerase (Stratagene), and 60 units of RNasin (MBI
Fermentas) for 4 h at 37 °C. After DNA digestion with
20 units of DNase I (Boehringer Mannheim) for 30 min
at 37 °C, RNA transcripts were purified by electrophore-
sis on a denaturing 8% polyacrylamide gel, elution, and
ethanol precipitation.

Figure 1. (a) Direct selection of RNA catalysts. The transcribed
RNA is incubated with the reaction partner (X) carrying an
anchor group (e.g., biotin). The reacted species (including
reaction products at internal positions) are separated from the
excess of inactive species, e.g., by affinity chromatography.
Amplification by RT-PCR yields an enriched DNA pool that is
subjected to additional rounds of selection and amplification.
(b) Direct selection with linker-coupled reactants. Reactant A
attached to a flexible PEG linker is coupled to the RNA
transcript by T4 RNA ligase. The RNA conjugates are incubated
with reactant B carrying a biotin moiety, which allows subse-
quent immobilization of the reaction products on streptavidin-
agarose. The correct reaction products (reactions at reactant A)
can be specifically released by photocleavage of the linker,
whereas the products of side reactions with the biotin attached
to internal positions of the RNA remain immobilized and are
not further amplified.
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For the preparation of 25-mer RNA, a double-stranded
DNA template was obtained by hybridization of two
oligonucleotides synthesized by standard phosphoramid-
ite chemistry [sequences: 3′-d(AG ATT ATG CTG AGT
GAT ATC CTC GAG TCG GAA GTG ACG AGG TGG)-5′
and 5′-d(TC TAA TAC GAC TCA CTA TAG GAG CTC
AGC CTT CAC TGC)-3′]. This template was transcribed
under the same conditions as for the RNA pool and
purified by electrophoresis on a 15% denaturing poly-
acrylamide gel.
Ligation. Two hundred picomoles of the 25-mer RNA

transcript were incubated with 400 pmol of dinucleotide
analog in a 50 µL reaction volume containing 50 mM
HEPES, pH 7.8, 20 mM MgCl2, 50 µg/mL BSA, 3.5 mM
DTT, 10% DMSO, 0.1 mM ATP, 30 units of RNasin, and
120 units of T4 RNA ligase (MBI Fermentas) at 4 °C for
4 h, and the ligation product was purified as described
for the transcript.
For the ligation of the RNA-pool, the RNA molecules

were first hybridized with a 3-fold excess of a 20-mer
deoxyoligonucleotide [sequence: 3′-d(CCG TGG TGC
CAG CCT AGG TG)-5′] complementary to the 3′-end of
the pool RNA by heating to 95 °C for 1 min and slowly
cooling down to room temperature. Ligation conditions
were similar to those for the 25-mer, except for a higher
(5-fold) excess of 1a and a longer ligation time (16 h).
Ligated pool RNA was purified on a 8% denaturing
polyacrylamide gel.
Photolysis. Fifty picomoles of the ligated 25-mer

dissolved in 80 µL of 0.1 M Tris-HCl, pH 7, and 10 mM
EDTA was irradiated in a quartz cuvette with a Nd-
YAG laser (5 mJ/pulse, 10 ns/pulse, 8 Hz, λ ) 355 nm).
After 0, 8, 32, and 480 pulses, 10 µL aliquots were
withdrawn and analyzed by electrophoresis on a 15%
denaturing polyacrylamide gel.
Immobilization, Photorelease, and RT-PCR. Pool

RNA (10 pmol) was immobilized by incubation for 30 min
with 20 µL of streptavidin-agarose on a microcon spin
filter prewashed three times with 100 µL of 3 mg/mL
tRNA solution (RNase free, Boehringer Mannheim).
Unbound RNA was washed away by subsequent incuba-
tion and centrifugation of 200 µL of tRNA solution (3 mg/
mL), 2 × 200 µL of 8 M guanidinium hydrochloride, 0.1
M Tris-HCl, pH 7.5, 10 mM EDTA, and 2 × 200 µL of
tRNA solution (3 µg/mL). Bound RNA was released by
resuspending the agarose in 200 µL of 3 µg/mL tRNA
solution, irradiation on the filter for 3 min with a Nd-
YAG laser (30 mJ/pulse), and washing the agarose three
times with 200 µL of tRNA solution (3 µg/mL). A 1%
aliquot of the obtained RNA was annealed with 200 pmol
of primer and subjected to reverse transcription in a 20
µL reaction mix with 50 mM Tris-HCl, pH 8.3, 75 mM
KCl, 3 mM MgCl2, 10 mM DTT, 0.5 mM dNTPs (MBI
Fermentas), and 200 units of Superscript II (Gibco BRL)
for 1 h at 37 °C. The reaction mix was then diluted to a
100 µL volume with the final concentration of 3 µM of
each primer, 20 mM Tris-HCl, pH 8.5, 65 mMKCl, 2 mM
MgCl2, 2 mM DTT, 0.3 mM dNTPs, and 5 units of Taq
polymerase (AGS). After 10 cycles of PCR amplification,
the resulting DNA was analyzed on a 2% agarose gel and
the bands were visualized by ethidium bromide staining.

RESULTS

The most essential requirement for the practical
realization of the strategy illustrated in Figure 1b was
to develop an efficient method to synthesize multifunc-
tional RNA conjugates from RNA transcripts. While
numerous strategies exist for the site-specific incorpora-
tion of both linkers and non-nucleotide modifiers during
chemical synthesis of oligonucleotides (Beaucage and

Iyer, 1993; Goodchild, 1990), there is currently no method
available that would be suitable for direct use in in vitro
selection schemes. The RNA is enzymatically synthe-
sized in each round of selection, so modification has to
occur either during or after enzymatic synthesis. Ideally,
linker, cleavage site, and reactant should be combined
in one block by chemical synthesis, which then could be
introduced in a single step in each selection cycle. As
the general method, we chose to use enzymatic ligation
of a suitably derivatized substrate with T4 RNA ligase
(England and Uhlenbeck, 1978; Igloi, 1996). Poly-
(ethylene glycol) was chosen as a synthetic linker because
of its high flexibility, solubility, and previously described
compatibility with oligonucleotide chemistry (Jäschke,
1997; Jäschke et al., 1993, 1996). We decided to use a
photochemical cleavage reaction (Ordoukhanian and
Taylor, 1996) for its high specifity and for its indepen-
dence of other chemical parameters (e.g., pH, redox
potential, solvent). To combine these features in one
molecule, we designed compound 1a containing the
following elements (Scheme 1):

• a 5′-phosphorylated dinucleotide (pCpC) for enzy-
matic ligation with T4 RNA ligase,

• two hexaethylene glycol units as flexible linkers,
• an o-nitrobenzyl derivative as a photolytical cleavage

site, and
• a primary aliphatic amino group for coupling of

potential reactants by activated ester chemistry.
Compound 1awas synthesized by automated synthesis

introducing the photocleavage site by the use of phos-
phoramidite 2, which was prepared as described (Or-
doukhanian and Taylor, 1996). Starting with an ami-
noalkyl-functionalized glass support 3, hexaethylene
glycol phosphoramidite (4), compound 2, hexaethylene
glycol phosphoramidite (4), and then cytidine phosphora-
midite (5) (twice) were added sequentially, all employing
standard protecting groups (Scheme 2). Finally, chemical
phosphorylation was carried out on the synthesizer using

Scheme 1. Design of Dinucleotide Derivative 1

Scheme 2. Reagents Used in the Synthesis of 1a
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bis(cyanoethyl) N,N-diisopropyl phosphoramidite (6).
After standard deprotection and HPLC purification,
compound 1a was characterized by IR-MALDI mass
spectrometry, confirming the correct product composition
(calculated [MH]+ m/z 1787.2; found [MH]+ m/z 1787.3).
To check the desired properties, the dinucleotide analog

1awas first reacted with anN-hydroxysulfosuccinimidyl-
activated biotin as a model for the attachment of poten-
tial reactants to the primary amino group by activated
ester chemistry. Ninety-five percent conversion of the
dinucleotide analog was observed by HPLC with the
biotinylated product eluting at significantly higher reten-
tion times (not shown). The identity of the resulting
biotin conjugate 1b was corroborated by UV-MALDI
mass spectrometry (calculated [M - H]- m/z 2125.7;
found [M - H]- m/z 2125.5). Due to UV excitation (λ )
377 nm), additional peaks of the predicted photofrag-
ments were detected (calculatedm/z 911.9, 1212.8; found
m/z 912.2, 1214.2), indicating a photocleavage reaction
proceeding in agreement with the accepted mechanism
(Pillai, 1980).
The incorporation of the synthetic linker into RNA

transcriptssa key step in the modified selection
schemeswas studied by ligation with T4 RNA ligase. As
rigorous analytics is complicated with randomized pools,
first a 32P-labeled RNA 25-mer [sequence: 5′-r(G GAG
CUC AGC CUU CAC UGC UCC ACC)-3′] obtained by
in vitro T7 transcription was incubated with a 2-fold
excess of 1a, and the ligation was followed by electro-
phoretic analysis of aliquots withdrawn from the reaction
mixture at appropriate times. The time course in Figure
2a shows the disappearance of the original 25-mer and
the simultaneous formation of the RNA conjugate with
up to 95% conversion. No additional bands with lower
electrophoretic mobility, indicating circularization or
oligomerization products, were detected.
The ligation product was eluted, purified by precipita-

tion, redissolved, and irradiated by an increasing number
of Nd-YAG laser pulses (λ ) 355 nm). The rapid and
quantitative cleavage of the RNA conjugate after 32
pulses (Figure 2b) correlates with the formation of the
photoproducts with higher electrophoretic mobility, which
can be resolved into two distinct bands by high-resolution
electrophoresis (not shown). The upper band can be
assigned to the primary photoproduct, an o-nitrosophenyl

ketone, as a result of the photoinduced intramolecular
redox reaction, which partially reacts further by â-elim-
ination to release the photoactive moiety leaving a PEG
phosphate attached to the 3′-end of the RNA (Or-
doukhanian and Taylor, 1996). This secondary product
may be assigned to the lower band in Figure 2b. The
two photoproducts were unaffected by further irradiation.
A 15-fold overexposure did not lead to any additional
bands that would indicate photomodification, cross-
linking, or dimerization.
To allow the use of the proposed strategy in direct

selection, the methods described above have to be com-
patible with the standard selection scheme without
interfering with any other step in the selection cycle. To
check the feasibility of the new steps under selection
conditions, we performed a selection cycle according to
the procedure shown in Figure 1b. Because in the first
rounds of a selection project reaction yields are very low
and products can often hardly be detected, we substituted
the reaction step by artificially creating a situation as it
would be after a completely successful reaction. This was
achieved by ligating an RNA pool containing two constant
sequences for amplification purposes and a randomized
domain of 74 nucleotides [sequence: 5′-r(G GAG CUC
AGC CUU CAC UGC-N74-GGC ACC ACG GUC GGA
UCC AC)-3′, complexity of 1013 different species (Famu-
lok, 1994)] with biotinylated dinucleotide 1b leading to
species that correspond to the desired reaction products:
RNA pool molecules are connected to biotin as an anchor
group via a cleavable linker.
Sufficient ligation of the pool required modification of

the protocol. A higher excess of the dinucleotide analog
and longer incubation times were necessary, and addition
of an oligonucleotide complementary to the 3′-end of the
pool molecules significantly improved ligation yields,
probably by making “buried” 3′-ends accessible to the
enzyme. Seventy-five percent yields were obtained in
overnight incubation with a 5-fold excess of 1b. Purified
ligation product was incubated with streptavidin-aga-
rose on a spin filter for 30 min. Unbound RNA was
washed away under denaturing conditions until no
radioactivity could be detected in the filtrate. Eighty
percent binding was observed (Figure 3a), while unspe-
cific binding of unmodified RNA transcript was deter-
mined to be <2%. The streptavidin-agarose loaded with
RNA was resuspended in the same buffer used during
the washing procedure and irradiated directly on the spin
filter with 480 laser pulses, which brought 90% of the
immobilized RNA back into solution. Ten percent of the
radioactivity remained stuck to the solid matrix in spite
of further irradiation or washing.
To ensure that the photoreleased RNA is intact and

functional, it was subjected to amplification by reverse
transcription and polymerase chain reaction (RT-PCR,
Figure 3b), and an equal amount of unmodified RNA
transcript served as a reference. Lanes 3 and 4 in Figure
3b representing the corresponding reaction products
demonstrate that even after ligation, immobilization, and
photolytical cleavage, appropriate amounts of cDNA with
the correct length and purity are obtained.
RNA molecules isolated and released according to this

new procedure can thus be amplified and subjected to
further rounds of selection as required.

DISCUSSION

Despite the success of direct selection, the range of
reactions that can be investigated is severely restricted
by the selection for self-modifying RNAs, which limits
one reaction partner to be always RNA itself. Even
though recent studies successfully extended direct selec-

Figure 2. Time course of the ligation of compound 1a to a 25-
mer RNA transcript containing 32P-labeled cytidine residues and
photocleavage of the resulting RNA conjugate. (a) Aliquots taken
from the T4 RNA ligation mix at indicated times were analyzed
on a 15% denaturing polyacrylamide gel and visualized by
autoradiography. (b) Purified RNA conjugates obtained by
ligation were irradiated in solution at 355 nm with a Nd-YAG
laser. Aliquots were taken after exposure to the indicated
number of laser pulses and examined by electrophoresis on a
15% polyacrylamide gel. Band index: 1, ligation product; 2,
primary photoproduct with attached o-nitrosophenylketone; 3,
secondary product after â-elimination of vinyl o-nitrosophenyl
ketone; 4, unmodified 25-mer transcript.
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tion to reactions on modified nucleotides and cross-linkers
(Jensen et al., 1995; Smith et al., 1995; Wecker et al.,
1996), catalysis occurs only if these reactants are pre-
sented in the context of an oligonucleotide sequence. No
example of a directly selected RNA catalyst for reactions
between two small, non-oligonucleotide reactants has
been described so far. The additional constraint on the
selectable structures to have both substrate and catalytic
properties reduces the chances of finding a suitable
species in sequence space tremendously. From the larger
subpopulation of catalytic pool molecules only the tiny
fraction with added substrate properties is selectable.
This is an intrinsic problem of all strategies to identify
catalysts in complex mixtures, as true catalysts are per
definition required to leave the reaction unchanged.
They can therefore only be selected by coupling catalysis
with some other principle that leads to a selectable
change in the catalyst molecule, either by combining
substrate and catalyst in one molecule and performing
a self-modifying reaction (Illangasekare et al., 1995;
Lorsch and Szostak, 1994; Wilson and Szostak, 1995) or
by using mechanistic inhibitors instead of substrates that
form covalent bonds with the catalyst during the reaction
(Janda et al., 1997). The complete separation of sub-
strate and catalytic properties by entrapment in lipo-
somes has been proposed recently (Williams and Bartel,
1996), but we have no knowledge of experimental progress
in this field.
To gain access to a wider range of reaction types

without losing the advantages of direct selection, we
designed a selection scheme using oligonucleotide con-
jugate libraries instead of simple RNA transcripts.
Strictly speaking, this is still self-modification (or cis-
selection). To be selected, the RNA-linker-reactant
conjugatessand not the RNAsmust possess both sub-
strate and catalyst properties. However, as the substrate
properties are provided exclusively by the attached
reactant, the RNA part just needs to act as a catalyst. If
the RNA acts as a substrate, the respective products are
initially selected (i.e., immobilized) but eliminated in the
cleavage step, which is in fact a second selection step.

The selection process may still yield byproducts. If the
attached reactant contains more than one potential
reaction site or if functionalities of the linker are utilized
for the attachment of reactant B that are located on the
right-hand side of the cleavage site (see 1a, Scheme 1),
then the respective reaction products will be selected, too.
However, compared to the situation in standard direct
selection where hundreds of potential reactive sites per
RNA molecule can give rise to selectable products, the
technology described here is a significant improvement
of control in the selection step.
The expansion of direct selection from unmodified RNA

libraries to libraries of complex RNA conjugates faces
strict requirements as only part (i.e., the nucleotide
sequence of the RNA part) of the “genetic” information
of the conjugate can be transferred through the enzy-
matic amplification steps. Therefore, the nontransferable
parts of information, namely the site of attachment and
chemical nature of the linker, must be kept constant to
ensure equivalence of the structures in successive gen-
erations. For example, random incorporation of nucleo-
side triphosphates derivatized with a linker-coupled
reactant will cause loss of essential information and
prevent exponential enrichment of functional species as
incompletely represented diversity is created in each
round. Due to these requirements, the use of the two
termini of RNA transcripts seems the most straightfor-
ward approach for site-specific derivatization.
In this work, selective 3′-derivatization has been

achieved by the use of the universal linker derivative 1a,
which allows for ligation by T4 RNA ligase, high flexiblity
by the PEG tether, simple coupling chemistry, and
photocleavability. With these functionalities combined
in compound 1a the preparation of the reactant for a
selection experiment can be accomplished by standard
N-hydroxysuccinimide ester chemistry, thereby substan-
tially reducing the synthetic effort. The photolytic cleav-
age reaction is particularly suited for in vitro selection
because it offers high stringency as all parameters except
irradiation remain constant during the selection.
All steps have been shown to be compatible with the

overall selection procedure by performing a model selec-
tion cycle. Therefore, the presented selection procedure
allows for the first time the design of direct selection
experiments with two freely choosable non-oligonucle-
otide reactants and with the opportunity to control the
reaction site. The final proof of the usefulness of this
method, however, will be the successful selection of a
catalytic RNA species.
The strategy presented here is especially suited to the

selection of catalysts for bond formations, but the attach-
ment of an artificial reactant to the RNA pool will also
be indispensable in the application of direct selection to
bond cleavage or redox reactions. The strategy might
therefore serve as a valuable tool for exploring the limits
of RNA catalysis.
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Evidence for Highly Cooperative Binding between Molecular
Umbrella-Spermine Conjugates and DNA
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Double- and tetrawalled molecular umbrella-spermine conjugates (I and II) have been synthesized,
and their binding to calf thymus DNA (CT-DNA), poly[d(AT)], and poly[d(GC)] compared with that of
a single-walled analogue (III). At moderate salt concentrations (8 mM NaCl), I and II show
significantly greater affinity toward each DNA, relative to III; at high salt concentrations (150 mM
NaCl), strong binding of I and II (but not III) was maintained toward poly[d(GC)]. Examination of
the influence of I-III on the melting behavior of poly[d(AT)] has provided strong evidence that the
binding of I and II reflects highly cooperative interactions among DNA-bound conjugates and that
the DNA duplex serves as a nucleation site for umbrella aggregation. The implications of these findings
for the rational design of novel drug conjugates that operate at the nuclear level, and also novel
transfection agents, are briefly discussed.

We have recently introduced a new class of surfactants
that can cover an attached agent and shield it from an
incompatible environment (1, 2). The design principle
upon which these “molecular umbrellas” have been based
involves the covalent coupling of two or more rigid
“amphiphilic walls” to a central scaffold. Our working
hypothesis is that such surfactants will enhance the
permeability of pendent polar molecules (e.g., peptides,
antisense oligonucleotides, etc.) across lipid bilayers by
masking their hydrophilicity. One important issue that
we have recently sought to clarify is whether or not an
umbrella can adversely affect the binding properties of
the attached agent. To probe this question, we synthe-

sized two umbrella-spermine conjugates (I and II) and
examined their DNA binding behavior. Spermine was
specifically chosen as a “mock drug” on the basis of its
affinity toward DNA and also its strong hydrophilicity
(3). For purposes of comparison, the DNA binding
properties of a single-walled analogue (III) were also
investigated. In this paper, we document our discovery
that the coupling of a molecular umbrella to spermine
results in significantly enhanced DNA binding at physi-
ological salt concentrations. We also present compelling
evidence that this binding is highly cooperative in
character.

MATERIALS AND METHODS

General Methods. Unless stated otherwise, all re-
agents and chemicals were obtained from commercial
sources and used without further purification. N-(O-
Succinimidylcholeate) was prepared using procedures

similar to those previously described (2). EMS silica Gel
60 was used for column chromatrography; preparative
thin-layer chromatography employed EM Science silica
gel 60 F-254. Detection on TLC was made by a combina-
tion of sulfuric acid 10% in water, I2, and UV (254 and
365 nm). House-deionized water was purified using a
Millipore Milli-Q filtering system containing one carbon
and two ion-exchange stages. All 1H NMR spectra were
recorded on a Bruker 360 MHz instrument; chemical
shifts are reported in parts per million and were refer-
enced to residual solvents. High-resolution mass spectra
were obtained at the Mass Spectrometry Facility of the
University of California, Riverside. Elemental analyses
were determined by Midwest Microlab (Indianapolis, IN).
Surface tension measurements (23 °C) were made using
a tensiometer/micro-balance (NIMA, Model ST9000).
Molecular Umbrella-Spermine Conjugate I. A

solution composed of N1,N3-spermidinebis[cholic acid
amide] (100 mg, 0.11 mmol), ethyl acrylate (0.2 mL, 1.85
mmol), CHCl3 (0.2 mL), and CH3OH (0.3 mL) was stirred
at 40 °C for 16 h. Subsequent concentration under
reduced pressure and column chromatography [silica,
CHCl3/CH3OH/H2O, 103:25:3 (v/v/v)] afforded 85 mg
(86%) of conjugated addition product having Rf 0.58 and
1H NMR (CD3OD/CDCl3, 5:1, v/v) δ 0.67 (s, 6 H), 0.87-
2.45 (m, 71 H), 2.45 (m, 4 H), 2.78 (m, 2 H), 3.15 (m, 4
H), 3.33 (m, 2 H), 3.78 (s, 2 H), 3.92 (s, 2 H), 4.11 (q, 2
H). This product was then hydrolyzed by first dissolving
it in 2 mL of methanol, followed by addition of 80 mL of
1 M NaOH in methanol. After stirring for 24 h at room
temperature, 80 mL of a 1 M HCl solution was added,
followed by concentration under reduced pressure. Pu-
rification by column chromatography [silica, CHCl3/CH3-
OH/H2O, 103:25:3 (v/v/v)] afforded 79.0 mg of the corre-
sponding acid having Rf 0.52 and 1H NMR (CD3OD) δ
0.63 (s, 6 H), 0.83-2.15 (m, 68 H), 3.06-3.28 (m, 8 H),
3.32 (m, 2 H), 3.75 (s, 2 H), 3.88 (s, 2 H). Treatment of
this acid with O-(N-succinimidyl)-N,N,N′,N′-tetrameth-
yluronium tetrafluoroborate (TSU) (26.4 mg, 0.086 mmol)
and diisopropylethylamine (DIPEA) (11.2 mg, 0.086
mmol) in 0.5 mL of DMF for 4 h at room temperature
produced the corresponding activated ester, which was
then added, dropwise, to a solution of spermine (44.5 mg,
0.22 mmol) in 0.2 mL of anhydrous DMF. The resulting
mixture was stirred for 18 h at room temperature and
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then concentrated under reduced pressure. Subsequent
dissolution in 1 mL of CH3OH and precipitation by
addition of 10 mL of a saturated aqueous NaHCO3
solution afforded a colorless solid, which was triturated
with water (2 × 10 mL) and purified by column chroma-
tography [silica, CH3OH/NH4OH, 3:1 (v/v)] to give 21.0
mg (16%) of I, having Rf 0.45, mp 151-153 °C, and 1H
NMR (CD3OD) δ 0.70 (s, 6 H), 0.91-2.25 (m, 74 H), 2.45
(m, 2 H), 2.60-2.72 (m, 12 H), 3.20 (m, 2 H), 3.33 (m, 2
H), 3.78 (d, 2 H), 3.94 (s, 2 H). Anal. Calcd for
C68H123N7O9: C, 69.05; H, 10.48; N, 8.29. Found: C,
68.86; H, 10.51; N, 8.22. HRMS for (C68H124N7O9)+
calcd: 1182.9461. Found: 1182.9413.

Molecular Umbrella-Spermine Conjugate II. To
a stirred solution of iminodiacetic acid (0.49 g, 3.68 mmol)
in a solution of 9 mL of saturated NaHCO3/dioxane (4:5,
v/v) was added 9-fluorenylmethoxycarbonyl chloride (Fmoc-
Cl) (0.95 g, 3.67 mmol) in a few portions at room
temperature. After the mixture was stirred in a closed
flask for 20 min at room temperature, the solvents were
removed under reduced pressure at 40 °C. The resulting
oil was then acidified by adding 20 mL of 1 M HCl to
give a colorless solid that was dissolved in 20 mL of
CHCl3 and sequentially washed with 1 M HCl (2 × 10
mL) and water (3 × 10 mL). The organic phase was
concentrated under reduced pressure, and the colorless
solid was recrystallized twice in 30 mL of CH3OH to give
0.75 g (58%) of the Fmoc-carbamate of iminodiacetic acid
having 1H NMR (CD3OD/CDCl3, 5:1, v/v) δ 4.10 (d, 4 H),
4.20 (t, 1 H), 4.34 (d, 2 H), 7.27 (t, 2 H), 7.31 (t, 2 H),
7.58 (d, 2 H), 7.74 (d, 2 H).
To a stirred solution of FmocN(CH2CO2H)2 (19.2 mg,

0.054 mmol) and DIPEA (15.6 mg, 0.12 mmol) in 0.3 mL
of anhydrous DMF was added 36.0 mg (0.19 mmol) of
TSU. The reaction mixture was stirred at room temper-
ature for 75 min and then diluted with a solution
containing 0.2 mL of DMF, 0.1 mL of DIPEA, and 98.5

mg (0.106 mmol) of N1,N3-spermidinebis[cholic acid
amide]. After 24 h of stirring at room temperature, the
solvents were removed under reduced pressure, and the
residue was dissolved in 1 mL of CH3OH. Subsequent
precipitation by addition into 20 mL of a saturated
aqueous solution of NaHCO3, trituration with water (2
× 10 mL), and purification by preparative thin-layer
chromatography [EM Sciences silica, 1 mm, CHCl3/CH3-
OH/H2O, 65:25:3 (v/v/v)] afforded 0.072 g (69%) of the
Fmoc-protected tetrawalled umbrella having Rf 0.75 and
1H NMR (CD3OD) δ 0.60 (s, 12 H), 0.63-2.19 (m, 132
H), 2.95-3.25 (m, 16 H), 3.35 (m, 4 H), 3.73 (s, 4 H), 3.86
(s, 4 H), 4.00 (br s, 4 H), 4.14 (d, 2 H), 4.35 (t, 1 H), 7.22-
7.71 (m, 8 H). Subsequent deprotection was carried out
by dissolving 150 mg (0.069 mmol) of the Fmoc-protected
tetrawalled umbrella plus 0.10 mL (1.01 mmol) of pip-
eridine in 2 mL of CH3OH and stirring the solution for 5
h at 40 °C. Removal of solvent under reduced pressure,
followed by column chromatography [silica, CHCl3/CH3-
OH/H2O, 103:27:3 (v/v/v/)] afforded 91 mg (67%) of the
corresponding amine having Rf 0.38 and 1H NMR (CD3-
OD) δ 0.70 (s, 12 H), 0.91-2.30 (m, 132 H), 3.17 (m, 8
H), 3.35 (m, 12 H), 3.54 (br d, 4 H), 3.78 (br s, 4 H), 3.94
(br s, 4 H).
Conjugate addition of 105 mg (0.045 mmol) of the

tetrawalled amine to ethyl acrylate (1 mL, 10 mmol) was
carried out in 0.5 mL of CH3OH plus 0.2 mL of CHCl3 by
stirring at 50 °C for 3 days. Removal of solvent under
reduced pressure and purification by column chromatog-
raphy [silica, CHCl3/CH3OH/H2O, 103:25:3 (v/v/v)] af-
forded 81.8 mg (78%) of the conjugate addition product
having Rf 0.56 and 1H NMR (CD3OD) δ 0.70 (s, 12 H),
0.91-2.25 (m, 137 H), 2.45 (m, 2 H), 2.95 (m, 2 H), 3.15
(m, 8 H), 3.38 (m, 10 H), 3.48 (br d, 4 H), 3.78 (br s, 4 H),
3.94 (br s, 4 H), 4.15 (t, 2 H).
Hydrolysis of the tetrawalled ethyl ester (81.8 mg,

0.0395 mmol) in 2 mL of CH3OH was carried out by
adding 0.05 mL of a solution made from 1 M NaOH/CH3-
OH (4:1, v/v) and stirring at room temperature for 1 h,
followed by additional stirring for 3 h at 50 °C. After
the mixture had cooled to room temperature, 0.05 mL of
a 1 MHCl solution was then added and the solvents were
removed under reduced pressure to afford 78.0 mg (97%)
of the corresponding acid having an Rf 0.25 [CHCl3/CH3-
OH/H2O, 65:25:4 (v/v/v)] and 1H NMR (CD3OD) δ 0.70
(s, 12 H), 0.90-2.32 (m, 134 H), 2.52 (t, 2 H), 3.18 (m, 10
H), 3.36 (m, 10 H), 3.70 (m, 4 H), 3.79 (s, 4 H), 3.93 (s, 4
H).
To a stirred solution of the tetrawalled carboxylic acid

(100 mg, 0.05 mmol) and DIPEA (8.9 mg, 0.065 mmol)
in 0.6 mL of anhydrous DMF was added TSU (19.7 mg
(0.065 mmol). The resulting mixture was stirred at room
temperature in a closed flask for 3 h. The solution was
then added, dropwise, to a solution of spermine (80 mg,
0.4 mmol) and DIPEA (25 mL). After the reaction
mixture had stirred for 24 h at room temperature, the
solvents were removed under reduced pressure. Subse-
quent dissolution in CH3OH (1 mL), precipitation by
addition of a saturated solution of NaHCO3 (10 mL),
trituration with water (3 × 5 mL) and purification by
column chromatography [silica, CH3OH, NH4OH, 4:1 (v/
v)] afforded 58.3 mg (53%) of II having Rf 0.39, mp 159-
161 °C, and 1H NMR (CD3OD) δ 0.70 (s, 12 H), 0.91-
2.28 (m, 142 H), 2.30-2.90 (m, 12 H), 3.15 (m, 10 H),
3.35 (m, 12 H), 3.55 (br d, 4 H), 3.79 (br s, 4 H), 3.94 (br
s, 4 H). Anal. Calcd for C127H221N11O19‚2 H2O: C, 68.03;
H, 9.93; N, 6.87. Found: C, 67.97; H, 9.90; N, 6.84. MS
for (C127H222N11O19)+ calcd: 2206. Found: 2207.
N1-Spermine Cholic Acid Amide (III). Cholic acid

(0.200 g, 0.5 mmol) was activated by reaction with TSU
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(0.170 g, 0.56 mmol) and 80 µL (0.5 mmol) of DIPEA in
2 mL of DMF. After the solution had stirred for 5 h at
room temperature, a solution that was made from sper-
mine (100 mg, 0.5 mmol) in 8 mL of CHCl3/THF (1:1, v/v)
was added dropwise. The reaction mixture was stirred
overnight at room temperature and concentrated under
reduced pressure. Subsequent addition of chloroform (10
mL), sequential washing with 3 mL of NaHCO3 and 3
mL of brine, drying (Na2SO4), concentration under re-
duced pressure, and column chromatography [silica, CH3-
OH/NH4OH (3:1, v/v)] afforded 34 mg (11%) of a colorless
solid having 1H NMR (CD3OD) δ 0.70 (s, 3 H), 0.91 (s, 3
H), 1.00-2.30 (m, 35 H), 2.50-3.00 (m, 12 H), 3.12 (m, 2
H), 3.30-3.40 (m, 1 H), 3.78 (br s, 1 H), 3.95 (br s, 1 H).
Anal. Calcd for C34H64N4O4‚3/4 H2O: C, 67.34; H, 10.89;
N, 9.24. Found: C, 67.11; H, 10.85; N, 9.83. HRMS for
(C34H65N4O4)+ calcd: 593.5006. Found: 593.4997.
DNA Binding by Ethidium Displacement. Typi-

cally, 3 mL of a 0.01 SHE buffer (8 mM NaCl), 10 mL of
an ethidium bromide solution (0.3 mM in 0.01 SHE
buffer, 8 mM NaCl), and 10 µL of a DNA solution (0.3
mM in 0.01 SHE buffer, 8 mM NaCl) were added to a
cuvette. The fluorescence intensity at 595 nm was then
determined after injection of various volumes of the
polyamine conjugate (0.3-1.0 mM, methanolic solution).
The excitation wavelength was 547 nm. Analogous
experiments that were carried out at “high” salt concen-
trations used a SHE buffer that was 150 mM in NaCl.

RESULTS AND DISCUSSION

The synthetic approaches that were used to prepare
I-III are outlined in Scheme 1. In brief, activation of
cholic acid with N-hydroxysuccinimide (NHS) followed
by condensation with spermidine afforded a double-
walled precursor, 1. Subsequent addition of ethyl acryl-
ate, followed by saponification, activation with NHS, and
condensation with spermine yielded I. The synthesis of
II followed a similar strategy. Thus, protection of the
amino group of iminodiacetic acid with the Fmoc moiety,
followed by activation with TSU, coupling with 1, depro-
tection, and conjugation with spermine (in a manner
similar to that used for the preparation of I), afforded
the desired tetrawalled umbrella, II. Finally, direct
coupling of cholic acid to spermine (after activation with
NHS) afforded III.
To assess the affinity of I-III toward DNA, we have

used the ethidium displacement technique (4-7). Here,
the concentration of each conjugate that is needed to

reduce the fluorescence intensity of ethidium by 50%
(only DNA-bound ethidium is fluorescent) is taken as a
measure of its affinity toward the nucleic acid. Although
such “C50” values cannot be directly converted into
binding constants, since the mode and stoichiometry of
binding by ethidium and by the sterol polyamines are
uncertain, they do provide a useful qualitative means for
probing the effects of polyamine structure on DNA
binding. Using experimental conditions similar to those
previously described (0.01 SHE buffer: 8 mM NaCl, 2
mM HEPES, 0.05 mM EDTA; ethidium concentration )
1.0 µM; DNA base pair concentration ) 1.0 µM; pH 7, 25
°C), we obtained C50 values for spermine that are in good
agreement with those previously reported (4). Since
independent studies have estimated a dissociation con-
stant for spermine-DNA complexes in the range of 0.1-
1.0 µM under similar conditions, a C50 value for spermine
of ∼1 µM reflects very strong DNA binding (7).
A summary of the C50 values for I-III, spermine, and

spermidine, with respect to calf thymus (CT) DNA, is
presented in Table 1. Introduction of one amphiphilic
wall to the spermine molecule (i.e., III) resulted in a
significant reduction in DNA binding. The fact that III
binds more strongly to DNA than spermidine, however,
implies that hydrophobic forces and/or hydrogen bonding
between the sterol nucleus and DNA contribute to such
complexation. That hydrophobic forces are, in fact, of
greater importance is indicated by the fact that replace-
ment of the C-7 hydroxyl group of the sterol by a

Scheme 1

Table 1. Binding of Molecular Umbrellas to Calf Thymus
DNA, Poly[d(AT)], and Poly[d(GC)]

C50
a (µM)

compound CT-DNA poly[d(AT)] poly[d(GC)] poly[d(GC)]b

spermine 0.90 (1.0)c 2.11 (2.7)c 1.15 (1.1)c >200
spermidine 30.0 (27)c
I 0.40 1.47 0.90 4.45
II 0.32 0.91 0.90 2.20
III 5.52 10.7 10.5 >200

a Concentration necessary to displace 50% of DNA-bound
ethidium under the following conditions: [DNA-bp] ) 1.0 µM,
[ethidium] ) 1.0 µM, SHE buffer (8 mMNaCl, 2 mMHEPES, 0.05
mM EDTA, pH 7.0); excitation at 547 nm, emission at 595 nm.
Values reported are averages of two independent experiments (
10%. Methanolic solutions of the polyamine (0-50 µL, 1.0 mM)
were injected into 3.0 mL of the DNA-containing buffer at 25 °C.
b SHE buffer (150 mM NaCl, 2 mM HEPES, 0.05 mM EDTA, pH
7.0); initial fluorescence intensities were ∼50% of that measured
using 8 mM NaCl. c Reference 4.
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hydrogen atom (i.e., an analogous deoxycholic acid de-
rivative) resulted in considerably stronger binding (C50
) 1.4 µM, not listed). It is noteworthy, in this regard,
that a recent study by Burrows and co-workers has also
shown that hydrophobic forces can contribute to the
binding of certain amine-containing sterols to DNA (4).
When the spermine molecule was attached to the double-
and tetrawalled umbrellas, however, significantly greater
DNA binding was observed. Similar behavior was found
with poly[d(AT)] and poly[d(GC)] (Table 1). In control
experiments, inclusion of 2 equiv of cholic acid did not
significantly alter the affinity of spermine to poly[d(GC)]
or spermidine to CT-DNA (not listed). In addition, the
double-walled precursor (1) showed negligible binding
toward all three types of DNA (C50 > 200).
Previous studies have shown that the binding of

spermine and spermidine to DNA is strongly dependent
upon the concentration of Na+ that is present: the higher
the Na+ concentration, the weaker the polyamine binding
(8). This result has been attributed to a competition
between the proton-ionized nitrogens of the polyamine
and Na+, in serving as counterions in the vicinity of the
negatively charged DNA. Consistent with these findings,
we have observed a dramatic decrease in the binding of
spermine to poly[d(GC)] when the Na+ concentration was
increased from 8 to 150 mM (Table 1). Exactly analogous
results were observed with III. In sharp contrast, the
affinity of each of the umbrella conjugates toward DNA
was significantly less dependent on salt concentration;

that is, the C50 values for I and II increased by factors of
only ca. 5 and 2, respectively. Thus, the difference in
DNA binding between spermine and II (both having four
proton-ionizable nitrogens) at high salt concentrations is
quite large, i.e., 2 orders of magnitude.
To obtain further insight into the interactions I-III

with DNA, we examined their influence on the melting
behavior (denaturation) of the duplex poly[d(AT)]. As can
be seen in Figure 1, striking differences among these
three systems are readily apparent. Thus, addition of
III leads to a continuous increase in the melting tem-
perature (Tm) in a manner that is very similar to that
found with spermine and spermidine (not shown). In the
absence of the conjugate, poly[d(AT)] shows a melting
temperature of 41 °C; with III, a maximum Tm of 56 °C
is observed (Figure 1). In sharp contrast, incremental
addition of the tetrawalled umbrella, II, resulted in two
distinct melting temperatures,i.e., one that was similar
to that of the native DNA and one that corresponded to
a stabilized form (Tm ) 56 °C). In this case, incremental
addition of the umbrella resulted in a continuous diminu-
tion of the former component and an increase in the
latter. Qualitatively, the double-walled molecular um-
brella, I, exhibited behavior that combined those of II
and III. Specifically, the low-temperature transition was
gradually shifted to a high-temperature transition, and
its overall contribution steadily declined. At high um-
brella concentrations, only the high-temperature transi-
tion was observed.

Figure 1. Melting behavior of poly[d(AT)] [0.01 SHE buffer: 8 mMNaCl, 2 mMHEPES, 0.05 mMEDTA; DNA base pair concentration
) 6.5 µM; pH 7,] in the presence of I, II, and III: (A) III at (a) 0, (b) 0.065, (c) 0.13, (d) 0.26, and (e) 0.39 µM; (B) I at (a) 0, (b) 0.13,
(c) 0.65, and (d) 1.56 µM; (C) II at (a) 0, (b) 0.65, (c) 1.3, (d) 1.95, and (e) 2.6 µM; (D) II at 1.3 µM. In all cases, a heating rate of 2
°C/min was used; absorbance was determined at 260 nm.
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Taken together, the effects of I-III on the melting
behavior of poly[d(AT)] and the enhanced binding of the
umbrella conjugates in the presence of a high salt
concentration provide compelling evidence for highly
cooperative binding and umbrella aggregation along the
DNA duplex. Thus, the two distinct melting tempera-
tures that are associated with II are a likely consequence
of “bare” DNA segments and “stretches” of the duplex
that are covered by an aggregated form of the umbrella.
As the umbrella concentration is increased, the size and/
or number of such aggregates increases. The fact that
submicellar concentrations of II were used in these
melting experiments [critical micelle concentration (cmc)
in the identical buffer is 31 µM; surface tension] further
indicates that DNA serves as a nucleation site for
aggregation. The continuous increase in temperature of
a single transition for III also indicates that this conju-
gate is bound to DNA in a more random fashion. The
apparent “mixed” behavior of I (cmc ) 40 µM) is a likely
consequence of a monomer-aggregate equilibrium that
is established on the surface of DNA, where both forms
are present in significant amounts. Analogous nucleation
phenomena have previously been reported for the binding
of cetyltrimethylammonium bromide to DNA (9). Since
III contains only a single amphiphilic wall, it is not
capable of cooperative hydrophobic interactions with
neighboring conjugates. With I and II, however (having
two and four amphiphilic walls, respectively), such co-
operativity is possible. The high cooperativity that is
apparent for the DNA binding of II is a likely conse-
quence of the larger number of walls that are present.
The relatively modest differences in DNA binding be-
tween I and II, as judged by the ethidium displacement
assay, can be readily accounted for if it is assumed that
the amphiphilic walls do not play a direct role in the
displacement of the dye, e.g., by contacting the DNA.
Similar conclusions have recently been drawn for simple
bile acid-polyamine conjugates (10). Finally, it should
be noted that the cooperativity that we have discovered
with these umbrella-based conjugates may also be pos-
sible with other small molecules; that is, the presence of
amphiphilic walls may not be essential. Our findings do
suggest, however, that a prerequisite for such coopera-
tivity is that the ligand contain multiple hydrophobic
segments.
In principle, cooperative DNA binding of the type

described herein may be exploitable from the standpoint
of rational drug design. One can envision, for example,
that the attachment of molecular umbrellas to those
drugs that act on DNA could result in increased potency
due to stronger DNA binding. Moreover, the possibility
of enhanced permeation across biological membranes
could lead to increased efficacy by improving the drug’s
accessibility to the cytoplasm and to the nucleus of a cell.
In prelimary studies, we have compared the abilities of

I-III to extract CT-DNA from 0.01 SHE buffer into an
equal volume of 1-octanol using an umbrella/base pair
ratio of 5.0. The percentages of DNA that was extracted
were found to be 30, 84, and 3% for I, II, and III,
respectively (phosphorus analysis). Although water/
octanol partitioning is distinct from water/bilayer parti-
tioning, these results clearly indicate that molecular
umbrellas have the ability to transport DNA into a
hydrocarbon environment. This capability, together with
their ability to maintain strong DNA binding under
physiological salt concentrations, is encouraging in terms
of their possible use as gene transfer agents. Efforts
aimed at exploring the practical potential of umbrella-
spermine conjugates are continuing in our laboratories.
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New Synthesis and Characterization of (+)-Lysergic Acid
Diethylamide (LSD) Derivatives and the Development of a
Microparticle-Based Immunoassay for the Detection of LSD and Its
Metabolites
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In this paper are reported the synthesis and characterization of three LSD derivatives. On the basis
of several analytical characterization studies, the most stable derivative has been selected and a
procedure to covalently link the derivative to polystyrene microparticles through a carrier protein
has been developed. In addition, two new LSD immunogens have been synthesized and characterized,
and from these immunogens antibodies that recognize not only LSD but also several major LSD
metabolites have been generated. Using the selected derivative and antibody, a homogeneous
microparticle-based immunoassay has been developed for the detection of LSD in human urine with
the required sensitivity and specificity for an effective screening assay. The performance of this LSD
OnLine assay has been evaluated using the criteria of precision, cross-reactivity, correlation to the
Abuscreen LSD RIA and GC/MS/MS, assay specificity, and limit of detection.

INTRODUCTION

(+)-Lysergic acid diethylamide (LSD,1 Scheme 1) is a
highly potent drug that acts on the central nervous
system and alters sensory perception, states of conscious-
ness, and thought processes. By causing these altered
states, the drug produces severe visual and auditory
hallucinations. In addition to these physical effects, the
use of LSD has been and continues to be a problem for
drug and law enforcement agencies around the world (1-
4). Making the problem even more complex is the fact
that the detection of LSD in body fluids of users is
difficult because the quantities typically ingested are very
small (100-250 µg/dose) (4). To date, limited research
has been conducted on the chemical properties of LSD.
It is, however, known that LSD has an inherent fluores-
cence, which can be excited at 320 nm and emits at 445
nm. Additionally, under UV light irradiation, LSD can
undergo catalytic hydration at the C-9,10 double-bond
position. Once hydration occurs, the loss of fluorescence
at 445 nm is observed. In alkaline solution, LSD under-
goes an epimerization at the C-8 position, resulting in
partial formation of iso-LSD. LSD is also unstable under
prolonged heat exposure, but the mechanism of the
thermal decomposition is not yet fully understood (5, 6).
Under physiological conditions, LSD is rapidly and

extensively converted to several known and unknown

metabolic products. At present, several metabolites of
LSD in the human body, such as N-demethyl-LSD (nor-
LSD), 2-oxo-3-hydroxy-LSD, 13-hydroxy-LSD, and 14-
hydroxy-LSD, have been tentatively identified; yet only
one metabolite (nor-LSD) and the parent compound, both
excreted at 1% of the total dose, have been conclusively
identified (6-10).
Currently, the measurements of LSD and its metabo-

lites in biological fluids rely on radioimmunoassay meth-
ods or HPLC fluorescence methods and very specialized
GC/MS/MS methods for confirmation (7-13). These
methods produce undesirable radioactive waste or re-
quire extensive pretreatment of samples, very specialized
equipment, and highly trained personnel. There has
been much interest in recent years, because of the
reported increased abuse, to develop nonisotopic, highly
automated, homogeneous analytical methods to detect or
screen for LSD abuse. Due to the lower sensitivities of
nonisotopic immunoassays, the instability of LSD under
both physiological and nonphysiological conditions, and
the lack of information about the majority of the me-
tabolites, the development of nonisotopic immunoassays
to date has been a challenge. It is, therefore, extremely
important to systematically synthesize LSD derivatives
and study the stability of these derivatives for the
development of a nonisotopic immunoassay. A conjugate
procedure for making a LSD microparticle is also critical
for obtaining a highly sensitive LSD assay. In addition,
it is very important to generate antibodies that are
capable of recognizing not only LSD but also its major
metabolites. These antibodies must have low cross-

* Author to whom correspondence should be addressed.
X Abstract published in Advance ACS Abstracts, October 15,

1997.
1 Abbreviations: BTG, bovine thyroglobulin; DMSO, dimethyl

sulfoxide; DMF, N,N-dimethylformamide; CMC, N-cyclohexyl-
N′-(2-morpholinoethyl)carbodiimide methyl-p-toluenesulfonate;
EDTA, ethylenediaminetetraacetic acid; ELISA, enzyme-linked
immunosorbent assay; GC/MS/MS, gas chromatography/tandem
mass spectrometry; KPi, potassium phosphate; NHB‚H2O, N-
hydroxybenzotriazole hydrate; NHS, N-hydroxysuccinimide;
LSD, (+)-lysergic acid diethylamide; nor-LSD,N-demethyl-LSD;
NMR, nuclear magnetic resonance; SAMHSA, substance abuse
and mental health services administration; TEA, triethylamine;
THF, tetrahydrofuran; TLC, thin-layer chromatography; TNBS,
trinitrobenzenesulfonic acid.

Scheme 1. Structure of LSD
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reactivity to structurally related compounds that are not
substances of abuse.
In this paper, we describe the synthesis and charac-

terization of new LSD derivatives used in the develop-
ment of a microparticle-based OnLine immunoassay. We
also describe a new procedure to make a LSD micro-
particle. Like other OnLine immunoassays, this assay
is based on the principle of the kinetic interaction of
microparticles in solution (KIMS) (14), in which the drug
content in the urine is directly proportional to the
inhibition of the microparticle agglutination. Four LSD
derivatives were synthesized, two of which (3 and 7,
Scheme 3) were used to prepare immunogens (4 and
8, Scheme 3) for antibody production and three of
which (6, 7, and 10, Schemes 2 and 3) were examined
for best stability. From this work the most stable
derivative was selected for preparing the conjugate. For
the development of this microparticle-based assay, the
selected LSD derivative was covalently coupled to a
carrier protein, and this conjugate was then covalently
linked to microparticles. These newly developed LSD
microparticles, together with the properly selected anti-
bodies, were then developed into a competitive displace-
ment immunoassay for LSD with a detection limit of 0.2
ng/mL LSD.

MATERIALS AND METHODS

Reagents. All solvents were obtained from Fisher
Scientific (Pittsburgh, PA) unless specified. All flash
grade silica gel and silica gel preparative TLC plates were
obtained from E. M. Science (Gibbstown, NJ). Protein
concentrations were determined by using the Bradford
protein assay reagents (15) purchased from Bio-Rad
(Hercules, CA), and 2-oxo-3-hydroxy-LSD was purchased
from Radian (Austin, TX). LSD, nor-LSD, 1-(3-aminobu-
tyl)-N,N-diethyl-D-lysergamide, and 1-(3-aminopropyl)-
N,N-diethyl-D-lysergamide (1a and 1b, Scheme 2) (16)
and Abuscreen RIA were prepared by Roche Diagnostic
Systems (Somerville, NJ). LSD antibodies for the
Abuscreen RIA were generated using a LSD analogue
derivatized through the indole nitrogen and conjugated
to BSA. Carboxylated polystyrene microparticles were
obtained from Bangs Laboratories (Carmel, IN). CMC,
NHB‚H2O, ovalbumin, and other reagents were obtained
from Sigma (St. Louis, MO).
Instrumentation. Fluorescence measurements were

carried out by using an LS-5B luminescence spectrometer
(Perkin-Elmer, Norwalk, CT). The excitation wavelength
was set at 320 nm, and the emission wavelength was
measured at 445 nm. Light irradiation was performed
using a 20 W desk-top fluorescent light. Proton nuclear
magnetic resonance (1H NMR) spectra were recorded at
400 MHz on an XL-400 NMR spectrometer (Varian,
Palo Alto, CA); coupling constants are given in hertz (Hz),
and CDCl3 was used as the solvent. The abbreviations
used are as follows: s, singlet; d, doublet; t, triplet; m,
multiplet. The OnLine immunoassay was performed
using an Olympus AU800 automated analyzer (Olympus,
Lake Success, NY).
Synthesis of LSD Labels. Synthesis of 1-(3-Ami-

nobutyl)-N,N-diethyl-d-lysergamide and 1-(3-Aminopro-
pyl)-N,N-diethyl-d-lysergamide (2a and 2b, Scheme 2).
A solution of 900 mg (1.7 mmol) of 1a in 25 mL of
methanol was treated with 0.385 mL (12.3 mmol) of
anhydrous hydrazine and stirred at room temperature
overnight. The reaction mixture was concentrated at
reduced pressure. The residue was treated with 25 mL
of a mixture of 9:1 methylene chloride/methanol, and the
insoluble solids were filtered off. The filtrate was chro-
matographed on 200 g of silica gel using 25% methanol

in methylene chloride as an eluent to elute front-running
impurities, followed by 2% triethylamine/25% methanol
in methylene chloride as an eluent to elute the product
to yield 563 mg (83%) of 2a as a yellow amorphous solid:
1H NMR (400 MHz, CDCl3) δ 1.17 (3H, t, J ) 7.1), 1.24
(3H, t, J ) 7.1), 1.50-1.60 (2H, m), 1.82-1.92 (2H, m),
2.59 (3H, s), 2.62-2.92 (6H, m), 3.02-3.10 (1H, m), 3.18-
3.26 (1H, m), 3.37-3.57 (6H, m), 3.84-3.92 (1H, m), 4.08
(2H, t, J ) 6.8), 6.33 (1H, s), 6.79 (1H, s), 7.11-7.20 (3H,
m); MS, m/e 394 (M+); HR-EI MS calcd for M+ 394.2733,
found 394.2731. Likewise, 2b was obtained using an
analogous procedure in 80% yield.
Synthesis of 1-[[[(4-Isothiocyanatophenyl)carbonyl]-

amino]butyl]-N,N-diethyl-d-lysergamide (3, Scheme 3). A
solution of 370 mg (0.94 mmol) of 2a in 15 mL of
anhydrous THF was cooled to 0 °C and treated with a
solution of 190 mg (0.96 mmol) of 4-isothiocyanatoben-
zoyl chloride (17) in 5 mL of anhydrous THF and then
stirred at 0 °C for 30 min and then at room tempera-
ture overnight; the reaction was driven to completion by
adding 0.14 mL (1.0 mmol) of triethylamine and stirred
at room temperature for 2 h. The reaction mixture was
concentrated at reduced pressure. The residue was
dissolved in methylene chloride, washed with H2O, dried
over anhydrous sodium sulfate, and concentrated at
reduced pressure. The residue was chromatographed on
200 g of silica gel using 3% methanol in methylene
chloride as an eluent to yield 325 mg (62%) of 3 as a tan
amorphous solid: 1H NMR (400 MHz, CDCl3) δ 1.17 (3H,
t, J ) 7), 1.24 (3H, t, J ) 7), 1.55-1.65 (2H, m), 1.80-
2.05 (4H, m), 2.61 (3H, s), 2.63-2.75 (1H, m), 2.85-2.95
(1H, m), 3.04-3.12 (1H, m), 3.18-3.28 (1H, m), 3.35-
3.58 (4H, m), 4.13 (2H, t, J ) 6.4), 5.97-6.03 (1H, m),
6.35 (1H, s), 6.79 (1H, s), 7.10-7.20 (3H, m), 7.24 and
7.67 (4H, AA′ BB′q, J ) 8.4); MS,m/e 555 (M+); [R]D ) +
47.5° (c 0.91%; CHCl3).
Synthesis of 4′-[[2,5-Dioxo-1-pyrrolidinyl)oxy]carbonyl]-

[1,1′-biphenyl]-4-carbonyl Chloride (5, Scheme 2). A
mixture of 2.0 g (8.2 mmol) of 4,4′-biphenyldicarboxylic
acid in 40 mL of anhydrous THF was treated with 5.0
mL (55.0 mmol) of oxalyl chloride followed by 0.02 mL of
anhydrous DMF. The reaction was stirred at room
temperature for 10 min and then heated to reflux for 90
min. The reaction was then concentrated at reduced
pressure to a yellow oil. This was recrystallized from a
mixture of THF and ether to yield 1.67 g (73%) of the
diacid chloride as yellow needles: 1H NMR (200 MHz,
CDCl3) δ 7.75 and 8.22 (8H, AA′ BB′q, J ) 8); MS, m/e
278 (M+).
A solution of 1.67 g (6.0 mmol) of 1,1′-biphenyl-4,4′-

dicarbonyl chloride in 65 mL of anhydrous THF was
treated with 710 mg (6.17 mmol) of N-hydroxysuccinim-
ide, followed by 0.835 mL (6.0 mmol) of triethylamine.
The reaction was stirred at room temperature for 2 h,
after which time it was filtered to remove triethylamine
HCl. The filtrate was concentrated at reduced pressure
to yield 2.0 g (93%) of 5 as a pale yellow solid: IR (CHCl3)
1775, 1742 cm-1; 1H NMR (400 MHz, CDCl3) δ 2.94 (4H,
br s), 7.77 (4H, d, J ) 8.5), 8.23-8.27 (4H, m); MS, m/e
357 (M+).
Synthesis of 1-[3-[[[4′-[[(2,5-Dioxo-1-pyrrolidinyl)oxy]-

carbonyl][1,1′-biphenyl]-4-yl]carbonyl]amino]propyl]-N,N-
diethyl-d-lysergamide (6, Scheme 2). A solution of 850
mg (2.375 mmol) of 5 in 65 mL of anhydrous THF under
argon was cooled to 0 °C in an ice bath and then treated
with a solution of 900 mg (2.365 mmol) of 2b in 50 mL of
anhydrous THF and 0.6 mL (4.3 mmol) of triethylamine
added dropwise over a 20 min period. The reaction
mixture was stirred at 0 °C for 1 h and then warmed to
room temperature, with stirring, for 1 h. The mixture
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was concentrated at reduced pressure, and the residue
was dissolved in 100 mL of methylene chloride. The
solution was washed with 100 mL of H2O, 100 mL of
saturated sodium bicarbonate solution, and 100 mL of
saturated brine solution, dried over anhydrous sodium
sulfate, and concentrated at reduced pressure to a brown
residue. This was chromatographed on a short column
of 100 g of silica gel using first methylene chloride as an
eluent, then 9:1 methylene chloride/ether as an eluent
to elute front-running impurities, and then 14:1 meth-
ylene chloride/isopropyl alcohol as an eluent to elute the

product to yield 650 mg (39%) of 6 as a cream-colored
solid: IR (CHCl3) 1772, 1743 cm-1; 1H NMR (400 MHz,
CDCl3) δ 1.12-1.22 (6H, m), 2.18-2.22 (2H, m), 2.52 (3H,
s), 2.60-2.68 (1H, m), 2.72-2.82 (1H, m), 2.93 (4H, s),
3.00-3.10 (2H, m), 3.38-3.58 (7H, m), 3.85-3.92 (1H,
m), 4.24-4.32 (2H, m), 5.63-5.71 (1H, m), 6.41 (1H, s),
6.86 (1H, s), 7.20-7.25 (3H, m), 7.36 and 7.57 (4H, AA′
BB′ q, J ) 8.8), 7.75 and 8.21 (4H, AA′ BB′ q, J ) 8.8);
MS,m/e 702 (M+). An almost equal amount of the dimer
was also obtained as a yellow oil: IR (CHCl3) 3445, 2780,
1653, 1627 cm-1; 1H NMR (CDCl3) δ 1.16 (3H, t, J ) 7.2),

Scheme 2. Synthesis of LSD Derivatives
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1.21 (3H, t, J ) 7.1), 2.15-2.23 (2H, m), 2.51 (3H, s),
2.56-2.64 (1H, m), 2.77 (1H, t, J ) 11), 2.96-3.03 (1H,
m), 3.03-3.09 (1H, m), 3.35-3.47 (5H, m), 3.47-3.55 (2H,

m), 3.80-3.86 (1H, m), 4.20-4.30 (2H, m), 5.90-5.96 (1H,
m), 6.85 (1H, s), 7.17-7.25 (3H, m), 7.45 and 7.54 (4H,
AA′ BB′q, J ) 8.1); MS, m/e 967 (M+H).

Scheme 3. Preparation of LSD Protein Conjugates
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Synthesis of 1-[[5-[8b-9,10-Didehydro-8-[(diethylami-
no)carbonyl]ergolin-6-yl]-1,5-dioxopentyl]oxy]-2,5-pyrro-
lidinedione (7, Scheme 3). A solution of 200 mg (0.65
mmol) of nor-LSD in 10 mL of anhydrous THF, under
argon, was treated with 161 mg (0.65 mmol) of 5-[(2,5-
dioxo-1-pyrrolidinyl)oxy]-5-oxopentanoyl chloride (20, 21),
followed by 0.2 mL (1.4 mmol) of anhydrous triethyl-
amine. The reaction mixture was stirred at room tem-
perature for 30 min and then concentrated at reduced
pressure. The residue was dissolved in methylene chlo-
ride, washed with H2O and saturated aqueous sodium
bicarbonate solution, dried over anhydrous sodium sul-
fate, and concentrated at reduced pressure to yield 330
mg (98%) of 7 as a yellow amorphous solid: UV (CH3-
OH) λmax 308 (ε) 8980); IR (KBr) 3396, 1814-1739, 1634,
1628 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.08-1.18 (3H,
m), 1.25-1.38 (3H, m), 2.05-2.25 (2H, m), 2.43-3.25 (6H,
m), 2.83 (4H, s), 3.28-3.60 6H, m), [4.26 (d, J ) 13.6)
(major) and 5.02 (d, J ) 13.6) (minor)] (1H, rotamers),
[4.73-4.81 (minor) and 5.25-5.33 (major)] (1H, m, rota-
mers), 6.38 (1H, m), [6.90 (major) and 6.95 (minor)] (1H,
s, rotamers), 7.08-7.30 (3H, m), 8.00 (1H, m); MS, m/e
521 (M+H).
Synthesis of 8â-6-(3-Aminopropyl)-9,10-didehydro-N,N-

diethylergoline-8-carboxamide (9, Scheme 2). Alkylation
of nor-LSD with iodopropylphthalimide was carried out
according to the procedure of Marzoni and Garbrect (16).
The resulting phthalimide derivative (820 mg, 1.65 mmol)
in 30 mL of methanol was treated with 0.4 mL (12.7
mmol) of anhydrous hydrazine and stirred at room
temperature overnight. The reaction mixture was fil-
tered and concentrated at reduced pressure. The residue
was chromatographed on 100 g of silica gel using 2%
triethylamine/15% methanol in methylene chloride as an
eluent. Fractions containing product were combined and
rechromatographed on 150 g of silica gel using 2%
triethylamine/15% methanol in chloroform as an eluent
to yield 560 mg (93%) of 9 as a yellow amorphous solid:
IR (CHCl3) 3479, 1663, 1624 cm-1; 1H NMR (400 MHz,
CDCl3) δ 1.17 (3H, t, J ) 7), 1.25 (3H, t, J ) 7), 1.70-
1.80 (1H, m), 1.83-1.93 (1H, m), 1.90 (2H, s), 2.60-2.73
(2H, m), 2.79-2.87 (1H, m), 2.90-2.99 (2H, m), 2.99-
3.09 (1H, m), 3.13-3.20 (1H, m), 3.25-3.33 (1H, m),
3.35-3.52 (6H, m), 6.28 (1H, s), 6.88 (1H, s), 7.10-7.17
(2H, m), 7.17-7.23 (1H, m), 8.20 (1H, br s); MS, m/e
366 (M+).
Synthesis of 1-[[[4′-[[[3-[8â-9,10-Didehydro-8-[[(diethyl-

amino)carbonyl]ergolin-6-yl]propyl]amino]carbonyl]-1,1′-
biphenyl]-4-yl]carbonyl]oxy]-2,5-pyrrolidinedione (10,
Scheme 2). A solution of 1.32 g (3.7 mmol) of 5 in 50 mL
of anhydrous methylene chloride under argon was cooled
to 0 °C and treated with a solution of 535 mg (1.46 mmol)
of 9 in 50 mL of anhydrous methylene chloride added
dropwise over a 30 min period. After the addition was
completed, the reaction mixture was washed with a
saturated aqueous sodium bicarbonate solution, dried
over anhydrous sodium sulfate, and concentrated under
vacuum. The residue was chromatographed on 100 g of
silica gel using 5% isopropyl alcohol as an eluent.
Fractions containing product were combined and con-
centrated at reduced pressure to a yellow solid. The solid
was redissolved in ether and concentrated five times to
remove residual isopropyl alcohol to yield 280 mg (28%)
of 10 as a yellow solid: IR (CHCl3) 3479, 1773, 1743, 1636
cm-1; 1H NMR (400 MHz, CDCl3) δ 0.86 (3H, m), 1.11
(3H, t, J ) 6.9), 1.82-1.92 (1H, m), 1.93-2.10 (1H, m),
2.70-2.88 (4H, m), 2.93 (4H, s) 3.08-3.20 (2H, m), 3.22-
3.38 (4H, m), 3.40-3.60 (4H, m), 3.60-3.70 (1H, m),
3.98-4.08 (1H, m), 6.35 (1H, s), 6.93 (1H, s), 7.15-7.25
(3H, m), 7.61 and 7.95 (4H, AA′ BB′q, J ) 8), 7.67 and

8.19 (4H, AA′ BB′q, J ) 8.3), 8.00 (1H, s), 9.05 (1H, br
s); MS, m/e 688 (M+H); [R]D ) +9° (c 0.355%, CHCl3).
Preparations of Protein Conjugates. Synthesis of

1-[[[(4-Isothiocyanatophenyl)carbonyl]amino]butyl]-N,N-
diethyl-d-lysergamide-BTG (4, Scheme 3). A solution of
698 mg of BTG in 20 mL of 50 mM KPi, pH 7.5, was
cooled to 0 °C and treated with 58 mL of DMSO, added
dropwise, very slowly over a 2 h period. The mixture was
treated with a solution of 90 mg (0.16 mmol) of 3 in 2
mL of DMSO, added dropwise very slowly. The reaction
mixture was stirred at room temperature for 18 h, poured
into a dialysis bag of 50 kDa molecular weight cutoff, and
dialyzed 108-fold in 50 mM KPi, pH 7.5. The resulting
conjugate was filtered through a 0.22 µm sterile filter to
yield 116 mL of the LSD-BTG immunogen 4. The protein
concentration was determined to be 5.3 mg/mL. The
degree of drug substitution on the BTG protein was
determined by the ability of remaining uncoupled lysine
residues to react with TNBS (18, 19). Unmodified BTG,
at the same concentration as the conjugate, was treated
in the same manner with TNBS to provide a control. This
procedure produced a yellow complex with an absorbance
maximum at 325 nm and was used to calculate the drug
substitution expressed as percent modification. The
assay showed a 63.8% modification of available lysines
on BTG.
Synthesis of 5-[8â-9,10-Didehydro-8-[(diethylamino)-

carbonyl]ergolin-6-yl]-1,5-dioxopentyl-BTG (8, Scheme 3).
A solution of 700 mg of BTG in 13 mL of 50 mM KPi, pH
7.5, was cooled to 0 °C and treated with 13 mL of DMSO,
added dropwise, very slowly. After the addition was
complete, a solution of 84 mg (0.16 mmol) of 7 in 1 mL of
DMSO was added dropwise very slowly. The reaction
mixture was stirred at room temperature for 18 h, poured
into a dialysis bag of 50 kDa molecular weight cutoff, and
dialyzed 106-fold in 50 mM KPi, pH 7.5. The resulting
conjugate was filtered through a 0.22 µm sterile filter to
yield the LSD-BTG conjugate 8. The protein concentra-
tion was determined to be 12.1 mg/mL. The TNBS assay
showed a 45% modification of available lysines in BTG.
LSD Derivatives Exposed to Fluorescent Light,

Oxygen, and Different Solution pH Values. All LSD
derivatives (6, 7, and 10) were placed in quartz cuvettes,
and the irradiation experiments were conducted under
the following conditions: LSD derivatives were dissolved
in DMSO at a concentration of 1 mg/mL and further
diluted to 2.6 mM in 10 mM KPi buffer, pH 7.5, contain-
ing 0.09% NaN3, 5 mM EDTA, and 0.1% Tween 20. The
solutions were kept at 2-8 °C in the dark for 3 days to
ensure a complete hydrolysis of the NHS ester (e.g. 10a,
Scheme 2). This is indicated by a complete disappear-
ance of the starting material by TLC examination (data
not shown). For the stability to light study, samples were
exposed to a 20 W desk fluorescent light at room
temperature. The distance between the fluorescent light
source and the experimental samples was 15 cm. The
experimental samples were subjected to irradiation for
various times, and then fluorescence from the samples
was measured, with λex ) 320 nm and λem ) 445 nm.
Triplicate measurements were performed under each
condition. Coefficients of variation were found to be
e1.5% for the analytical method. From these data we
established that >9% loss in fluorescent intensity rep-
resented significant decomposition of the tested com-
pounds. This change of 9% represents three standard
deviations from the mean, which is a >99% confidence
interval. Corresponding LSD derivatives kept in the
dark, at room temperature, were used as controls. These
experiments were designed to investigate the effect of
indoor light on the stability of the C-9,10 double-bond
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position of LSD derivatives and to rank the light stabili-
ties of these derivatives.
For stability to oxygen and solution pH studies,

samples were placed in amber glass bottles and saturated
with either oxygen or argon. Subsequently, these ex-
perimental samples were incubated at 45 °C for 10 days.
Samples kept at 2-8 °C in the dark with argon were
classified as the control. These experiments were con-
ducted to explore the effect of oxygen, pH, and heat on
the stability of the C-9,10 double-bond position of LSD
derivatives and to rank the stability of these derivatives
under these conditions.
Antibody Generation. Several goats were placed on

a modified immunization program, as described by
Vaitukaitis (22) using LSD immunogens (4 or 8). Briefly,
immunogen 4 or 8 was mixed with Freund’s adjuvant,
and 1 mg of the immunogen containing complete Fre-
und’s was injected into multiple sites across the back of
each goat. At week two, each goat continued to receive
1 mg of the immunogen containing incomplete Freund’s.
This injection was repeated twice at 1 week intervals,
followed by a monthly injection of 0.5 mg of the immu-
nogen mixed with incomplete Freund’s adjuvant for a
period of 6 months.
The individual animals were monitored for antibody

titer and for cross-reactivity with LSD, nor-LSD, and
2-oxo-3-hydroxy-LSD by an ELISA method. Specifically,
a selected derivative was covalently coupled to a carrier
protein (ovalbumin). Polystyrene 96 well microtiter
plates were coated with 50 µL of a 1.6 µg/mL LSD-oval-
bumin conjugate in PBS buffer (50 mM KPi, pH 7.2, con-
taining 150 mM NaCl) and allowed to incubate for 2 h
at room temperature or overnight at 2-8 °C. The plates
were washed with PBS buffer and blocked with 1% BSA
in PBS buffer. Fifty microliters of LSD, nor-LSD, or
2-oxo-3-hydroxy-LSD diluted in 1% BSA/PBS buffer at
various concentrations or 50 µL of 1% BSA/PBS buffer
without the drug as a control was added into each well.
Fifty microliters of the appropriate antiserum in 1% BSA/
PBS buffer was then added to each well. The plates were
incubated for 1 h at 37 °C and then washed with PBS/
Tween 20 buffer. Anti-goat-alkaline phosphatase con-
jugate and p-nitrophenyl phosphate were then used to
generate a detection signal. Two criteria were used to
select antibodies: (1) affinity of antibodies as estimated
by IC50; (2) inhibition of solid-phase antibody binding by
soluble LSD and its major metabolites, namely, nor-LSD
and 2-oxo-3-hydroxy-LSD. Once several animals were
selected from an immunogen, a pool of antiserum was
made and used to develop the immunoassay.
Preparation of LSD-Ovalbumin Conjugate (11,

Scheme 3). Seventeen and a half milliliters of ovalbu-
min solution at 25 mg/mL in 50 mM KPi buffer, pH 7.5,
was cooled in an ice bath, and to this was slowly added
10 mL of DMSO. Seven and a half miliigrams of selected
LSD derivative was then dissolved in 1.5 mL of anhy-
drous DMSO to make a 5 mg/mL solution. The LSD
derivative solution was added dropwise into the ovalbu-
min solution with stirring, and stirring was continued
for 18 h at room temperature. The resulting LSD-
ovalbumin conjugate was dialyzed 1012-fold using 30 kDa
molecular weight cutoff dialysis bags. The final total
protein concentration of LSD-ovalbumin conjugate was
determined according to the Bradford protein assay (15).
Characterization of LSD-Ovalbumin Conjugate.

To determine the concentration of the noncovalently
bound LSD in the LSD-ovalbumin conjugate, the fol-
lowing experiments were conducted: 1.5 mL of 12.5 mg/
mL LSD-ovalbumin conjugate in KPi buffer, pH 7.5, was
heat stressed at 45 °C in a white nontransparent poly-

ethylene container (HDPE) for 24 h. It was then im-
mediately mixed with 1.5 mL of 40% DMF in 10 mMKPi,
pH 7.5. The material was then left at room temperature
for 2 h, placed in a ovalbumin precoated Centricon filter
(Amicon, Beverly, MA) with a molecular weight cutoff of
30 kDa, and centrifuged at 600g for 2 h. The resulting
filtrate was then analyzed by fluorescence spectroscopy.
Completely hydrolyzed LSD-biphenyl-NHS (6) solutions
with concentrations ranging from 200 to 3200 ng/mL
were used as fluorescence standard, and a linear regres-
sion method was used to generate a calibration curve.
The concentration of LSD in the filtrate was derived from
the standard curve. Filtrate from ovalbumin treated ac-
cording to the same method as the LSD-ovalbumin con-
jugate was used as the control for background measure-
ments.
A method was also designed to measure the total

number of LSD derivatives per ovalbumin in the LSD-
ovalbumin conjugate. The LSD-ovalbumin conjugate
was diluted to a concentration of 0.125 mg/mL of total
protein, and the fluorescence at 445 nm from the diluted
conjugate solution was measured. Ovalbumin treated
according to the same method as the LSD-ovalbumin
conjugate was used as the control for a blank measure-
ment. Completely hydrolyzed LSD-biphenyl-NHS (6)
solution concentrations ranging from 200 to 3200 ng/mL
were again used as fluorescence standards to generate a
calibration curve. Total concentration of LSD molecules
per ovalbumin was estimated from the calibration curve.
Preparation of the LSDMicroparticle (12, Scheme

3). Ten milliliters of carboxyl-modified microparticle
(10% solids) was first washed by centrifugation at 10000g
with 0.1% Tween 20 in H2O. To each milliliter of
particles was added 20 mL of 0.1% Tween 20 in water,
the mixture was centrifuged and decanted, and the
particles were subsequently resuspended. This process
was repeated five times, and the microparticle concentra-
tion was then adjusted to 3% (w/v) with a 0.1% Tween
20 solution. One and two-tenths milliliters of NHB (25
mg/mL, 0.37 mmol), previously dissolved in DMSO, was
then added slowly to the 30 mL of microparticle suspen-
sion, under rapid stirring conditions, and the suspension
was stirred for 10 min at 25 °C. To this suspension was
added 1.7 mL of a freshly prepared CMC solution (50 mg/
mL, 0.34 mmol), and the mixture was stirred slowly for
3 h at 25 °C. The material was then washed according
to the method of centrifugation described above. The
washed, activated microparticles (45 mL at 2%) were
immediately mixed with LSD-ovalbumin/ovalbumin mix-
ture at different molar ratios (total protein concentration
was fixed at 3.1 mg/mL) diluted in 50 mM sodium
bicarbonate buffer, pH 8.6, and this mixture was allowed
to stir for 15 h at 25 °C. The resulting LSD micropar-
ticles were then washed according to the method of
centrifugation described above using a wash solution of
10 mM KPi buffer, pH 7.5, containing 0.09% NaN3 and
0.1% Tween 20. The washed microparticle was then
resuspended in this buffer at 1.0% solids (w/v).
Development of the LSD Immunoassay. The LSD

immunoassay contains three reagents: (1) the antibody
reagent, which was made by placing the titered antibody
in a solution of 50 mM HEPES, pH 6.5, containing 0.1%
BSA protein, 0.5% NaCl, and 0.09% NaN3; (2) a reaction
buffer containing 50 mM PIPES, pH 7.0, with 2-3%
PEG, 2% NaCl, and 0.09% NaN3; and (3) a LSD micro-
particle reagent, diluted from 1% stock solution to 0.2%
solids in a buffer containing 10 mM KPi, pH 7.5, 0.09%
NaN3, and 0.1% Tween 20. In addition, LSD calibrators
at concentrations between 0 and 1 ng/mL in normal urine
containing 0.09% NaN3 were used. The concentration of
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these LSD standards were verified by GC/MS/MS method.
The antibody concentration was adjusted so that the
agglutination of the LSD microparticles was inhibited
proportionally to the LSD concentration in the calibra-
tors. The light scattering difference between different
calibrators was also maximized in the calibration range
(0-1 ng/mL) to obtain maximum sensitivity.
Cross-reactivity to structurally related compounds was

conducted as follows: Normal human urine samples were
spiked with the structurally related compound of LSD
at various concentrations and tested as unknowns in the
OnLine assay. The percent cross-reactivity of a structur-
ally related compound was determined using the con-
centration of the compound that provided displacement
equivalent to 0.5 ng/mL (1.5 nM) LSD.
One thousand presumed negative urine specimens

were obtained from a large drug abuse screening labora-
tory. These samples had been previously screened and
found to be negative for the SAMHSA five panel (can-
nabinolds, opiates, cocaine metabolite, amphetamine, and
phencyclidine). At the time of analysis, these samples
were simultaneously screened for LSD with the Abuscreen
RIA and OnLine assay. The Abuscreen RIA has a
>99.5% accuracy rate and was used as a reference
method in addition to GC/MS/MS method. In addition,
LSD positive samples were supplied by Dr. R. Foltz and
Dr. D. Kuntz (Northwest Toxicology, Salt Lake City, UT).
These samples had been previously screened positive by
the Abuscreen RIA and were subsequently confirmed by
GC/MS/MS. These samples were received frozen and
were stored at -20 °C until the day of analysis. For anal-
ysis, a qualitative screening assay was performed as
follows: a single point calibration standard was used, and
its absorbance value was assigned as the cutoff value. A
positive result was reported if the sample absorbance
value was greater than or equal to the absorbance of the
cutoff calibrator.

RESULTS AND DISCUSSION

Synthesis and Stability Studies of the LSD De-
rivatives. A detailed analytical study of the synthesized
LSD derivatives was necessary to determine which
derivatives should be used to develop the LSD OnLine
assay. The effect of exposure to fluorescent light on the
LSD derivatives is shown in Figure 1. The C-9,10 double
bond of LSD as previously reported can undergo photo-
catalytic hydration (5). A potential structure change or
instability at this position was indicated by a change in
fluorescence intensity when compared to a control. It
was demonstrated that the fluorescence intensity of each
compound decreased as the exposure time to fluorescent
light increased. These results suggested that the order
of stability of the LSD derivatives to photon-catalyzed
hydration is LSD-biphenyl-COOH (hydrolyzed from 6) >
nor-LSD-biphenyl-COOH (hydrolyzed from 10) > nor-
LSD-aliphatic-COOH (hydrolyzed from 7). It is hypoth-
esized that the improved stability of 6 may come from
the presence of biphenyl group at the N-1 position of the
LSD molecule, where the biphenyl moiety can effectively
stack on the LSD and exclude water molecules from
interaction, thus stabilizing the photolabile C-9,10 center.
Such hydrophobic stacking interaction has been docu-
mented (23, 24). When the biphenyl modification was
at position 6 of the LSD molecule, the biphenyl linker
could not effectively stack on the LSD and the protection
efficiency was reduced. The aliphatic moiety at position
6 would be predicted to offer little or no protection effect
to the LSD molecule, and indeed, this molecule had the
least stability under these conditions. The LSD-biphenyl
compound (6) was chosen for the construction of the

conjugate used in the nonisotopic immunoassay. This
compound displayed a 50-60% decomposition after hav-
ing been exposed to the described conditions for 4 days.
To ensure good assay stability, this issue was addressed
by placing the microparticle reagent containing this
derivative in a nontransparent polyethylene container.
An accelerated stability study indicated that this con-
tainer protects the reagent from light to ensure <10%
loss at normal room light conditions for 1 year. Further
data to emphasize the need not to have decomposition
are reflected in cross-reactivity studies of antibodies
generated from LSD immunogen (4) to completely pho-
todecomposed LSD-biphenyl-COOH (6). It was found
that the cross-reactivity of this decomposed material was
<20% (data not shown), which would cause serious loss
in assay sensitivity if the derivative was allowed to
decomposed.
Under heating conditions, oxygen may have an effect

on the C-9,10 double bond (25). However, it appears from
our experiments that oxygen did not affect the stability
of the C-9,10 double bond for the LSD derivatives. Since
protons can catalyze the hydration of the C-9,10 double
bond (5, 25), we explored the effect of pH on the hydration
of different LSD derivatives at high temperatures. Solu-
tion pH was chosen to be 6.0 or 7.5, because this is the
most acceptable pH range for immunochemical reactions.
At pH 6.0, in the presence or absence of oxygen, after 10
days at 45 °C, compound 10 lost ∼20% of its fluorescence
intensity, while fluorescence intensity changes for com-
pounds 6 and 7 were negligible. No significant changes
in fluorescence intensity were observed for all three
compounds when they were kept at pH 7.5 for 10 days
at 45 °C. The results suggested that the LSD derivatives
were more stable in pH 7.5 buffer than in pH 6.0 buffer.
Synthesis of LSD Immunogen and the Genera-

tion of LSD Antibodies. Since only 1% of ingested LSD
is excreted in urine and the typical ingested dose is very
low, it is prudent to generate LSD antibodies that can
recognize not only LSD but also LSD metabolites, yet
avoid other undesirable ergot alkaloids compounds.

Figure 1. Effect of fluorescent light irradiation on the stability
of LSD derivatives. Structural changes of LSD derivatives at
the C-9,10 position were indicated by changes in fluorescence
intensity. Condition: 2.6 mM LSD derivatives in 10 mM KPi,
pH 7.5, buffer containing 5 mM EDTA, 0.09% NaN3, and 0.1%
Tween 20. All experiments were conducted at 25 °C. Corre-
sponding LSD derivatives kept in the dark at 25 °C were used
as controls. The Y axis represents the fluorescence intensity of
irradiated LSD derivatives when compared to their controls. The
X axis is exposure time to fluorescent light. Error bar represents
( 2 SD.

902 Bioconjugate Chem., Vol. 8, No. 6, 1997 Li et al.



Selectivity of an antibody to a hapten can be directed
such that the antibody preferentially recognizes the part
of the molecule that is farthest away from the attachment
of the hapten to a carrier protein (26). It was assumed
that this will allow the antibody to tolerate changes to
the hapten near its point of attachment to the carrier
protein. Under this hypothesis, we designed two immu-
nogens (4 and 8). These immunogens directed antibodies
to be less specific regarding changes near the indole ring
of LSD (27) or at position 6 of LSD; therefore, cross-
reactivity toward 2-oxo-3-hydroxy-LSD, 13-hydroxy-LSD,
14-hydroxy-LSD, and nor-LSD would be predicted to be
higher for antibodies generated with immunogen 4.
Antibodies generated from immunogen 8 would be ex-
pected to have high cross-reactivity toward 2-oxo-3-
hydroxy-LSD and nor-LSD.
LSD-biphenyl-NHS (6) was used to construct the LSD-

ovalbumin conjugate label for the ELISA method. The
binding between the LSD-ovalbumin conjugate label and

the antibodies generated from immunogen 4 can be
displaced with LSD (100%), nor-LSD (20%), and 2-oxo-
3-hydroxy-LSD (50%). When antibodies generated from
immunogen 8 were used, the binding between the LSD-
ovalbumin conjugate label and antibodies could be dis-
placed by LSD and had high cross-reactivity to nor-LSD
(40%) but had <20% cross-reactivity to 2-oxo-3-hydroxy-
LSD. From the cross-reactivity studies, antibodies raised
against immunogen 4 were selected, and, from the
derivative stability studies, derivative 6 was chosen for
development of a LSD immunoassay.
Preparation and Characterization of LSD-Oval-

bumin Conjugate. For a LSD assay, a 1:1 molar ratio
between LSD-biphenyl-NHS (6) and ovalbumin was used
to synthesize the LSD-ovalbumin conjugate stock solu-
tion. Since the LSD derivative is a highly hydrophobic
compound, it can be trapped in ovalbumin or absorbed
on the ovalbumin surface noncovalently. This unbound
LSD derivative could be gradually released from the
conjugate and could cause poor stability. The unbound
LSD derivative could react with titered antibody and
reduce the sensitivity of the LSD assay. Therefore, it
was important to develop a reproducible dialysis proce-
dure to remove the unbound LSD from the LSD-oval-
bumin conjugate. It was also important to establish a
method to measure the noncovalently bound LSD deriva-
tives on the conjugate so that methods could be selected
that prevent this from occurring. To accomplish this, the
conjugate was denatured at 45 °C and then in 20% DMF
solvent to release any noncovalently bound LSD deriva-
tive. Under these mild denaturing conditions, no protein
precipitation was observed. Our results indicated that
free LSD derivative accounted for <0.3% of total LSD
derivative loaded on ovalbumin when an extensive
dialysis (1012-fold) procedure was used. This procedure
was necessary to obtain a stable OnLine LSD assay
reagent.
Methods were also developed to quantify the number

of the LSD molecules per ovalbumin molecule in the

Figure 2. Representative concentration response curve on the
Olympus AU800 analyzer of the Abuscreen LSD OnLine assay.
Absorbance (ABS) is expressed as the milliabsorbance multiplied
by a factor of 10. Error bar represents ( 1 SD.

Table 1. Qualitative Precision of Abuscreen LSD OnLine
Assaya

a The Olympus AU 800 analyzer multiplies the milliabsorbance
units by a factor of 10 to report results. Precision was determined
to be <3.0% at 0 ng/mL (blank) urine.

Table 2. Cross-Reactivities of Abuscreen OnLine LSD
Assay
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LSD-ovalbumin conjugate stock solution. Since amino
groups at the protein surface are used in the coupling,
normally, the degree of drug substitution can be deter-
mined by the ability of remaining uncoupled amine
residues that react with TNBS. However, since the LSD
substitution ratio was low (mean < one LSD per oval-
bumin), poor results were obtained using the TNBS
method. It was found that the number of LSD molecules
in the conjugate could be estimated directly using the
LSD fluorescence intensity. The fluorescence from oval-
bumin at the same concentration as the conjugate was
insignificantly small compared to the total intensity.
Using completely hydrolyzed LSD-biphenyl-NHS (6) as
a standard, the conjugates have been shown to contain
0.6-0.8 LSDmolecules per ovalbumin molecule. Because
coupling of LSD to ovalbumin would change the fluores-
cence quantum yield from LSD, this method only pro-
vided an estimate of the loading of LSD molecules per
ovalbumin and was useful for quality control purposes
(data not shown).
Synthesis and Characterization of LSD-Micro-

particle Conjugate. Several different molar ratios of
the drug protein conjugate to microparticle were evalu-
ated to determine the optimal ratio that produced the
best dose response curve. In the development of a
microparticle-based immunoassay, it is important that
proper agglutination occurs in the absence of free antigen.
To accomplish this, proper amounts of drug protein
conjugate must be coupled to each microparticle such that
an equivalence point can be reached, allowing the cross-
linking of microparticles by antibody. Excess antigen or
excess antibody in the system will prevent the formation
of the large aggregates produced by cross-linking.
To establish the proper substitution of drug onto

microparticle, LSD was first covalently coupled to the
ovalbumin protein (stock conjugate) followed by mixing
of the LSD-ovalbumin conjugate with ovalbumin at

various molar ratios and coupling the LSD-ovalbumin/
ovalbumin mixture to the microparticle. Each coupled
microparticle was then titrated against the antibody to
determine the performance of each LSD-ovalbumin/
ovalbumin molar ratio. The ratio that gave the greatest
dose response curve and the lowest nonspecific binding
(agglutination rate in the absence of antibody) was
selected. This was determined to be a molar ratio of 1:8
(LSD-ovalbumin/ovalbumin).
Development of LSD Assay. Using an endpoint

analysis reading at 520 nm, a dose response curve was
generated with various concentrations of LSD as shown
in Figure 2. The light scattering difference measured by
light transmission from 0 ng/mL to the cutoff concentra-
tion of LSD (0.5 ng/mL) was >130 milliabsorbances (mA);
the overall difference from 0 to 1.0 ng/mL was >240 mA.
Table 1 shows that the qualitative intra-assay (n ) 20)
and interassay (n ) 100) precision had CVs of <5%.
Table 2 illustrates the cross-reactivity of the LSD

OnLine assay to structurally related compounds of LSD.
As expected, this assay had low cross-reactivity to iso-
LSD (2.4%, molar concentration); the cross-reactivity to
nor-LSD was 25% and to 2-oxo-3-hydroxy-LSD was 32%.
The cross-reactivities of other structurally related com-
pounds that are undesirable to detect, such as serotonin,
tryptophan, ergotamine, egonovine, and others, were
<0.002%. Finally, the limit of detection (LOD) of the
assay was determined by performing 20 replicate assays
on the 0 ng/mL calibrator. Two standard deviations
below the mean yields a LOD of <0.2 ng/mL LSD.
Table 3 shows the correlation of the OnLine LSD

screening assay with RIA and GC/MS/MS methods. GC/
MS/MS confirmed LSD positive clinical samples were
used to study patient correlation. Eighty-one positive
samples were tested in the OnLine LSD assay. The
distribution of LSD concentration in these samples is also
shown in Table 3. Twenty percent of the samples

Table 3.
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contained <0.5 ng/mL of LSD according to GC/MS/MS
data. Due to the high cross-reactivity to major LSD
metabolites, all of these samples were positive by OnLine
LSD assay. One thousand presumptive negative samples
were also tested; 993 were negative and 7 were positive.
All of the presumptive negative samples were found to
be negative by RIA. These seven samples that were
OnLine positive and RIA negative were found to be GC/
MS/MS negative.

CONCLUSION

A homogeneous microparticle-based immunoassay has
been developed for the detection of LSD in human urine
with the required sensitivity and specificity. Three major
issues were considered when this assay was developed:
(1) the stability of the LSD derivatives; (2) the stability
of LSD microparticles; (3) the cross-reactivity of antibod-
ies. Light, temperature, and solution pH can alter the
structure of LSD at the C-9,10 double-bond position.
Therefore, it is desirable to prepare and select a deriva-
tive that generates a stable LSD microparticle which is
able to withstand long-term storage. On the basis of
stability studies, we have selected LSD-biphenyl-NHS (6)
as the best derivative for the development of the LSD
OnLine assay. Besides a stable LSD derivative, LSD
microparticles free of noncovalently bound LSD are
necessary for the OnLine technology to obtain the
required assay sensitivity and reagent stability. The
conjugation and dialysis procedures reported here have
allowed us to minimize unbound LSD in the LSD micro-
particle reagent and to achieve the targeted sensitivity
and stability of the immunoassay. Due to the extent of
LSD in vivo metabolism and low ingestion dosage, the
concentration of parent compound (LSD) in urine is
extremely low. To overcome this, we designed and
selected an immunogen using a LSD analogue deriva-
tized through the indole nitrogen and conjugated the
derivative to BTG. The antibody generated by this
immunogen has demonstrated broad reactivity toward
LSD and several LSD metabolites. All of these factors
were essential in the successful development of the LSD
OnLine assay, which demonstrated excellent clinical
sensitivity.
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Probing Biomolecule Recognition with Electron Transfer:
Electrochemical Sensors for DNA Hybridization
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Identifying infectious organisms, quantitating gene expression, and sequencing genomic DNA on chips
all rely on the detection of nucleic acid hybridization. Described here is a novel assay for detection of
the hybridization of products of the polymerase chain reaction using electron transfer from guanine
to a transition-metal complex. The hybridization assay was modeled in solution by monitoring the
cyclic voltammetry of Ru(bpy)32+ (bpy ) 2,2′-bipyridine) in the presence of a probe strand containing
only A, T, and C prior to and after hybridization to a complement that contained seven guanines,
which led to high catalytic current due to the oxidation of guanine by Ru(bpy)33+. To allow recognition
of all four bases in the target sequence, it was shown that inosine 5′-monophosphate was 3 orders of
magnitude less reactive than guanosine 5′-monophosphate, suggesting that effective hybridization
sensors could be realized by immobilization of probe strands in which inosine was substituted for
guanosine; hybridization to guanosine-containing target strands would then provide high catalytic
currents. A sensor design was tested in a model system for the detection of a synthetic 21-mer
oligonucleotide patterned on the sequence of the ras oncogene, which gave an increase in charge
collected of 35 ( 5 µC after hybridization and of only 8 ( 5 µC after exposure to noncomplementary
DNA. Independent quantitation of probe and target by radiolabeling showed that the hybridized
electrode contained 3.0 ( 0.3 ng of target. New sensor electrodes were then prepared for the detection
of PCR-amplified genomic DNA from herpes simplex virus type II, genomic DNA from Clostridium
perfringens, and genomic RNA from human immunodeficiency virus and gave an additional charge of
35-65 µC for hybridization to complementary amplicon and of only 2-10 µC after exposure to
noncomplementary DNA.

INTRODUCTION

Electron-transfer reactions of macromolecules are ex-
ceptionally well understood at the theoretical level (1, 2),
and predictions from these models of the effects of
distance and driving force on electron-transfer kinetics
have been successfully tested (3, 4). Proper exploitation
of this knowledge base should lead to new means for
assessing the quantity or quality of the interactions of
macromolecules with other biomolecules or small ligands,
much in the same way that energy-transfer reactions
have been used to study protein-protein complexes (5)
and DNA hybridization (6). Energy-transfer approaches,
and related photonic methods such as fluoresence polar-
ization (7) and microscopy (8), generally require the
attachment of chromophoric labels to one or both of the
interacting partners. We report here on an electron-
transfer approach to studying DNA hybridization that
avoids the attachment of exogenous labels to the target
strand by using engineered probes that do not undergo
electron-transfer reactions as readily as natural DNA.
Electron-transfer reactions of DNA have been of in-

tense recent interest due to intriguing issues regarding
the role of base stacking in the electronic coupling of
redox partners (9-13). In particular, one-electron oxida-
tion of the guanine nucleobase in native DNA has been
detected by high-resolution gel electrophoresis via the
formation of base-labile lesions at guanine following
electron transfer (14-16). We showed that this one-

electron oxidation could also be realized by metal complex
mediators that were activated electrochemically at po-
tentials accessible in neutral aqueous solution with the
appropriate electrode material (17). The guanine-metal
electron transfer was detected as a catalytic current
enhancement in the cyclic voltammogram of the mediator
complex and was observed for complexes with potentials
>1.0-1.1 V (all potentials versus Ag/AgCl) (18); later
equilibrium titrations confirmed that the thermodynamic
potential of guanine oxidation at pH 7 was E7 ) 1.06 V
(19). The absolute rate constants for electron transfer
can be determined from the cyclic voltammetry and offer
a sensitive probe of the sequence and structure at the
oxidized guanine via existing models for the effects of
distance and driving force on the kinetics of electron-
transfer reactions (20, 21). In particular, the kinetics of
eq 2 have been used to detect single-base mismatches at
guanine in solution (20). These observations suggest the
engineering of solid-phase sensors by which biomolecular
interactions of immobilized DNA are probed using gua-
nine as the redox-active reporter. Because the metal
complex is used to carry the electron to the electrode, the
nucleic acid can be immoblized in a manner such that
direct charge transfer from guanine to the electrode is
not required and in which care is taken to preserve the
native conformation and recognition properties of the
biomolecule. The electrochemical detection of DNA at
solid surfaces has been realized previously (22) via
oxidation of guanine and adenine (23, 24); however, in
these cases electron transfer is efficient only when the
DNA is adsorbed onto the electrode surface or incorpo-
rated into a carbon paste electrode. In these latter cases,
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the integrity of the biomolecule structure and macromo-
lecular interaction is a concern.
The detection of nucleic acid hybridization at solid

surfaces has been used for the identification of infectious
organisms in clinical specimens (25, 26), the quantitation
of mRNA for gene expression analysis (27), and the
sequencing or resequencing of genomic DNA on high-
density “chip” arrays (28). Presently, these efforts in-
volve the attachment of a fluorescent label to the target
nucleic acid, which is then hybridized with a probe-
modified surface and detected after the unhybridized
DNA has been washed away from the solid surface.
Since detection of photons is required to signal hybridiza-
tion, analysis of high-density arrays labeled in this
manner requires high-resolution fluorescence micro-
scopes. Alternatively, indirect detection of hybridization
can be accomplished using sandwich assays when the
surface-bound hybrid is subsequently hybridized to an
additional signal probe that carries one or more fluores-
cent labels or enzymes that convert a nonfluorescent
substrate to a fluorescent one (25). By attaching multiple
enzymes to the signal probes, large signal amplification
can be achieved (29); however, the preparation of these
multiple enzyme systems is complex. We report here on
a system in which the hybridization of unlabeled, native
DNA can be detected electrochemically at membrane-
modified electrodes. Detection of DNA hybridization was
realized in model oligonucleotide hybrids, and the practi-
cal utility of the sensors was confirmed by detection of
the products of polymerase chain reactions (PCR) of
genomic material from infectious organisms.

RESULTS

Solution Model. Before the modified electrode sen-
sors were engineered, the hybridization assay was simu-
lated in solution at unmodified indium tin oxide (ITO)
electrodes to confirm that the redox chemistry was
properly conceived. The mediator chosen was Ru(bpy)32+

(bpy ) 2,2′-bipyridine), which exhibits a reversible redox
couple at 1.05 V and oxidizes guanine in DNA at high
salt by a two-step mechanism (20, 21):

where DNAox is a DNA molecule in which guanine has
been oxidized by one electron. We have shown previously
that the rate constant for eq 2 in 50 mM phosphate buffer
(pH 7) with 700 mM added NaCl is 1.0 × 104 M-1 s-1 for
double-stranded DNA; at lower ionic strength (50 mM
phosphate), the rate constant for eq 2 increases to 1.4 ×
105 M-1 s-1 because of increased binding of the metal
complex to DNA and a consequent increase in the local
concentration (21). The simulations and kinetic analyses
for these scenarios have been described in detail else-
where (21).
The quasi-reversible cyclic voltammogram of Ru-

(bpy)32+ is shown in Figure 1A. Addition of an oligo-
nucleotide that does not contain guanine produces a small
enhancement in the oxidation current (Figure 1B). This
oligonucleotide simulates the probe strand in our hybrid-
ization assay. Upon hybridization of the oligonucleotide
to a longer complement that contains a single guanine
in the duplex region and an overhang of three guanines
on each end, dramatic catalytic enhancement is observed
(Figure 1C). These results suggest a very effective
hybridization assay by which, if the probe strand con-
taining no guanines were immobilized to the electrode,

little current enhancement would be observed, but after
hybridization to a strand containing multiple guanines,
large current enhancements would be produced.
One limitation to the scenario suggested by Figure 1

is that the probe strand could not contain guanine, so a
sequence comprised only of A, T, and C was chosen. Such
a design would drastically limit the choice of sequences
chosen for hybridization. To circumvent this problem,
we chose a commercially available guanine derivative
that would still recognize cytidine but not donate an
electron to Ru(bpy)33+. Shown in Figure 2 are the cyclic
voltammograms of Ru(bpy)32+ in the presence of the
mononucleotides guanosine 5′-monophosphate (GMP)
and inosine 5′-monophosphate (IMP), in which the gua-
nine base has been substituted by the deaminated
hypoxanthine analogue. As expected, a large current
enhancement is observed for the guanine mononucle-
otide, but not for the hypoxanthine mononucleotide,
apparently because the exocyclic amine plays a critical
electronic role in the guanine oxidation. Digital simula-
tion of the scan rate dependences of the voltammograms
shown in Figure 2 gives second-order rate constants for
electron transfer to Ru(bpy)33+ of kGMP ) 6.4 × 105 M-1

s-1 and kIMP ) 97 M-1 s-1. Hypoxanthine still recognizes
cytidine, so now the engineering of probe strands that
recognize all four bases can be envisioned by replacement
of guanosine with inosine, and the lower electron-transfer

Figure 1. Cyclic voltammograms of Ru(bpy)32+ (25 µM) at a
scan rate of 25 mV/s in 50 mM sodium phosphate buffer (pH 7)
with 0.7 M NaCl: (A) no added oligonucleotide; (B) with 75 µM
d(5′-TTTTATACTATATTT); (C) with the hybrid of the oligo-
nucleotide from (B) with d(5′-GGGAAATATAGTATAAAAGGG).
The secondary structure of the hybrid from (C) is indicated on
the figure. Reference electrode: Ag/AgCl. Working electrode:
unmodified ITO.

Figure 2. Cyclic voltammograms of (A) Ru(bpy)32+ (25 µM)
with (B) inosine 5′-monophosphate (0.3 m) and (C) guanosine
5′-monophosphate (0.3 mM). Scan rate: 25 mV/s. Reference
electrode: Ag/AgCl. Working electrode: unmodified ITO.

Ru(bpy)3
2+ f Ru(bpy)3

3+ + e- (1)

Ru(bpy)3
3+ + DNA f DNAox + Ru(bpy)3

2+ (2)
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reactivity of hypoxanthine by nearly 3 orders of magni-
tude will lead to relatively low currents for the unbound
probe. Since hypoxanthine can only form two of the three
hydrogen bonds in a Watson-Crick base pair, it may be
desirable in the future to use a guanine derivative that
is redox-inert but capable of forming all three hydrogen
bonds. Accordingly, the reactivity of the nucleotide of
7-deazaguanine was determined as in Figure 2, and the
results were very similar to those with IMP (k ) 850 M-1

s-1). In the study of PCR products discussed below, the

specificity afforded by inosine substitution was sufficient
(Figure 4); however, 7-deazaguanine is clearly an avail-
able and attractive alternative.
Sensor Electrodes. As shown byMarchand-Brynaert

et al. (30), oxidation of the alcohol chain ends of track-
etched microporous poly(ethylene terephthalate) mem-
branes with KMnO4 results in the formation of carboxylic
acid functionalities that can be linked to proteins and
amino acids via carbodiimide-catalyzed reaction of amine
groups to form amide linkages. We show here that
single-stranded DNA probes can also be coupled to the
carboxylic acid groups of the polymer membrane via the
exocyclic amines of the nucleobases. The DNA attach-
ment was followed by X-ray photoelectron spectroscopy,
which showed changes at each step similar to those
observed for amino acid functionalization (30) except that
peaks due to ionization of phosphorus were apparent
following DNA coupling. Similarly, cyclic voltammo-
grams of the membranes exposed to probe with no water-
soluble carbodiimide (WSC) resembled the voltammo-
grams of membranes with no exposure to DNA, demon-
strating a low degree of nonspecific DNA binding. When
attached to ITO electrodes, the covalently attached DNA
will be accessible to Ru(bpy)33+, which can shuttle
electrons from guanine to the electrode surface according
to eqs 1 and 2. If inosine-substituted oligonucleotides
are used as immobilized probes, then relatively small
catalytic currents will be observed. If the immobilized
inosine-substituted probes are then hybridized to strands
containing guanine, then large catalytic currents are
expected due to the shuttling of electrons from the
hybridized DNA to the electrode by the Ru(bpy)32+

mediator.
The sensor design was first tested using synthetic 21-

mer oligonucleotides patterned on the ras oncogene
sequence (31) (Table 1). No current above background
was observed for the probe-modified electrodes in the
absence of Ru(bpy)32+ before or after hybridization,
indicating that direct electron transfer from the im-
mobilized DNA to the electrode did not occur. However,
measurable current due to DNA was always observed in
cyclic voltammograms of Ru(bpy)32+ at polymer mem-
branes modified with the inosine-subsituted 21-mer probe
and after hybridization. As shown in Figure 3A, a
significant increase in current was observed for the
polymer film undergoing hybridization to the comple-
mentary 21-mer DNA (solid) when compared to the

Figure 3. (A) Cyclic voltammograms taken at 25 mV/s of Ru-
(bpy)32+ (100 µM) at the polymer-modified ITO working electrode
showing the current (i) measured at the electrode with only the
inosine-substituted 21-mer probe attached (dotted) and after
exposure to a 200 µL solution of 1 nmol of the complementary
(solid) and control (dashed) oligonucleotides. Inset: Integrated
charge (in microcoulombs) obtained after subtraction of the
current for the unhybridized electrode (dotted) from that after
hybridization to the complementary and control oligonucleotides.
The charge is 35 ( 5 µC for the hybridization reaction and 8 (
5 µC for the control. (B) Chronoamperometric traces taken with
a potential step from 0 to 1.3 V with Ru(bpy)32+ (100 µM)
showing current collected at the electrode modified with the 21-
mer probe (dotted) and after exposure to the control (dashed)
and complementary (solid) oligonucleotides. The dotted and
dashed lines appear nearly superimposable on this scale.
Inset: Integrated charge in microcoulombs as in (A). (C) Data
from (B) replotted on an expanded scale to show the relationship
of the complementary (solid), control (dashed), and probe only
(dotted) scans.

Figure 4. Difference in charge collected in cyclic voltammetry
experiments following hybridization of electrode modified with
the appropriate probe from Table 1 with the corresponding PCR
compared to the current obtained before hybridization. Control
reactions involved exposure of the electrode modified with the
21-mer ras probe and the PCR. Data were collected and
analyzed as in Figure 3A and gave similar error limits. The
negative charge indicated for HSV results from a greater current
for the electrode modified with the control probe before hybrid-
ization compared to after hybridization.
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polymer film containing only the inosine-substituted
probe (dotted) or after exposure to the 21-mer control
sequence (dashed). This current increase suggests that
the hybridization event was successful and that electron
transfer from the guanines of the hybridized strand to
Ru(bpy)33+ is responsible for the increase in oxidation
current. In contrast, very little current increase is
observed for the polymer membrane exposed similarly
to the 21-mer control DNA. The small increase in current
is attributed to a small amount of nonspecific binding of
the DNA to the polymer membrane. The inset in Figure
3 shows the charge (in microcoulombs, µC) acquired for
the hybridization and control reactions after subtraction
of the charge acquired at the probe-modified electrode.
Measurement of the charge collected at five entirely
different modified electrodes gives an error of (5 µC.
Exposure of the probe-modified electrodes to 200 µL of 2
mM (in nucleotide) calf thymus DNA produced no current
enhancement, demonstrating a significant degree of
sequence discrimination.
The 21-mer system was also evaluated by chrono-

amperometry experiments in which the potential was
stepped from a resting potential of 0 V to 1.3 V, where
Ru(bpy)32+ is oxidized. The current was collected for 10
s after stepping the potential; the results for the first 5
s are shown in Figure 3B. As in the cyclic voltammetry
experiments, some catalytic current is observed with the
probe-modified electrode (dotted) with a much greater
increase after hybridization (solid) than after exposure
to the control oligonucleotide (dashed). The quantity of
charge collected in Figure 3B determined by subtraction
of the current at the probe-modified electrode and
integration over the entire time period (inset) was similar
to that collected in the cyclic voltammetry experiments.
The majority of guanine in the film was consumed in both
amperometry conducted for 10 s and cyclic voltammetry
at a scan rate of 25 mV/s; accordingly, the electrodes
could not be re-interrogated after the first scan by either
method. While the insets in Figure 3 clearly show that
the total charge is significantly greater in both experi-
ments for the hybridization compared to the control, the
chronoamperometry data also show significant enhance-
ments in the instantaneous current at early times in the
catalytic cycle. The chronoamperometry data are shown
on an expanded scale in Figure 3C, where at t ) 0.05 s
there is a 38 µA enhancement in the hybridized case
while there is only a 2 µA enhancement for the control.
The quantity of attached and hybridized DNA was

independently determined using 32P-labeled oligonucle-
otides that were then quantitated by scintillation count-
ing. First, the 21-mer probe was radiolabeled and
attached to the film, and the quantity of attached probe
was determined. This experiment showed that 8.2 ( 0.8
pmol of probe was attached to the electrode. In a second

series of experiments, the unlabeled 21-mer probe was
attached to the electrode and then exposed to radiola-
beled 21-mer complement. This experiment showed that
0.43 ( 0.04 pmol of oligonucleotide was hybridized to the
film. Thus, the electrodes used in Figure 3 contained 3.0
( 0.3 ng of hybridized target DNA, and the ratio of
hybridized target to total attached probe was 5.2 ( 0.5%.
A number of experiments support the idea that the

immobilized DNA resembles its native structure and
conformation. The effect of salt concentration in the
hybridization buffer is the same as for solution hybrid-
ization (32); that is, more efficient and stable hybridiza-
tion occurred at high salt concentration. Similarly, the
effect of salt concentration on the guanine-metal electron
transfer was the same as we have observed previously
in solution (21): more efficient electron transfer was
observed at low salt, at which there is more binding of
the metal complex to DNA. The relative reactivities of
single-stranded and duplex guanine were similar to that
observed in solution (20). We have used the complex Os-
(bpy)32+, which is identical in structure to Ru(bpy)32+ but
not sufficiently oxidizing to abstract an electron from
guanine (33, 34), to assess whether the films impede
diffusion of the mediator. Cyclic voltammograms of Os-
(bpy)32+ were identical at the unmodified polymer, probe-
modified polymer, and hybridized polymer, demonstrat-
ing that the macromolecule does not impede diffusion of
the mediator. Finally, the thermal denaturation char-
acteristics for poly(dC)‚poly(dG) models were the same
in solution and on the polymer film.
The utility of the sensors was demonstrated by showing

that the sensitivity and specificity were sufficient for
detection of PCR products of biologically significant
length in unpurified amplification reactions. Genomic
DNA from HSV and Clostridium perfringens was ampli-
fied using PCR as described elsewhere (35, 36), and the
unpurified PCR were hybridized to the polymer films
modified with the appropriate probes. Genomic RNA
from HIV was amplified by RT-PCR (26) and similarly
hybridized. The cyclic voltammograms of the probe-
modified and hybridized films were collected along with
the appropriate controls. The charge passed during each
voltammogram (in microcoulombs) was determined as in
Figure 3, inset. The bar graph in Figure 4 shows the
differential charge obtained following subtraction of the
charge measured at the probe-modified films from that
measured at the hybridized films. Controls involved
exposing films modified with the 21-mer ras probe to the
raw PCR of the HIV, HSV, or C. perfringens genomes
under the same conditions. An increase in the charge
above that for the probe-modified films signals either
nonspecific binding in the control case or a successful
hybridization event for the complementary case. In all
three cases, the complementary hybridization showed a
significant increase in charge when compared to the
control exposure. The charge increase signifies that the
HIV, HSV, and C. perfringens amplicons successfully
hybridized to the probe attached to the polymer film. In
contrast, little or no residual charge was observed for the
controls, indicating a minimal amount of nonspecific
binding of amplicon or other components of the unpuri-
fied PCR to the polymer membrane. The specificity is
emphasized by the ability of the electrodes to discrimi-
nate large PCR amplicons (247 bp for C. perfringens, 561
bp for HSV, and 3.2 kb for HIV) and by the fact that
constituents of the PCR, such as genomic DNA or RNA,
polymerase, mononucleotides, and primers, do not inter-
fere with the reaction. Finally, controls performed using
the HSV probe against the C. perfringens PCR and vice

Table 1. Oligomer Sequences Used as Probes and
Primers

oligomer sequence

21-mer ras probe 5′-ITACTCTTCTTITCCAICTIT
21-mer complementary 5′-ACAGCTGGACAAGAAGAGTAC
21-mer control 5′-ACATCGAGCTTAAGGTGTCGC
HIV primers 5′-CCGGAATTCTGCAACAACTGCTG

5′-CCGCTCGAGATGCTGGTCCCA
HIV probe 5′-AAACAAATTCCACAAACTTGC
HSV primersa 5′-CGACATCAACCACCTTCGCT

5′-ATGTAGCACGAGGCTGTCGT
HSV probea 5′-ICCCICACCATCCAACCACCC
C. perfringens primersb 5′-TGCTAATGTTACTGCCGTTGATAG

5′-ATAATCCCAATCATCCCAACTATG
C. perfringens probeb 5′-CAAAAIAATATICAAIATITT

a Reference 36. b Reference 35.
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versa were identical with those obtained using the 21-
mer control probe.

DISCUSSION

A notable feature of our approach is that the unlabeled
target DNA is distinguished from the synthetic probes
by a difference in the electron-transfer reactivity. In our
assay, instead of distinguishing duplex and single-
strandedDNA [as in ethidium bromide fluorescence (37)],
we distinguish probe and target. The importance of this
difference is that our assay is not dependent on bringing
double-stranded DNA to the electrode. Thus, our assay
is equally well suited for single- or double-stranded DNA
as a target. Even more important, single-stranded RNA
is an equally suitable target since it contains guanine,
which is of particular interest in identifying unamplified
genomic RNA from viruses such as HIV or hepatitis C
(29), in detecting ribosomal RNA from bacteria (38), or
in quantitating cellular mRNA for gene expression
analysis (27).
For the studies described here, the probes were at-

tached to the membrane via the endogenous exocyclic
amines of the nucleobases, as has also been done for
direct attachment to glassy carbon electrodes (22, 39).
We have prepared films that behave similarly with
synthetic oligonucleotides to which an alkylamine linker
was appended. The latter method provides for greater
hybridization efficiency and specificity and will be used
in the future as required; attachment via the endogenous
amines was apparently sufficient for these studies.
Further, the data in Figure 3 suggest that the probe
strands are present in excess since hypoxanthines are 3
orders of magnitude less reactive than guanines (Figure
2), while the current at the probe-modified electrode prior
to hybridization is measurable. Accordingly, the quan-
titation of the radiolabled probes shows that there is in
fact a 20-fold excess of probe to target at the hybridized
electrode. The ability to tune the electron-transfer
reactivity of the synthetic probe allows us to maintain
the probe strand in excess, which greatly increases the
hybridization efficiency, while maintaining requisite
sensitivity in terms of the total charge collected (Figure
3, insets) and in chronoamperometric currents (Figure
3C). The ability to vary both the electron-transfer
reactivity and loading of the probes allows for tuning of
sensitivity and hybridization efficiency in individual
assays.
To our knowledge, Figure 4 shows the first use of

electrochemical sensors to detect PCR amplicons, al-
though such strategies have been suggested (40). The
hybridization reactions were performed with no purifica-
tion of the reaction mixture following PCR, which indi-
cates that nonspecific binding of other DNA in the
reaction mixture did not occur. Further, the results in
Figure 2 and elsewhere clearly show that guanosine
mononucleotides are particularly reactive, but the results
in Figure 4 show that the membranes did not adsorb
dGTP, which was present in millmolar concentration in
the PCR and would have contributed to the catalytic
current in the control reaction if bound to the membrane.
As discussed above, the methodology was effective for
amplicons varying in length from 247 bp for C. perfrin-
gens up to 3.2 kb for HIV.
The strategy reported here is distinct from related

approaches in which hybridization can be detected with-
out labeling the target nucleic acid. The other electro-
chemical sensors that operate via voltammetric activation
can be divided into two groups. In the first group, the
redox chemistry of the nucleobases is monitored by direct
electrochemistry (23, 40). This strategy requires that the

DNA is immobilized in a manner that allows electron
transfer from the nucleobases directly to the electrode,
which is accomplished either by adsorption of the nucleic
acid to mercury or by inclusion in carbon paste. In this
strategy, maintaining the native structural and recogni-
tion properties of the nucleic acid is a concern. The other
approach is to monitor the electrochemistry of an exog-
enous redox indicator that binds more tightly to double-
stranded DNA than to single strands (22, 39, 41-43). In
this case, higher currents are observed when double-
stranded DNA is brought to the electrode. This strategy
will be less attractive for single-stranded targets, such
as those discussed above, because the only duplex
brought to the electrode by the hybridization event will
be the small region where the probe is hybridized to the
single-stranded target. Other biosensor approaches to
hybridization detection are strategies based on surface
plasmon resonance (SPR) (44) or the quartz crystal
microbalance (QCM) (45), both of which require consider-
ably more expensive instrumentation and immobilization
surfaces than the electrochemical apparatus described
here with the polymer-modified ITO electrode. The
advantages of SPR, QCM, and the double-stranded redox
indicator approaches are that engineered (i.e., inosine-
substituted) probes are not required and that neither
technique consumes the analyzed DNA as occurs with
the guanine oxidation described here.
In the future, we envision numerous applications of

this approach beyond the detection of PCR amplicons.
The attraction of electrochemical biosensors for DNA
diagnostics has been discussed elsewhere (41), but,
briefly, electrochemical techniques are particularly suited
to miniaturization, which brings about a consequent
increase in sensitivity due to both the ability to detect
small currents and the small volumes analyzed by small
electrodes (46, 47). The studies here were conducted
using cyclic voltammetry and chronoamperometry; how-
ever, modern pulsed methods may offer additional ad-
vances in sensitivity and precision (48). The ability of
eq 2 to distinguish a single-base mismatch in solution
(21) should be conveniently translated to the solid-phase
format described here.

EXPERIMENTAL METHODS

Reagents and DNA. The inorganic reagents used in
these experiments were of analytical grade or higher. HCl
and H2SO4 were obtained from Fisher Scientific (Pitts-
burgh, PA). Water-soluble carbodiimide [WSC, 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo-
ride] and potassium permanganate were obtained from
Aldrich (Milwaukee, WI). Na2HPO4, NaH2PO4, and NaCl
were obtained from Maillinckrodt (Phillipsburg, NJ).
Water was obtained from a Milli-Q Plus purification
system (Millipore, Bedford, MA). Synthetic oligonucle-
otides (Table 1) were synthesized by the University of
North Carolina Department of Pathology and purified
using Amicon Micron 3 concentrators with a cutoff of
3000 molecular weight. Genomic DNA from herpes
simplex II virus (HSV) and C. perfringens bacterial DNA
was obtained from Sigma (St. Louis, MO). The RT-PCR
of a 3.2 kb fragment from the gp160 gene from HIV was
performed using the primers in Table 1 as described
elsewhere (26) and was a gift from Trimeris.
Preparation and Activation of the Carboxylated

Polymer Membranes. Cyclopore poly(ethylene tereph-
thalate) track-etched membranes with a pore size of 0.4
µm and a diameter of 25 mm were obtained from
Whatman International (Hillsboro, OR). Four circular
sample disks, ∼8 mm in diameter, were cut from each
25 mm membrane. The carboxylated polymer mem-
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branes were prepared following an adaptation of a
published procedure (30). The polymer disks were treated
with a solution of KMnO4 in 1.2 N H2SO4 (2.5 g/50 mL)
for ∼18 h at room temperature. The polymer disks were
then washed with 6 N HCl (2 × 30 min, 25 °C) to remove
the brown manganese oxide followed by water rinses (3
× 30 min, 25 °C). The carboxylation of the polymer film
was confirmed by XPS analysis with an increase in the
O/C ratio from 0.363 to 0.398 following treatment. These
results and those obtained at each step in the function-
alization compared favorably to those obtained by others
in protein immobilization (30). The activation of the
surface carboxylate moieties was performed by applica-
tion of 30 µL of a freshly prepared 10 mM WSC in 20
mM sodium phosophate buffer (pH 7.0) to each side of
the polymer disk. After each application, the polymer
was allowed to dry. The polymer disks were then rinsed
twice with 20 mM sodium phosphate buffer and once with
water. The DNA probes were coupled to the activated
polymer membranes by application of 0.75 nmol of probe
in 10 µL of water to each side of the membrane to give a
surface density of ∼5 nmol/cm2. The polymer was al-
lowed to dry after each application. The polymer disks
were then rinsed twice with 20 mM sodium phosphate
buffer and once with water. The polymer disks with the
probe attached were now ready for hybridization.
PCR Amplification. All DNA samples were ampli-

fied using the PCR method as described elsewhere (35,
36). The reaction tubes contained 80 µL of a solution of
∼1 pmol (in nucleotide) sample DNA, 10 mM Tris-HCl
(pH 8.4), 50 mM KCl, 200 µM dNTP, and either 2.5 mM
MgCl2 (HIV and HSV) or 3 mM MgCl2 (C. perfringens).
The primer sequences (Table 1) were for a 247 bp
fragment of the R-toxin gene of C. perfringens (35, 49),
for a 561 bp amplicon from the BglII N fragment from
HSV (36), or for a 3.2 kb amplicon from the gp160 gene
of HIV. The primers were added to a final concentration
of 4 µM, and 1-2 units Taq polymerase (Perkin-Elmer,
Norfolk, CT) was added to the mixture using the hot-
start method of preheating the reaction tube to 94 °C for
5 min. The mixtures were subjected to 45 cycles at 94
°C for 1 min, 55 °C for 1 min, and 70 °C for 2 min with
an automatic thermal cycler (Perkin-Elmer Model 2400).
Each set of amplification reactions contained both posi-
tive and negative controls, and each mixture was ana-
lyzed by agarose gel electrophoresis to verify that frag-
ments of the appropriate size were produced and that
the positive and negative controls behaved appropriately.
Synthetic 21-mer Hybridization. Polymer films to

which an inosine-substituted 21-mer probe (Table 1) was
coupled were placed into 200 µL of a hybridization buffer
of 50 mM sodium phosphate and 800 mM NaCl with 1
nmol of the complementary or control 21-mer DNA. The
hybridization buffer and polymer film were heated for 1
h at 50 °C and slowly cooled to room temperature. The
polymer membrane was removed from the liquid and
washed twice in 20 mM sodium phosphate buffer and
once with water prior to electrochemical analysis.
Hybridization of PCR Products. Polymer films

modified with the appropriate inosine-substituted probe
(Table 1) were placed into the hybridization buffer with
a 60 µL fraction of the unpurified HIV, HSV, or C.
perfringens PCR and heated for 10 min at 95 °C in a total
volume of 200 µL. The polymer films were allowed to
hybridize in the buffer overnight. As a control, the
noncomplementary inosine-substituted ras 21-mer probe
was coupled to a polymer membrane and exposed simi-
larly to the PCR. The polymer membrane was removed
from the liquid and washed twice in 20 mM sodium

phosphate buffer and once with water prior to electro-
chemical analysis.
Electrochemical Analysis. Cyclic voltammograms

were collected using a PAR 273A potentiostat/galvanostat
with a single-compartment voltammetric cell equipped
with an ITO working electrode (area 0.32 cm2), a Pt-wire
counter electrode, and an Ag/AgCl reference electrode.
In a typical experiment, the polymer membrane was
placed on top of the ITO electrode at the base of the
voltammetric cell and held in place with an O-ring. Two
hundred microliters of 100 µM Ru(bpy)32+ in 50 mM
sodium phosphate buffer (pH 7.0) was placed into the
voltammetric cell and allowed to equilibrate with the
polymer film for 20 min. The polymer film covered all
of the exposed ITO electrode area so that the Ru(bpy)32+

was forced to diffuse through the film to access the
working electrode. The porosity of the polymer mem-
brane allowed for adequate diffusion of the Ru(bpy)32+.
Cyclic voltammograms from 0.0 to 1.3 V were taken at a
scan rate of 25 mV/s. A freshly cleaned ITO electrode
was used for each experiment, and a background scan of
buffer alone was collected and subtracted from subse-
quent scans. The quantities of charge (in microcoulombs)
shown in the bar graphs in Figures 3 and 4 were obtained
by integrating the cyclic voltammograms between 900
and 1300 mV and subtracting the charge for the probe-
modified films from the charge for the hybridization and
control reactions.
Quantitation of Probe and Target by Radiolabel-

ing. The 21-mer probe and complementary target oli-
gonucleotides were 5′-32P-labeled using T4 polynucleotide
kinase and γ-32P-ATP (6000 Ci/mmol) according to stan-
dard procedures (32), and the unreacted ATP was re-
moved by chromatography over a Stratagene NucTrap
column. The radiolabeled 21-mer probe (370 cpm/pmol)
was attached to the PETmembrane by the same strategy
described above. The films were washed with buffer and
water as in the attachment for electrochemistry, and then
the membrane was added to 4 mL of SafetySolve scintil-
lation fluid and counted using a scintillation counter. In
a separate experiment, a film to which unlabeled 21-mer
probe was attached was hybridized to 44 µM 21-mer
complementary target that was 32P-labeled (360 cpm/
pmol). The quantity of hybridized target was determined
similarly.
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The oxidation of antibody carbohydrate residues by periodate is a common approach used for site-
specific antibody modification and immobilization. This study sought to develop a general kinetic
model that could be used to describe the effective rate of this oxidation for process control. A detailed
analysis of previous data collected for rabbit immunoglobulin G in the presence of excess periodate
indicated that the reaction followed a pseudo-first-order mechanism in which two general classes of
sites were being oxidized. The first class of sites was oxidized fairly rapidly (i.e., within 15-30 min),
while the second class of sites reacted over the course of several hours. From these results, an equation
was developed that gave a good fit under a variety of reaction conditions to the production of oxidized
sites available for coupling with a hydrazide label. On the basis of this equation, data obtained at
several periodate concentrations under the same pH and temperature conditions were used to estimate
the apparent rate and equilibrium constants for the oxidation of each class of sites. The values obtained
by using this approach could be used not only to predict the effective rate of oxidation at other periodate
concentrations but also to provide information on the individual steps involved in the oxidation process.

INTRODUCTION

The oxidation of antibodies by periodate is a popular
means for the site-specific modification of antibodies for
coupling to solid supports or labeling agents. A number
of reviews on the applications of periodate-treated anti-
bodies have appeared previously in the literature (e.g.,
refs 1 and 2); recent examples of specific applications
include those discussed in refs 4-7. During the treat-
ment of antibodies with periodate, diol groups located in
the carbohydrate chains of an antibody are cleaved to
form aldehyde groups. These aldehydes can then be used
as sites for attachment of the antibody to agents that
contain free amine or hydrazide residues. The main
advantage of this approach is that the carbohydrate
residues on antibodies are usually located in regions that
are distant from the antigen binding sites. Thus, the use
of these residues for antibody modification should result
in little or no change in the antibody’s final binding
activity (1, 2).
Despite the potential usefulness of antibody treatment

by periodate, only limited quantitative information is
available regarding the actual nature of this reaction. It
has been shown that the periodate oxidation of glycopro-
teins depends on such factors as periodate concentration,
reaction time, pH, and temperature (3-6, 8, 9). However,
many previous studies with antibodies have examined
only some of these parameters in any detail. To overcome
this limitation, our group has collected data on the
oxidation of rabbit immunoglobulin G (rabbit IgG) under
a variety of reaction conditions (10). From this work, a
set of empirical guidelines was developed for obtaining
various levels of antibody oxidation while also minimizing
the loss of antibody activity that occurs as a result of the
oxidation process. However, a general model is still

needed that can be used along with this information to
predict and follow the periodate treatment of antibodies
to obtain a precise means of controlling or adjusting this
reaction.
The goal of the present study is to use previous data

obtained in work with rabbit IgG to develop a kinetic
model and associated equations that can be used to
describe the effective degree of antibody oxidation (i.e.,
the production of aldehyde groups that are available for
reaction with a hydrazide- or amine-containing reagent)
as a function of time and various reaction conditions that
are commonly used during antibody treatment with
periodate. This type of model would be potentially useful
in allowing for improved control and selection of those
conditions that are needed to obtain a given degree of
antibody modification for labeling or immobilization. The
availability of such a model would also be valuable as a
means for studying the mechanisms involved in the
periodate oxidation of antibodies or other glycoproteins.

MATERIALS AND METHODS

As discussed previously (10), polyclonal rabbit IgG was
selected as the model antibody preparation for this work
since it is a common immunological reagent and a
number of previous studies on antibody oxidation by
periodate have been based, at least in part, on rabbit IgG
(5, 8). Furthermore, it was felt that the use of a
polyclonal system would help to avoid the variability that
has been noted in previous studies examining the effects
of periodate oxidation on monoclonal antibodies (3-5, 9).
Also, since polyclonal antibody preparations are com-
posed of a large number of distinct antibody lines, this
type of system should be fairly representative of the
average behavior that would be expected for individual
antibody populations when they are treated by a reagent
such as periodate.
The polyclonal rabbit IgG was oxidized with periodate

as described in ref 10. The effective number of aldehyde
groups that were available for coupling was determined
by labeling with the hydrazide-containing dye Lucifer
yellow CH (LyCH), also as described previously (10).

* Author to whom correspondence should be addressed [tele-
phone (402) 472-2744; fax (402) 472-9402; e-mail dhage@
unlinfo.unl.edu].
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LyCHwas obtained from Aldrich (Milwaukee, WI); rabbit
IgG and the p-periodic acid reagent used to make the
periodate solutions (see ref 10 for further details) were
from Sigma Chemical Co. (St. Louis, MO). Other chemi-
cals used in this study were of reagent grade quality or
better. The degree of antibody labeling by LyCH that
was obtained under each set of oxidation conditions was
measured by flow injection analysis (FIA), as performed
according to procedures given in ref 11.
The simplex optimization method used for analysis of

the kinetics of antibody oxidation was performed by a
program written in Microsoft QuickBASIC (Redmond,
WA). This program was based on a modified version of
the procedure given by Noggle (12). For simplex opti-
mization performed with the two-site model, the variance
of the fit was calculated by dividing the sum of the
squares of the residuals by N - 4 degrees of freedom,
where N is the total number of points present in the
original data set. All simplex optimization studies were
carried out by examining the results obtained with at
least eight different combinations of estimates for the
initial parameters, as selected from points scattered
throughout the range of allowable results. All fits were
evaluated on the basis of both the residuals or variances
that were obtained and a visual comparison of the
predicted response versus the experimental data.

RESULTS AND DISCUSSION

To obtain a model that described the effective rate of
antibody oxidation by periodate, an analysis was per-
formed on data previously collected for rabbit IgG in the
presence of a known excess of periodate and at various
pH values and temperatures (10). The range of test
conditions included those typically employed in previous
studies involving the periodate oxidation of antibodies
(1-9) or other glycoproteins (13-16). In each case,
periodate was initially present in at least a 150-fold molar
excess versus the amount of antibody in the sample; this
resulted in a pattern that consisted of a rapid increase
in oxidized sites at short reaction times (i.e., <15-30
min) followed by a much slower increase over longer
reaction times (10). The same type of pattern has been
noted by others not only in the periodate oxidation of
antibodies but also in the treatment of additional glyco-
proteins by periodate (5, 6, 11, 15-17).
As a first step in developing a kinetic model for

antibody oxidation, consideration was given to the vari-
ous mechanisms that have been proposed for the perio-
date treatment of other, low molecular weight com-
pounds. For example, studies with various small 1,2-
diol compounds have found that periodate oxidation can
generally be described by a two-step process:

The first step of this reaction involves the reversible
formation of a cyclic intermediate complex between the
diol group and 1 equiv of periodate. After this complex
is formed, the diol is cleaved at its carbon-carbon bond
to form two aldehyde groups (18). There are two extreme
cases that can arise from the model in eq 1. In the first
case, formation of the diol-periodate complex is the slow
step, while in the second case the formation of products
from the cyclic complex is rate-limiting. These two
situations are represented by the reaction schemes shown
in eqs 2 and 3, respectively.

In this series of reactions, k1 is the forward rate constant
for complex formation, k2 is the rate constant for product
formation, and K1 is the association equilibrium constant
for the diol-periodate complex. Both cases in eqs 2 and
3 have been observed in experimental systems (18). For
example, simple diols such as ethylene glycol and 2,3-
butylene glycol readily form a cyclic intermediate with
periodate but have slow cleavage reactions. On the other
hand, highly substituted or hindered diols can have slow
formation of the cyclic intermediate, followed by more
rapid cleavage of the diol carbon-carbon bond (18).
When a large excess of periodate is present in solution,

as was true for rabbit IgG in this study, it is possible to
represent either of the cases in eqs 2 or 3 by a pseudo-
first-order rate expression. The resulting integrated
equations, expressed in terms of the formation of product,
are given below (19):

or

In eqs 4 and 5, Bt represents the amount of product that
is present at time t, A0 is the initial amount of the
reactant, kapp is the apparent rate constant for the
conversion of A to B, n represents the moles of B that
are produced per mole of A that is consumed, and nA0 is
the maximum amount of product (i.e., labeling sites in
this study) that can result under the given reaction
conditions. Note that the amount of B and A in eqs 4
and 5 can be expressed in terms of either concentrations,
moles, or mole ratios (e.g., moles of LyCH per mole of
IgG) as long as both A and B are present in the same
solution or reaction compartment. Furthermore, the use
of the proportionality constant n in these equations is
useful in that it allows the reaction rate to be expressed
in terms of any product B whose production is propor-
tional with, but not necessarily identical to, the consump-
tion of A (i.e., where A represents diol groups in this
case). This makes eqs 4 and 5 valuable in describing
antibody oxidation in terms of the effective number of
labeling sites that are produced per antibody, since either
one or two aldehyde groups can be generated per oxida-
tion event and not all of these aldehydes might be
available for labeling due to steric hindrance or other
constraints (see discussion at the end of this section).
Although either of the systems in eq 2 or 3 would be

expected to fit a pseudo-first-order model in the presence
of excess periodate, the actual meaning of kapp will differ
depending on which situation is present. In the case
when complex formation is rate-limiting (eq 2), the value
A0 is equal to the initial amount of diol groups that can
take place in the oxidation reaction and the value of kapp
is given by the equation

where [periodate] is the total concentration of periodate
present in solution and k1 is the forward rate constant
for complex formation, as defined previously. In the

diol + periodate98
k1

diol-periodate complex98
fast

products (2)

diol + periodate y\z
K1

diol-periodate complex98
k2
products (3)

Bt ) nA0(1 - e-kappt) (4)

ln[1 - (Bt/nA0)] ) -kappt (5)

kapp ) k1[periodate] (6)

diol + periodate h
diol-periodate complex f products (1)
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situation when cleavage of the carbon-carbon bond is
rate-limiting (eq 3), A0 is still equal to the total amount
of diol groups (both free and complexed) that is present
prior to the cleavage reaction; however, kapp is now given
by the expression

The fact that these two cases result in different equations
for kapp will be used later to help determine which
mechanism best describes the oxidation of antibodies by
periodate.
Early work in this study examined the fit of a single

first-order expression to data obtained for the oxidation
of rabbit IgG at pH 5.0 and 25 °C between 0 and 240
min. When this was done, large deviations were noted
between the data and the expected response at all of the
periodate concentrations that were tested (i.e., 1-100
mM). However, data obtained at short reaction times (0-
10 min) did appear to have reasonable agreement with
the pseudo-first-order model. This is shown in Figure
1, which illustrates the fit of eq 5 to data obtained at
periodate concentrations of 1 and 5 mM. Similar results
were obtained when using up to 10 mM periodate. The
correlation coefficients for these plots ranged from -0.9459
to -0.9783 for the four to five points in each graph
between 0 and 15 min. This indicated that even though
data measured over long times did not follow the pseudo-
first-order model, the initial rate did seem to fit this type
of response. The best-fit values for kapp that were
obtained from the slopes of these plots were between 0.2
and 0.3 min-1 [i.e., (3-5) × 10-3 s-1]. The estimated
values for nA0, as determined by iterative testing, varied
from 0.3 to 1.5 mol of LyCH/mol of IgG.
By assuming that the pseudo-first-order fit to the

initial data represented a single class of fast-reacting
sites, it was possible to use this fit to estimate how many
labeling sites were produced by this oxidation process at

any given reaction time. These values were then sub-
tracted from the total number of labeling sites that were
actually measured. After this was done, the remaining
LyCH/IgG levels were replotted according to eq 5, as
shown in Figure 1. On the basis of this approach, it was
found that the remaining oxidation data again showed
good agreement with a pseudo-first-order model. The fits
obtained for periodate concentrations of 1-10 mM and
reaction times of 0-240 min had correlation coefficients
of -0.9641 to -0.9989 over four to five data points. The
best-fit values measured for kapp were between 0.004 and
0.007 min-1 [i.e., (7-12) × 10-5 s-1], and the estimated
values for nA0 ranged from 1.7 to 4 mol of LyCH/mol of
IgG.
From the results in Figure 1, a model was proposed

for the antibody oxidation process in which two distinct
classes of sites were present, each following pseudo-first-
order kinetics in the presence of excess periodate. On
the basis of this model and eq 4, the following equation
was developed to describe the overall oxidation process

where the subscripts “1” and “2” refer to the parameters
for the first and second types of sites, respectively.
The fit of eq 8 to each set of oxidation data was tested

by using simplex optimization to obtain the best-fit values
for (nA0)1, (nA0)2, kapp,1, and kapp,2. Figure 2 shows the
fits that were obtained for data measured in presence of
1-5 mM periodate at 5.0 and 25 °C. In both of the given
examples, excellent agreement was seen between the
two-site model and the experimental results over the
entire range of reaction times that were sampled. The
same type of fit was noted when using other periodate
concentrations up to 10 mM. The variance of these fits
was between 0.003 and 0.005 over 8-10 data points. The

Figure 1. Fit of a first-order rate expression to data for the
initial reaction of rabbit IgG with periodate (9) and over longer
reaction times after correcting the net response for the contribu-
tion predicted by the initial rate analysis (0). This correction
assumes the net rate of oxidation can be described by parallel
reactions with different reacting sites but similar products (19).

kapp ) k2 (K1[periodate])/(1 + K1[periodate]) (7)

Figure 2. Overall fit of oxidation data for rabbit IgG (9) to a
model in which two separate classes of sites for oxidation are
present (types 1 and 2). The lines shown in this graph were
calculated using eqs 4 and 6, along with the best-fit parameters
obtained through simplex optimization.

Bt ) (nA0)1[1 - e-kapp,1t] + (nA0)2[1 - e-kapp,2t] (8)
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best-fit values for kapp,1 and kapp,2 in these plots ranged
from 1 × 10-3 to 8 × 10-3 s-1 and from 7 × 10-5 to 40 ×
10-5 s-1, respectively, with both of these parameters
increasing with periodate concentration. The size of
(nA0)1 and (nA0)2 varied between 0.5-0.8 and 1.2-2.8 mol
of LyCH/mol of IgG (see Table 1 for mean values) and
showed only random variations as the periodate concen-
tration was changed. Overall, these best-fit parameters
gave good agreement with the kapp and nA0 values that
were estimated earlier by linear regression analysis, such
as performed in Figure 1.
By using the best-fit parameters in Table 1 along with

eq 4, it was possible to determine the contribution of each
site to the overall extent of oxidation that was measured
by the LyCH label. The results are included in Figure
2. The picture that results from this is one in which the
first class of sites (type 1) is oxidized within 15-30 min,
followed by slower oxidation of the second class of sites
(type 2) over a period of at least several hours. This
model is consistent with the biphasic behavior that has
often been observed for the oxidation of antibodies by
periodate (5, 6, 10, 11). In addition, these results agree
with past work performed with another glycoprotein,
orosomucoid, in which the presence of different classes
of sites has been proposed as an explanation for the
biphasic nature of the periodate oxidation process (20).
The antibody oxidation process was examined in more

detail by studying the concentration dependence of the
measured kapp values. This was of interest since knowing
the expected relationship between kapp and periodate
concentration would allow the effective rate of antibody
oxidation to be estimated at new periodate levels once it
has been established for several other periodate concen-
trations. To study this, plots were made of 1/kapp versus
1/[periodate]. According to eqs 6 and 7, one of the
following linear relationships should result for this type
of plot if the oxidation mechanism is limited exclusively
either by the rate of complex or product formation:

For a reaction that is limited by the rate of complex
formation, eq 9 shows that a plot of 1/kapp versus
1/[periodate] should result in a linear relationship with
a slope of 1/k1 and an intercept of zero. For a reaction
that is limited by the rate of breaking the diol carbon-
carbon bond, eq 10 predicts that a linear response will
also result but with a slope that is now given by 1/(k2K1)
and a nonzero intercept that is equal to 1/k2.
Figure 3 shows the graph that was generated when a

plot of 1/kapp for site type 1 was made versus 1/[periodate].
A linear relationship was obtained, as predicted by eqs
9 and 10, with a correlation coefficient of 0.9740 over five
points. The best-fit slope for this graph was determined

to be 0.49 ( 0.07 M s (1 SD), and the intercept was 120
( 40 s. A similar plot was found for site type 2, but with
more scatter being present about the best-fit line. In the
latter case, a correlation coefficient of 0.7818 was ob-
tained over five points, with a slope of 7 ( 3 M s and an
intercept of 3800 ( 1900 s. These linear relationships
indicate that such plots should make it easy to estimate
kapp at new periodate concentrations once this apparent
rate constant has been determined at a few surrounding
periodate levels.
A further examination of plots such as those in Figure

3 helped to provide some insight into the nature of the
antibody-periodate reaction. For example, the data for
both classes of sites gave intercepts for plots of 1/kapp
versus 1/[periodate] that were significantly different from
zero at the 90% confidence level. According to eqs 9 and
10, this supports a model in which periodate and diol
groups on the antibody rapidly formed a cyclic complex
(as has been shown to form between periodate and low-
mass diol compoundsssee ref 18), followed by the slow
cleavage of this complex to form the aldehyde products.
The same mechanism has been used by Nevell (21) to
describe the oxidation of cellulose by periodate. By
assuming that a cleavage-limited mechanism was indeed
present, it was possible to use eq 10 to determine the
values of k2 and K1 for the two types of sites under the
given pH and temperature conditions. The results are
summarized in Table 1. For the proposed model, it was
found that the two classes of sites had similar, weak
equilibrium constants for complex formation, with both
K1 values falling within the range of 200-600 M-1.
However, the two classes of sites did differ in the
maximum number of available aldehydes that could be
generated (nA0) and in the rate constants for diol group
cleavage (k2). In this case, site type 1 had a smaller value
for nA0, but the value of k2 for this type of site was about
25-fold larger than it was for the second class of oxidation
sites.
The two-site model that was used in this work to

describe antibody oxidation was found to work well not
only at pH 5.0 and 25 °C but also at other pH and tem-
perature conditions. Some typical examples are shown
in Figure 4. The range of conditions that were examined
for antibody oxidation included a pH range of 3-7 (at 10
mM periodate and 25 °C), a temperature range of 4-37
°C (at 10 mM and pH 5.0), and a concentration range of
1-100 mM periodate (at pH 5.0 and 25 °C). In all but
two of these cases there was good agreement between
the actual data and the two-site model, with total
variances that ranged from 0.002 to 0.07 (mean, 0.02 (

Table 1. Estimated Equilibrium and Rate Constants for
the Periodate Oxidation of Rabbit IgG at pH 5.0 and
25 °Ca

oxidation
site

nA0
(mol of LyCH/
mol of IgG) K1 (M-1) k2 (s-1)

site class 1 0.7 (( 0.1) 240 (( 90) 8 (( 3) × 10-3

site class 2 1.9 (( 0.7) 600 (( 400) 3 (( 1) × 10-4

a The values in parentheses represent a range of ( 1 SD. The
value of nA0, or the effective moles of labeling sites that could be
generated per mole of IgG, represents the mean result obtained
by simplex optimization over five periodate concentrations between
1 and 10 mM and using two separate batches of antibody.

1/kapp ) 1/(k1[periodate]) (9)

1/kapp ) 1/(k2K1[periodate]) + 1/k2 (10)

Figure 3. Change in kapp with periodate concentration at site
type 1 on rabbit IgG. The best-fit parameters are given in the
text. The results shown were obtained at pH 5.0 and 25 °C using
periodate concentrations of 1, 1.3, 2, 5, and 10 mM.
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0.02) over 6-13 points. The only exceptions were those
data sets that were measured at 50 and 100 mM
periodate. In these two cases, significant deviations were
seen from the two-site model at long reaction times (i.e.,
>1-2 h). This was expected since these same conditions
were found to result in the formation of a significant
amount of visible precipitate, indicating the possible
presence of side reactions due to overoxidation or anti-
body cross-linking (10).
The accuracy and potential utility of the two-site

kinetic model were next tested by using this model to
predict the effective rate of periodate oxidation for rabbit
IgG. This was done by first using the kinetic fits in
Figures 2-4 and related graphs to choose oxidation
conditions that would be expected to produce approxi-
mately one, two, three, or four active aldehyde groups
per IgG. These conditions were next used to oxidize some
fresh samples of normal rabbit IgG, with the final extent
of oxidation then being measured and compared to the
predicted level. The results are summarized in Table 2,
with all four test conditions giving good agreement
between the actual and predicted degrees of antibody
oxidation. Each set of experimental and predicted oxida-
tion levels overlapped within a range of 2 standard
deviations, and the absolute differences in these values

varied by only -12.2% to +7.4% (mean, -4.9%). This
degree of accuracy was considered to be adequate for most
applications since such differences are less than or
comparable to the within-day precision of 5% and day-
to-day precision of 10-20% expected for the periodate
oxidation of rabbit IgG under constant reaction conditions
(10).
The carbohydrate structure of a typical antibody

(Figure 5) reveals some clues regarding what residues
on the antibody carbohydrate regions might be repre-
sented by the two types of oxidation sites in the proposed
kinetic model. In rabbits and other mammals the oli-
gosaccharides that are attached to IgG are highly het-
erogeneous in nature (22), with Figure 5 showing the
maximum number of sugar units that can be present in
a single carbohydrate chain. However, in reality many
of the actual carbohydrate chains on rabbit IgG may lack
the 1′ fucose and/or 4′′ N-acetylglucosamine residues, or
they may contain only a partial extension of the se-
quences shown in the 4-7 and 4′-7′ chains (22).
Although the carbohydrate regions for rabbit IgG are

heterogeneous, the aldehydes that can be generated by
periodate in these regions could occur through the
oxidation of two different types of diol groups: (1) those
present as exocyclic diols on sialic acid residues or (2)
those within the cyclic structures of other sugars in the
carbohydrate chain (13, 15). Of these two types of diols,
those present on sialic acids have long been known to
have the greatest susceptibility to oxidation by periodate
(23). Sialic acids contain diol groups at both the C7-C8
and C8-C9 exocyclic regions. The oxidation of either diol
group results in the formation of a free aldehyde in
solution and a single aldehyde that is attached to the
carbohydrate chain (i.e., n ) 1 in the term nA0, assuming
100% labeling efficiency by LyCH). Studies with other
glycoproteins have shown that terminal sialic acids are
rapidly oxidized by periodate over a time scale matching
that seen for site type 1 in this study (16, 17, 20, 24). In
addition, data obtained from previous studies that have
examined the extent of rabbit IgG sialylation (25) give

Figure 4. Fit of a two-site model to oxidation data obtained for rabbit IgG (9) under a variety of pH and temperature conditions.
The dashed and dotted lines show the estimated contributions due to site types 1 and 2.

Table 2. Actual and Predicted Degrees of Antibody
Oxidation by Periodate

degree of oxidation
(mol of LyCH/mol of IgG)a

oxidation conditions predicted actual

10 min, pH 7.0,
10 mM periodate, 25 °C

1.0 (( 0.1) 0.9 (( 0.1)

30 min, pH 5.0,
10 mM periodate, 25 °C

2.1 (( 0.1) 2.0 (( 0.1)

60 min, pH 5.0,
10 mM periodate, 25 °C

2.7 (( 0.1) 2.9 (( 0.1)

60 min, pH 4.0,
10 mM periodate, 25 °C

4.1 (( 0.2) 3.6 (( 0.1)

a The numbers in parentheses represent a range of ( 1 SD.
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an average number of sialic acids per IgG that shows
good agreement with the value of (nA0)1 in Table 1. On
the basis of this information, it was concluded that the
first class of oxidation sites (type 1) probably represents
the exocyclic diol groups on the sialic acid residues.
The second general type of diol groups (i.e., those

suspected to represent cyclic sugar residues) could occur
at a variety of locations within the carbohydrate chains.
For the fully extended structure shown in Figure 5, diol
groups occur within the 1′ fucose, 4′′ N-acetylglu-
cosamine, and two 4/4′ mannose residues. Although
some of these sugars have more than one pair of adjacent
diol groups, a maximum of two aldehydes is produced
by the reaction of periodate at any one of these residues.
For carbohydrate chains with a partially extended struc-
ture, additional pairs of aldehyde groups may be pro-
duced by oxidation at a terminal galactose (at the 6- or
6′-positions in the absence of 7 or 7′ sialic acids) or a
terminal N-acetylglucosamine (at the 5- or 5′-positions
in the absence of the 6-7 or 6′-7′ residues). On the basis
of the different combinations of sequences that have been
noted in mammalian IgG (22), there is the potential to
generate 8-12 aldehydes per carbohydrate chain in the
absence of any sialic acid and 6-10 aldehydes per chain
when both terminal sialic acids are present (i.e., 4-8
aldehydes from cyclic diols and 2 from sialic acids).
Although not all of these sites may be available for
labeling due to steric hindrance or other factors, the
relatively small nA0 value noted in Table 1 for site type
2 suggests that only some cyclic diol groups are repre-
sented by the second class of sites under normal oxidation
conditions. Fucose is one likely source of these groups
since studies with other glycoproteins have found this
sugar to be readily oxidized by periodate on an hour time
scale (16, 17, 20). Terminal galactose residues have also
been noted to undergo relatively fast oxidation by perio-
date, making this sugar another candidate for the type
2 oxidation sites.
Although only a few types of residues might be

represented by site type 2 under standard oxidation
conditions, more residues might be included in this class
of sites when harsher reaction conditions are used. For
example, at an oxidation pH <4.5 or at a reaction
temperature >25 °C there was an apparent increase in
the value of (nA0)2 that was obtained by simplex optimi-
zation. The extent of this increase ranged from a value
for (nA0)2 of 1.9 mol of LyCH/mol of IgG at pH 5.0 and
25 °C to levels of 3.4-8.8 mol of LyCH/mol of IgG at pH
5.0/37 °C and pH 3.0/25 °C, respectively. As discussed
earlier, this suggests that other cyclic diols can also fit

within the two-site model but that not all of these are
amenable to periodate oxidation unless suitably strong
reaction conditions are used. The fact that a relatively
good fit is obtained to a two-site model even under this
fairly wide range of conditions indicates that if multiple
residues are represented by site type 2, then the apparent
rate constants for their oxidation must be fairly similar.
This is useful since it avoids the need for more complex
models to describe the net rate of the oxidation process
under these other reaction conditions.

CONCLUSIONS

In summary, this work examined the development of
a kinetic model to help describe the effective rate of
oxidation of rabbit IgG by periodate to form aldehyde
groups for labeling or immobilization. The model that
was developed was based on a pseudo-first-order mech-
anism in which two distinct classes of sites were being
oxidized. The first type of site was oxidized fairly rapidly
(i.e., within 15-30 min), while the second type of site
reacted over the course of several hours. It was proposed
that these two classes of sites represented exocyclic and
cyclic diol groups, respectively. From the concentration
dependence of the apparent rate constants, it was further
suggested that this oxidation occurred through a mech-
anism in which the periodate and carbohydrate residues
rapidly form a reversible complex that then undergoes a
slower cleavage reaction. On the basis of comparisons
that have been made between the carbohydrate regions
of mammalian IgG antibodies (22), it is anticipated that
the same kinetic model as developed here for rabbit IgG
could be applied to other species, including human, sheep,
mouse, and bovine IgG.
The model and equations developed in this study are

of potential fundamental importance because they pro-
vide a basis for examining the kinetic processes that take
place during the oxidation of antibodies or other glyco-
proteins by periodate. This model and these equations
are also of interest from an applied viewpoint since they
could be used to describe or predict the average number
of labeling or immobilization sites that will be generated
on oxidized antibodies. As shown in this work, the model
developed in this study appears to work under a variety
of pH and temperature conditions. It also appears to
have the ability to separate the overall oxidation process
into the contributions of two distinct classes of sites. This
latter ability is of interest since it could allow the
oxidation reaction to be tailored to emphasize the treat-
ment of a particular group of carbohydrate residues. This
is already done to some extent with glycoproteins through

Figure 5. Sequence of the fully extended form of an N-linked carbohydrate region on IgG. The abbreviations indicate the locations
of sialic acid (Sia), â-D-galactose (Gal), â-D-N-acetylglucosamine (GlcNAc), â-D-mannose (Man), and â-L-fucose (Fuc). The numbers
below each residue indicate the sugar’s position in the chain, based on the scheme of Rademacher et al. (22).

Kinetic Model for Antibody Oxidation by Periodate Bioconjugate Chem., Vol. 8, No. 6, 1997 919



the use of low temperatures and neutral pH values for
the oxidation of sialic acid in the presence of other sugars
(14, 25-27). On the basis of the model developed in this
work, it should be possible to further refine the conditions
that are required for this type of selective oxidation.
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Efficient Chemical Introduction of a Disulfide Cross-Link and
Conjugation Site into Human Hemoglobin at â-Lysine-82 Utilizing a
Bifunctional Aminoacyl Phosphate
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The creation of a cross-link containing a disulfide into hemoglobin has been accomplished with a
site-directed reagent, N,N′-bis(Cbz-cystinyl)bis(methyl phosphate) (1). This is prepared from the
reaction of the bis acid chloride of N-protected cystine with dimethyl phosphate followed by
O-demethylation with methyl iodide in acetone. Reaction with deoxyhemoglobin produces two main
products: cross-linked hemoglobin as the bis(cystinyl amide) of the ε-amino group of the side chain of
Lys-82 of the two â subunits as well as material that has each of the same amino groups modified as
the cysteinyl amide but not cross-linked. Addition of 2-mercaptoethanol cleaves the disulfide in the
material that is not cross-linked while leaving the disulfide intact in the cross-linked species.
Dithiothreitol reduces the disulfide in the cross-linked species as well as in the species that is not
cross-linked. Spontaneous oxidation in air converts all of the reduced material to the cross-linked
bis(cystinyl amide) of hemoglobin. The reagent permits controlled introduction of cystinyl groups at
lysyl residues, leading to formation of sulfhydryl groups by reduction and the possibility of re-forming
the cross-links or forming conjugates.

INTRODUCTION

Modified human hemoglobin is a central component of
most materials that have been developed as potential
blood substitutes (1-5). Cross-linking, either by chemi-
cal modification or by genetic engineering, is necessary
to stabilize the tetrameric protein. As blood substitutes,
cross-linked hemoglobins have to be tolerated in large
quantities (6). The functionality introduced by cross-
linking or genetic engineering also has the potential for
creating sites for bioconjugation. Our laboratory’s work
on site-directed cross-linking of hemoglobin has estab-
lished a wide variety of efficient reagents that are anionic
electrophiles (3, 7). These materials selectively react
with amino groups in the region of hemoglobin that binds
the effector 2,3-diphosphoglycerate (DPG) (8, 9). We have
also recently reported convenient methods to produce the
general class of anionic electrophiles, monoesters of
aminoacyl phosphates (10). The reactivity patterns of
these molecules suggested that they would be useful for
modification of proteins. We now report howmodification
of the amino acid cystine produces a new site-directed
cross-linker, the N,N′-carbobenzyloxybis(methyl phos-
phate) of cystine (1). This material reacts with hemo-

globin to give cross-linked protein that has amino groups
converted to amides joined as a disulfide derivative.

EXPERIMENTAL PROCEDURES

General Methods. Water was doubly distilled and
deionized. All pH measurements were standardized
against calibrated buffers using a combination glass
electrode. Molecular mechanics was employed to obtain
preferred conformations based on several initially esti-
mated structures of bis(N-Cbz)cystinylbis(methyl phos-
phate). The coordinates of deoxyhemoglobin of Fermi and
Perutz (11) from the Brookhaven protein database were
used for visualization of the structure of the protein.
Melting points were obtained in a calibrated oil bath
apparatus. Proton NMR spectra were recorded at 200
and 300 MHz with chemical shifts reported relative to
TMS or DSS. 13C NMR spectra were recorded on the
same instruments at 50 and 75 MHz. Carbon chemical
shifts were measured relative to chloroform-d with TMS
at 0. 31P NMR spectra were recorded at 120 MHz, and
chemical shifts are relative to 85% phosphoric acid in
water. Infrared spectra were recorded on a FT-IR
spectrometer in KBr pellets. Dr. Alex Young recorded
mass spectra by electron-impact (EI) or fast atom bom-
bardment ionization (FAB). The Mass Spectroscopy
Laboratory, Department of Medical Genetics, University
of Toronto provided electrospray ionization mass spectra.
Chemical modification of hemoglobin and analysis fol-
lowed general procedures as reported for related materi-
als (12,13).
Synthesis of N,N′-Bis(Cbz-cystinyl) Bis(sodium

methyl phosphate) (1). N,N′-Bis(Cbz-cystinyl) dichlo-
ride (14, 15) (1.0 g, 1.8 mmol) and sodium dimethyl
phosphate (16) (0.54 g, 3.6 mmol; from trimethyl phos-
phate and 1 equiv of sodium iodide in dry acetone) were
suspended in 30 mL of dry tetrahydrofuran at 0 °C under
nitrogen and stirred for 1 h. The resulting precipitate
of sodium chloride was removed by filtration. Sodium
iodide (2.2 g, 14.6 mmol) was added to the filtrate
[containing N-Cbz-cystinyl bis(dimethyl phosphate), 2]
to replace one methyl group at each phosphate with
sodium (17). The mixture was stirred at 5 °C for 48 h.
Solvent was removed by rotary evaporation. The result-
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ing solid was crystallized from acetone/ether, producing
an off-white powder. This was collected and washed
three times with acetonitrile. The powder was dried in
vacuum to give 1.0 g (1.35 mmol, 74% yield) of N-Cbz-
cystinyl bis(sodium methyl phosphate) (1) as a white
solid, mp > 200 °C: IR (KBr) CdO 1675 cm-1, 1695 cm-1;
1H NMR (200 MHz, D2O) δ 7.26 (s, 10H, 2C6H5), 4.88 (s,
4H, 2OCH2Ph), 4.44 (m, 4H, NH and NCH), 3.45 (dd, 6H,
JP-H ) 11.5 Hz, 2OCH3), 2.70-3.25 (m, 4H, SCH2); 13C
NMR (121 MHz, D2O) δ 168.3 (d, JP-C ) 9.7 Hz, P-O-
CdO), 157.29 (CdO), 135.9, 128.4, 128.3, 127.7, 67.1, 53.9
(d, JP-C ) 6.4 Hz, OCH3), 37.8; 31P NMR (121 MHz,
D2O) δ -5.4 (q, JP-H ) 11.3 Hz); FAB mass (-, glycerol)
717 (38.0, M - Na+).
Preparation of Deoxyhemoglobin. A solution of hemo-

globin (80 mg/mL in 6 mL of 0.1 M, pH 8, MOPS) in a
50-mL round-bottom flask was immersed in an ice-water
mixture. This was connected to a rotating reactor
containing tubes for inflow and outflow of gases. Hu-
midified oxygen was then passed through the solution
for 1 h with the flask illuminated by a tungsten lamp.
The resulting oxyhemoglobin was converted to the deoxy
form by passing a stream of humidified nitrogen over the
rotating solution for 3 h at 37 °C.
Reaction of 1 with Hemoglobin. A solution of 1 was

added over 15 min to a solution of hemoglobin in buffer
(0.5 mM) so that the final concentration of 1 in the
mixture was 0.7 mM and that of hemoglobin was 0.25
mM (0.1 M MOPS, pH 8.0). The solution was kept at 37
°C. For reactions with deoxyhemoglobin, the reagent was
degassed and was introduced under nitrogen. The reac-
tion was carried out under flowing nitrogen. For reac-
tions with (carbonmonoxy)hemoglobin, the reaction so-
lution was saturated initially with carbon monoxide.
After 1 was added to the solution of hemoglobin, the
reaction was continued for 2 h. The flask was then
disconnected from the rotating reactor, and carbon
monoxide was introduced. The solution was passed
through a column of Sephadex G-25 equilibrated with 0.1
M, pH 8, MOPS to remove excess reagent. The resulting
material (∼20 mL) was collected in a vial.
Analysis of the resulting modified hemoglobin was

done with a combination of reversed-phase HPLC and
ion exchange HPLC following previously reported pro-
cedures (12).
Reduction of the Disulfide of Bis(cystinyldeoxyhemo-

globin) with 2-Mercaptoethanol. 2-Mercaptoethanol (0.018
g) was dissolved in 1 mL of 0.1 M, pH 8.0, MOPS; 0.1
mL of the solution was added to 1 mL of a solution of
the modified hemoglobins from the reaction of deoxyhe-
moglobin with 1. The reaction mixture was stirred at 5
°C. Samples were analyzed by reversed-phase HPLC.
Reduction and Oxidation of Modified Hemoglobin with

Dithiothreitol. Dithiothreitol (DTT) (0.073 g) was dis-
solved in 1 mL of 0.1 M, pH 8.0, MOPS; 0.01 mL of the
DTT solution was added to 1 mL of the solution of
modified hemoglobins from the reaction of deoxyhemo-
globin with 1. The reaction mixture was stirred at 5 °C,
and the sample was analyzed by reversed-phase HPLC.
After 15 min, the product was passed through a column
of Sephadex G-25 equilibrated with 0.1 M, pH 8.0, MOPS
to remove excess dithiothreitol. The sample was collected
and analyzed again by reversed-phase HPLC.
Product Analysis. Extent of Cross-Linking. A sample

of the reaction product (1.0 mL) was passed through a
gel filtration column of Sephadex-100 (superfine) that
had been equilibrated with 1.0 M magnesium chloride.
Under these conditions hemoglobin that is not cross-
linked dissociates into Râ dimers. The dimers elute more
slowly than do cross-linked tetrameric species. The

extent of cross-linking of globin chains was also deter-
mined by polyacrylamide gel electrophoresis in the pres-
ence of sodium dodecyl sulfate [SDS-PAGE (18)] on
Mini-Protean II Ready Gels (12% polyacrylamide, 0.375
M Tris-HCl, pH 8.8) as reported previously (19). The
hemoglobins and globins from HPLC preparations were
denatured in 0.065 M Tris-HCl, pH 6.8, 2% SDS, and 10%
(v/v) glycerol. Approximately 20 mg of protein was
applied to each lane of the gel and processed at 200 V
for 1 h. Protein bands on the gel were stained with
Coomassie brilliant blue R-250.
Analytical and Preparative Separation of Globin Chains.

Modified hemoglobins were separated as intact tetramers
by anion exchange HPLC on a SynChropak AX300
column (250 × 4.6 mm) using a mixture of 0.025 M bis-
tris and 0.025 M tris with gradients starting from pH
8.5 to pH 6.7. The effluent was monitored at 540 nm.
Heme and globin chains were separated by reversed-
phase HPLC using 330 Å pore C4 Vydac columns (250 ×
4.6 mm for analytical and 250 × 12 mm for preparative).
Developers contained 0.1% trifluoroacetic acid and vari-
ous gradients of acetonitrile starting at 20% and ending
at 60%. The effluent was monitored at 220 nm. Globin
chains were recovered from the effluent by lyophilization.
Digestion of Globin Chains. Globin chains were dis-

solved in 8 M urea to increase susceptibility to hydrolysis
and kept at room temperature for 2-4 h. The solution
was then diluted to 2 M urea with 80 mM ammonium
bicarbonate buffer at pH 8.5. Trypsin (2% of total
protein) was added, and the solution was digested for 24
h at room temperature. The hydrolysate was heated in
boiling water for 2 min, diluted to 1 M urea with 80 mM
ammonium bicarbonate buffer, and further digested with
endoproteinase Glu-C (1% of total protein) for another
72 h at room temperature. The hydrolysates were
filtered before injection into the HPLC.
Chromatography of Peptides. Peptide fragments were

separated by analytical HPLC using reversed-phase C18
columns (3.9 × 300 mm). Developers consisted of 0.1%
trifluoroacetic acid in water with gradients of acetonitrile
from 0 to 100% over ∼2 h. The HPLC effluent was
monitored at 214 and 280 nm.

RESULTS

The reaction of N,N′-bis(Cbz-cystinyl) dichloride with
sodium dimethyl phosphate producesN,N′-bis(CBZ-cysti-
nyl) bis(dimethyl phosphate) (2). This is converted by
reaction with sodium iodide to 1. Combination of 1 with
deoxyhemoglobin (3:1 reagent/protein) in aqueous buffer
produced a set of modified hemoglobins. Under the same
conditions, (carbonmonoxy)hemoglobin underwent very
little reaction. The resulting proteins from reaction of
deoxyhemoglobin and 1 were separated by ion exchange
HPLC. Enzymic digestion and mass spectral analysis
were used to determine the sites of the modifications
resulting from reaction with 1. The chromatogram of the
reaction mixture showed that the solution contained only
a small amount of unreacted hemoglobin (aabb) along
with two major peaks corresponding to modified tetram-
ers (Figure 1).
Two minor products elute after the major constituents.

Further analysis of the components of the modified
proteins by reversed-phase HPLC indicates that the two
major products have native R chains along with modified
â chains (determined by comparison with unmodified
protein).
Figure 2 shows the results of HPLC analysis of the

reaction mixture under conditions that separate the
globin chains. Structural analysis of each component
(from digestion, SDS-PAGE, and peptide analysis) in-
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dicates that there are two â-modified tetrameric products.
Peaks 1 and 2 correspond to modified â subunits. The
first peak is material that is modified by reaction with 1
without cross-linking (the cystinyl amide), while the
second contains the two subunits cross-linked as the
cistinyl bis(amide). Enzymic digestion followed by pep-
tide analysis reveals that in both peaks, modification is
at the ε-amino group of lysine-82 of the â subunits. Two
minor products, peaks 3 and 4, were shown by a similar
analysis to be modified R subunits.
Ion-spray mass spectral analysis (20) of material from

reversed-phase HPLC gives the molecular weight of the
cross-linked â chains as 32 208, consistent with two â
chains linked as the N,N′-CBZ-cystinyl bis(amide). The
peaks from the material that is not cross-linked are
consistent with a species in which an amide has formed
from reaction of 1 with the lysyl-82 ε-amino group, while
the second acyl group of the reagent has undergone
hydrolysis (Table 1).
Reduction of the Disulfide within N,N′-Bis(CBZ-

cystinyl) Modified Hemoglobin. The modified hemo-
globins were treated with 2-mercaptoethanol. Progress
of the cleavage reaction was followed by reversed-phase
HPLC. When the modified hemoglobins from the reac-
tion of 1 with deoxyhemoglolbin were treated with a 20-
fold excess of 2-mercaptoethanol for 1 h, the modified but
not cross-linked hemoglobin was reduced to yield two

products in approximately 1:1 ratio (Figure 3 shows a
chromatogram from analysis early in the course of the
reaction). As peak 1 disappears, two new peaks (peaks
5 and 6) appeared with shorter retention times. The
structures of these products were established by electro-
spray ionization mass spectral analysis. Peak 5 is the
reduced â chain corresponding to the desired product that
results from the cleavage of the disulfide bonds. Peak 6
is the mixed disulfide intermediate (of mercaptoethanol
and modified hemoglobin), with a parent mass of 16 178
( 2 (calcd 16 180). Thus, the possible products are
reduced cross-linked hemoglobin and two hemoglobins
with mixed disulfides. However, the reaction of the
disulfide of cross-linked hemoglobin with 2-mercaptoet-
hanol proceeded very slowly under the same conditions.
Peak 2, corresponding to cross-linked hemoglobin, did not
decrease.
The modified protein mixture from the reaction of 1

with deoxyhemoglobin was treated with an excess of
2-mercaptoethanol for a few minutes and analyzed as
follows. The C4 reversed-phase HPLC of the reacted
material contains two new peaks (peaks 5 and 6) with
smaller retention times than the original peak. Mass
spectra reveal that peak 5 is the â chain corresponding
to the product that results from the cleavage of the
disulfide bonds derived from the protein modified by 1.
The calculated mass of the modified â chain with a
cleaved disulfide, a cysteinyl amide, of the â subunit of
hemoglobin is 16 105 (found: 16 106.7 ( 1.4). Peak 6 is
the mixed disulfide derived from oxidative coupling of the
modified â subunit of cysteinylhemoglobin and 2-mer-
captoethanol (16 178 ( 2; calcd 16 180). Such a mixed
disulfide is consistent with formation of intermediates
by this reagent (21, 22).
The reaction of 2-mercaptoethanol with modified (but

not cross-linked) hemoglobin is summarized in Scheme
1. The formation of a mixed disulfide intermediate and
cleavage occur only with material that is not cross-linked
by 1.

Figure 1. Anion-exchange chromatography (AX-300) of intact
tetramers of hemoglobin from the reaction of deoxyhemoglobin
with 1.

Figure 2. HPLC chromatogram of separated globin chains
from the reaction of deoxyhemoglobin with 1.

Figure 3. HPLC chromatogram (at early stage of reaction) of
separated globin chains from the reaction of hemoglobin that
had reacted first with 1 and then with 2-mercaptoethanol.

Table 1. Ion-Spray Mass Spectral Parent Peaks of
Modified Globin Chains Obtained from Reaction of
Deoxyhemoglobin with 1

globin chain of hemoglobin found expected

unmodified â 15868.80 ( 1.48 15867
modified â-subunit 16359.01 ( 1.50 16357
cross-linked â-subunits 32207.78 ( 1.87 32206
unmodified R-subunits 15127.24 ( 1.55 15126
modified R-subunits 15616.19 ( 1.94 15616
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When the solution of modified proteins from the
reaction of 1 with deoxyhemoglobin was treated with 4
equiv of the more effective reducing agent DTT (23), all
disulfide bonds were cleaved within 15 min. The reversed-
phase HPLC showed none of the original peaks derived
from the â subunits. There was a single product peak
at the position of the cysteinyl derivative of the â subunit.
This is the same species generated in the reaction with
2-mercaptoethanol and with the same mass (16 105). The
bis(cystinyl amide) [RRâ-Lys-82-cys-S-S-cys-(Lys-82)-â]
is cleaved at the disulfide. Figure 4 shows the reversed-
phase HPLC chromatogram of the products from an early
stage in the reaction with DTT (showing some remaining
unreacted â subunits).
The peaks are numbered as in Figure 3. The bis-

(sulfide) now appears as peak 5 but, as required, the
intermediate from 2-mercaptoethanol (peak 6) is not
present. The reaction pattern with DTT is summarized
in Scheme 2.
Gel filtration chromatography was used to separate

modified protein from excess DTT after reduction. The
product in the presence of air and the absence of DTT is
rapidly oxidized to produce once again RRâ-Lys-82(ε-NH-

cys-S-S-cys-(ε-NH-Lys-82)â quantitatively. HPLC re-
versed-phase analysis after 15 min reveals the decrease
of peak 5 (modified, not cross-linked) and a large increase
in peak 2, that of the cross-linked species. Retreatment
of the protein solution with DTT once again gives the
disulfide-cleaved products exclusively (HPLC analysis).
Therefore, the reduction-oxidation procedure is an ef-
ficient way to convert material that is not cross-linked
into cross-linked material (Scheme 3).
One potential complication with the disulfide-contain-

ing cross-linker is the exchange reaction of the disulfides
with free sulfhydryl groups within the protein (24).
There are six cysteinyl residues per hemoglobin tetramer
(three per dimer), with Cys-93 of each of the â chains
lying on the surface. HPLC analysis of the globin chains
of the cross-linked hemoglobin indicated it was stable at
pH 8 for 3 months at 5 °C without degradation. This
requires that Cys-93 does not react to cleave the S-S
bond of the cross-linked hemoglobin.

DISCUSSION

The reactions of 1 with hemoglobin follow the patterns
of other anionic electrophiles. The reagent reacts ef-
ficiently only with the deoxy form. Its acylating reaction
occurs at residues in the DPG binding site at the ε-amino
groups of Lys-82 in the â subunits. The reagent does not
react with the N-terminal amino groups (Val-1) as do
reagents that are bis(methyl phosphate)s derived from
simple dicarboxylic acids (25). It is likely that the bulk
of the N-protected amino group in 1 produces additional
selectivity based on steric effects.
X-ray crystallographic structures of deoxyhemoglobin

reveal that the â-Lys-82 ε-amino groups are outside the
protein at the interface between the DPG-binding site
and the surrounding solution (9). By contrast, the
R-amino group of the N-terminal â-Val-1 is further within
the DPG-binding site. Modeling of the reagent into the
structure of deoxyyhemoglobin suggests that the reagent
binds to the DPG site at the solution interface, limiting
reaction to the lysine residues. The steric bulk of two
Cbz amino-protecting groups in 1 provides selectivity
beyond that found with acyl phosphate monoesters
toward amino groups in hemoglobin.

Scheme 1

Figure 4. HPLC chromatogram (at early stage of reaction) of
separated globin chains from the reaction of hemoglobin that
had first reacted with 1 and then with DTT.

Scheme 2

Scheme 3
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The reaction of 1 with (carbonmonoxy)hemoglobin
gives only a very small amount of product under the
conditions that extensively modify the deoxy form. The
product that does form is not cross-linked. This result
is consistent with the conformational change of hemo-
globin in going from the R state to the T state (26). When
deoxyhemoglobin binds to ligands such as oxygen and
carbon monoxide, the extensive quaternary structural
change leads to contraction of the DPG binding site (27,
28). As a consequence, the DPG binding site is not large
enough to be accessed by such a bulky reagent.
The disulfides of the two â-chain-modified hemoglobins

show different reactivity with â-mercaptoethanol. The
reaction mechanism and accessibility of the S-S bonds
of modified hemoglobins can explain this difference (21).
Reduction of a disulfide by thiol reagents proceeds in two
steps. A mixed disulfide of the cleaved disulfide and
mercaptoethanol is an intermediate. In the thiol-
disulfide exchange process, a large excess of the reagent
is required to drive the reaction to completion (Scheme
4).
For the cysteinyl hemoglobin with no cross-links, one

end of the reagent is attached to â-Lys-82. The unreacted
portion of the large, hydrophilic reagent is probably out
of the DPG binding site. Therefore, the disulfide is
accessible to 2-mercaptoethanol.
On the other hand, if the â subunits of hemoglobin are

cross-linked as the bis(cystinyl) derivative, the S-S bond
within the DPG cleft becomes less accessible to the thiol
reagent. The DPG binding site protects the disulfide
from reduction, and the reaction of that disulfide bond
with 2-mercaptoethanol is blocked.
The S-S bond of the cross-linked hemoglobin is cleaved

with dithiothreitol, a more effective reducing reagent.
When dithiothreitol is used to reduce the S-S bond, the
first step is also a thiol-disulfide exchange as with
2-mercaptoethanol. However, once the intermediate is
formed, a second molecule of reagent does not participate
in the reaction. Instead, an intramolecular reaction can
occur, leading to the formation of the stable cyclic
disulfide of DTT (23). The intramolecular process has a
large entropic advantage in its favor. Since the cross-
linked hemoglobin was reduced without the addition of
denaturing reagents, the S-S bond is near the outside
of the DPG cleft of the cross-linked hemoglobin and is
exposed to solvent.
The oxidation of thiols to disulfides by oxygen normally

proceeds only in the presence of catalytic quantities of
metal ions such as iron and copper (29). The rate of the
oxidation of thiols in the same molecule depends on the
distance between the thiol groups (29). In the present
study, the modified hemoglobin with two free sulfhydryl
groups attached at â-Lys-82 is oxidized spontaneously by
atmospheric oxygen, quantitatively producing the cross-
linked tetramer. It is possible that the iron of the heme
facilitates the reaction, especially that which is present
as Fe(III) methemoglobin. The result requires that the
sulfhydryl groups produced by reduction remain in close
spatial proximity to form the disulfide between subunits
by oxidation.

CONCLUSIONS

The introduction of specific chemical alterations at
defined sites within a protein is complementary to
methods based on genetic engineering. The design of 1

permits site selection based on charge and steric factors.
The fact that 1 is an amino acid derivative permits
chemical techniques to be used that are extended from
the chemistry of peptide formation. A wide variety of
side chains, as well as longer peptides for conjugation,
can be implemented in combination with the convenient
methods we have developed for producing the mixed
phosphate-amino acid anhydride.
The use of the disulfide-based reagent in the present

study adds further possibilities for applications of cross-
linking by converting sites that contain lysyl side chains
into those connected as disulfides and also, by reduction,
to sites for bioconjugation. For example, after formation,
cleavage by reduction permits control experiments to be
undertaken as suggested by Uy and Wold (30). If a
reagent does not contain a cross-link, modification at both
sites by 2 equiv of reagent will permanently prevent
formation of a cross-link. However, as we found in this
study, cleavage of the disulfide at each site, followed by
oxidation, permits spontaneous formation of the cross-
link between dimers. This produces a much higher yield
of cross-linked materials and suggests an added benefit
of the use of such reagents. Finally, these materials
should also be useful for studies of protein subunit
recombination and for introduction of sites for bioconju-
gation, as has been reported for genetically engineered
variants of hemoglobin that contain additional sulfhydryl
side chains.
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The amino terminus of mouse epidermal growth factor (mEGF) was coupled directly to the aldehyde
end of dextran through a reductive amination procedure. The highest coupling efficiency was ∼80%
and could be reached after ∼24 h of reaction time at pH 8. Gel filtration on Sephadex G-50 Fine
removed free mEGF from the conjugate. Preparative polyacrylamide gel electrophoresis was used to
separate the conjugate from excess noncharged dextran. The conjugate bound specifically to the EGF
receptor on cultured glioma cells as shown in displacement tests with free mEGF. The conjugate
was stable in the pH interval 4-9, in 2 M sodium chloride, in 7 M urea, and in human serum and
could still bind to the EGF receptor after such treatments. The conjugates are candidates for targeted
nuclide therapy.

INTRODUCTION

Dextran has for a long time possessed biomedical
interest, primarily as a blood plasma volume expander
(DeBelder, 1990; Fassio et al., 1992; Klotz and Kroemer
1987; Moon et al., 1991) but also as a carrier for drug
and radionuclide (Andersson et al., 1991; Carlsson et al.,
1994; Olsson et al., 1994; Sjöström et al., 1997) delivery.
An attractive approach is to couple dextran to a ligand
that recognizes a specific receptor on cancer cell mem-
branes. The dextran part is then the potential carrier
of the toxic factors such as radionuclides. Targeted
therapy with radionuclides for cancer treatment is one
main research topic in our laboratory and is therefore
discussed in more detail.
Dextran connected to a tumor seeking ligand has

potential advantages when used as a radionuclide car-
rying conjugate for the following reasons:

• There is a reduced risk for biodegradation since
dextran has been shown to protect against protein
degradation (Andersson et al., 1991; Kato et al., 1990;
Marshall, 1978; Srivastava, 1991). The dextran moiety
could possibly protect the conjugate from intracellular
degradation (Andersson et al., 1991; Blomhoff et al., 1983;
Olsson et al., 1994; Sjöström et al., 1997) and also from
degradation in the blood circulation (Melton et al., 1987;
Yasuda et al., 1990).

• Dextran has potentially high toxicity when loaded
with toxic agents but low toxicity due to the EGF and
dextran structures since neither dextran (DeBelder,
1990) nor the natural ligand EGF is expected to be toxic.
The normal ligand epidermal growth factor (EGF)1 is
known to react only with the EGF receptor and have no
known cross-reactivity with other structures (Carpenter,

1987). Thus, EGF is not expected to exert any unwanted
blocking of enzymatic reactions or to disturb other
cellular processes.

• Control of serum half-life of the conjugate is possible
by varying the molecular weight of the dextran. The
length of the dextran chains will probably, to a large
extent, determine the serum half-life (Emmrich et al.,
1977; Klotz and Kroemer, 1987; Lindström et al., 1993).
Furthermore, it is possible that there is a decreased

risk for immunogenic reactions against the conjugate in
relation to the protein itself. Theoretically, it is possible
that the antigenicity could be reduced since the carbo-
hydrate part might “hide” immunogenic sites on the
ligand. However, mEGF is a relatively small protein (6
kDa) and such molecules are normally not strongly
immunogenic, so this might not be an important factor
when EGF-dextran is considered. Dextran is not known
to be immunogenic except in those few cases when
persons have an immunology-based hypersensitivity to
dextran (Klotz and Kroemer, 1987). However, the in-
creased molecular weight of the conjugate in relation to
the individual “building blocks” might increase the an-
tigenicity. It is also a risk that new structures appearing
in the conjugation point between EGF and dextran might
be immunogenic, and this has to be tested in future
animal experiments and clinical tests. The situation is
complex as shown in other similar cases (Seppala and
Makela, 1989), and the question about immunogenic
response is important for future therapeutic applications
since it might be necessary to give repeated injections of
the targeting agent.
These arguments support the ambition to further

analyze the basic aspects of dextran-ligand conjugates
for targeted radiotherapy. However, each aspect has to
be considered with great care since the conjugates will
be hybrid molecules consisting of a carbohydrate part,
dextran, and a protein, EGF, and such hybrid molecules
might attain new unpredicted biological properties.
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+46 18 471 34 32).
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1 Abbreviations: CDAP, 1-cyano-4-(dimethylamino)pyridin-
ium tetrafluoroborate; PB, phosphate buffer; PBS, phosphate-
buffered saline (at pH 7.2 and 0.15 M PBS); EDTA, ethylene-
diaminetetraacetic acid; EGF, epidermal growth factor; mEGF,
mouse epidermal growth factor; Dex, dextran D14.
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The receptor for EGF is overexpressed in some malig-
nancies such as gliomas, bladder cancers, squamous
epithelial carcinomas, and some forms of adenocarcino-
mas (Bigner et al., 1988; Carpenter, 1987; Filmus et al.,
1985; Libermann et al., 1984, 1985; Mendelsohn, 1988;
Messing et al., 1992; Ozawa et al., 1989; Sauter et al.,
1994; Todderud and Carpenter, 1989) and is a potential
target for therapy in those malignancies. The goal with
the present study was to design a reasonably well-defined
EGF receptor targeting agent, based on the natural
ligand EGF conjugated to dextran, for the future delivery
of radioactive nuclides of therapeutical interest.
EGF is a 53 amino acid protein with compact structure

that binds specifically to the EGF receptor. Human and
mouse EGF have 37 of 53 amino acids in common, and
the three disulfide bonds are formed in the same relative
positions. They have also approximately the same bind-
ing efficiency to the human EGF receptor (Carpenter and
Cohen, 1976, 1979). We decided to use mouse EGF in
the present study since it only has one free amino group,
namely the amino terminus (Carpenter and Cohen,
1979). Human EGF has, in addition to the amino
terminus, also two lysine residues. Thus, compared to
human EGF, mouse EGF might be more suitable for
specific amino group coupling to dextran.
Many different protein-dextran conjugates have been

developed with various methods. The coupling methods
often employed are periodate oxidation of dextran and
CNBr or CDAP carbohydrate cyanylating procedures
(Andersson et al., 1991, 1992; Holmberg et al., 1993,
1994; Lövqvist et al., 1993; Olsson et al., 1994; Sjöström
et al., 1997). These methods can effectively introduce free
amino group containing substances at random positions
in the dextran chain. The main disadvantage seems
actually to be that the positions on the dextran for linking
of the protein are randomly distributed, which gives a
heterogeneous mixture of conjugates.
From the view of drug design it would be interesting

if the coupling between the tumor seeking ligand and
dextran could be limited to one “specific position” in the
dextran chain. This could give a more homogeneous
conjugate preparation. There seems to be only one such
specific position in dextran, and that is the aldehyde
group at the end of the dextran chain. Only one such
aldehyde group exists per dextran molecule even if some
branching exists (Fudui et al., 1982).
The principle mechanisms for selective reductive ami-

nation of aldehyde groups have previously been described
(Borch et al., 1971; Lane, 1975; Lundblad and Noages,
1984), and some results for coupling of small amino
containing molecules to the end aldehyde group have also
been described earlier (Yalpani and Brooks, 1985). In
the present study we have investigated the possibility of
using selective reductive amination of the single aldehyde
group of dextran to directly couple to the amino terminus
of mEGF.

EXPERIMENTAL PROCEDURES

Chemicals. Freeze-dried dextran with a molecular
range 14 000 ( 500 was obtained by fractionation of
Dextran T10 (Pharmacia Biotech AB, Uppsala, Sweden)
by gel filtration on Sephacryl 100 HR (Pharmacia Bio-
tech). This dextran fraction will in the following be called
D14. Sodium cyanoborohydride (NaCNBH3) (article no.
818053) was the product of Merck-Schuchardt, Darms-
tadt, Germany. Mouse EGF (batch 57.067), tissue cul-
ture grade, was purchased from Janssen Biochimica,
Belgium. 125I (article no. IMS 30) was from Amersham
Laboratories, England.

Equipment. Sephadex G-50 Fine, FPLC System, and
PhastSystem are products of Pharmacia Biotech AB. The
instrument for preparative eletrophoresis, a Mini Prep
Cell, was from Bio-Rad Inc., Richmond, CA. A Beckman
refractomonitor was used for continuous registration of
the refractiive index during chromatography. A Wallac
1480 Wizard gamma counter (Wallac, Finland) was used
to count 125I radioactivity. The electronic cell counter was
from Coulter Electronics LTD, England.
Radiolabeling. EGF was labeled with 125I according

to the chloramine-T method as previously described
(Andersson et al., 1991). mEGF (2.5-5 µg) was mixed
with 20 µL of pH 7.5, 0.5 M, PB, 10 µL of 0.2% (w/v)
chloramine-T, and 10-20 µL of 125I for 1 min. Twenty-
five microliters of 0.2% (w/v) sodium bisulfite solution was
used to stop the reaction. Excess reagents and free 125I
were separated, directly after labeling, from the macro-
molecules by NAP-5 desalting columns (Pharmacia Bio-
tech AB). Buffer with pH 8.0, 0.05 M, PB was used as
washing solution.
Reductive Amination. Dextran D14 (20 mg, 1.43

mmol) was dissolved in 100 µL of iodinated mEGF (1-5
µg, 0.17-0.83 nmol) solution (pH 8.0, 0.05 M PB).
NaCNBH3 (8 mg, 127 mmol) was then added. The
reaction was kept going for 24 h (in the range of 0-145
h in the initial tests) at room temperature with continu-
ous stirring. The reductive amination reaction scheme
can be written (Dex ) dextran D14)

The yield of conjugate production was optimized as a
function of the pH of the reaction buffer solution. The
reaction conditions were the same as above only that pH
values in the range 6.5-8.5 in 0.05 M PB solutions were
applied. The uncertainty in each calculated point was
estimated from repeated pipettings, variations in the
chromatography steps, and Poisson statistics for radio-
activity counting. It was then estimated that the error
in each measurement was <5%.
Gel Filtration. The reductive amination reaction

mixture was applied to a Sephadex G-50 Fine (1 × 40
cm) column. A Pharmacia HR 10/30 column was used
in some cases. The flow rate was 0.2 mL/min, and the
fraction volumes were 0.5 mL. Eluents were either 0.09%
(w/v) sodium chloride, PBS, or distilled water depending
on the application. A refractomonitor continuously reg-
istered the result of the chromatography, and the frac-
tions were then analyzed with the gamma counter.
Analytical Electrophoresis. A PhastSystem for

polyacrylamide gel electrophoresis was used to analyze
the obtained conjugate solutions. Native 8-15% gradient
gels were loaded with 4 µL samples and the samples run
at 400 V for half an hour (268 Vh). The gel film was
then cut into 30 equally sized pieces for every sample
lane. Each piece was transferred to 0.5 mL of PBS and
analyzed with the gamma counter.
Preparative Electrophoresis. A discontinuous na-

tive-PAGE system for preparative electrophoresis was
used to isolate the conjugate from excess amounts of free
dextran (dextran without EGF). The system was as
follows: 4% stacking gel (7 × 15 mm) with pH 6.8, 0.125
M, Tris-HCl and 7% resolving gel (7 × 40 mm) with pH
8.8, 0.375 M, Tris-HCl. Tris-glycine buffer (25 mM Tris,
200 mM glycine) was used as the running and elution
buffer. Usually 150-250 µL of sample was mixed with
the same volume of sample buffer [pH 6.0, 62.5 mM, Tris-

Dex-CHO + mEGF-NH2 f Dex-HCdN-mEGF

Dex-HCdN-mEGF98
NaCNBH3

Dex-CH2-NH-mEGF
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HCl, 25% (v/v) glycerol, 0.012% (w/v) bromophenol blue].
The electrophoresis was then run at 300 V with constant
power and current limits at 1 W and 3 mA for 20 h. The
elution buffer was pumped at a rate of 100 µL/min. The
obtained fractions were finally analyzed with the gamma
counter.
Dextran Analysis. The dextran concentration in the

collected fractions was determined using the phenol
method according to Dubois et al. (1956).
Cell Culture. The subclone of the glioma cell line

U-343-MG used in this study was originally designated
U-343MGaC12:6 and has been characterized in some
detail by Westermark et al. (1982), Nistér et al., (1987),
and Werner et al. (1988). Ham’s F-10 medium (Kebo,
Stockholm, Sweden) supplemented with 10% FCS (Flow,
Stockholm, Sweden), L-glutamine (2 mM), and PEST
(penicillin 20 IU/mL and streptomycin 20 µg/mL) (all
from Kebo) were used. The culture medium was rou-
tinely changed three times per week. Subculture with
trypsin was applied normally once a week. The cells in
the EGF-binding tests were in all cases not trypsinized
for <2 days before the tests since trypsinization might
damage the EGF receptors. The number of cells in each
of the culture dishes (plastic culture dishes with a
diameter of 35 mm, Corning Glass, Corning, NY) used
for binding experiments was 5 × 105.
Displacement Tests. The capacity of normal nonra-

dioactive mEGF to displace the binding of [125I]mEGF-
Dex conjugate was analyzed. Conjugate samples of ∼5
µg in 11 mL of F10 medium (complemented with PEST)
were prepared. Various concentrations of nonradioactive
mEGF in culture medium were used to displace the
conjugate binding. The nonradioactive mEGF was given
to the cells directly before a constant concentration of
radioactive conjugate was added to the culture dishes.
In practice, the nonradioactive and radioactive compo-
nents were give at the same time because the time
interval between was only a few seconds. The total
medium volume was 2 mL in each dish. The incubations
were in all experiments carried out as triplicates. The
incubation times were 90 min at 37 °C, which had been
found to be suitable for similar types of conjugates in
previous studies from our laboratory (Andersson et al.,
1991; Olsson et al., 1994; Sjöström et al., 1997).
After incubation, the cultures were washed, 6× 1 min,

in normal nonradioactive culture medium. The cells were
then trypsinized with 500 µL of trypsin EDTA solution
[0.05% trypsin (w/v), 0.02% EDTA (w/v) in buffer] for 15
min at 37 °C. One milliliter of normal culture medium
was then added to each dish to obtain a homogeneous
suspension of cells. A 0.5 mL fraction of the cell suspen-
sion was taken for electronic cell counting. The remain-
ing 1 mL volume was analyzed in the gamma counter
using the standard 125I channel to measure the cell-
associated radioactivity.
Stability Tests. The conjugates were exposed to

different conditions to test their stabilities. The universal
buffers with different pH values and containing different
combinations of NaOH, potassium dihydrogen phosphate,
boric acid, and diethylbarbituric acid were applied. The
choice of these buffers was made since they are often used
in biochemical and biological work. NH4SCN (3 M), urea
(7 M), NaCl (1 M) (all three giving high ion strength), or
30% ethylene glycol (hydrophobic) (w/v) was also applied
since these are often used for elution in affinity chroma-
tography. We did not apply affinity chromatography in
this study, but that might be the case if conjugate specific
antibodies are raised in the future. Human serum was
also used in the stability tests. The conjugate prepara-
tions were collected from gel filtration on the Sephadex

G-50F (1 × 40 cm) columns, eluted and washed with
0.09% NaCl (w/v). The conjugate fractions were pooled,
divided in equally sized fractions, and kept frozen before
the tests.
During the stability tests, the [125I]mEGF-dextran

conjugate solutions (in 0.09% NaCl) were mixed with the
same volume of universal buffer of different pH or with
6 M NH4SCN, 14 M urea, 60% ethylene glycol (w/v), or
human serum, respectively. The mixtures were incu-
bated at 37 °C for 1 h and then immediately applied to
Sephadex G-50 F (1 × 40 cm) gel filtration. A buffer with
pH 7.0 (0.05 M PB) was used to elute and wash the
column. The 125I radioactivity in each fraction was
measured with the gamma counter.
Binding to cultured cells was finally analyzed as

described above (under Displacement Tests), and 0.5 mg/
mL nonradioactive mEGF was in this case added in the
culture medium to displace the binding.

RESULTS

After reductive amination, the conjugates were freed
from nonreacted EGF by gel filtration on Sephadex G-50
Fine. When a mixture of mEGF-dextran conjugate,
mEGF, and dextran D14 was applied to the column, three
peaks were obtained (Figure 1a). The first peak con-
tained the mEGF-dex conjugate and free nonreacted
dextran. The second peak contained free nonreacted
mEGF, and the third peak contained low molecular
weight components such as free iodine and salts. It is
seen that iodine is released into the low molecular
fraction after the conjugation chemistry is carried out.
The contents of the first two peaks were confirmed by
electrophoresis (see below).
Panels a-c of Figure 1 show that the coupling ef-

ficiency increased with time up to about 24 h. Since only
mEGF was radiolabeled, only the conjugate could be
monitored in the first peak and not the free dextran.
Results from several incubation periods are summarized
in Figure 1d. The ratio of the conjugate peak radioactiv-
ity to the sum of conjugate and nonreacted mEGF peak
radioactivities was calculated and defined as the conju-
gation efficiency. A plateau was reached after ∼24 h.
This reaction time was used in all conjugations. The
conjugation efficiency as a function of the pH in the
coupling buffer was analyzed the same way. The result
is summarized in Figure 2. The maximum efficiency was
found to be at around pH 8. This pH was thereafter
applied in all conjugations.
A number of conjugation control experiments were then

carried out. These are shown in Figure 3. In each panel
a reference conjugation chromatogram showing the posi-
tion of the conjugate and salt peaks is superimposed
(dashed lines). Figure 3a shows the result when NaC-
NBH3 was omitted from the reaction mixture of dextran
and [125I]mEGF. Only minor amounts of radioactivity
could be detected at the position of the conjugate. In
another experiment (Figure 3b) the dextran was omitted
but NaCNBH3 was added. Insignificant amounts of
radioactivity were found in the conjugation peak, indicat-
ing that no aggregation of mEGF molecules takes place
due to the presence of NaCNBH3. A control chromatog-
raphy of nonconjugate 125I-labeled mEGF is shown in
Figure 3c. Only a very small peak can be seen at the
conjugate position.
Figure 4 shows separation of [125I]mEGF-Dex conju-

gate and nonreacted [125I]mEGF by analytical native
polyacrylamide gradient gel eletrophoresis. The conju-
gate and mEGF are easily separated. In a separate
experiment it was shown that dextran remained at the
loading position. This method was used to verify the
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result of the preparative Sephadex G-50 Fine chroma-
tography experiment.
Figure 5 shows the result of a preparative polyacry-

lamide electrophoresis experiment. The excess amount
of noncharged dextran did not move into the 7% poly-
acrylamide gel but remained at the sample application
position (marked B in Figure 5). It could therefore be
easily removed from the conjugate solutions. The con-
jugate migrated more slowly than free mEGF, resulting
in an almost baseline separation. Analyses on Sephadex
G-50 Fine chromatography and PhastGel electrophoresis
confirmed that the first peak was free mEGF and the
second was the conjugate.
The result from a cellular displacement test is shown

in Figure 6. The EGF-receptor-rich cultured human
glioma U-343MG cells were applied. The result shows
that the radiolabeled [125I]mEGF-Dex conjugate specif-
ically bound to the EGF receptors on the cell surface
without nonspecific interactions since the binding could
be completely inhibited by nonradioactive free mEGF.
The stability of the purified [125I]mEGF-Dex conjugate

was analyzed by Sephadex G-50 Fine chromatography
after exposure to conditions described under Experimen-
tal Procedures. The absence of peak broadening and

other changes in the chromatograms (not shown) and
lack of radioactivity at the mEGF position support the
assumption that the conjugate is stable at pH values of
4-9 and in 3 M NH4SCN, 7 M urea, 1 M NaCl, 30%
ethylene glycol (w/v), or serum. Binding to cultured cells
was finally analyzed, and it was shown that such treat-
ments did not inhibit the binding to the EGF receptors.
Some variations in binding were seen (Figure 7), but it
was only in the case of treatment with pH 9 that the
binding decreased significantly in relation to the “positive
control” as analyzed with a paired T-test (p < 0.05).
However, in that case the binding was significantly
higher (p < 0.05) than in the “negative control” cell
sample given 0.5 µg/mL nonradioactive mEGF to displace
the binding. Thus, the conjugate seemed reasonably
stable with regard to both the conjugate linkage and the
receptor binding.

DISCUSSION

Reductive amination is a nucleophilic addition reaction.
The aldehyde group on the reducing end glucose of
dextran provides the carbonyl group to the nucleophilic
agent, i.e., the N-terminal R-amino group of mEGF.
Protonization enhances the reactivity of the carbonyl

Figure 1. Gel filtration chromatogram after reductive amination of mEGF to dextran. 2.5 µg of [125I]mEGF, 20 mg of dextran D14,
and 8 mg of NaCNBH3 were used in the reaction. The reaction was kept at room temperature (pH 8.0, 0.05 M phosphate buffer). The
samples were run on a Sephadex G-50 Fine column (1 × 40 cm) with a flow rate of 0.2 mL/min. Every fraction of 0.5 mL was
measured with the gamma counter (the 125I channel). The results were then normalized to “relative radioactivity” so that the heights
of the low molecular weight peaks (marked 125I) were comparable. Panels a, b, and c show chromatograms after 1, 3, and 24 h
reaction times, respectively. Panele d shows the coupling efficiency as a function of several applied reaction times. The efficiency is
defined as the ratio between the conjugate radioactivity and the sum of conjugate and mEGF radioactivities. The uncertainty in
each calculated point was estimated to be not >5%, which is applied as the error bars.
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group but reduces the reactivity of the N-terminal amino
group of mEGF. Obviously there has to be a compromise,
i.e., an optimum pH for the conjugation. The N-terminal
R-amino group on a protein or a peptide has a pK value
of ∼8. This means that most of the terminal amino
groups on mEGF should be deprotonated at pH values
>8. In Figure 2 the reductive amination reaction reached
a maximum rate at about pH 8. At this pH the reactivity
of the arginine residues in the reaction mixture is
significantly reduced since their pK value is 12.
There are two consecutive reaction steps in reductive

amination. First, the terminal amino group of mEGF
reacts with the aldehyde group on the dextran end and
becomes a Schiff base. However, this Schiff base is not
stable, especially at acidic pH, so the reaction can reverse
to produce free amino and aldehyde groups. Sodium
cyanoborohydride (NaCNBH3) is used to convert the
Schiff base into a stable secondary amine.
The amount of the free aldehyde in glucose is, under

equilibrium conditions, only ∼0.024% in a neutral solu-
tion. The situation for the end aldehyde group in dextran
is probably the same. On a time scale this means that
each end glucose is available in free aldehyde form only
on average 0.024% of the reaction time. A consequence
of this is that only trace amounts of the Schiff bases
would be formed in the reaction if no sodium cyanoboro-
hydride was present. So, when an end glucose opens,
exposing a free aldehyde, this group is “captured” by the
sodium cyanoborohydride mediated process, giving the
stable final product, mEGF-Dex. Thus, it is not surpris-
ing that many hours are required to reach a plateau in
the conjugation reaction (Figure 1d).
The mEGF-Dex conjugate and the free mEGF have

mean molecular masses of 20 and 6 kDa, respectively,
and can easily be separated on Sephadex G-50 Fine.
However, it was not possible, in this way, to get rid of
free dextran since it eluted together with the conjugate.
It is essential to remove the free unconjugated dextran
since it can in tumor therapeutical applications, after
loading with toxic agents, possibly cause unwanted
systemic toxic effects to normal tissues. Preparative

Figure 2. Reductive amination efficiency as a function of the
applied pH during conjugation. All reaction times were 24 h (at
room temperature). The conjugation solution was run on a
Sephadex G-50 Fine (1 × 40 cm) column for gel filtration to
separate conjugate and free mEGF. The quotient between the
amount of radioactivity in the conjugate peak and the total
radioactivity in the conjugate and free mEGF peaks was defined
as the conjugation efficiency. The uncertainty in each calculated
point was estimated to be not >5%, which is applied as the error
bars.

Figure 3. Chromatograms from the control conjugations (solid
lines). For comparison, reference conjugate chromatograms are
superimposed with dashed lines. The preparations were made
with 24 h of reaction time (pH 8.0, 0.05 M phosphate buffer).
The gel filtration was run on a Sephadex G-50 Fine (1 × 40
cm) column with 0.2 mL/min flow rate. Every 0.5 mL fraction
collected was measured with the gamma counter using the 125I
channel giving cpm (counts per minute). Peaks 1, 2, and 3
represent conjugate, free mEGF, and free iodine, respectively.
Panel a shows the result when [125I]mEGF was incubated with
dextran D14 without NaCNBH3. Panel b shows the result when
[125I]mEGF was incubated with NaCNBH3 without dextran, and
panel c shows the result when [125I]mEGF was run on the
column without prior treatment together with NaCNBH3 and
dextran.
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polyacrylamide gel electrophoresis was used to purify the
conjugate sample from free nonreacted dextran which is
noncharged and does not migrate in the electrophoresis
gel. Because of the large difference in their molecular
weights, mEGF and the mEGF-Dex conjugate could be
separated on both analytical and preparative polyacryl-
amide gel electrophoresis.
The relatively small amount of free [125I]mEGF (∼5%

of the total radioactivity in Figure 5) most likely was an
effect of cross-contamination between the two neighbor-
ing peaks in the gel filtration experiment (see for example
the peaks in Figure 1a). Thus, preparative electrophore-

sis can efficiently separate the conjugate from excess
nonreacted dextran and remove mEGF impurities, re-
sulting in a very pure mEGF-dextran preparation.
Possibly the preparative gel electrophoresis method can
be optimized to a “one step” purification method giving
adequate separation of [125I]mEGF-Dex, [125I]mEGF, and
nonreacted dextran.
It is seen in Figure 1 that iodine is released into the

low molecular weight fraction after the conjugation
chemistry is carried out. The mEGF was purified on a
desalting column directly after iodination. However, the
iodinated mEGF batches were then stored for different

Figure 4. Native gradient polyacrylamide electrophoresis run
with the Phast system. Samples of 4 µL were loaded onto a
Phast Gel (8-25% gradient). The electrophoresis was run at 400
V for 30 min with native buffer. Each lane of the gel was then
cut into 30 pieces and placed in 0.5 mL of PBS for 30 min. The
samples were then measured with the gamma counter using
the 125I channel giving cpm. Minus and plus symbols represent
the negative and positive electrodes in the electrophoresis,
respectively. The arrow shows the migration direction in the
electrophoresis. Fraction 5 was the sample loading position.

Figure 5. Preparative gel electrophoresis [polyacryamide gel
) 7% T for isolation (4 cm), 4% T for stacking (1.5 cm)]. The
electrophoresis was run at 300 V, 3 mA, and 1 W limit using
the MiniPrep Cell equipment. A volume of 0.5 mL of conjugate
sample (from the Sephadex G-50 Fine separation) was applied.
The obtained 1 mL fractions were collected at 0.1 mL/min. The
radioactivity was measured in the gamma counter giving cpm,
and the obtained data are plotted with solid circles. The symbol
A (open bar) shows the remaining radioactivity in the poly-
acryamide gel, and the symbol B (solid bar) shows the dextran
concentration in a 1 mL buffer solution from the “upper
chamber” sample application position (near the negative elec-
trode) after the chromatography run was finished.

Figure 6. Displacement curve showing the decreasing [125I]-
mEGF-dextran conjugate binding to U-343MGaCl2:6 cells
when increasing amounts of nonradioactive mEGF were added
to the incubation medium (each incubation was made at 37 °C
for 1.5 h). The [125I]mEGF-dextran samples were taken from
Sephadex G-50 Fine separations. Each point corresponds to
analysis of three cultures, and mean values and maximum
variations were given. The 125I radioactivity was analyzed in
the gamma counter giving cpm.

Figure 7. Conjugates were exposed to different buffers to test
their stability and their EGF-receptor binding capacity. The
receptor binding capacity was tested with U-343MGaCl2:6 cells
(1.5 h of incubation with the cells). The histogram shows, from
the left, sample 1 [binding of [125I]mEGF-dextran during
displacement with 0.5 µg/mL nonradioactive mEGF (negative
control)], sample 2 [binding of [125I]mEGF-dextran (positive
control)], samples 3-8 [binding of [125I]mEGF-dextran after 1
h of exposure to 3 M NH4SCN (3), 7 M urea (4), 30% ethylene
glycol (5), 1 M NaCl (6), pH 4 (7), and pH 9 (8)]. The 125I
radioactivity was analyzed in the gamma counter giving cpm.
Mean values and maximal variations from four culture dishes
are shown.
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times (up to 14 days) in relation to the dextranations and
therefore free iodine appeared, due to radiolysis, in the
final purification step on the Sephadex G-50 Fine column.
However, even if the dextranation was made directly
after the iodination, some low molecular weight iodine
appeared. The reason for this is not clear, but it is not
a major problem in future experiments and in the
planned clinical tests since the conjugates will be purified
directly before injections.
The stability of the conjugate against chemical degra-

dation during exposure to human serum or various pH
or ionic strengths and the retained ability to bind to the
EGF receptors indicate that the conjugate is suitable for
the planned biological experiments and clinical trials.
Animal experiments, with transplanted tumors, to ana-
lyze the uptake in the tumors as well as in normal tissues
are now in progress. Furthermore, we have, together
with the oncologists at the university hospital in Uppsala,
decided to use the described EGF-dextran for postopera-
tive intracavitary injections (into the cavity left after the
operation) in malignant glioma patients to analyze
whether tumor cells seem to spread into the surrounding
brain tissue. Those tests will be made on patients whose
primary operation material proved to contain tumor cells
with large amounts of EGF receptors. The EGF-dextran
was in the present study labeled with 125I but will be, in
the patient studies, labeled with 124I for imaging with
PET (and later labeled with 131I if nuclide therapy is
requested).
The dextran probably protects the protein ligand

against proteolysis, as has been reported in other cases
when carbohydrates and proteins have been conjugated
(Andersson et al., 1991; Blomhoff et al., 1983; Kato et
al., 1990; Marshall, 1980; Melton et al., 1987; Olsson et
al., 1994; Sjöström et al., 1997; Srivastava, 1991; Yasuda
et al., 1990). In the next phase of this work cytotoxic
agents will be coupled to the mEGF-Dex for which
optimum conditions have to be developed. A high stabil-
ity of the conjugate is then essential.
After coupling of toxic agents to the dextran part, the

conjugate will be used in targeted treatment of tumors
that overexpress the EGF receptor. EGF-based conju-
gates are known to be internalized (Andersson et al.,
1991; Gedda et al., 1996; Olsson et al., 1994), and such
conjugates are therefore of special interest when loaded
with “short range” radionuclides. Normal cells might
also have EGF receptors, but the amount of receptors per
cell is dependent on the cell type and whether the cells
are up or down regulated, for example, due to normal
ligand exposure (Carpenter, 1987). The highest values
are in the liver, as has been described in studies on mice
and rats (Chabot et al., 1986; Dunn et al., 1986; Mu-
rakami et al., 1994; Soley and Hollenberg, 1987). Quan-
titative data for human liver seem to be lacking in the
literature.
The choice of toxic agent, to be coupled to EGF-

dextran, is a subject for further research. The optimal
choice of the toxic agent might vary from application to
application. Radioactive nuclides (such as high-energy
beta or alpha emitters), borob-containing compounds, and
toxins are all interesting alternatives (Carlsson et al.,
1994; Ozawa et al., 1989; Siegall et al., 1990). It might
also be possible to combine EGF-dextran with chelating
agents that could chelate radioactive metals of tumor
therapeutical interest.
The purpose of this work was to design and develop a

well-defined conjugate that binds specifically to the EGF
receptor and which can be the starting point for produc-
ing toxic tumor targeting agents. An interesting aspect,
considering future applications, is that the present

conjugates have a one to one molar ratio of dextran to
EGF, enabling the loading of well-defined amounts of
toxic agents to each conjugate molecule.

ACKNOWLEDGMENT

WE thank laboratory engineers Veronika Asplund and
Ulla Johansson for valuable technical assistance. Finan-
cial support was given by the Swedish Cancer Society,
the Swedish Medical Research Council, and the Swedish
Institute.

LITERATURE CITED

Andersson, A., Holmberg, A, Carlsson, J., Carlsson, J., Pontén,
J., and Westermark, B. (1991) Binding of epidermal growth
factor-dextran conjugates to cultured glioma cells. Int. J.
Cancer 47, 439-444.

Andersson, A., Capala, J., and Carlsson, J. (1992) Effects of
EGF-dextran-tyrosine-131-I conjugates on clonogenic survival
of cultured glioma cells. J. Neuro-Oncol. 14, 213-223.

Bigner, S. H., Burger, P. C., Wong, A. J., Werner, M. H.,
Hamilton, S. R., Muhlbalier, L. H., Vogelstein, B., and Bigner,
D. D. (1988) Gene amplification in malignant human glio-
mas: clinical and histopathologic aspects. J. Neuropathol.
Exp. Neurol. 47, 191-205.

Blomhoff, H. K., Blomhoff, R., and Christensen, T. B. (1983)
Enhanced stability of â-galactosidase in parenchymal and
nonparenchymal liver cells by conjugation with dextran.
Biochim. Biophys. Acta 757 (2), 202-208.

Borch, R. F., Bernstein, M. D., and Dust, H. D. (1971) The
cyanohydridoborate anion as a selective reducing agent. J.
Am. Chem. Soc. 93, 2897-2903.

Carlsson, J., Gedda, L., Grönvik, C., Hartman, T., Lindström,
A., Lindström, P., Lundqvist, H., Lövqvist, A., Malmqvist, J.,
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Covalent Protein-Oligonucleotide Conjugates for Efficient Delivery
of Antisense Molecules
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Antisense oligonucleotides have been covalently attached to asialoglycoprotein (ASGP) via disulfide
bond conjugation chemistry. These conjugates were characterized extensively by an array of chemical,
chromatographic, and spectroscopic means. Multiple (approximately six) oligonucleotides can be
conjugated to each ASGP molecule. The molecular conjugates were used to deliver antisense
oligonucleotides complementary to the mRNA of the interleukin 6 signal transduction protein (gp130)
to modulate the acute phase response of hepatoma (HepG2) cells in vitro. These conjugates were
biologically active, as measured by inhibition of the cytokine-stimulated up-regulation of the acute
phase protein haptoglobin. The level of inhibition was comparable to that found with previous
technology featuring noncovalent complexes of ASGP-poly(L-lysine) and oligonucleotide. Because of
the ability to control the stoichiometry of the conjugate and its unimolecular nature (as opposed to
bimolecular for the noncovalent conjugates), this methodology holds great promise for further
development and application.

INTRODUCTION

Antisense oligonucleotides have great potential as
therapeutic agents. Natural and synthetic analogues of
these oligonucleotides have been shown to inhibit gene
expression in a variety of in vitro and in vivo studies.
Targets for antisense molecules in clinical and preclinical
investigations include cancer, viral diseases, inflamma-
tion, and organ transplant rejection (Heidenreich et al.,
1995; Agrawal, 1996; Le Doux et al., 1996). Recently, it
has been reported that antisense molecules can down-
regulate cytokines as well as cytokine receptor expression
(Miyajima et al., 1992). For example, cytokines [inter-
leukin 1R and interleukin 6 (IL-61)] and receptors for IL-
6, nerve growth factor, and epidermal growth factor have
been successfully inhibited by antisense oligonucleotides
(Maier et al., 1990; Sariola et al., 1991; Schwab et al.,
1991; Keller et al., 1995; Wang et al., 1995; Roth et al.,
1997).
Given an efficacious oligonucleotide sequence, the

limiting factor in the development of antisense thera-
peutics becomes delivering the antisense molecule to its
target in a particular tissue with satisfactory efficiency,
selectivity, and stability. At physiological pH, natural
oligonucleotides exist as polyanions and hence do not
readily penetrate cell membranes, making it difficult to
achieve high intracellular concentrations. Oligonucle-
otides must therefore be packaged into a vehicle capable
of efficient entry into cells. Various methods have been
developed to address this problem.
Particularly for liver specific delivery, Wu and Wu

(1992) have developed a soluble DNA carrier system that

takes advantage of receptor-mediated endocytosis to
achieve internalization. They targeted hepatocytes by
complexing oligomeric DNA with asialoglycoprotein-
poly(L-lysine) (ASGP-PLL) conjugates. In this system,
the negatively charged DNA complexes with positively
charged polylysine to form a noncovalent complex, and
the asialoglycoprotein, by means of its terminal galactose
moieties, augments uptake by binding to a receptor
uniquely expressed by hepatocytes, including the trans-
formed cell line HepG2. By utilizing this ASGP-PLL
delivery system, we were able to target the mRNA of the
IL-6 signal transduction protein (gp130) and modulate
the acute phase response of hepatoma (HepG2) cells in
vitro (Roth et al., 1997). Addition of ASGP-PLL reduced
the effective dose of antisense oligonucleotides relative
to unconjugated antisense by 10-fold; furthermore, we
found that the specificity of action is improved by using
lower doses. However, we found that further improve-
ments using the ASGP-PLL conjugates were limited by
the physical equilibrium between ASGP-PLL and oli-
gonucleotides and by the toxicity of the ASGP-PLL
moiety (Bunnell et al., 1992; C. M. Roth, unpublished
data).
In this paper, we describe the covalent conjugation of

antisense oligonucleotides to ASGP using the heterobi-
functional cross-linker sulfosuccinimidyl 6-[3′-(2-py-
ridyldithio)propionamido]hexanoate (sulfo-LC-SPDP). We
describe the synthesis and characterization of these new
conjugates as well as their biological activity in an in vitro
system (Roth et al., 1997). This methodology is gener-
alizable to other antisense sequences and also to other
carrier molecules, including alternative ligands for the
asialoglycoprotein and ligand/receptor systems for other
cell types.

EXPERIMENTAL PROCEDURES

Materials for Oligonucleotide Synthesis and Pu-
rification. Unless otherwise stated, all solvents and
chemicals were of the highest quality commercially
available. Oligonucleotides were synthesized using 2-deox-
ynucleotide phosphoramidites on a Cyclone Plus DNA
synthesizer (Millipore, Bedford, MA) or were obtained
from Oligos, Etc. (Wilsonville, OR). The four fully

* Address correspondence to this author at the Center for
Engineering in Medicine, Massachusetts General Hospital,
Bigelow 1401, Boston, MA 02114 [telephone (617) 726-3474; fax
(617) 726-7458].
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1 Abbreviations: IL-6, interleukin 6; ASGP, asialoglycopro-
tein; PLL, poly(L-lysine); HPLC, high-performance liquid chro-
matography; SPDP, succinimidyl 6-[3′-(2-pyridylthio)propiona-
mido]hexanoate; 2-PT, 2-pyridinethione; DTT, dithiothreitol; AS,
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antisense disulfide-containing conjugate.
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protected common 2′-deoxynucleoside phosphoramidites
containing aryl- or isobutyrylamides and the trityl-
protected thiol linker phosphoramidite, 6-(tritylthio)-
hexanol/2-cyanoethyl N,N-diisopropylphosphoramidite,
were purchased from Cruachem (Sterling, VA). High-
performance liquid chromatography was performed on a
system equipped with a dual-wavelength detector. Both
purchased and in-house oligonucleotides were isolated on
a 9.4 × 250 mm reversed-phase column of ODS-Hypersil
at a flow rate of 3.0 mL/min in buffer A: 50 mM TEAA
(pH 7.2) with a gradient of acetonitrile (20-80% over 40
min). The purity of the oligonucleotides was evaluated
by chromatography on a 250 × 4.6 mm reversed-phase
column of ODS-Hypersil at a flow rate of 1 mL/min in
buffer B: 20 mM potassium phosphate (pH 5.5) with a
gradient of methanol (0-100% over 60 min). Purity of
the protein-oligonucleotide conjugates was assessed on
a size exclusion column (TSK 3000) at a flow rate of 1
mL/min in buffer C: 0.1 M sodium phosphate/0.1 M
sodium sulfate (pH 6.4).
Cell Culture. The human hepatoma cell line HepG2

(ATCC, HB 8065) was maintained in Modified Eagle’s
Medium, supplemented with 10% fetal bovine serum,
penicillin-streptomycin solution (200 units/mL penicillin
G activity and 200 µg/mL streptomycin activity), and
sodium pyruvate (1 mM) in a humidified atmosphere of
5% CO2 at 37 °C. The medium was changed every 2 days.
Preparation of N-{6-[3′-(2-Pyridyldithio)propi-

onamido]hexanoyl}-ASGP (ASGP-PDP). ASGP was
prepared by digesting human R1-acid glycoprotein with
neuraminidase according to the published procedure (Lu
et al., 1994). In brief, human R1-acid glycoprotein was
dissolved in PBS, neuraminidase (1 mg/mL in PBS) was
added to it, and the mixture was incubated at 37 °C for
1 h. The solution was dialyzed twice against PBS at 4
°C (MW cutoff ) 8000).
To 40.56 mg (0.994 mM) of ASGP in 1 mL of PBS (1×,

pH 7.4) was added 6.42 mg (12.17 mM, 13-fold excess) of
sulfo-LC-SPDP (Pierce, Rockford, IL). The mixture was
stirred gently for 1 h at ambient temperature. The crude
product mixture was then passed through a PD-10
desalting column with PBS elution to remove the byprod-
uctN-hydroxysuccinimide and unreacted sulfo-LC-SPDP.
The macromolecular fraction was further dialyzed against
1× PBS (2 × 4 L) through a membrane with 12 000-
14 000 MW exclusion limits to remove any remaining
N-hydroxysuccinimide or sulfo-LC-SPDP. The purity of
the conjugates was assessed by running small aliquots
through the size exclusion column TSK 3000 with buffer
C.
To estimate the number of modified groups, an aliquot

of the purified product was treated with DTT to reduce
the disulfide bond between the ASGP-PDP moiety and
produce 2-pyridine thione 5, which has a characteristic
absorbance with a maximum of 343 nm. One molecule
of ASGP-PDP contained about 4 residues of 2-pyridyl
disulfide derived from sulfo-LC-SPDP, on the basis of the
extinction coefficient of 2-PT (Carlsson et al., 1978).
Synthesis of 5′-Thiol Oligonucleotide. Oligonucle-

otide 1 was synthesized using standard â-cyanoethyl
phosphoramidite chemistry at the 1 µmol scale. A six-
carbon (C6) thiol linker phosphoramidite (25 mg) was
dissolved in 1 mL of acetonitrile and attached to a
separate port on the DNA synthesizer. After synthesis
of the 15-base sequence, the amidite of the thiol modifier
was applied to the reaction column. After completion of
the coupling, the column was removed from the synthe-
sizer, washed thoroughly with acetonitrile, oxidized with
iodine (0.05 M in THF/pyridine/water 7:1:2) for 30 s using
a syringe, and finally washed with acetonitrile and dried

under a stream of argon. The modified sequence was
deprotected (concentrated ammonia for 6 h at 50 °C),
isolated on a semipreparative column using buffer A,
evaporated, and stored at -20 °C in ddH2O.
Preparation of ASGP-Antisense Conjugates 6

(ASGP-S-S-AS). The trityl group present on the C6

linker of antisense was deprotected according to standard
protocols (Figure 1). In summary, the trityl on antisense
1 (216.3 mM, 36.3 OD units) was dissolved in 0.1 M
TEAA (360 mL), 1 M silver nitrate (54 mL) was added,
and the mixture was vortexed and allowed to react for
30 min. Next, 1 M DTT (84 mL) was added, and the
reaction mixture was vortexed and allowed to stand for
an additional 20 min. The yellow mixture was mi-
crofuged for 5 min and the supernatant collected. The
precipitated silver salt was washed twice with 0.1 M
TEAA and microfuged, and the supernatants were pooled
and stored under argon atmosphere. Excess DTT was
then removed by extractions with 2 mL of ethyl acetate
(saturated with water and outgassed by bubbling of
nitrogen). The resulting oligonucleotide 2 containing a
free sulfhydryl group was immediately added to the
ASGP-PDP conjugate 3 (36.05 nM, 42.7 mL) in PBS (pH
7.4). The reaction was conducted for 12 h at 20 °C under
nitrogen. The disulfide exchange reaction (conjugation)
was monitored by an increase in optical absorbance at
343 nm due to 2-PT. The molecular conjugates thus
obtained were dialyzed against PBS (4 × 2 L) through a
membrane with 12 000-14 000 MW exclusion limits.
The purity of the conjugates was assessed by running

analytical aliquots over the size exclusion column (TSK
3000) with buffer C. The amounts of oligonucleotide and
protein coligo and cASGP-SPDP in the purified product were
determined spectroscopically from the absorbances of the
conjugates at 215 and 260 nm, after measuring that of
ASGP-SPDP and oligonucleotide individually. That is,
the equations

and

(where A represents the solvent-corrected absorbance of
the indicated compound at the indicated wavelength and
ε represents the extinction coefficient of the compound)
were solved simultaneously for the concentrations of
ASGP-SPDP and oligonucleotide.

RESULTS

Synthesis of Compounds. We desired to construct
a molecular conjugate of ASGP and antisense oligonucle-
otides that provides for efficient, tissue-selective cellular
uptake and subsequently for release of the oligonucleotide
from ASGP for hybridization to its target. For these
reasons, we employed SPDP as a heterobifunctional
cross-linker that provides a spacer arm that should
provide the conjugate sufficient conformational flexibility
for the terminal galactose residues to bind to the ASGP
receptor and a disulfide linkage that should be reduced
in the intracellular endosome (Feener et al., 1990). We
employed an antisense oligonucleotide that we have
previously found effective in inhibiting the response of
HepG2 cells to the cytokine interleukin 6 (IL-6) (Roth et
al., 1997).
First, the oligonucleotide was synthesized using stan-

dard solid phase synthesis by incorporating the trityl-
protected C6-thiol linker, 6-(tritylthio)hexanol/2-cyano-

A215nm
conj ) ε215nm

ASGP-SPDPcASGP-SPDP + ε215nm
oligo coligo (1)

A260nm
conj ) ε260nm

ASGP-SPDPcASGP-SPDP + ε260nm
oligo coligo (2)
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ethyl N,N-diisopropylphosphoramidite, at the 5′ end of
the sequence. Reversed-phase HPLC analysis of the
protected C6-thiol-modified oligonucleotide demonstrated
an increased retention time due to the presence of the
hydrophobic trityl group and the six-carbon aliphatic
chain (Figure 2). The trityl group was removed by
treatment with silver nitrate, and the product was stored
under nitrogen in a solution containing DTT. The
deprotection was further confirmed by reversed-phase
HPLC. As shown in Figure 2, the trityl-deprotected
sequence 2 eluted before its precursor 1.

The oligonucleotide 2 with a free thiol group was
coupled to ASGP bearing pyridyldithiohexanoyl groups
introduced by using sulfo-LC-SPDP (Figure 1). The 5′-
thiol function reacted with ASGP-PDP 3 bearing dithi-
opyridinyl groups, leading to conjugates with about six
antisense oligonucleotides per ASGP molecule. Conjuga-
tion of oligonucleotide to ASGP was monitored by a
combination of size exclusion chromatography (SEC) and
UV-vis absorption spectroscopy. The purity of the
conjugate and the nature of the linkage between ASGP
and antisense were evaluated by SEC before and after
reduction with DTT. Due to their significant size differ-
ence, ASGP and free oligonucleotide are easily distin-
guished by SEC (Figure 3A,B). This difference was used
in the characterization of conjugates. A chromatogram
of the crude product mixture before purification showed
three peaks at approximately 9.4, 11.6, and 13.8 min
(Figure 3C), corresponding to conjugate, free oligonucle-
otide, and low molecular weight species (probably 2-PT),
respectively. After dialysis (12 000-14 000 MW cutoff),
only the conjugate ASGP-S-S-AS remained (Figure
3D), eluting with a retention time roughly equal to that
of free ASGP. At this point, UV-vis spectroscopy was
performed as described below. Upon treatment of the
ASGP-S-S-AS with DTT, a new peak eluting at a
retention time of 11.6 min, due to free oligonucleotide,
was observed (Figure 3E). This clearly shows that the
antisense was linked to ASGP by a disulfide bridge
sensitive to DTT.

Figure 1. Preparation of ASGP-antisense molecular conjugates (ASGP-S-S-AS). Asialoglycoprotein (R1-acid glycoprotein previously
treated with neuraminidase) was reacted with sulfosuccinimidyl 6-[3′-(2-pyridyldithio)propionamido]hexanoate (sulfo-LC-SPDP) to
produce ASGP-PDP 3. Antisense oligonucleotide carrying a six-carbon (C6) thiol modifier on its 5′ end 1 was synthesized by utilizing
6-(tritylthio)hexanol/2-cyanoethylN,N-diisopropylphosphoramidite. The trityl protecting group of the antisense was deprotected with
AgNO3/DTT to form 2, which was immediately reacted with ASGP-PDP conjugate 3 to obtain the ASGP-S-S-ASmolecular conjugate
4.

Figure 2. RP-HPLC analysis of the modified antisense oligo-
nucleotide 1 and the deprotected derivative 2. Analytical ali-
quots of 1 and 2 were analyzed by using a 250 × 4.6 mm
reversed-phase column of ODS-Hypersil at a flow rate of 1 mL/
min in buffer B 20 mM potassium phosphate (pH 5.5) with
gradient of methanol (0-100% over 60 min).
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Because size exclusion HPLC is not sensitive to chemi-
cal composition or to minor differences in molecular
weight, we performed absorption spectroscopy to ensure
that our purified high molecular weight conjugate indeed
contained oligonucleotide. Furthermore, spectroscopy
presents a means for quantitation. Figure 4 shows the
UV-vis absorption spectra of ASGP-PDP 3, the 15-mer
antisense oligonucleotide (AS130) corresponding to com-
pound 2 (compound 2 itself is not stable in water and
could not be tested directly), and purified ASGP-S-S-
AS 4. The conjugate possesses strong absorption at 260
nm due to the presence of oligonucleotide. Furthermore,
the presence of protein is indicated by the wavelength
shift and increased magnitude of the peak around 210
nm relative to those for oligonucleotide alone. Because
of the distinct nature of the spectroscopic transitions for
each species, these spectra can be used to quantitate the
loading of oligonucleotide per ASGP. The extinction
coefficients of ASGP-SPDP and of unconjugated oligo-
nucleotides were determined at 215 and 260 nm. As-
suming that the contributions of each molecule to the
conjugate add linearly, the absorbances of the purified
conjugate at 215 and 260 nm then allow determination
of the amount of protein and oligonucleotide contained
within them (eqs 1 and 2). We confirmed the amount of
protein determined using this method by BCA protein
assay. The stoichiometries determined with each method
were the samesabout six oligonucleotides per ASGP. The
batch to batch variation was small; in seven independent
batches of conjugates prepared over an 8 month period,
the average ratio of oligonucleotide to ASGP was 5.9 (
1.0, with a maximum of 7.5 and a minimum of 4.6.
In Vitro Evaluation. We tested the bioactivity of

these conjugates using a system that has been the focus
of recent investigation in our laboratory (Roth et al.,
1997). The synthesized antisense oligonucleotide (AS130)
used in our conjugates is complementary to the mRNA
encoding gp130, a signal transduction protein central to
the response of cells to the inflammatory cytokine, IL-6.
Stimulation of HepG2 cells results in the up-regulation
of a number of acute phase proteins, including haptoglo-
bin. These acute phase proteins are secreted by hepa-
tocytes into their external environment. We have pre-
viously shown that AS130 substantially inhibits the up-
regulation of haptoglobin in HepG2 cells (Roth et al.,
1997).
To test these new conjugates, HepG2 cells were treated

with various concentrations of the ASGP-S-S-AS
conjugates (with a stoichiometry of six oligonucleotides
per ASGP) for 8 h, after which time the cells were
stimulated with IL-6 (5 ng/mL) for 24 h. The medium

Figure 3. HPLC analysis. Samples were analyzed by size
exclusion chromatography on a TSK 3000 column (buffer C):
(A) ASGP alone; (B) antisense oligonucleotide (AS130) alone;
(C) crude product mixture showing ASGP-S-S-AS 4 (retention
time ) 9.4 min), unconjugated oligonucleotide (11.6 min), and
low molecular weight species (13.7 min); (D) purified conjugate
following dialysis of the crude reaction mixture; (E) purified
conjugate after 4 h of reduction with DTT.

Figure 4. UV-vis spectra of ASGP-PDP (3), unconjugated
oligonucleotide (AS), and ASGP-S-S-AS (4). UV-vis absorp-
tion spectra in which the conjugate ASGP-S-S-AS 4 exhibits
spectral features of both AS and ASGP-PDP 3.
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was harvested, and the haptoglobin secreted over the 24
h time period was quantitated by an ELISA (Roth et al.,
1997). The conjugates inhibited the up-regulation of
haptoglobin in a dose-dependent manner (Figure 5).
Cells receiving no treatment other than IL-6 secreted ∼5
times as much haptoglobin as basal (unstimulated with
IL-6) cells. The cells treated with antisense conjugatess
either the complex of ASGP-PLL or the covalent conju-
gate ASGP-S-S-ASsexhibited less up-regulation of
haptoglobin than those that received no oligonucleotide
treatment. The sequence of oligonucleotide is important,
as conjugates containing a nonsense sequence (same base
order as AS130 in scrambled order) demonstrated no
inhibition. Furthermore, the presence of a conjugate is
required, as equivalent amounts of oligonucleotide to
those contained in the conjugates effected no inhibition
in the unconjugated form. Therefore, the conjugation to
ASGP produced an effective antisense oligonucleotide
that inhibits the response to IL-6 in a sequence-specific
manner.

DISCUSSION

A number of researchers have recognized the impor-
tance of targeted delivery to increase the effectiveness
of antisense oligonucleotides. For in vivo applications,
the delivery of antisense molecules to the target organ
is likely to be a critical factor in their effectiveness. A
molecular conjugate developed for the delivery of both
oligonucleotides and plasmid DNA to hepatocytes is the
asialoglycoprotein-poly(L-lysine) (ASGP-PLL) molecule,
which provides a ligand (ASGP) for a liver-specific
receptor (the asialoglycoprotein receptor) and a positively
charged moiety (PLL), which is intended to condense the
polyanionic DNA and overcome its electrostatic repulsion
from negatively charged cell membranes (Wu and Wu,
1992; Bunnell et al., 1992; Lu et al., 1994). These
conjugates have proven biologically effective in several
in vitro systems and have provided enhanced uptake of
oligonucleotides by the liver in vivo (Wu and Wu, 1992;
Bunnell et al., 1992; Lu et al., 1994; Roth et al., 1997).
Although the ASGP-PLL delivery system has proven

effective for in vitro studies, it has several drawbacks.
For example, polylysine itself has potent toxicity. There-

fore, the quantity of ASGP-PLL that can be used is
constrained. Low concentrations of ASGP-PLL were
ineffective at condensing DNA and producing biological
effect in our assay with IL-6-stimulated HepG2 cells.
Moreover, we have found that higher doses of ASGP-
PLLs∼25 µMscause nonspecific reductions in protein
secretion independent of the effects of oligonucleotides
(Rajur et al., unpublished data). The ASGP-PLL/oligo-
nucleotide complexes, held together by noncovalent elec-
trostatic interactions, are unstable due to the instability
of the electrostatic interaction between the carrier system
and the oligonucleotides in ionic media such as blood (Lu
et al., 1994). Furthermore, in these ionic conjugates, we
have little control over the number of antisense molecules
complexed with the carrier system and/or delivered to
the target site because it is dictated by a physical
equilibrium between the cationic ASGP-PLL and the
anionic oligonucleotide. To increase the quantity of
complexed oligonucleotide, a much higher quantity of
ASGP-PLL is required, as this equilibrium requires
∼10-20 ASGP-PLLmolecules per single oligonucleotide
(Bunnell et al., 1992; Rajur et al., unpublished data).
However, ASGP-PLL that is not complexed with oligo-
nucleotide will compete with the complexed ASGP-PLL
for binding sites (Kato et al., 1996). To overcome these
difficulties, we have developed a method in which we
have eliminated the use of polylysine and covalently
conjugated antisense oligonucleotides to asialoglycopro-
tein by a stable disulfide linkage. The advantage of this
method is that the disulfide linkage is stable in the
extracellular oxidizing environments typically found in
vitro and in vivo and has the added advantage of
undergoing reduction when it reaches the intracellular
environment, permitting the release of free antisense
within the cytoplasm (Feener et al., 1990).
Approximately six oligonucleotides were conjugated per

ASGPmolecule using the quantities of reagents described
here. This is somewhat greater than the calculated
number of PDP groups attached to each ASGP (∼4).
However, the latter estimate is inexact since it is based
on low relative absorbance values (A343 ∼0.02) and a
published extinction coefficient (8080 M-1 cm-1; Carlsson
et al., 1978) that may depend on the exact buffer
conditions. An alternative explanation is that some
oligonucleotide binds noncovalently to ASGP. Repeated
dialysis against PBS buffer using a 12 000-14 000 MW
cutoff membrane did not change the loading ratio of
oligonucleotides onto ASGP, so any noncovalent binding
was irreversible.
In our experiments, we demonstrated that these con-

jugates are active in vitro, increasing the efficiency of
antisense oligonucleotides at inhibiting the acute phase
response in a cell culture model. The key advantages of
the covalent conjugate relative to ASGP-PLL conjugates
are the ability to alter loading via reaction stoichiometry
and the inherent stability of the covalent linkage. Fur-
thermore, the amount of ASGP required to target was
reduced using the covalent chemistry. Using ASGP-PLL
physically complexed to antisense, 5 µMwas required to
target the 10 µM oligonucleotide sufficiently to produce
an effective dose. With the covalent conjugation, ∼1.6
µM of ASGP was required due to the high loading of
oligonucleotide per ASGP (approximately 6:1).
It is noteworthy that neither conjugate was able to

provide 100% inhibition, even at higher and repeated
doses than those shown here. There are several possible
reasons for this behavior, two of which are most plausible.
First, the relationship between bound receptors and
biological response is nonlinear, and examples are known
where only a small fraction of receptors bound results in

Figure 5. Inhibition of IL-6-mediated acute phase protein
production by ASGP-S-S-AS targeted antisense (4). Confluent
monolayers of HepG2 cells were incubated with various con-
centrations of unconjugated antisense oligonucleotide (AS),
antisense oligonucleotide with 5 µM ASGP-PLL (ASGP-PLL
+ AS), covalent antisense conjugate (ASGP-S-S-AS), or
covalent nonsense conjugate (ASGP-S-S-NS). After this time,
the cells were stimulated with IL-6 for 24 h, after which time
the medium was collected and assayed for haptoglobin by
ELISA. Results are normalized to control cells that received
neither IL-6 nor other treatment.
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maximal biological response (Lodish et al., 1995). There-
fore, it is possible that the majority of gp130 (which is a
secondary, high-affinity receptor for IL-6, associating
with IL-6/gp80 complexes) molecules can be down-
regulated before any functional inhibition is observed,
and significant levels of haptoglobin up-regulation may
be observed even with a small fraction of normal expres-
sion of gp130. The second factor is that the oligonucle-
otides are likely degraded by nucleases during the time
course of the experiment, and this may allow sufficient
time for the down-regulated gp130 to be newly synthe-
sized, bound, and induce production and secretion of
haptoglobin.
A similar approach to ours was developed by Bonfils

et al. (1992) for the delivery of oligonucleotides to cells
via a mannosylated BSA ligand that binds to membrane
lectins. The oligonucleotides were synthesized on a 3′-
disulfide derivatized support and conjugated to bovine
serum albumin that had been previously 6-phospho-
mannosylated (to provide a lectin binding ligand) and
derivatized with SPDP. Increased cellular uptake of the
conjugates was observed in both macrophages and baby
hamster kidney cells as compared to unconjugated oli-
gonucleotide. These conjugates were also found to be
stable in culture medium. However, the ability of the
conjugated oligonucleotides to act as antisense molecules
was not investigated. Our results demonstrate the
following: (1) the generalizability of disulfide protein-
oligonucleotides to another ligand and cell type and to
conjugation via the 5′ end of the oligonucleotide; (2) the
ability to achieve higher loadings of oligonucleotides (5-6
as compared to 1-2) per protein molecule; and (3)
biological activity of oligonucleotide conjugated in this
way. These results provide a basis for optimization of
oligonucleotide loading for maximum effectiveness and
a stable molecule that can be tested in vivo.
In summary, we have prepared a molecular conjugate

of ASGP and a 15-mer antisense oligonucleotide using
disulfide chemistry designed to enhance the delivery of
the oligonucleotides to hepatocytes. These conjugates
were found to significantly increase the effectiveness of
antisense oligonucleotides in an in vitro model. This
chemistry provides a means to produce stable conjugates
with a desired loading of oligonucleotide and to reduce
the amount of antisense and carrier required for effective
delivery. Further development of these conjugates will
involve investigation of their biodistribution, stability,
and bioactivity in vivo.
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TECHNICAL NOTES

Bilayer Distribution of Phosphatidylserine and
Phosphatidylethanolamine in Lipid Vesicles
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The distribution of phosphatidylethanolamine (PE) and phosphatydilserine (PS) in liposomes was
studied as a function of aminophospholipid concentration using fluorescamine as labeling reagent.
The method is suitable for such determination since, in the assay conditions, fluorescamine does not
penetrate the vesicles nor does it disrupt them. The liposomes were obtained by sonication, extrusion,
or mechanical dispersion (MLV). For any kind of vesicle, the percentage of PS in the external
monolayer is higher than that obtained for PE in the corresponding vesicles. In extruded PS liposomes,
this aminophospholipid is located preferentially in the outer layer, while for PE liposomes the
localization depends on the size of vesicle. Sonicated liposomes present an asymmetrical distribution
of both aminophospholipids, and the external location of PS or PE always predominates. In contrast,
in MLV, aminophospholipids are mainly found in the inner layers of the vesicles, except for liposomes
formed by the lowest PS proportion. A remarkable feature of PS liposomes is the reduction of vesicle
size, especially in MLV liposomes, in comparison with neutral liposomes.

INTRODUCTION

The molecular architecture of biological membranes is
highly asymmetric. Not only is the orientation of mem-
brane proteins asymmetric, but the distribution of phos-
pholipids and fatty acids is also asymmetric (1). The
asymmetrical distribution of membrane phospholipids
across the lipid bilayer seems to be responsible for cell
functions such as coagulation, membrane fusion, and
stability (2). In erythrocytes, the best documented
system, phosphatidylserine (PS), phosphatidylethanol-
amine (PE), and probably phosphatidylinositol (PI) are
located mainly in the inner monolayer, while phosphati-
dylcholine (PC) and sphingomyelin (SM) are mostly found
in the outermost monolayer (3). This highly asymmetric
orientation of lipids is essential to normal homeostasis.
Increased exposure of PS on the outer surface of the red
blood cell is a signal for sequestration by the reticuloen-
dothelial system. Furthermore, partial loss of PS asym-
metry occurs, for instance, in some pathological red blood
cells, such as sickle cells. Similarly, tumorigenic cells
are bound and lysed by activated monocytes or macro-
phages, as they express much more PS in their mem-
brane outer leaflet than their nontumorogenic counter-
parts (4). In platelets, SM and PE are located predomi-
nantly in the surface membrane, while PS and PI are in
the intracellular membrane (5). Moreover, in platelets,
transbilayer asymmetry is rapidly lost upon stimulation
by certain platelet antagonists. This phenomenon fulfills
an important physiological function in the hemostatic
process, since two sequential reactions of the coagulation
cascade are dramatically accelerated in the presence of
an anionic phospholipid surface (6, 7). PS and PI are

active in thrombin generation but have no role in factor
Xa formation. PC and PE do not contribute to thrombin
formation but are active in the formation of factor Xa.
Although in principle any negatively charged phospho-
lipid is capable of providing a catalytic surface, mem-
branes containing PS exhibit the highest procoagulant
activity (8). In view of the weak procoagulant activity
of PI and its conversion in the PI cycle upon cell
activation, PS is likely to be solely responsible for the
formation of procoagulant lipid surfaces in stimulated
platelets. It has been known for several decades that
platelet activation may result in formation of platelet-
derived microparticles with clot-promoting activity. The
importance of this material for platelet procoagulant
activity has long been underrated. Recently, however,
it has become evident that the particles are derived from
the cell surface by shedding from the plasma membrane,
and shedding of microvesicles appears to be closely
associated with surface exposure of PS (7). Electromi-
croscopy reveals these particles as uni- or paucilamellars.
Since this structure is quite similar to liposomes, lipid
vesicles could mimic the platelet-derived microparticles
or the platelets themselves. Thus, an ability to generate
liposomal systems exhibiting asymmetric transbilayer
distributions of PS (or PE) may have a number of
applications. To this end, we have undertaken the study
of the distribution of PE and PS in liposomes obtained
by extrusion, sonication, or simple dispersion. These
results may help to identify the kinds of liposomes that
provide the desired aminophospholipid distribution. This
may lead, in turn, to the development of models of
biological membrane with a particular PE or PS distribu-
tion.

EXPERIMENTAL PROCEDURES

Materials. Soybean PC (Lipoid S-100) was purchased
from Lipoid (Ludwigshafen, Germany). PS from bovine
spinal cord and PE from egg yolk were obtained from

* Author to whom correspondence should be addressed (tele-
phone + 34-3-4024554; fax + 34-3-4021886; e-mail estelric@
farmacia.far.ub.es).
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Lipid Products (Nutfield, U.K.). Fluorescamine and
Triton X-100 were purchased from Sigma. Organic
solvents (methanol, ethanol, chloroform) were obtained
from Merck (Darmstadt, Germany) and used without
purification. Acetone was of spectroscopic grade (Merck).
Saline solution was made with 150 mM NaCl. Borate
buffer (pH 8.25) was made at 50 mM concentration and
NaCl was added to give an isotonic solution, 310 ( 10
mOsm/kg.
Preparation of Multilamellar Liposomes (MLV).

Phospholipids (PC alone or PC with PS or PE) were
dissolved in chloroform in a round-bottom flask and dried
in a rotary evaporator under reduced pressure at 50 °C
to form a thin film on the flask. The film was hydrated
with saline solution to give a lipid concentration of 10
µmol/mL. Multilamellar liposomes were formed by con-
stant vortexing for 4 min on a vortex mixer and sonica-
tion in a bath sonifier for 4 min.
Preparation of Sonicated Liposomes. MLV were

sonicated on an ice-water bath with a Branson sonifier
(Labsonic U) equipped with a microtip probe and operat-
ing at 57 W output for 6 min with three cycles of 2 min
and 30 s intervals stand-by in ice bath. The resulting
suspension was passed through 0.45 µmmembrane filters
to remove the possible titanium particles from the
sonifier probe.
Preparation of Extruded Liposomes. MLV were

downsized to form oligolamellar vesicles by extrusion at
50 °C in an extruder device (Lipex Biomembranes,
Canada) through polycarbonate membrane filters of
variable pore size under nitrogen pressures of up to 55
× 105 N‚m-2 (9). Liposomes were extruded sequentially
through polycarbonate filters (0.8, 0.4, 0.2., 0.1, and 0.05
µm (Nucleopore, U.S.A.) to obtain liposomes of nominal
size of 400, 200, 100, and 50 nm.
Determination of Aminophospholipids. PE and

PS were determined spectrofluorometrically using fluo-
rescamine as labeling reagent (10). This reagent was
used by Cheung and Forte (11) to label aminophospho-
lipids, but the method is similar to that used by Baren-
holz et al. (12) to determine PE in liposomes by means
of 2,4,6-trinitrobenzenesulfonic acid (TNBS). It was
confirmed in advance that fluorescamine had no disrup-
tive effect on liposome structure (data not shown).
Determination of Aminophospholipids in the

Outer Vesicle Surface. At room temperature, aliquots
(100-200 µL) of liposomes were diluted with 2.0 mL of
borate buffer (pH 8.25). Fluorescamine solution (0.1 mL;
3 mg in 100 mL of acetone) was added, and the vesicle
sample was shaken vigorously for 30 s. After 1 min, 2
mL of 1.6% Triton X-100 in borate buffer was added to
the sample, followed by mixing. The resulting fluores-
cence was read within 2 h of reaction by exciting the
sample at 381 nm and measuring the emitted radiation
at 471 nm.
Determination of Total Aminophospholipids in

the Vesicle. Aliquots (100-200 µL) of liposomes were
disrupted with 2.0 mL of 1.6% Triton X-100 in borate
buffer (pH 8.25). Fluorescamine solution (0.1 mL) was

added, and the vesicle sample was shaken vigorously for
30 s. After 1 min, 2 mL of borate buffer was added to
the sample, followed by mixing. The samples were read
as described above.
Photon Correlation Spectroscopy. Vesicle size

distribution was determined by photon correlation spec-
troscopy with an Autosizer II spectrometer (Malvern
Instruments, U.K.) at 37 °C. The vesicles obtained by
extrusion or sonication, which afforded a unimodal vesicle
distribution, were sized by the method of cumulant
analysis (13), while the exponential sampling method
(14), which does not assume any particular form of
distribution, was used to size MLV.

RESULTS

Fluorescamine Assay. The first stage of this inves-
tigation was aimed at establishing the validity of the
fluorescamine labeling procedures for assaying trans-
membrane distributions of lipids containing primary
amino groups in liposomal systems. We checked the
linearity of fluorescence intensity between the range from
0.0125 to 0.300 µmol of aminophospholipid. On the other
hand, we found there was no difference between the
results of total and external aminophospholipid when the
substance assayed did not present such differences,
namely in solutions of bovine serum albumin. In this
way, a solution of such protein gave a values of 153 ( 4
(arbitrary units of fluorescence) (n ) 6) when it was
assayed as external amino grous and 157 ( 5 (n ) 6) for
total amino groups. A comparison of means showed that
at 95.0% confidence interval there were no significant
differences between both means (t ) 1.610 < 2.228).
Finally, we checked that at the reagent concentration
used, the extent of the labeling was not influenced by
the presence of a pH gradient (interior acidic). Liposomes
with an acidic interior (achieved with citrate buffer) gave
the same result as those obtained in saline solution.
Thus, we deduced that, in the experimental conditions
of the assay, liposomal membranes were impermeable to
fluorescamine and, consequently, we prepared the lipo-
somal samples in saline solution.
Extrusion Liposomes. To assess the distribution of

aminophospholipids, three kinds of liposomes were ex-
amined. Table 1 shows the z-average diameters ob-
tained. On the whole, diameters of PE-containing ex-
truded liposomes were similar to these obtained with
neutral liposomes (for example, those formed solely by
PC, the sizes of which are displayed in the last column
of the table). However, the diameter of vesicles with
>20% PE and extruded through 400 and 200 nm mem-
branes was slightly lower that the obtained for PC
liposomes extruded through membranes of the same pore
size (255 and 180 nm, respectively). In PS-containing
liposomes the reduction of vesicle size was even more
evident in those vesicles downsized through membranes
of 400 and 200 nm. At any PS percentage, the average
values were <200 nm for the 400 nm extruded liposomes,

Table 1. Average Size (Expressed as z-Average Diameter ( SD, n g 3) of the Different Kinds of Liposomes Used

liposome composition

% PE % PS
type of
liposome

pore
size
(nm) 5 10 20 30 50 5 10 20 30 50 0

extrusion 400 250 ( 11 247 ( 8 242 ( 10 238 ( 13 210 ( 10 195 ( 27 184 ( 10 174 ( 10 171 ( 10 161 ( 11 255 ( 16
200 184 ( 6 186 (6 170 ( 6 167 ( 3 164 ( 7 137 ( 16 139 ( 2 140 ( 11 140 ( 5 134 ( 12 180 ( 15
100 111 ( 7 110 ( 8 104 ( 9 109 ( 4 113 ( 1 98 ( 5 95 ( 2 97 ( 8 99 ( 8 106 ( 9 102 ( 5
50 76 ( 4 78 ( 4 78 ( 6 82 ( 6 84 ( 4 72 ( 3 73 ( 2 72 ( 5 74 ( 5 81 ( 6 84 ( 5

sonication 131 ( 20 127 ( 25 119 ( 19 136 ( 26 117 ( 19 86 ( 8 91 ( 8 76 ( 8 80 ( 7 83 ( 11 121 ( 20
MLV 1350 ( 150 1200 ( 190 1010 ( 210 1160 ( 210 1140 ( 110 560 ( 100 650 ( 160 640 ( 180 650 ( 130 590 ( 190 1350 ( 50
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and when vesicles were extruded through a 200 mm
membrane, their average diameter never exceeded 140
nm.
The distribution of aminophospholipids between the

external and the inner layer (or layers) was determined
spectrofluorometrically using fluorescamine as labeling
reagent (Table 2). The distribution of PE is defined by
two general traits. First, the percentage of aminophos-
pholipids in the external layer increased when the size
of vesicles decreased. So, for a given composition, the
percentage of external PE in 50 nm liposomes was higher
than that obtained in other vesicles. Second, PE tended
to distribute on the inside of the vesicle as its proportion
increased. As far as PS distribution is concerned, a
tendency similar to that described above for the localiza-
tion of PE in the membrane was found, although for 50%
concentration the percentage of external PS barely varies
with the reduction of size. The PS content was always
>50% irrespective of composition or size. When both
distributions were compared, it was observed that below
20% concentration of aminolipid in the membrane, the
differences were relatively important, but above such
concentration, broadly speaking, the percentages of
external amine groups became the same.
Sonicated Liposomes. Diameters of PE liposomes

were greater than those of vesicles containing PS (Table
1). Diameters of PS sonicated vesicles were comparable
to those of the vesicles extruded by membranes of 50 nm
pore size. The aminophospholipid distribution followed
the pattern observed in extruded liposomes (Figure 1).
At low aminolipid concentrations, both PE and PS
showed a tendency to concentrate in the outer surface.
This location was reduced in extent when concentration
increased. On the other hand, at almost all concentra-
tions, PS was found in a higher extent in the external
layer than PE.
Mechanical Dispersion Liposomes. Percentages of

external aminophospholipids and z-average diameters of
multilamellar liposomes are shown in Figure 2 and Table
1, respectively. PE multilamellar liposomes present the
classical characteristics of this kind of vesicle: their
average diameters were outside the range above the
micrometer with relatively important associated poly-
dispersities. PS liposomes, in contrast, showed a lower
sizesin comparison with neutral liposomessand the
extent of dispersity was lower, too. As in the other types
of vesicle, the increment of aminophospholipid percentage
favored their localization in the inner layer of the vesicle.

DISCUSSION

Our results show that liposomes containing PS are
smaller than PE vesicles or plain PC vesicles. This
difference is especially marked in multilamellar lipo-
somes and appears to be independent of PS concentra-
tion. This phenomenon has been also noted in other
charged vesicles, namely liposomes containing phospha-
tidic acid, but not to the extent shown in PS liposomes.
This fact could be explained by the different structure
and morphology of PS dispersions in comparison to those
of PC and other neutral or isoelectric phospholipids. In
contrast to egg PC, aqueous dispersions of PS exist as a
single lamellar liquid crystalline phase up to water
content of ∼75%. In the absence of salt, pure PS
incorporates all of the water between the lipid bilayers,
increasing the lamellar repeat distance. The ability of
PS bilayers to incorporate large amounts of water is a
consequence of the net negative charge of the PSmolecule
at pH between 5 and 9, giving rise to large repulsive
forces between adjacent bilayer sheets. Pure egg PC
behaves differently and can incorporate water only up
to ∼40% water; further addition of water produces a two-
phase system, a lamellar liquid crystalline phase in
excess water (15). As such liposomes have been formed
in saline solution (0.16 M NaCl), the salt must reduce
the double-layer repulsion between adjacent bilayers. As

Table 2. Percentage of Aminophospholipid on the External Monolayer of Extruded Liposomes (Values Are the Average
( SD, n g 3)

liposome composition

% PE % PSpore
size
(nm) 5 10 20 30 50 5 10 20 30 50

400 48 ( 7 43 ( 5 43 ( 5 46 ( 7 44 ( 1 72 ( 1 65 ( 9 60 ( 5 51 ( 7 58 ( 6
200 55 ( 7 51 ( 5 51 ( 5 53 ( 8 49 ( 1 77 ( 6 72 ( 9 63 ( 4 62 ( 5 55 ( 6
100 69 ( 7 60 ( 5 58 ( 3 60 ( 6 54 ( 2 75 ( 5 72 ( 6 64 ( 1 61 ( 6 56 ( 7
50 71 ( 4 65 ( 4 63 ( 4 62 ( 6 56 ( 3 75 ( 1 73 ( 6 68 ( 3 61 ( 5 56 ( 9

Figure 1. Average percentage of external aminophospholipids
determined in sonicated liposomes using the fluorescamine
assay: (O) PS; (b) PE.

Figure 2. Average percentage of external aminophospholipids
determined in multilamellar liposomes using the fluorescamine
assay: (O) PS; (b) PE.
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a result of that, water is extruded from the interbilayer
space consistent with a decrease of lamellar repeat
distance. Hauser (16) proposed that at high water
content the multilamellar structures break up, with each
lamella sealing off to form closed unilamellar vesicles.
The addition of salt would induce aggregation and fusion
of the vesicles leading, in equilibrium, to multilamellar
structures. The relatively moderate presence of sodium
in our liposomal suspension should limit the transforma-
tion of multilamellar structures into unilamellar vesicles,
and this could explain the intermediate size of PS
multilamellar liposomes.
Concerning the aminophospholipid distribution in

extruded and sonicated liposomes, there is a predisposi-
tion of such lipids to locate in the external monolayer.
This is tru in general for PS liposomes and characteristic
of those PE liposomes extruded through membranes of
pore below 200 nm. The preferential localization of PE
and PS in the external monolayer is in agreement with
the results of Massari et al. (17), who found 67% of
external amines in egg PC containing 40% of PS. In
contrast, Berden et al. (18) and Barsukov et al. (19) state
that in sonicated liposomes, PE or PS had preference for
the inside layer of the bilayer. However, the experimen-
tal conditions are not equivalent to ours. For instance,
these authors did not measure the vesicle size and,
although in theory these liposomes might have been
unilamellar at the moment of their formation, they could
have suffered aggregation and/or fusion during the
relatively long time that a measurement by NMR takes.
As it has been already seen in Table 1, the localization

of PE shows a clear dependence on actual vesicle size.
In PS liposomes the difference of size between the vesicles
extruded by the biggest membrane pore and those passed
by the lowest are smaller, and this is evidenced by minor
and not so clear differences in the PS distribution.
In liposomes obtained by mechanical dispersion the

percentage of external aminophospholipid is always
<50% and above 20% of amino lipid the amount of
external PE or PS barely varies.
As a general rule of aminophospholipid distribution we

can affirm that PS and PE tend to locate on the external
monolayer, such tendency being influenced by the size
of vesicles, or better, by the vesicle curvature. On the
basis of theoretical considerations, Israelachvili (21) has
predicted an asymmetrical distribution of charged phos-
pholipid molecules between the external and the inner
monolayers. This asymmetry in the phospholipid distri-
bution was attributed to the reduced electrostatic repul-
sion between the negatively charged molecules when
these were concentrated more on the outer layers. This
analysis agrees quantitatively with the experimental
results reported by Michaelson et al. (22) and carried out
with vesicles containing phosphatidylglycerol and further
predicts that the asymmetric distribution of charged lipid
molecules should increase with decreasing radius of
curvature and decreasing ionic strength of the suspend-
ing medium.
From geometrical relationships, assuming that the

bilayer width is 4 nm and that the molecular areas of
PC and PS are 70 Å/mol (22), we can calculate the
number of lipid molecules of PS and PC present in a
liposome for any PS composition. Thus, liposomes sized
to 100 nm may have 44 880 molecules on the external
monolayer and 37 986 on the internal. If all lipid
molecules were PS, this distribution would involve 54%
PS on the external monolayer. We prepared 100 nm
extruded liposomes, of which the unique lipid present was
PS, and determined the external percentage of PS, using

the fluorescamine method. The value obtained, 54 ( 2%
(n ) 3), certifies the validity of the method.
We can conclude that the localization of aminophos-

pholipids depends on the amount of charged lipids, as
well as the size of the vesicles. In relatively small vesicles
(diameter e 200 nm), the natural “site” of such amino-
phospholipids is the external monolayer. An increase of
their concentration reveals that the localization of more
molecules is not energetically allowed owing to the
repulsive interactions, and the charged lipids must locate
in the inner layer. In greater vesicles, the effects of the
curvature are not so strong, and the possibility of a
symmetrical distribution is open. In MLV liposomes, the
higher number of internal bilayers results in a predomi-
nance of PS or PE in the inner.
Our results indicate that one can obtain liposomes with

a particular PS or PE distribution. The only parameters
that may be varied are the size and the aminophospho-
lipid content. Use of liposomes with several bilayer
distributions can be a useful tool for the study of the
mechanism of coagulation, and, on the other hand, a
determined kind of liposomes with a marked coagulant
activity could be used as artificial platelets.
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