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I. INTRODUCTION

Modification of proteins, DNA, and other biopolymers
by labeling them with reporter molecules has become a
very powerful research tool in immunology, histochem-
istry, and cell biology. A number of excellent reviews of
this sub_]ect have been published (I-6). Inaddition, there
are a growing number of commercial applications of these
modified biomolecules, including clinical immunoassays,
DNA hybridization tests, and gene fusion detection
systems. Inthese techniques,asmall molecule with special
properties, such as fluorescence or binding specificity, is
covalently bound to a protein, a DNA strand, or other
biomolecule. Specific examples include fluorescent-
labeled antibodies for detection and localization of cell-
surface antigens, biotin-labeled single-stranded DNA
probes for detection of DNA hybridization, and hapten-
labeled proteins that, when introduced into a suitable host
animal, generate hapten-specific antibodies.

This review will focus on the experimental design and
procedures for preparing protein conjugates with dyes,
biotin, and haptens such as drugs and hormones. Methods
for covalently linking two unlike biopolymers through the
judicious choice of cross-linking reagents will also be
discussed. The following specific topics will be addressed:
(a) reactive groups of proteins that are available for
modification, including their naturally occurring amino
acids, and reactive groups introduced by chemical mod-
ification, (b) reagents that can be used to couple molecules
to these reactive sites, (c) experimental procedures for
preparing conjugates, (d) purification and isolation of
conjugates, and (e) techniques for determining the degree
of labeling.

II. GENERAL DISCUSSION OF METHODS

A. Reactive Groups of Proteins. Proteins and pep-
tides are amino acid polymers containing a number of
reactive side chains. In addition to, or as an alternative
to, these intrinsic reactive groups, specific reactive moieties
can be introduced into the polymer chain by chemical
modification. These groups, whether or not they are
naturally a part of the protein or are artificially introduced,
serve as “handles” for attaching a wide variety of molecules,
including other proteins. The intrinsic reactive groups of
proteins are described in the following section.

(I) Amines (Lysines, a-Amino Groups). One of the most
common reactive groups of proteinsis the aliphatic e-amine
of the amino acid lysine. Lysines are usually present to
some extent and are often quite abundant. For example,
the protein bovine insulin contains only a single lysine
amine, while avidin, a protein found in egg whites, contains
36 lysines (7). Lysine amines are reasonably good nu-
cleophiles above pH 8.0 (pK, = 9.18) (8) and therefore
react easily and cleanly with a variety of reagents to form
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stable bonds (eq 1). Other reactive amines that are found

Protein-NH, + RX > Protein-NHR + XH 1)

inproteins are the a-amino groups of the N-terminal amino
acids. The a-amino groups are less basic than lysines and
are reactive at around pH 7.0. Sometimes they can be
selectively modified in the presence of lysines. There is
usually at least one a-amino acid in a protein, and in the
case of proteins that have multiple peptide chains or several
subunits, there can be more (one for each peptide chain
or subunit). Bovine insulin has one N-terminal glycine
residue and one N-terminal phenylalanine (9). There are
proteins that do not possess free a-amino groups, such as
cytochrome C and ovalbumin. In these molecules, the
N-terminal amino group is N-acylated, and therefore not
reactive toward the usual modification reagents. Since
either N-terminal amines or lysines are almost always
present in any given protein or peptide, and since they are
easily reacted, the most commonly used method of protein
modification is through these aliphatic amine groups.
(2) Thiols (Cystine, Cysteine, Methionine). Another
common reactive group in proteins is the thiol residue
from the sulfur-containing amino acid cystine and its
reduction product cysteine (or half-cystine), which are
counted together as one of the 20 amino acids. Cysteine
contains a free thiol group, which is more nucleophilic
than amines and is generally the most reactive functional
group in a protein. It reacts with some of the same
modification reagents as do the amines discussed in the
previous section and in addition can react with reagents
that are not very reactive toward amines. Thiols, unlike
most amines, are reactive at neutral pH, and therefore
they can be coupled to other molecules selectively in the
presence of amines (eq 2). This selectivity makesthe thiol

NH,-Protein-SH + RX

> NH,ProteinSR + XH  (2)

group the linker of choice for coupling two proteins
together, since methods which only couple amines (e.g.,
glutaraldehyde, dimethyl adipimidate coupling) can result
in formation of homodimers, oligomers, and other un-
wanted products (10). Since free sulfhydryl groups are
relatively reactive, proteins with these groups often exist
in their oxidized form as disulfide-linked oligomers or have
internally bridged disulfide groups. Immunoglobulin M
is an example of a disulfide-linked pentamer, while im-
munoglobulin G is an example of a protein with internal
disulfide bridges bonding the subunits together. In
proteins such as this, reduction of the disulfide bonds with
a reagent such as dithiothreitol (DT'T) is required to
generate the reactive free thiol (1I). In addition to cys-
tine and cysteine, some proteins also have the amino acid
methionine, which contains sulfur in a thioether linkage.
When cysteine is absent, methionine can sometimes react
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with thiol-reactive reagents such as iodoacetamides (12).
However, selective modification of methionine is difficult
to achieve and therefore is seldom used as a method of
attaching small molecules to proteins.

(3) Phenols (Tyrosine). The phenolic substituent of
the amino acid tyrosine can react in two ways. The
phenolic hydroxyl group can form esters and ether bonds,
and the aromatic ring can undergo nitration or coupling
reactions with reagents such as diazonium salts at the
position adjacent to the hydroxyl group. There is con-
siderable literature describing the reaction of tyrosyl
residues with diazonium compounds (13). For example,
a p-aminobenzoyl biocytin derivative has been diazotized
and reacted with protein tyrosine groups (14). Modifi-
cation of tyrosines has primarily been used in structural
studies, rather than as a means for attaching specific labels,
since acetylation and nitration can give useful information
concerning the participation of tyrosine in the binding
properties of proteins. Often, the reactivity of tyrosines
with amine-selective modification reagents to form un-
stable carboxylic acid esters or sulfate estersis an unwanted
side reaction resulting in conjugates that slowly hydrolyze
during storage. Methods for preventing this problem are
discussed in a later part of this teaching editorial (section
V.B.1).

(4) Carboxylic Acids (Aspartic Acid, Glutamic Acid).
Proteins contain carboxylic acid groups at the carboxy-
terminal position and within the side chains of the di-
carboxylic amino acids aspartic acid and glutamic acid.
The low reactivity of carboxylic acids in water usually
makes it difficult to use these groups to selectively modify
proteins and other biopolymers. In the cases where this
is done, the carboxylic acid group is usually converted to
a reactive ester by use of a water-soluble carbodiimide

0 [¢]
i {I
Protein-COH ——> Protei-COX + RNHNH, ~——>
0

Protein- QNHNHR (3)

and then reacted with a nucleophilic reagent such as an
amine or a hydrazide (15, 16). The amine reagent should
be weakly basic in order to react specifically with the
activated carboxylic acid in the presence of the other
amines on the protein. This is because protein cross-
linking can occur when the pH is raised to above 8.0, the
range where the protein amines are partially unproto-
nated and reactive. For this reason, hydrazides, which
are weakly basic, are useful in coupling reactions with a
carboxylic acid (I7). This reaction can also be used
effectively to modify the carboxy terminal group of small
peptides.

(5) Other Amino Acid Side Chains (Arginine, Histi-
dine, Tryptophan). Chemical modification of other amino
acid side chains in proteins has not been extensive,
compared to the groups discussed above. The high pK,
of the guanidine functional group of arginine (pK, = 12~
13) necessitates more drastic reaction conditions than most
proteins can survive. Arginine modification has been
accomplished primarily with glyoxals and «-diketone
reagents (I18). Tryptophan modification requires harsh
conditions and is seldom carried out except as a method
of analysis in structural or activity studies. Histidines
have been subjected to photooxidation (19) and reaction
with iodoacetates (20).

B. Protein Modification Reagents. Thissection will
survey the extensive selection of reagents that are available
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for the purpose of protein modification. The fundamental
principles for understanding how to use these reagents
are (1) recognition of the reactive group(s) on the protein
or peptide that can be modified and (2) knowledge of the
type of chemical reactions these reactive groups will
participate in and the nature of the chemical bonds that
will result from these reactions.

(1) Amine-Reactive Reagents. Thesereagentsarethose
which will react primarily with lysines and the a-amino
groups of proteins and peptides under both aqueous and
nonaqueous conditions. Some amine-reactive reagentsare
more reactive, and therefore less selective, than others,
and it will be necessary to understand this property in
order to choose the best reagent for modification of a
specific protein. The following amine-reactive reagents
are available.

(a) Reactive Esters (Formation of an Amide Bond).
Reactive esters, especially N-hydroxysuccinimide (NHS)
esters, are among the most commonly used reagents for
modification of amine groups (21). These reagents have
intermediate reactivity toward amines, with high selec-
tivity toward aliphatic amines. Their reaction rate with
aromatic amines, alcohols, phenols (tyrosine), and histi-
dineisrelatively low. Reaction of NHS esters with amines
under nonaqueous conditions is facile, so they are useful
for derivatization of small peptides and other low mo-
lecular weight biomolecules. The optimum pH for reaction
in aqueous systems is 8.0-9.0. The aliphatic amide
products which are formed are very stable (eq 4). The

o ¢ 0 0
It {l
Protein-NH, + RC-O-N > Protein-NHCR + HO-N 4)

0 0

NHS esters are slowly hydrolyzed by water (22), but are
stable to storage if kept well desiccated. Virtually any
molecule that contains a carboxylic acid or that can be
chemically modified to contain a carboxylic acid can be
converted into its NHS ester (eq 5), making these reagents

o ) o ©
I pcec |
R-COH + HO-N > RC-O-N 5)
0

0

among the most powerful protein-modification reagents
available. Newlydeveloped NHS esters are available with
sulfonate groups that have improved water solubility (23).
Ashortlist of reactive NHS ester derivatives of fluorescent
probes, biotin, and other molecules is given in Table I.

(b) Isothiocyanates (Formation of a Thiourea Bond).
Isothiocyanates, like NHS esters, are amine-modification
reagents of intermediate reactivity and form thiourea
bonds with proteins and peptides (eq 6). They are

S

Protein-NH, + AN=C=$§ > Protein-Nqu’.l:-NHR (6)
somewhat more stable in water than the NHS esters and
react with protein amines in aqueous solution optimally
at pH 9.0-9.5. Since this is a higher pH than the optimal
pH for NHS esters (which undergo competing hydrolysis
at pH 9.0-9.5), isothiocyanates may not be as suitable as
NHS esters when modifying proteins that are sensitive to
alkaline pH conditions. One of the most commonly used
fluorescent derivatization reagents for proteins is fluo-
rescein isothiocyanate (FITC). A number of other fluo-
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Table I. Succinimidyl Ester Probes
probes structure function ref
succinimidyl fluorescein-5-(and -6-)carboxylate fluorescent label 75,76
succinimidyl N,N,N’,N’-tetramethylrhodamine-5- fluorescent label 76

(and -6-)carboxylate

succinimidyl 7-amino-4-methylcoumarin-3-acetate

succinimidyl X-rhodamine-5-(and -6-)carboxylate

succinimidyl p-biotin

succinimidyl 3-(4-hydroxyphenyl)propionate

rescent dyes (coumarins and rhodamines) have been
coupled to proteins via their reactive isothiocyanates (24).

(¢) Aldehydes (Formation of Imine, Reductionto Alkyl-
amine Bond). Aldehydegroupsreact under mild aqueous
conditions with aliphatic and aromatic amines to form an
intermediate known as a Schiff base (an imine), which can
be selectively reduced by the mild reducing agent sodium
cyanoborohydride to give a stable alkylamine bond (eq 7)
(44, 53). This method of amine modification is not used

NaBH,CN
>

Protein-NH, + RCH=0 > Protein-N = CHR

Protein-NHCH R  (7)
in protein conjugations as frequently as the activated ester

method, but when the molecule to be attached has an
aldehyde group, or can be easily converted to an alde-

HoN 0. .0 0
ZcH,-C-0-N fl
275 uorescent label i

fluorescent label 75,78

ligand, affinity label 79

0
0

0
(1)
HO ‘Q_ CH,CH C-0- 'é radioiodination label 80

hyde, the method is mild, simple, and very effective. Al-
dehydes (glyoxzals) can also react with protein arginine
groups (25, 26) and the nucleic acid base guanosine, making
them of some use in nucleic acid modification (27).

(d) Sulfonyl Halides (Formation of a Sulfonamide
Bond). Sulfonyl halides are highly reactive amine-
modifying reagents. They are unstable in water, especially
at the pH required for reaction with aliphatic amines, but
they form extremely stable sulfonamide bonds which can
survive even amino acid hydrolysis (eq 8). It is for this

0 0
Il It

Protein-NH, + R-S-CI > Protein-NH-S-R + HCI (8)
fi Il
0 0

reason that sulfonamide conjugates are useful for amine-
terminus derivatization (Dansyl-Edman degradation) and
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as tracers (28). In addition to amines, sulfonyl halides
also react with phenols (tyrosine), thiols (cysteine), and
imidazoles (histidine) on proteins (29); therefore, they are
less selective than either NHS esters or isothiocyanates.
The conjugates formed with thiols, imidazoles, and phe-
nols are all unstable and, if not removed during purifi-
cation, can lead to loss of the label from the protein during
long-term storage (see section V.B.1). One of the most
widely used long-wavelength fluorescent probes, Texas
Red, is a sulfonyl chloride. It has the longest wavelength
spectral properties of any of the common amine-reactive
fluorescent labeling reagents (30).

(e) Miscellaneous Amine Reactive Reagents (Dichlo-
rotriazines, Alkyl Halides, Anhydrides). The dichloro-
triazine derivative of fluorescein, known as DTAF (I), has

high reactivity with protein amines and has been used to
prepare fluorescein tubulin with minimal loss of activity
(31). In addition to amines, dichlorotriazines will react
with alcohols at elevated temperatures (60-90 °C) and are
used to prepare polysaccharide conjugates (32). Some alkyl
halides, including iodoacetamides commonly used to
modify thiols, will react with amines of proteins if the pH
isin the range 9.0-9.5 (33). Other reagents that have been
used to modify amines of proteins are acid anhydrides.
Succinic anhydride is commonly used to succinylate amine
groups of basic proteins for the purpose of changing their
isoelectric point and other charge-related properties (34).
Mixed anhydrides derived from reaction of a carboxylic
acid with carbitol or 2-methylpropanol chloroformates (eq
9) are excellent reagents for modification of amines under

0 0 00
Il

il
R-COH + CICOCH,CH(CH,),

I
> RCOCOCH,CH(CH ,),

00

i
Protein-NH, + RCOCOCH,CH(CH ,),

>
o]

ll 1l
Protein-NHCR + HOCOCH ,CH(CH,), (9)

mild conditions (35). Of these, the carbitol mixed anhy-
drideisrelatively water soluble and is the preferred reagent
for modification of amines in aqueous solution.

(2) Thiol-Reactive Reagents. Thiol-reactive reagents
are those that will couple to thiol groups on proteins to
give thioether-coupled products. These reagents react
rapidly at neutral (physiological) pH and therefore can be
reacted with thiols selectively in the presence of amine
groups.

(a) Haloacetyl Derivatives (Formation of a Thioether
Bond). These reagents (usually iodoacetamides) are
among the most frequently used reagents for thiol mod-
ification. In most proteins, the site of reaction is at cys-
teine groups that are either intrinsically present or that
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result from reduction of cystines. The reaction of iodoac-
etate with cysteine is approximately twice as fast as that
with bromoacetate and 20-100 times as rapid as that with
chloroacetate (36). As mentioned previously, in the
absence of cysteines, methionines can sometimes react
with haloacetamides (12). Reaction of haloacetamides
with thiols occurs rapidly at neutral pH at room temper-
ature or below, and under these conditions, most aliphatic
amines are unreactive. In addition to proteins, haloac-
etamides have been reacted with thiolated peptides and
thiolated primers for DNA sequencing (37), and also with
RNA (onthiouridine) (38). Thethioether linkages formed
from reaction of haloacetamides are very stable. A
potential problem in using iodoacetamides as modification
reagents is their instability to light, especially in solution;
therefore, they must be protected from light in storage
and during reaction. The fluorescein and rhodamine io-
doacetamides are among the most intensely fluorescent
sulfhydryl reagents available for protein and peptide
modification.

(b) Maleimides (Formation of a Thioether Bond). Ma-
leimides (eq 10) are similar to iodoacetamides in their

o]

o]
N-R (10)
NH Protein-SH + RN_ | > NH,-Protein-S

[¢]
0

application as reagents for thiol modification; however,
they are more selective than iodoacetamides, since they
donot react with histidine, methionine, or thionucleotides
(39, 40). The optimum pH for the reaction of maleimides
is near 7.0. Above pH 8.0, hydrolysis of maleimides to
nonreactive maleamic acids can occur (41).

(¢) Miscellaneous Thiol-Reactive Reagents. These
reagents include bromomethyl derivatives and pyridyl di-
sulfides. The bromomethyl derivatives are similar in
reactivity to iodoacetamides. The haloalkyl derivatives
monobromobimane and monochlorobimane (II) react with

II

glutathione and other thiols in cells to give fluorescent
adducts, thus providing a method of quantitation of thi-
ols (42). Pyridyl disulfides react in an exchange reaction
with protein thiols to give mixed disulfides (eq 11) (43).

Protein-SH + RS-SQ > Protein-S-SR + s:(} (11)
N N

(3) Carboxylic Acid- and Aldehyde-Reactive Reagents.
(a) Amines and Hydrazides (Formation of Amideor Alkyl-
amine Bonds). Amines and hydrazides can be coupled
to carboxylic acids of proteins via activation of the car-
bozxyl group by a water-soluble carbodiimide followed by
reaction with the amine or hydrazide. As mentioned
previously (section II.A.4),the amine or hydrazide reagent
must be weakly basic so that it will react selectively with
the carbodiimide-activated protein in the presence of the
more highly basic protein e-amines (lysines). The reaction
of these probes with carbodiimide-activated carboxyl
groups leads to the formation of stable amide bonds (eq
12).
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0
il R"NH,

Protein-COH + RN=C=NR’ > Protein—COCI =N-R >
HNR'
0 o]
Il 1
Protein-CNHR" + RNHCNHR'  (12)

Amines and hydrazides are also able to react with al-
dehyde groups, which can be generated on proteins by
periodate oxidation of carbohydrate residues on the
protein. In this case, a Schiff base intermediate is formed
(eq 13), which can be reduced to an alkylamine with sodium

1) RNH,
2) NaBH,CN
Proteingly + NalO, > Protein-CH=0 > Protein-CH ,NHR
(13)

cyanoborohydride, a mild and selective water-soluble
reducing agent (44) (see also section IL.B.1.c). Since the
Schiff base formation is reversible, it is possible to minimize
formation of protein—protein products by adding a large
excess of amine or hydrazide reagent.

(4) Bifunctional Reagents. Bifunctional, or cross-
linking, reagents are specialized reagents having reactive
groups that will form a bond between two different groups,
either on the same molecule or two different molecules.
Bifunctional reagents can be divided into two types: those
with the same reactive group at each end of the molecule
(homobifunctional) and those with different reactive
groups at each end of the molecule (heterobifunctional).
Recent trends are heavily in favor of the use of hetero-
bifunctional cross-linkers where the bifunctional reagent
has two reactive sites, each with selectivity toward different
functional groups (amine reactive and thiol reactive, for
example). These reagents, some of which are available in
a range of chain lengths, are well-suited to the task of
controlled coupling of unlike biomolecules, such as two
different proteins. Table II lists some frequently used
heterobifunctional cross-linkers along with their reactiv-
ities and references describing their use.

(a) Amine Reactive—Thiol or Protected Thiol. Because
thiols will react selectively in the presence of amines with
avariety of reagents, these functional groups are very useful
for attaching two different proteins together. Thiol-
coupling methods are frequently employed to prepare
protein—enzyme conjugates. If the proteins to be coupled
do not contain intrinsic thiols, the procedure is typically
carried out by introducing a single thiol group to an amine
of one of the proteins by means of a heterobifunctional
reagent (eq 14). Traut’s reagent (iminothiolane) has been

0 o 0
Il

[: ll
Pratein{1)-NH, + N -0-CCH,CH,SCCH,

[+3

>

0 0 0
il fl [l

Protein(1)-NHCCH,CH ,SCCH, —— > Pratein{1) NHCCH,CH,SH

0 0

Il
Protein{1)-NHCCH,CH,SH + Protein(2)-NHCCH,| >

o]

Il I
Protein{1) NHCCH,CH,SCH,CNH-Protein(2) (14)

extensively used for the purpose of introducing thiol groups
selectively to proteins (45, 46). Many other bifunctional
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reagents contain both an amine-reactive and a protected
thiol group, such as succinimidyl (acetylthio)acetate
(SATA) (47, 48) or succinimidyl 3-(2-pyridyldithio)pro-
pionate (SPDP) (43, 49). After deprotection, the thiol-
containing protein is then reacted with a thiol-reactive
group on the other protein, which has been introduced by
asimilar technique. Alternatively, proteins with synthetic
thiol groups that have been introduced by modification
can be used to couple to a number of thiol-reactive
derivatives of dyes, biotin, haptens, or other molecules.

(b) Amine Reactive—Iodoacetamide. Iodoacetamides
are primarily thiol-reactive groups with the reaction
occurring rapidly at physiological pH, but they can react
with amines under more alkaline conditions (greater than
pH 9.0) and long reaction times (section I1.B.2.a). Io-
doacetamides can be introduced into a protein or peptide
that does not have intrinsic thiols via amine-reactive
derivatives (eq 15) (50). The resulting modified protein

0

0 0
) [l l
Protein-NH, +| N-O-C(CH,{NHCCH,! >

0

0 0

fi 1
Protein-NHC(CH,) ]NHCCH,| (15)

can then be coupled to any thiol-containing molecule. The
second molecule is usually a thiol-containing protein.
(¢) Amine Reactive—Maleimide. The introduction of
maleimides into a protein or peptide can be carried out
with heterobifunctional reagents that have an amine-
reactive group at one end and the thiol-specific maleim-
ide at the other end (eq 16). The applications are very

o o 0
li
Protein-NH, + | N-O-CCH,CHyN |
0 0]

>

o]

i ;\’]
Protein-NHCCH,CH,N_ || (16)

[o]

similar to those for the iodoacetamides discussed in the
preceding section. Specific applications include coupling
of ricin to monoclonal antibodies (51) and linking of oli-
gonucleotides to enzymes (52).

(d) Amine Reactive—Aldehyde. Aldehydes do not
occur naturally in proteins, but can be introduced in two
ways. Inthefirstmethod, carbohydrate groups on proteins
are treated with an oxidizing reagent, such as sodium pe-
riodate, or are converted via a galactose oxidase/catalase
enzyme method, both of which split the sugar to form
aldehyde groups (53). Not all proteins contain carbohy-
drate groups, and therefore a second method of introducing
aldehydes via the reagent glutaraldehyde has been em-
ployed (10). Glutaraldehyde has been used extensively to
couple two proteins together via their amine groups (eq
17); however, like other homobifunctional reagents, glu-

Protein{1)-NH, + Protein(2)-NH, + O =CH(CH,),CH=0—>
Protein(1)-NH(CH ,){NH-Protein{2) (17)

taraldehyde is being replaced with more selective heter-
obifunctional reagents such as those discussed above.
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Table II. Heterobifunctional Cross-Linking Reagents
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reagent

structure reactivity ref

=

N

succinimidyl 3-(2-pyridyldithio)propionate (SPDP)

succinimidyl trans-4-(N-maleimidylmethyl)cyclohexane-
1-carboxylate (SMCC)

succinimidyl (acetylthio)acetate (SATA)

0

4-[(succinimidyloxy)carboxyl]-a-methyl-a-
(2-pyridyldithio)toluene (SMPT)

0

succinimidyl 4-[[(iodoacetyl)amino]methyl]-
cyclohexane-1-carboxylate (SIAC)

succinimidyl p-azidobenzoate (SAB)

(5) Photoactivatable Reagents. Reagents are available
that can be activated by light (photons) to produce a
reactive intermediate that can couple to various functional
groups on biomolecules. Two of the most frequently used
photoactivatable reagents for this purpose are aromatic
azides and benzophenones.

(a) Aromatic Azides. Aromatic azides are efficiently
photolyzed by illumination with an ultraviolet light at
300-350nm. Thereactive molecule produced by this pho-
tolysis is a nitrene, which reacts rapidly and nonspecif-
ically with either solvent molecules or with functional
groups on biomolecules. Almost any functional group or
amino acid can be modified, since the nitrene is very
reactive. Recent improvements in azide-based protein
modification reagents have resulted in perfluorinated
azides that generate nitrene intermediates with greater
stability, thus giving reagents with higher efficiency (up
to 40%) of reaction with the protein (57, 58). One of the
primary uses of these highly reactive reagents is to carry
out photoaffinity labeling experiments. In these exper-
iments, the aromatic azide is attached to a drug or other
molecule which binds specifically to a protein binding site
(an example is an enzyme inhibitor or a nucleotide
analogue) and then photolyzed. The location and type of
bond formed in this process provides information about
the environment near the binding site (59). In addition
to their role as photoaffinity labels, aryl azides are useful
as heterobifunctional cross-linkers. Succinimidyl azido-
benzoate (SAB), p-azidophenacyl bromide, and 4-male-
imidobenzophenone have been employed to couple pro-
teins through dark reaction with amines or thiols followed
by light activation (56, 58, 60, 61).

0
0
0
"
NO—C—Q—CHZ— ’
J

O

[o}

[o] i:]
u
S- SCHZCHZCO ~N

primary amine, thiol 49

primary amine, thiol 54, 48
o]
e 9
11}
H4CCSCH,CO-N primary amine, thiol 47,48
[o]
a T
N-0-C @' ,C' 5-3 _(N@ primary amine, thiol 55, 48
H
o
! ;
]
C-0-N
@ o primary amine, thiol 50

ICHZﬁNHCHz

[¢]

o]

(9]

primary amine, nonselective 56

(o]
-0-~-N
[o]

(b) Benzophenones. Benzophenones are like azides in
that they are photoactivatable by ultraviolet light, but
once they have been activated, they can either react with
functional groups or return to the ground state. Thus,
these molecules can sometimes be reactivated if they do
not react on the first activation. These reagents are also
used as photoaffinity labels in a manner similar to that of
the aromatic azides (62).

III. PRACTICAL CONSIDERATIONS

Along with a thorough knowledge of protein reactivity
and the available reagents for the desired type of protein
modification, it is of crucial importance that the researcher
understand the practical aspects of carrying out reactions
between highly reactive small organic molecules and large,
complex, conformationally sensitive, water-soluble biopoly-
mers. The following discussion will address some of the
general rules, problems, and pitfalls of protein-modifica-
tion chemistry.

A, Choosing the Right Buffer. Conjugations should
be carried out in a well-buffered system at a pH that is
optimal for the reaction. The ionic strength should, in
most cases, beintherange of 25-100 mM. Formodification
of thiol groups and a-amino groups, which occurs selec-
tively at physiological pH (7.0-7.5), phosphate buffers are
ideally suited. The more strongly basic lysine amines
require more alkaline pH, in the range of 8.0-9.5, where
phosphate solutions do not buffer well. Forthesereactions,
carbonate/bicarbonate (pH of 100 mM bicarbonate is 9.2)
or borate buffers are quite satisfactory. As an example,
conjugations with NHS esters are best carried out in pH
8.2 bicarbonate buffer, while isothiocyanates require the
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higher pH (9.0-9.5) provided by carbonate or borate
buffers. The choice of buffer willin some cases be directed
by compatibility of the protein.

B. Cosolvents. If the reagent that is to be attached
to the biomolecule is readily soluble at millimolar con-
centrations in water or buffer, no cosolvent is needed, and
the reagent can be added as a concentrated aqueous
solution to the buffered reaction solution. Unfortunately,
aqueous systems are very often incompatible with the
reagent, as a result of poor solubility or high reactivity
withwater. Inthese cases, a water-miscible cosolvent must
be employed that will dissolve the reagent without causing
its decomposition. At the same time, the cosolvent must
not cause irreversible denaturation or precipitation of the
biomolecule. Some cosolvents that have beensuccessfully
utilized in protein modifications are methanol, ethanol,
2-propanol, 2-methoxyethanol, dioxane, dimethylforma-
mide (DMF), and dimethyl sulfoxide (DMSO).

The most versatile of these cosolvents are DMF and
DMSO. They are recommended because of the following
desirable properties: (a) they are inert to many of the
reactive reagents used in preparing conjugates, (b) they
are miscible with water in all proportions, and (c) they are
compatible with most aqueous protein solutions even at
up to 30% v/v ratios. DMF is the solvent of choice for
reactions of sulfonyl chlorides, since these reagents will
react with DMSO. Itis usually important that cosolvents
be carefully dried and stored over a drying agent to prevent
competing hydrolysis of the reactive modification reagent.

C. Reaction Conditions. Asageneralrule, conjugation
reactions should be done at below room temperature, since
the rate of reaction of most conjugation reagents is rapid
at low temperature. Low temperatures tend to increase
the selectivity of the reaction, resulting in fewer side
reactions and more consistent and reproducible results. A
convenient procedure is to add the reagent to a gently
stirred buffered solution of the protein in an ice-bath and
then allow the bath to warm to room temperature over a
period of about 2 h. Very reactive reagents such as sul-
fonyl chlorides should be reacted under more carefully
controlled conditions, such as 4 °C for 1 h. Stirring can
be done with a magnetic stir-bar and should not be
excessively fast, since proteins can be denatured by violent
mixing. Addition of the reagent should be carried out
dropwise and as slowly as possible, since gradual addition
increases the selectivity of the reaction.

(1) Protein Concentration. Because the kinetics of
conjugation of these reagents is bimolecular, but the hy-
drolysis rates are pseudo-first-order, dilution results in
competition between conjugation and loss of reagent by
hydrolysis. Protein concentrations above 10 M are
strongly recommended, with an optimum in the range of
50-100 uM.

(2) pH. In modification of amines, only the unproto-
nated form is reactive, and therefore it is necessary to
maintain a pH at which a significant number of amines
are unprotonated. An average pK, above 9 for lysines
indicates that the higher the pH, the better. Offsetting
this are the factors that the rate of reagent hydrolysis
increases rapidly above pH 9 and that proteins tend to be
unstable at a higher pH. A free amine terminus has a pK,
near 7 and is sometimes preferentially modified when the
reaction is run at neutral pH. An effective compromise
in most cases is to use a pH close to 9.0-9.2 if the protein
is stable, but a lower pH combined with more reagent and
longer reaction times if the protein is unstable. The suc-
cinimidyl esters and DTAF appear toreact more efficiently
at a lower pH than the isothiocyanates and sulfonyl
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chlorides. Our experience with succinimidyl esters indi-
catesthata reaction pH of around 8.2 gives excellent results
for most proteins.

(3) Reaction Time. Usually, 1-2 h is sufficient time for
conjugation reactions to goto completion. Longerreaction
times, if convenient, are acceptable, since the degree of
labeling is generally limited by the ratio of the reagent to
protein, rather than the reaction time. Many published
procedures specify overnight reaction times. Obviously,
the more reactive the reagent, the shorter the reaction
time; sulfonyl chloride reactions are faster than NHS ester
reactions.

IV. FACTORS INFLUENCING CHOICE OF MOLAR
RATIO OF REACTANTS

A. End Use of Reagents. (I) Immunogen—High
Degree of Labeling. Protein conjugates are frequently
prepared for use in producing specific antibodies toa drug
or other hapten in a host animal. The drug or hapten is
conjugated to a high molecular weight protein carrier
molecule and injected into the animal to elicit an immune
response, and over a period of time, specific antibodies to
the drug or hapten are produced. For these purposes, a
high degree of labeling of the protein carrier is desirable,
since more labels generally increase the strength and
specificity of the immune response.

(2) Labeled Antibody or Enzyme—Low to Moderate
Degreeof Labeling. Antibodies and enzymes arerelatively
sensitive to substitution, since there are usually reactive
amino acid side chains (amines, thiols, histidines) in or
near the binding sites. For this reason, a low to moderate
degree of labeling is preferred in order to preserve binding
specificity or enzyme activity. Excessive labeling can also
result in decreased solubility of the conjugates, which also
reduces the overall activity. Inthe case of many fluorescent
labels, a high dye to protein ratio causes a dramatic
decrease in the fluorescence efficiency of the conjugates
(63,64). Inour experience with antibodies, a substitution
ratio in the range of 4-6 is usually optimal for good
retention of binding activity.

(3) Fluorescent Labeled Proteins/Peptides—Low to
Moderate Degree of Labeling. Fluorescent labels are often
very sensitive to their molecular environment and therefore
their fluorescence intensity is almost always decreased
when they are bound to proteins and other biomolecules.
Fluorescence also decreases when the fluorescent labels
are located in close proximity to one another, probably as
a result of transfer of excited-state energy (quenching)
from one molecule to another (65). When proteins are
labeled with fluorescent dyes, the fluorescence increases
as more dyes are added; at the same time, however, the
fluorescence efficiency decreases as a result of the quench-
ing described above. Some dyes are more sensitive to
quenching than others. FITC is about 50~70% quenched
on IgG at a dye/protein ratio of 5 (66), while Cascade Blue,
anewly developed blue fluorescent dye (67), retains nearly
100% of its fluorescence efficiency under the same
conditions. The number of dyes that can be conjugated
to a protein without substantial loss of fluorescence will
depend on the size of the protein and the distance between
the functional groups to which the label is attached.
Usually, more dyes can be attached to alarge protein than
a small protein or peptide. A general rule for conjugates
of fluorescein is 4-6 dyes/protein and for rhodamines, 2-3
dyes/protein. The degree of labeling depends on the
relative reactivity of the labeling reagent to the protein
and to water, the molecular weight and number of reactive
amines on the protein, the reactant concentrations (es-
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pecially of the protein), and other factors. The exact
amount of label to use must be determined by experiment;
however, as a guideline, 10 mol of a typical isothiocyanate
or NHS ester is needed to label 1 mol of a protein. Because
of the faster competitive hydrolysis rate, 20 mol of a sul-
fonyl chloride, such as Texas Red, is required to label 1
mol of a protein.

B. Number of Reactive Groups on the Protein.
Proteins vary greatly in the number of reactive amino
acid groups. For example, some proteins have 40 or more
reactive amine groups, while others may have only one or
two amines or thiol groups. Thereactivity of these groups
with the labeling reagent and their effective concentration
in solution will then have an effect on the amount of
labeling reagent required to achieve the desired degree of
substitution. This means that small molecular weight
proteins or peptides with few reactive groups will require
more labeling reagent per gram than large molecular weight
proteins with many reactive groups.

C. Solubility of Modification Reagent in Reaction
Solution. (1) Cosolvent Sometimes Required. The use
of cosolvents was explained in section III.B. Insome cases
the labeling reagent is very hydrophobic and, even though
itisreadily soluble in DMF or DMSQO, it precipitates when
added to the buffered protein solution. Itisoften possible
to circumvent this problem by adding some cosolvent
gradually, with stirring, to the buffered protein solution
until the protein solution contains 20-25% cosolvent. The
ionic strength of the buffer should be no more than 50
mM so that the buffer does not salt out upon addition of
the cosolvent. Then the solution of labeling reagent in
cosolvent is added so that the final volume percent co-
solvent in the reaction mixture is around 30%. This
modification often is successful in preventing precipitation
of the labeling reagent. Many proteins are stable in 30%
DMSO or DMF; however the stability of the protein to
these conditions should be determined before carrying
out this technique.

(2) Two-Stage Labeling as a Last Resort. If the
technique described in section IV.C.1 is used and the
labeling reagent still precipitates when added to the protein
solution, it may be possible to purify the conjugate and
then repeat the labeling procedure to increase the degree
of substitution.

D. Solubility of Conjugate. (I) Conjugate Is Often
Less Soluble Than Native Protein. Problems with
solubility of the conjugate can occur, most often when the
labeling reagent is hydrophobic or contains multiple ionic
groups. These physical properties of the label can upset
the natural folding of the protein and cause the conjugate
to be significantly less soluble than the native protein (30).

(2) Overlabeling Can Cause Precipitation of Conjugate.
Overlabeling can produce the same undesirable results
noted above. The best solution to these problems is to
use a lower ratio of labeling reagent to protein, resulting
in a conjugate with a lower degree of substitution.

V. PURIFICATION OF CONJUGATES

A. Removal of Excess Noncovalently Bound La-
beling Reagent. (I) Dialysis—Simple, Inexpensive
Purification Method—Inefficient for Hydrophobic Mole-
cules. Dialysis is the simplest, but most time-consuming,
method of purifying protein conjugates. Notall molecules
dialyze efficiently; the rate of dialysis depends on their
relative affinity for the protein versus the dialysis solution.
Molecules that are sparingly soluble in water or strongly
adsorbed to the protein surface will take a long time to
dialyze. Dialysis works best when the labeling reagent
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and its unreacted byproducts are hydrophilic. When
purifying conjugates by dialysis, a dialysis buffer volume
of at least 100 times the volume of the conjugate solution
should be used and the dialysis buffer should be changed
at least five times. Allow at least 4 h for dialysis between
buffer changes.

(2) Gel Filtration—Faster Than Dialysis—Effectively
Removes Most Hydrophilic and Hydrophobic Labeling
Reagents. Gel exclusion chromatography separates con-
jugates from excess noncovalently bound labeling reagent
and other small molecular weight impurities by selectivly
adsorbing the small molecules, while allowing the larger
protein conjugate molecules to pass through the void space
in the gel. This method is very fast and effective for
purifying conjugates from both hydrophobic and hydro-
philic labeling reagents. A common technique employs a
Sephadex G-25 or similar column containing about a 2-
mL bed volume/mg of protein that can be packed in any
suitable buffer (30). Upon elution in the case of dyes, the
conjugate and free dye bands are usually clearly visible;
many other types of labels can be visualized by holding
a hand-held UV lamp close to the column during chro-
matography. Automatic fraction-collecting devices with
UV monitors are also frequently used. If partial precip-
itation has occurred during the reaction, the samples
should be centrifuged before running the column. The
solution of labeled protein will contain a mixture of species
with variable degrees of substitution. If required, sepa-
ration of the lightly and heavily labeled fractions can be
done by ion-exchange chromatography. Usually one
passage through a gel filtration column is sufficient to
remove most of the unreacted label; however, some proteins
bind small molecules with high avidity. To completely
purify these conjugates it may be necessary to carry out
additional purification steps.

(3) Hydrophobic Interaction Adsorbents—Removes
Strongly Bound Hydrophobic Labeling Reagents. Some
labeling reagents have a very strong affinity for certain
proteins and cannot be completely removed by gel
filtration. These conjugates can be further purified (after
gel filtration to remove most of the unreacted label) by
treatment with microporous, hydrophobic polystyrene
beads (68). In this procedure, the conjugate is simply
mixed with the beads, and the small hydrophobic molecules
are selectively adsorbed into the micropores while the
larger conjugate molecules are excluded.

B. Removal of Labeling Reagent Attached by
Unstable Covalent Bonds. (I) Hydroxylamine Treat-
ment—Hydrolysis of Tyrosine Ester Bonds under Mild
Conditions. Section II.A.3 describes the formation of ty-
rosine esters. Several of the reagents commonly used for
protein modification, including NHS esters, isothiocy-
anates, and sulfonyl chlorides, can react with tyrosines to
form these esters. These adducts are unstable and can
hydrolyze even at physiological pH, resulting in loss of
label over a period of time. Since any measurable loss of
label can interfere with the intended use of many con-
jugates, it is advisable to pretreat all conjugates prepared
with these types of reagents to remove any esters that
may have formed in the conjugation reaction. This can
be effectively done in most cases by treating the conjugate
before purification with hydroxylamine (69, 70). In this
method, a 1.5 M solution of hydroxylamine at pH 8.0 is
added to the conjugate solution to a final concentration
of 0.1 M and the solution is stirred at room temperature
for 1 h. The conjugate is then purified by gel filtration
or dialysis.
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V1. EXPERIMENTAL METHODS FOR PREPARING
PROTEIN CONJUGATES

The general experimental procedures that follow de-
scribe methods for conjugating amine-reactive and thiol-
reactive probes to proteins. They should be useful as a
guide for the experimentalist; however, it is strongly
suggested that the numerous literature references given
in this review and others be consulted for additional specific
information. Because of the very wide variety of exper-
imental conditions required for coupling proteins with
bifunctional reagents, it is difficult to generate a simple
general procedure and the reader is advised to consult the
literature for specific procedures.

A. Amine-Reactive Probes. The following general
procedure is recommended for the first trial and is
adaptable to amine-reactive dye, biotin, hapten, and
bifunctional linker conjugations. The procedure may be
modified after the degree of substitution has been deter-
mined (see below) after purification.

Step 1. Dissolve the protein at 50-100 uM in 50-100
mM sodium bicarbonate buffer at pH 9.2 at room tem-
perature. Borate buffer is also suitable. Amine-based
buffers,such as TRIS are not recommended. Conjugations
with succinimide esters and reagents such as DTAF {5-
{(4,6-dichlorotriazin-2-yl)aminolfluorescein] should be
done at a lower pH. In these cases, a suitable buffer is
50-100 mM pH 8.2 sodium bicarbonate.

Step 2. Add sufficient protein-modification reagent
from a stock solution to contain about 10 mol of isothio-
cyanate or succinimide ester for each mole of protein or
about 20 mol of sulfonyl chloride for each mole of protein.
Although most protein modification reagents have some
solubility in water, it is recommended that a stock solution
be prepared immediately before use in a water-miscible
nonhydrozxylic solvent such as dimethyl formamide (DMF),
dimethyl sulfoxide (DMSQ), or dioxane. The stock
solution should be prepared fresh each time, since it is
very difficult to store these solutions for any length of
time without decomposition of the reagent taking place.
As a guideline, it is recommended to prepare a stock
solution at about 10-20 mM of the protein-modification
reagent in dry DMF. The fluorescent dyes Texas Red,
Lissamine rhodamine B, and other sulfonyl chlorides must
never be used in DMSO, with which they react. These
stock solutions (prepared in dry DMF) are usually diluted
about 10-fold into the protein, while being agitated toavoid
high local concentrations of reagent. Some reagents are
quite hydrophobic, having little solubility in the aqueous
protein solution. This is particularly true of some of the
rhodamine and biotin succinimidyl esters. A technique
that helps in these cases is to add a 20% volume of DMF
or DMSO slowly to the protein/buffer solution before
adding the stock solution of the reagent in DMF or DMSO
(see section IV.C.1).

Isothiocyanates and Succinimidyl Esters. Add the
solution of the modification reagent dropwise using a
microliter syringe during a period of about 1 min to the
stirred protein solution while in an ice-water bath. Allow
the reaction mixture to warm to room temperature and
continue to stir for at least 2 h.

Sulfonyl Chlorides. Add the solution of the reagent
quickly using a micropipet to the stirred protein solution
in an ice bath or in a cold room. Allow to react at 4 °C
for 1 h.

Step 3. Separate the conjugate from unreacted dye on
a gel filtration column using the appropriate buffer as
described in section V. Texas Red and certain other
rhodamine-based conjugates will still retain varying
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amounts of noncovalently adsorbed dye even after puri-
fication by gel chromatography. This protein-adsorbed
dye can be removed by treating the conjugate with a
hydrophobic adsorbent as described in section V.A.3.

B. Thiol-Reactive Probes. A general procedure
suitable for conjugation of thiol-reactive probes, including
maleimides, iodoacetates, and alkyl halides, is outlined
below. As a rule, thiol-reactive reagents are more stable
to water than the reactive esters; however, they should be
handled carefully and stored in a freezer with protection
from light and moisture. As with the reactive esters and
isothiocyanates discussed above, only freshly prepared
reagent solutions should be used. Protection from light
is particularly important for iodoacetamides.

Step 1. Dissolve the protein at 50-100 uM in a suitable
buffer at pH 7.0-7.5 (10-100 mM phosphate, TRIS,
HEPES) at room temperature. At this pH range, the
protein thiol groups are sufficiently nucleophilic so that
they react almost exclusively with the reagent in the
presence of the more numerous protein amines, which are
protonated and relatively unreactive. As a general rule,
itis advisable to carry out thiol modifications in an oxygen-
free environment, since some thiols can be oxidized to
disulfides. This is particularly important if the modifi-
cation reagent is to be reacted with a cystine group that
has been previously reduced with a reagent such as dithio-
threitol. In this case, all buffers should be deoxygenated
and the reactions carried out under an inert atmosphere
to prevent re-formation of disulfide.

Step 2. Add sufficient protein modification reagent
from a stock solution of the reagent to contain 10~20 mol
of reagent for each mole of protein. Ifthereagentiswater-
soluble, an aqueous solution can be used; otherwise, the
reagent can be dissolved in one of the water-miscible non-
hydroxylic solvents recommended for use with amine-
reactive reagents. The reagent concentration should be
about 10-20 mM. Upon completion of the reaction with
the protein, an excess of glutathione, mercaptoethanol, or
other soluble low molecular weight thiol can be added to
consume excess modification reagent, thus ensuring that
noreactive species are present during the purification step.

Iodoacetamides. Reactions with iodoacetamides should
be caried out in the dark, since light can cause reagent
decomposition. Add the stock reagent solution dropwise
and slowly to the gently stirred solution of the protein at
room temperature over a period of about 1 min. Continue
stirring for 2 h.

Maleimides. Reaction conditions are essentially the
same as with iodoacetamides; however, the selectivity of
maleimides toward thiol groups is greater, allowing some-
what more latitude in the buffer pH. Decomposition to
maleamic acids above pH 8.0 is a competing reaction. Add
the stock reagent solution dropwise and slowly to the gently
stirred protein solution at room temperature over a period
of about 1 min and allow the mixture to react for 2 h.

Step 3. Separate the conjugate from unreacted mod-
ification reagent as described in section V.

C. Storage of Conjugates. Conjugates should be
stored as one normally stores the parent protein. If the
protein is stable to freezing, then lyophilization is rec-
ommended for long term storage. Sodium azide at 2 mM
or thimerosal may be added to inhibit bacterial growth.
CAUTION: These preservatives may be toxic in live-cell
use of conjugates. Inaddition,sodium azide is an inhibitor
of the enzyme horseradish peroxidase (HRP). Therefore,
thimerosal should be substituted as a preservative in
situations where the conjugate is derived from HRP or it
is anticipated that the conjugate will be used in the
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presence of HRP. Fluorescent dye conjugates should be
protected from light.

VII. DETERMINATION OF THE DEGREE OF
SUBSTITUTION OF PROTEIN CONJUGATES

Severalmethods are available for determining the degree
of substitution of modified proteins. If the modification
results in the creation of thiol residues, as is often the case
with bifunctional reagents, it is relatively straightforward
to determine the degree of substitution by quantitation
of thiols. Several colorimetric methods for thiol deter-
mination are available (43,45, 47). Maleimidesintroduced
into proteins can be determined by back-titration with
2-mercaptoethanol (81). Dyes and many other types of
molecules introduced into proteins are usually determined
by spectroscopic techniques, as described below.

This general procedure should be applicable to dyes
and other molecules that have significant absorption above
280 nm.

The determination of dye/protein (D/P) levels by
spectroscopy is accomplished by determining the apparent
concentration of dye in the conjugate by measuring its
absorption at its characteristic Ana; and then measuring
the protein concentration of the conjugate by its absorption
at 280 nm. Because most dyes have some absorption at
280 nm, the absorption of the conjugate at 280 nm must
be corrected for the contribution of the dye to obtain the
correct protein concentration. The ratio of these two
concentrations, calculated by use of Beer’s law (A = ¢Cl,
where ¢ = extinction coefficient, A = molar absorbance,
C = molar concentration, and ! = path length), is then
equal to the D/P ratio.

This method is inexact, because there is no way to know
precisely how the spectral characteristics of the dye change
when it is conjugated to the protein. The following
assumptions and approximations are made.

(1) The extinction coefficient of the protein-bound dye
at its absorption maximum is about the same as the
extinction coefficient of the free dye in solution at its
absorption maximum. Although there are undoubtedly
some differences, experiments have shown that this
assumption is at least approximately correct (64).

(2) The absorption of the protein-bound dye at 280 nm
is about the same as the absorption of the free dye in
solution. This assumption may be less reliable than the
previous assumption, since there is probably more con-
tribution from the linking group to this portion of the
spectrum, and this group can be substantially changed
when attached to the protein. The following question
arises: what is the “free dye”? There is no unambiguous
answer to this question, since the dye, when attached to
the protein, is different than the free dye, and the spectral
properties will be somewhat different. The best choice of
free dye if the NHS ester was used as the reagent is
probably the free acid or lysine amide derivative. These
may be available or can be synthesized. Do not use the
NHS esterasthe freedye, since the N-succinimidylgroup
absorbs strongly at 280 nm. In other cases, sulfonic acids
can be used when the protein modification reagent was a
sulfonyl chloride.

(3) The extinction coefficient of the conjugate at 280
nm is about the same as the extinction coefficient of the
native protein. However, extensive modification of the
protein may change the spectral absorption at 280 nm in
an unknown manner.

Although there are obvious questionable assumptions,
spectroscopy remains the easiest and most convenient
method of determining D/P ratios. One alternative is to
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determine the protein concentration by weighing the
conjugate, which eliminates problems in assumption 3,
but this is tedious and includes the danger that the
conjugate will denature when dried without buffer, or the
lyophilized conjugate may contain entrapped buffer salts.
This method does not eliminate errors from assumptions
land 2. Another alternative is to digest a known amount
of the conjugate chemically or with a proteolytic enzyme
to degrade the molecule to small fragments containing
the dye and then determine the concentration of the dye
by spectroscopy. This is even more tedious and still does
not usually give a pure dye product which can be compared
spectrally with a known derivative. Because of the lack
of convenient and suitable alternatives, direct spectro-
scopic determination is the most frequently used method
of estimating D/P ratios (64, 71-74).

Procedure. Step 1. Obtain absorption spectra of the
free dye and the dye-protein conjugate (note 1).

Step 2. Obtain extinction coefficients of the free dye
and protein from a handbook of dyes and protein tables
(8, 50).

Step 3. Perform these calculations:

Cd = A)\max/ed
F = Ay050/Aq

Cp = [A280 - (A)\maxF)]/ep

D/P = Cy/C,

where ¢4 is the extinction coefficient of free dye at Am,s,
Aq is the absorbance of free dye at Amas, Aqso) is the ab-
sorbance of free dye at 280 nm, A,_,, is the absorbance of
dye in conjugate at Anay, €, is the extinction coefficient of
protein at 280 nm, Asg, is the absorbance of protein in
conjugate at 280 nm, Cq is the concentration of dye in
conjugate (mol/L), and C;, is the concentration of protein
in conjugate (mol/L).
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An original procedure which preserves the structure of the sugar ring is described to link a plant hormone
as N8-isopent-2-enyladenosine ([SR]iP) onto a protein carrier to prepare a more specific immunogen.
This cytokinin is bound to bovine serum albumin (BSA) and ovalbumin by a five-step procedure. These
[9R]iP-protein conjugates have a maximal absorption at 269 nm and show molar ratios of hormone
bound to proteins in the range of 12:1 and 18:1 for BSA and ovalbumin, respectively. Polyclonal
antibodies were raised in rabbits against [9R]iP-BSA and were purified by affinity chromatography.
Titers and specificity of the antisera and purified antibodies were determined by ELISA and RIA.
These antibodies are highly specific for [9R]iP and do not cross-react with zeatin and ribosylzeatin.
An immunoaffinity matrix was prepared with a capacity of 1 ug of [9R]iP/mL of gel.

INTRODUCTION

The quantitative analysis of plant hormones by im-
munoassays has gained considerable importance in the
last years (I, 2). One crucial factor for the successful
development of such assays is the preparation of an im-
munogen which preserves the structure of the antigen or
the hapten. Immunogenic cytokinin ribosyl-protein con-
jugates are always prepared according to an original
procedure (3, 4) with minor modification (5, 6). The
procedure used for cytokinin immunogens is based on the
reaction of periodate-oxidized riboside with amino groups
ofthe protein carrier. According tothis method, the sugar
moiety is destroyed and yields a morpholino derivative
after reduction by borohydride.

In order to protect the ribofuranosyl ring of the N®-
isopent-2-enyladenosine ([9R]iP)! during its linkage to
BSA, we decided to use the primary hydroxyl group for
this coupling. The present work describes the synthesis
of an original N®8-isopent-2-enyladenosine-BSA conjugate,
which was used to generate specific related antibodies,
which were purified by affinity chromatography. The
preparation of a corresponding immunoaffinity matrix is
also presented.

EXPERIMENTAL PROCEDURES

Chemical Syntheses. General Methods. 1-Ethyl-
3-[3-(dimethylamino)propyllcarbodiimide, iP, [9R]iP, Z,

t Present address: Centre Essais des Tabacs, 4 rue André Des-
saux, 45400 Fleury-les-Aubrais, France.

t Station d’Amélioration des Arbres Forestiers, LN.R.A., Ar-
don, 45160 Olivet, France.

1 Abbreviations used: BSA, bovine serum albumin; ELISA,
enzyme linked immunosorbent assay; DMF, N,N-dimethylfor-
mamide; DMSO, dimethyl sulfoxide; iP, N -isopent-2-enylad-
enine or 6-[(3-methyl-2-butenyl)amino]purine; [9R]iP, N 6.
isopent-2-enyladenosine or 6-[(3-methyl-2-butenyl)amino]-9-3-
p-ribofuranosylpurine; PBS, phosphate-buffered saline; RIA,
radioimmunoassay; Z, zeatin or 6-[(4-hydroxy-3-methyl-trans-
2-butenyl)amino]purine; [9R1Z, ribosylzeatin or 6-[(4-hydroxy-
3-methyl-trans-2-butenyl)amino]-9-8-p-ribofuranosylpurine.
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[9R]Z, BSA, bovine hemoglobin, ovalbumin, Freund
adjuvants, gelatin, anti-rabbit IgG (whole molecule), goat
anti-rabbit alkaline phosphatase conjugate, and p-nitro-
phenyl phosphate were purchased from Sigma (La Ver-
pilliére, France). 6-Aminohexanoic acid, benzyltrimeth-
ylammonium hydroxide (Triton B), 1,1’-carbonyldiimid-
azole, cyclohexane, cyanogen bromide, 2,2-dimethoxypro-
pane, triethylamine, and p-toluenesulfonic acid were
obtained from Aldrich-Chimie (Strasbourg, France); N,N’-
dicyclohexylcarbodiimide was purchased from Fluka
(Buchs, Switzerland) and agarose from Difco/Osibio (Paris,
France). Trisacryl GF 05, Trisacryl GF 2000, and agarose
A4 were provided by IBF-Biotechnics (Villeneuve-la-
Garenne, France) and Affi-Gel 10 by Bio-Rad (Paris,
France). Thin-layer plates and chemicals (if not otherwise
stated) were purchased from Merck (Nogent-sur-Marne,
France). [®H][9R]iP dialcohol was prepared according
to the method of MacDonald and Morris (7). All the
solvents were freshly distilled.

Nuclear magnetic resonance spectra were measured on
an AM 300 WB Briiker spectrometer. UV and visible
spectra were recorded with an Uvikon 860 spectropho-
tometer.

Preparation of N ¢-Isopent-2-enyladenosine-
Protein Conjugates. [9R]iP (1) was bound to BSA and
ovalbumin by a five-step procedure (Scheme I). Firstly,
2’- and 3’-hydroxyl groups of the ribofuranosyl ring from
1 were protected by an isopropylidenyl group to give
compound 2. Then, 6-aminohexanoic acid was coupled
by its amino group to the 5’-hydroxyl of the ribofuranosyl
moiety by a carbamate linkage (4) using 1,1’-carbonyldi-
imidazole in order to activate the 5-hydroxyl of the ri-
bosyl derivative. After elimination of the isopropylidenyl
group (8), the carbozxylic group of the ‘aliphatic arm was
activated with N-hydroxysuccinimide (6) to react further
with the free amino groups from the proteins.

Synthesis of 2/,3’-O-Isopropylidene-N é-isopent-2-
enyladenosine (2) According to a General Procedure
(8). p-Toluenesulfonicacid (285 mg, 1.5 mmol) was added,
with exclusion of moisture, to a magnetically stirred

© 1992 American Chemical Society
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Scheme I. Reaction Sequence Which Was Employed in the Synthesis of [9R]iP-Protein Conjugates
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suspension of [9R]iP (1, 500 mg, 1.5 mmol; dried over
P>0;5 at 40 °C under reduced pressure) in anhydrous
acetone (100 mL, dried over Drierite and distilled from
P;0;5). Then 2,2-dimethoxypropane (1 mL, 7.5 mmol) was
added and the mixture stirred for 20 h at room temper-
ature. After neutralization by adding sodium hydrogen
carbonate, the mixture was filtered off and the filtrate
was evaporated under reduced pressure. Purification was
achieved by chromatography on a silica gel column (85 X
2 cm) using chloroform/methanol/triethylamine (90:10:1)
as solvent. The pure fractions corresponding to R; 0.70
with the same solvent were combined, evaporated to
dryness, and then precipitated from a chloroform/cyclo-
hexane mixture (1:3). The white solid compound 2 (450
mg,80% ) was identified by its '\H NMR spectra (in DMSO-
dg) (primed locants correspond to protons on the p-ribose
portion): 6 1.32 and 1.54 (2 s, 2 X 3 H, methyl from iso-
propylidenyl group), 1.66 and 1.69 (2 s, 2 X 3 H, methyl
from isopentenyl group), 3.53 (m, 2 H, methylene from
isopentenyl group), 4.07 (m, 2 H, H-5'), 4.21 (dt, 1 H, H-
4%),4.96 (dd, 1 H, H-3"), 5.28 (m, 1 H, ethylenyl H from
isopentenyl group), 5.33 (dd, 1 H, H-2),6.12(d, 1 H,J =

04,/
0 ¢
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3 Hz, H-1'), 7.89 (m, br, 1 H, NH), 8.21 and 8.32 (2s, 2 H,
H-2 and H-8).

Coupling of 6-Aminohexanoic Acid to 2’,3'-0-Iso-
propylidene-N é-isopent-2-enyladenosine by Using a
Carbonylating Reagent. Compound 2 (30 mg, 91 umol),
dried over P2O5 at 25 °Cunder reduced pressure overnight,
was dissolved in anhydrous dioxane (1 mL), and 1,1’-car-
bonyldiimidazole (30 mg, 178 umol) was added in two equal
portions within 90 min. This mixture was stirred for 18
h at room temperature. Under these conditions, we got
quantitatively an imidazolyl carbonate derivative (3) which
moved on TLC with R; 0.65 and 0.59 in chloroform/
methanol (9:1 and 8:2 as developers, respectively). This
active compound 3 was not isolated and was reacted further
with the 6-aminohexanoate salt of benzyltrimethylam-
monium (Triton B) (127.5 mg, 455 umol). After stirring
for 24 h, TLC onsilicagel in the solvent system chloroform/
methanol (4:1) revealed the presence of compound 4 as
the major component (R; 0.66) and some 2/,3'-O-isopro-
pylidene-N 6-isopent-2-enyladenosine (2; R; 0.75). Com-
pound 4 was isolated by chromatography on a silica gel
column (85 X 2 ¢cm) using chloroform/methanol/triethyl-
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amine (80:20:1) as solvent. The pure fractions correspond-
ing to Ry 0.66 were combined and evaporated to dryness.
In order to obtain a derivative (4) with a free carboxylic
group, the above residue was dissolved in chloroform (2
mL) and the organic solution was washed successively with
aqueous potassium hydrogen sulfate and water (1 mL)
and dried over anhydrous sodium sulfate. Evaporation of
the solvent gave a white solid residue identical to 4 by 'H
NMR (CDCls): 61.31 and 1.56 (2, 2 X 3 H, methyl from
isopropylidenyl group), 1.25-1.62 (m, 3 X 2 H, methylene
from aminohexanoic acid), 1.68 (s, 2 X 3 H, methyl from
isopentenyl group), 2.29 (t, 2 H, J = 7 Hz, methylene in
a from carboxylic group), 3.10 and 3.18 (2 m, 2 H, me-
thylene from isopentenyl group), 4.16 (m, 2 H, methylene
in « from carbamate), 4.23 (t, 2 H, J = 4 Hz, H-5"), 4.90
(dd, 1 H, H-3"),5.13 (m, 1 H, ethylenyl H from isopentenyl
group), 5.18 (dd, 1 H, H-2), 5.32 (dt, 1 H, H-4'), 6.17 (d,
1H, H-1"), 6.42 (m, br, 1 H, NH), 8.08 and 8.35 (2,2 H,
H-2 and H-8).

Synthesis of e-Aminohexanoic Acid-[9R]iP Con-
jugate 5. Removal of isopropylidene substituent from
compound 4 has been accomplished by acid hydrolysis. A
solution of 4 (10 mg/mL) in acetic acid (25% ) was kept for
3 hat 100 °C. After cooling, the solution was evaporated
to dryness and the residual syrup was purified by chro-
matography on a silica gel column (85 X 2 cm) using
chloroform/methanol (55:45) as solvent. The e-amino-
hexanoic acid-[9R]iP derivative 5 had Ry 0.75 on TLC
(silica gel) in the above solvent system. Compound 5 was
identified by 'TH NMR (DMSO-dg): 6 1.22 (m, 2 H, me-
thylene from aminohexanoic acid), 1.41 (m, 2 X 2 H, me-
thylene from aminohexanoic acid), 1.65 and 1.68 (2 s, 2 X
3 H, methyl from isopentenyl group), 2.07 (t, 2 H, meth-
ylene in « from carboxylic group), 2.94 (m, 2 H, methylene
in o from carbamate), 4.00-4.27 (m, 6 H, methylene from
isopentenyl group, H-3’, H-4’, H-5"),4.66 (t, 1 H, J = 5 Hz,
H-2%), 5.30 (m, 1 H, ethylenyl H from isopentenyl group),
592 d,1H,J =6 Hz, H-1), 7.28 (t, 1 H, NH), 7.84 (m,
br, 1 H, NH), 8.22 and 8.33 (2 s, 2 H, H-2 and H-8).

Synthesis of N-Hydroxysuccinimide Ester 6 from
e-:Aminohexanoic Acid—-[9R]iP Conjugate 5. To a
solution of compound 5 (25 mg, 51 umol) in N,N-dimeth-
ylformamide (0.5 mL) were successively added N-hy-
droxysuccinimide (6.8 mg, 75 umol) and N,N'-dicyclohex-
ylcarbodiimide (11.7 mg, 75 umol) at =10 °C. Then this
mixture was stirred for 4 h at 4 °C and finally 16 h at room
temperature. Dicyclohexylurea was filtered off and the
filtrate was further reacted with a protein (BSA or oval-
bumin). TLC analysis of this solution showed a major
compound with R0.70 on silica gel in chloroform/methanol
“:1).

Preparation of Immunogenic Protein—-[9R]iP Con-
jugates 7. Compound 6 (25 mg, 42 umol) in N,N-di-
methylformamide (0.5 mL) was added to a solution of
BSA (170 mg, 2.5 umol) in 0.02 M sodium borate at pH
8.7 (21 mL). After stirring for 24 h at 4 °C, this mixture
was dialyzed against water and freeze-dried. Thisresidue
was resuspended in distilled water containing 5% 1-bu-
tanol (v/v). The insoluble material was discarded after
spinning the suspension at 12000g for 30 min. The
supernatant was loaded on a Trisacryl GF 05 column (15
X 3 cm) equilibrated with 1-butanol/water (5:95). The
protein fraction recovered in the void volume of this column
was freeze-dried. The average number of [9R]iP residues
bound to the BSA was calculated from the measurement
of the absorbance at 280 and 240 nm, respectively; and the
free amino groups were determined by a colorimetric
method using 2,4,6-trinitrobenzenesulfonate (TNBS) (9).

Papet et al.

According to the same procedure, compound 6 was
bound to ovalbumin.

Immunization Schedule. Antisera against [9R]iP-
BSA were raised in three rabbits (A, B, C) by multiple sc
injections of the antigen suspension in complete Freund’s
adjuvant,ondays 0, 7, and 14. Each rabbit received 1 mL
of an emulsion of 0.5 mL antigen fraction (1 mg) in saline
and of 0.5 mL complete Freund’s adjuvant. Booster doses
of this antigen in incomplete Freund’s adjuvant were given
after 3 weeks and rabbits were bled (50 mL) 7 days later,
from the marginal ear vein. Crude sera were stored at —20
]

C.

Immunodiffusion. Double-diffusion analyses (10)
were performed with 2% agar in barbital buffer (pH 8.2)
on glass microscope slides. IgG was identified by using
goat anti-rabbit IgG.

Enzyme Linked Immunosorbent Assays., Wells in
polystyrene immunoplates (type Nunc I, Denmark) were
coated with 100 uL of [9R]iP-ovalbumin conjugate (50
ug/mL in 0.05 M carbonate/hydrogen carbonate buffer,
pH 9.6). Standards and samples were processed in
triplicate. The plates were incubated for 2 h at 37 °C,
after washing with phosphate-buffered saline (PBS), the
plate was shaken dry, and 200 uL of PBS containing 0.5 %
(w/v) gelatin was added to each well to block unbound
solid-phase sites and to minimize nonspecific binding in
further steps. The plates were then incubated for 2 h at
37°C, and washed as described above. Antiserum against
[9R]iP-BSA conjugate was diluted 1:100 to 1:10000 in
PBS; 50 uL of diluted antisera was added to microtiter
wells and incubated for 45 min at 22 °C. After washing
with PBS, 100 uL of goat anti-rabbit alkaline phosphatase
conjugate [diluted 1:400 (v/v) in PBS] was added to each
well and incubated for 45 min at room temperature. After
four washings to eliminate the excess conjugate, 200 uL
of p-nitrophenyl phosphate (1 mg/mL in 0.5 M sodium
carbonate pH 10.6 supplemented with 1 mM MgCl,) was
added to wells, and the wells were incubated for 1 h at 37
°C. After adding 20 uL of 5 N sodium hydroxide, the
phosphatase activity bound to the plate was measured
spectrophotometrically at 405 nm on a Dinatech Micro-
Elisa autoreader (Artek System Corp., Farmingdale, NY).

Radioimmunoassays. RIA were performed according
to the procedure of Weiler (¢) modified by MacDonald et
al. (5). Briefly, assays for serum titration were performed
in Eppendorf tube as follows: standards and samples were
processed intriplicate. The incubation mixture contained
50 uL of dilute tracer solution ([3H][9R]iP dialcohol, 9000
cpm), 300 uL of buffer (0.02 M phosphate, 0.17 M sodium
chloride, pH 7.2, supplemented with 0.1% gelatinand 1%
ovalbumin), and 50 uL of dilute antiserum (1:10 to 1:1000
range). After mixing, the tubes were incubated for 20 min
at room temperature, and 600 uL of 90% saturated
ammonium sulfate solution was added to precipitate the
proteins. After 10 min at room temperature, the tubes
were centrifuged for 1 min in a microcentrifuge. The
supernatants were carefully removed using a Pasteur pipet
and discarded. The pellets were resuspended in 100 uL
of methanol, and after 30 min, 1 mL of scintillation cocktail
(Readymicro, Beckman, France) was added. After thor-
ough mixing, the Eppendorf tubes as vial inserts were
counted for radioactivity (°H assay) on a Beckman L.S1801
counter for 4 min. The results were computed in a
programmed calculator.

Cross-reactivities of various purines with anti-[9R]iP
serum were assessed under the following conditions: iP,
[9R]1iP, Z, and [9R]Z in methanol solution (50-10000 pg
ranges) were added in 1.5-mL Eppendorf centrifuge tube
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Scheme II.* Schematic Protocol for Synthesis of
Affinity Chromatography Matrix
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¢ Cyanogen bromide activated agarose A4 was substituted by
a eight-atom spacer arm as hexane-1,6-diamine. The carboxy-
lated compound 5 was attached to this [(6-aminohexyl)imino]-
methylene gel using 1-ethyl-3-[3-(dimethylamino)propyl]carbo-
diimide.

to 350 uL of the above described pH buffer containing
9000 cpm of [BH][9RI]iP dialcohol, and then the assays
were performed as above described.

Preparation of Substituted Agaroses A4. [9R]iP
was bound to agarose A4 via a [[6-[(e-aminohexanoyl)-
amino]hexyl]iminolmethylene spacer arm (Scheme II).
Inafirst step, agarose Ad activated with cyanogen bromide
was reacted with hexane-1,6-diamine to afford [(6-ami-
nohexyl)iminolmethylene-agarose A4. Then, this sub-
stituted agarose was coupled to e-aminohexanoic acid-
[9R]iP derivative 5 to give the affinity chromatography
gel expected.

[(6-Aminohexyl)imino]methylene-Agarose Ad. Ul-
trogel A4 (100 mL) activated with cyanogen bromide in
acetonitrile (10 mL) (11, 12) was reacted overnight at 4 °C
with hexane-1,6-diamine (20 g in 100 mL of distilled water
adjusted to pH 10 with 12 N HCl) and then washed with
distilled water.

[9R]iP-{[6-[ (-Aminohexanoyl)amino}hexyl]imino]-
methylene-Agarose A4. [(6-Aminohexyl)imino]meth-
ylene—agarose A4 (20 mL) was suspended in a solution of
compound 5 (40 mg in 10 mL water). The slurry was
adjusted to pH 6.0, 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide hydrochloride (80 mg, 420 umol) was added,
and the gel stirred for 16 h at 4 °C. After washing with
distilled water, the slurry was resuspended in 20 mL of 0.2
M sodium hydrogen carbonate, and the remaining free
amino groups were blocked at 0 °C by adding a few drops
of acetic anhydride (~100 pL). The gel was stirred for 4
h at 4 °C and then washed extensively with distilled water
and stabilized in 0.05 M Tris-HCI buffer, pH 7.2.

Preparation of BSA-Trisacryl GF 2000 Matrix.
BSA was coupled directly to the Trisacryl GF 2000 gel
according to the usual procedure (13). The Trisacryl gel
was activated by using p-nitrophenyl chloroformate in
anhydrous acetone in the presence of N-methylmorpho-
line that serves both as a scavenger for the hydrochloric
acid released and as a catalyst. BSA was coupled to the
activated Trisacryl gel in 0.1 M sodium hydrogen car-
bonate, pH 8.5.

Preparation of Immunoaffinity Column. The af-
finity-purified antibodies from the Trisacryl GF 05 column
(15 mL) were coupled to Affi-Gel 10 (13 mL) in 0.1 M
sodium hydrogen carbonate (pH 8.3) at 4 °C during 4 h.
The slurry was filtered, and the unbound protein was spec-
trophotometrically determined at 280 nm after acidifi-
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Table I. Immunological Response Raised in Rabbit (B) by
Subcutaneous Injections of [IR]iP-BSA Conjugate and
Determined by ELISA Titration

delay after the delay after the
first injection dilution first injection dilution
in weeks of sera® in weeks of sera®
7 1:100 15 1:1000
8 1:250 19 1:3500
9 1:250 20 1:5000
13 1:750 21 1:2500
14 1:2600

s Dilutions of sera required to give A4osnm = 0.5.

cation of the filtrate at pH 2.0 by hydrochloric acid.
Coupling efficiency was 80% with 0.5 mg of antibody/mL
of gel. The immunoaffinity matrix was stored in 0.13 M
ammonium acetate (pH 7.0) at 4 °C and supplemented
with 0.02% sodium azide.

RESULTS AND DISCUSSION

Immunogen Synthesis and Immunological
Response. In order to preserve the structure of the ri-
bofuranosyl cycle, [9R]iP was bound to a protein, BSA or
ovalbumin, by the five-step procedure summarized in
Scheme I. An efficient conversion (80% yield) of [9R]iP
to its 2/,3’-O-isopropylidene derivative (2) was obtained
using p-toluenesulfonic acid as catalyst in acetone and
2,2-dimethoxypropane for maintaining the anhydrous
conditions necessary for such conversion. 1,1’-Carbon-
yldiimidazole, widely used as a carbonylating reagent for
the activation of agarose affinity matrix (14), was allowed
to quantitatively activate the 5-hydroxyl group of com-
pound 2. The nucleophilic attack of 6-aminohexanoate
salt on the imidazolyl carbonate derivative 3 led to the
major compound 4. The acidic hydrolysis of the isopro-
pylidene derivative 4 gave quantitatively e-aminohexanoic
acid—[9R]iP conjugate 5. The e-amino groups of proteins
were substituted with [9R]iP derivative upon activation
of the carboxyl group of compound 5. The molar ratios
of hormone bound to proteins in our conditions were in
the range of 12:1 and 18:1 for BSA and ovalbumin,
respectively. These conjugates showed a maximal ab-
sorption at 269 nm. In the literature, ratios in the range
of 6:1 to 17:1 were described for binding [9R]iP on BSA
after periodate oxidization (6, 7, 15-19).

These molar ratios had given satisfactory results for the
immunological response in two rabbits as shown by ELISA
titer determination. As an example, the titers of the sera
from rabbit B are reported in Table I. The highest titer
(1:5000) was reached after eight injections.

For ELISA optimization, we checked the polystyrene
immunoplates from various brands (Nunc I, Nunc II, and
Greiner) and the nature of the protein used to block
unbound solid-phase sites. For this purpose bovine
hemoglobin (2% ), gelatin (0.1,0.5,and 1.0% ), and proteins
of milk (Régilait from a local grocery) (1.5 and 10%) were
tested. In our hands, the nonspecific binding was min-
imized by using type Nunc I immunoplate substituted
with [9R]iP-ovalbumin (0.05 mg/mL) and saturation with
0.5% gelatin.

Specificity of Crude Antisera by Radioassays. In
a preliminary experiment the optimal antiserum dilution
to be used for the competition studies was determined
from typical standard curves (Figure 1). The crude an-
tiserum bound 50 % of [3H]1[9R]iP radiotracer at a dilution
of 1:2400. The standard curves (Figure 2) and Table II
show that the polyclonal anti-[9R]iP antisera have a good
specificity for [9R]iP, no binding occurs with [9R]Z and
Z, but the antisera partially cross-reacts with iP. This
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Table II. Cross-Reactivities® of Polyclonal Anti-[9R]iP-BSA Antisera with Cytokinins and Related Purines ([9R]iP, iP,

[9R]Z, and Z) Compared to Published Works on Antisera

competitor this study ref 5 ref 15 ref 16 ref 17 ref 18 ref 19 INRA?
[9R]iP 100 100 100 100 100 100 100 100
iP 55 100 64 60 56 49 51 85
[9R]Z <0.5 nd° <0.1 1.0 1.8 3 0.3 0.5
Z <0.5 nd <0.1 0.3 0.9 1 0.1 0.5
e Based on 50% inhibition values in the RIA. ¢ Antiserum prepared at INRA according to the procedure of Sotta et al. (I6). ¢ nd, not
determined.
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Figure 1. Standard dilution curves for [9R]iP radioimmuno-
assays. Assays were performed using either crude rabbit an-
tiserum (@) or purified antibodies (0). [SHI[9RI]iP dialcohol
was used as tracer (9000 cpm). Each point is the mean value
from triplicate assays. Each curve resulted from a curvilinear
regression of magnitude 4: Bo, amount of radiolabel bound with
antibodies; T, total amount of radiolabel.
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Figure 2. Standard curves for the [BH][9R]iP dialcohol radio-
immunoassay. The assays were performed using a 1:2400 final
dilution of antiserum. [9R]iP (@), iP (0), [9R]Z (A), and Z (A)
were used as competitor as described in the Experimental
Procedures. Each point is the mean value from triplicate assays
and curves resulted from curvilinear regressions: B, amount of
radiolabel bound in the presence of different amounts of un-
labelled derivatives; Bo, amount of radiolabel bound in the
absence of competitor.

cross-reaction (55%) was lower than that previously
observed (100%) by MacDonald et al. (5), (64%) by Ca-
hill et al. (I5) and (60%) by Sotta et al. (16) and that
which we obtained (85 %) with the antiserum from INRA
prepa:ed according to the method of Sotta et al. (16).
Weiler and Spanier (17), Barthe and Stewart (18), and
Hansen et al. (19) obtained approximately the same cross-
reaction as we did in our work. The antibodies raised
against [9R]iP linked to BSA via the 5-hydroxyl from
ribosyl residue can recognize the isopentenyl adenosyl
group associated with the unbroken sugar cycle, in contrast
to [9R]iP linked after periodate oxidization. However,
Badenoch-Jones et al. (20) found that antibodies raised
in rabbit against [9R]Z-BSA prepared from periodate-
oxidized derivative showed 100% cross-reactivity with [9R-

FRACTION NUMBER (5 ml)

Figure 3. Affinity chromatography on [9R]iP-[[6-[(e-amino-
hexanoyl)amino]lhexyl]liminolmethylene—agarose A4 of anti-[9R]-
iP immunoglobulins. This affinity column (9 X 1 cm) was
equilibrated in 0.05 M Tris-HC] buffer (pH 7.2) (flow rate 15
mL/h). A pool of anti-[9R]iP antisera (90 mL) was precipitated
in the 30-50% ammonium sulfate saturation range at 4 °C. The
precipitate P35 was dialyzed overnight at 4 °C against 0.05 M
Tris-HCl buffer (pH 7.2). This material was then passed through
a DEAE-Trisacryl column (10 X 4.5 cm) and a BSA-Trisacryl
affinity column (5 X 1 cm) equilibrated in the above buffer in
order to remove the anti-BSA antibodies; the unbound material
(50 mL) which contained the anti-[9R]iP antibodies was run
directly onto the [9R]iP-[[6-[(e-aminohexanoyl)amino]hexyl]-
imino]methylene-agarose A4 column equilibrated with the same
buffer. The column was washed with 0.05 M Tris-HCI buffer
(pH 7.2), and the specific anti-[9R]iP IgG were eluted with 3 M
KSCN. Proteins were monitored by absorbance at 280 nm;
fractions of 5 mL were collected and made free of the chaotropic
agent by desalting on a Trisacryl GF05 column (34 X 2 cm).

(5'P)]Z and 50% cross-reactivity with Z. The cross-
reaction may be due to the presence of the morpholino
group.

Purification of Antibodies. A pool of rabbit (B) an-
tisera (90 mL) was precipitated at 4 °C in the 30-50%
ammonium sulfate saturation range. The precipitate
(P3o-50) was left to settle overnight and collected by
centrifugation at 4000g for 20 min. The pellet was
suspended in 0.05 M Tris-HC1 buffer at pH 7.2 (10 mL)
and dialyzed against the same buffer with two changes for
24 h at 4 °C. The protein solution from the previous step
was applied directly to a DEAE-Trisacryl column (10 X
4.5 cm) equilibrated with 0.05 M Tris-HCI (pH 7.2) and
washed with the same buffer at 4 °C. The IgG im-
munoglobulins passed through the column (21). In order
to eliminate the antibodies against BSA, the unbound
material was loaded on a BSA-Trisacryl affinity column
(5 X 1 cm) stabilized in 0.05 M Tris-HCI (pH 7.2) (flow
rate 15 mL/h) and washed with the same buffer. Unbound
material (150 mL) was then loaded onto [9R]JiP—[[6-[(e-
aminohexanoyl)amino]lhexyl]imino]methylene-agarose A4
(9 X 1 cm) and eluted at a flow rate of 12 mL/h at room
temperature. The column was washed with 0.05 M Tris-
HClbuffer (pH 7.2), and the specific antibodies were eluted
with 0.05 M Tris-HC1 buffer at pH 7.2 containing 3 M
KSCN as chaotropic agent. IgG antibodies eluted as a
sharp peak (Figure 3) and were desalted by gel filtration
on a Trisacryl GF 05 (34 X 2 cm) column stabilized in 0.1
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M sodium hydrogen carbonate (pH 8.3) at 4 °C. The
protein fraction from the void volume was sterilized by
filtration through a 0.22-um Millipore filter and stored at
4 °C. From 90 mL of crude antiserum we obtained 9 mg
of antibodies. The protein content was photometrically
estimated assuming a specific absorbance of Aggonm = 12
1 cm, 1%).

Characterization and Specificity of the Purified
Antibodies. Cruderabbit antiserum against [SR]iP-BSA
gave a precipitation band with BSA, [9R]iP-BSA, and
[9R]iP-ovalbumin in double immunodiffusion on agar
plate. After DEAE-Trisacryland BSA-Trisacryl GF 2000
affinity chromatography, the unbound material gave a
single precipitation band against [9R]iP-ovalbumin and
did not react with BSA. At this step, the protein fraction
was devoid of any anti-BSA antibodies. The same result
was obtained with the material eluted from [9R]iP-
substituted agarose by 3 M KSCN and desalted on
Trisacryl GF 05. The purified antibodies were identified
as IgG by immunoprecipitation with goat antiserum anti-
rabbit IgG.

The purification of the anti-[9R]iP IgG from the crude
antiserum did not modify the specificity of these anti-
bodies, as determined by ELISA or RIA tests (data not
shown).

Capacity of the Immunoaffinity Matrix. Antibodies
raised against a number of cytokinins have been coupled
to a variety of supports including cellulose (6, 7, 22). For
this study, we used Affi-Gel 10, which allowed rapid and
high efficiency coupling of proteins with the e-amino group
of lysine residues, forming astable amide bond. This cross-
linked agarose issupplied with a spacer arm which prevents
steric hindrance and is activated by N-hydroxysuccinim-
ide ester. According to the described conditions, we have
bound 0.5 mg of antibody/mL of gel. A solution of [9R]iP
(10 pg, 30 nmol) in 0.13 M ammonium acetate (10 mL) was
loaded on the immunoaffinity matrix (3 mL) with a flow
rate of 0.2 mL/min. The column was washed with the
same buffer. Low pH (0.1 M acetic acid, pH 3.0) or high
ionic strength (1 M ammonium acetate) were inefficient
to elute bound [9R]iP from the immunoaffinity matrix.
A 50% methanol solution was needed to elute [9R]iP as
previously described (6). The binding capacity of this
column was 1 ug of [9R]iP/mL of gel, 15-fold higher than
a similar immunoaffinity matrix (70 ng/mL) prepared by
Bollmark et al. (23).
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Gadolinium Complexes of

[(Myristoyloxy)propyl]diethylenetriaminetetraacetate: New Lipophilic,
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New lipophilic contrast agents, 1-[3'-(myristoyloxy)propylldiethylenetriamine-1,4,7,7-tetraacetic acid
(IMP-DTTA), 4-[3-(myristoyloxy)propyl]ldiethylenetriamine-1,1,7,7-tetraacetic acid 4MP-DTTA),
and 4-[3’-(myristoyloxy)propyl]-2,6-dioxodiethylenetriamine-1,1,7,7-tetraacetic acid (4MPD-DTTA),
were prepared from either diethylenetriamine or 3-amino-1-propanol (overall yield 16-23%). Liposome-
incorporated Gd complexes of ligands IMP-DTTA, 4MP-DTTA, and 4MPD-DTTA were prepared by
mixing GdCl; and the prepared vesicles consisting of ligand, egg lecithin, and cholesterol (molar ratio
1.1:5.1) followed by further sonication, and their in vitro relaxivities were determined. The relaxivities
of these agents were higher than those of the Gd3* aquoion, GA(EDTA), or GA(DTPA) at both 0.23 and
0.47T. Gd4MPD-DTTA) displayed the highest relaxivities (24.0 + 0.4 and 34.7 £+ 0.4, at 0.23 and 0.47
T, respectively) among these new Gd complexes. The relaxivities of these three agents increased from
the lower to the higher magnetic field, indicating a positive field dependence. Stability constants (log
K) of Gd(IMP-DTTA), Gd(4MP-DTTA), and Gd(4MPD-DTTA) were found to be 18.2 £ 0.2, 18.4 +
0.2,and 15.7 £ 0.8, respectively. A lower limit of 0.3 mmol/kg was found for LDs, for these three agents.

INTRODUCTION

Although the gadolinium (Gd) complex of diethylene-
triaminepentaacetate (DTPA) has been widely used to
enhance contrast in NMR imaging (I~-3), attempts to
overcome disadvantages of the DTPA complex such as
low relaxivity, low tissue specificity, and rapid clearance
have been made recently (4-9). These mainly concentrated
on the conjugation of the DTPA ligand with various
molecules such as proteins, polymers, and either fatty acids
or phospholipids using the reaction of these molecules
with the anhydride of DTPA (4-9). In these reactions
one of the five carboxylates of the DTPA ligand was used
for monoconjugation, leaving four free carboxylates as the
metal-binding moiety. Another approach included the
encapsulation of paramagnetic agents, such as manganese
chloride and Gd(DTPA), into liposomes (10, 11).

Previously, we demonstrated that the introduction of
a carbonyl group into the metal-binding moiety increased
in vitro relaxivities, compared with those of Gd(DTPA),
at 0.23 and 0.47 T (12). To further explore the structure
and relaxivity relationship, we prepared new imino poly-
carboxylates conjugated with myristic acid. The newly
designed metal-binding moiety mimics the DTPA portion
monoconjugated with macromolecules. Thus, a hydrox-
ypropyl group for the conjugation of fatty acids was
attached at different positions in the diethylenetriamine
backbone to evaluate the effects on relaxivity of the
position of the hydroxypropyl group. Furthermore, we
introduced a carbonyl group into the metal-binding moiety
to also assess the effect of the carbonyl group on relax-
ivity. Subsequently, the prepared Gd complexes of these
ligands were incorporated into liposomes and relaxivities
were measured. The effect on relaxivity of the structural

* Address all correspondence to Gabriel A, Elgavish, Ph.D.,
University of Alabama at Birmingham, Division of Cardiovascular
Disease, Department of Medicine, Room 336, Tinsley Harrison
Tower, Birmingham, AL 35294.

t Results from this work were presented at the 201st American
Chemical Society Meeting, Division of Medicinal Chemistry,
Atlanta, Georgia, April 14-19, 1991.
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changes provides information about the structure and re-
laxivity relationship in these systems and may assist in
the design of optimal contrast agents. Also, the results
may suggest an optimal position of the covalent attach-
ments of the chelate to macromolecules, thus improving
relaxivity.

EXPERIMENTAL PROCEDURES

Melting points were determined in open capillaries with
a Gallenkamp melting point apparatus and are uncor-
rected. High-resolution proton NMR spectra to confirm
intermediates and identify products were recorded on a
Bruker AM-360 instrument. Either Me4Si (CDCls, DMSO-
dg) or 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium
salt (TSP) (Ds0O) were used as internal standard. Chemical
shifts (in ppm, downfizld from the internal standard) are
reported along with peak multiplicities: br, broad; m, mul-
tiplet; t, triplet; d, doublet; s, singlet. Elemental analyses
were performed by Atlantic Microlab Inc. (Norcross, GA).

1-(3’-Hydroxypropyl)diethylenetriamine (2). Fol-
lowing a published procedure (13), 3-chloro-1-propanol
(9.45 g, 0.1 mol) was added to a refluxing solution of di-
ethylenetriamine (30.95 g, 0.3 mol) and NaOH (4 g, 0.1
mol) in 30 mL of Hy0, and reflux was continued for 2 h.
H,0 was removed under reduced pressure and the residue
was distilled at 134-138 °C (0.7 mmHpg), affording 9.74 g
(60%) of compound 2 used for the next reaction without
further purification. NMR (D;0): 1.6-1.8 (m, 2 H), 2.5—
2.8 (m, 10 H), 3.65 (t, 2 H).

Tetrabenzyl 1-(3’-Hydroxypropyl)diethylenetri-
amine-1,4,7,7-tetraacetate (3). A solution of amino
alcohol 2 (4.03 g, 0.025 mol) and triethylamine (12.65 g,
0.125 mol) in 35 mL of DMF was added dropwise to a cold
(0°C) solution of benzyl bromoacetate (28.64 g, 0.125 mol)
in 25 mL of DMF during a period of 1 h, and the resulting
mixture was stirred overnight at room temperature, After
partition of the mixture between ethyl acetate (EtOAc)
and water, the organic layer was washed with saturated
brine, dried with MgSQy, filtered, and concentrated under
reduced pressure. The residue was purified through a

© 1992 American Chemical Society
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silica gel column using EtOAc/hexane (3:1) as eluent,
affording 8.86 g (47%) of compound 3. NMR (CDCly):
1.5-1.7 (m, 2 H), 2.6-2.8 (m, 8 H), 2.85 (t, 2 H), 3.38 (s, 2
H), 3.46 (s, 2 H), 3.59 (s, 4 H), 3.70 (t, 2 H), 5.09 (s, 2 H),
5.10 (s, 4 H), 5.11 (s, 2 H), 7.2-7.4 (m, 20 H). Anal. Caled
for C43H51N3Og: C, 68.51; H, 6.82; N, 5.57. Found: C,
68.39; H, 6.84; N, 5.61.

Tetrabenzyl 1-[3’-(Myristoyloxy)propyl]diethyl-
enetriamine-1,4,7,7-tetraacetate (4). To a solution of
hydrozy ester 3 (3.02 g, 4 mmol) and triethylamine (0.61
g, 6 mmol) in 20 mL of carbon tetrachloride was added a
solution of myristoyl chloride (1.48 g, 6 mmol) in 15 mL
of carbon tetrachloride at 0 °C, and the resulting solution
was stirred overnight at room temperature. The CClylayer
was washed with saturated brine and concentrated. The
residue was purified by silica gel column chromatography
[hexane/EtOAc (2:1)], affording 2.97 g (77 %) of compound
4. NMR (CDCly): 0.88 (t, 3 H), 1.25 (br s, 20 H), 1.5-1.8
(m, 4 H), 2.25 (t, 2 H), 2.64 (t, 2 H), 2.70 (s, 4 H), 2.76 (1,
2H), 2.84 (t, 2 H), 3.39 (s, 2 H), 3.46 (s, 2 H), 3.61 (s, 4 H),
4,04 (t,2 H), 5.09 (s, 2 H), 5.10 (s, 6 H), 7.2-7.4 (m, 20 H).
Anal. Calcd for C57H77N30102 C, 71.00; H, 805, N, 4.36.
Found: C, 70.89; H, 8.08; N, 4.38.

1-[3’-(Myristoyloxy)propyl]ldiethylenetriamine-
1,4,7,7-tetraacetic Acid (5). A mixture of benzyl ester
4 (2.12 g, 2.2 mmol) and 10% Pd/C (0.5 g) in 30 mL of
ethanol and 15 mL of cyclohexene was heated at reflux for
2 h and the catalyst was removed through a Celite pad.
After the solvent had been removed under reduced
pressure, the residue was recrystallized from ethanol,
affording 1.06 g (80%) of compound 5. Mp: 152-155 °C.
NMR (DMSO-dg): 0.85 (t, 3 H), 1.24 (br s, 20 H), 1.4-1.6
(m, 2 H), 1.6-1.8 (m, 2 H), 2.27 (¢, 2 H), 2.75 (t, 2 H),
2.8-3.1 (m, 8 H), 3.35 (s, 2 H), 3.45 (s, 4 H), 3.49 (s, 2 H),
4.02 (t, 2 H) Anal. Caled for 029H53N3010'H201 C, 56.02;
H, 8.92; N, 6.76. Found: C, 56.42; H, 8.72; N, 6.87.

N-(3-Hydroxypropyl)-2,2’-iminodiacetamide (7). A
solution of 3-amino-1-propanol (1.88 g, 0.025 mol) and
triethylamine (6.33 g, 0.063 mol) in 20 mL of dry aceto-
nitrile was added to a suspension of iodoacetamide (9.71
g, 0.053 mol) in 35 mL of dry acetonitrile at 0 °C and the
resulting solution was stirred for 1 h at 0 °C followed by
stirring overnight at room temperature. The solid in the
reaction mixture was collected, washed with hot chloro-
form, and recrystallized from a mixture of methanol and
acetone, affording 2.69 g (57 %) of compound 7. Mp: 114-
116 °C. NMR (D;0): 1.7-1.8 (m, 2 H), 2.67 (t, 2 H), 3.29
(s, 4 H), 3.65 (t, 2 H). Anal. Calcd for C7H;5sN3Os: C,
44.43;H,7.99; N, 22.21. Found: C,44.57;H,8.05; N, 22.22.

Tetrabenzyl 4-(3’-Hydroxypropyl)diethylenetri-
amine-1,1,7,7-tetraacetate (8). Amide 7 (2.52 g, 13.3
mmol) was added portionwise to 130 mL of BH3-THF at
0 °C, and the resulting mixture was refluxed overnight.
Subsequently, methanol (30 mL) was added to the reaction
mixture at 0 °C and stirring was continued for 16 h at
room temperature. HClgas was introduced tothereaction
mixture (pH 1) and the solvent was removed under reduced
pressure. The residue in 25 mL of DMF was treated with
Et;N (15 mL), and the solid was removed by filtration.
The filtrate was added to a solution of benzyl bromoac-
etate (15.23 g, 66.5 mmol) in 15 mL of DMF at 0 °C during
a period of 1 h, and stirring was continued overnight. The
reaction mixture was diluted with EtOAc, and the organic
solution was washed with saturated brine, dried with
MgSO0,, filtered, and concentrated under reduced pressure.
Purification through a silica gel column using CHCly/
EtOAc/methanol (7:2:1) as eluent afforded 4.98 g (50%)
of compound 8. NMR (CDCly): 1.5-1.8 (m, 2 H), 2.4-2.6
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(m, 6 H), 2.85 (t, 4 H), 3.60 (s, 8 H), 3.67 (t, 2 H), 5.11 (s,
8 H), 7.2-1.5 (m, 20 H) Anal. Calcd for C43H51N309: C,
68.51; H, 6.82; N, 5.57. Found: C, 68.43; H, 6.83; N, 5.63.

Tetrabenzyl 4-[3’-(Myristoyloxy)propyl]diethyl-
enetriamine-1,1,7,7-tetraacetate (9). Compound 9 was
prepared in the same way as described for the preparation
of compound 4. Thus, compound 8 (1.51 g, 2 mmol) gave
1.39g(72%) of compound 9. NMR (CDCls): 0.88 (t,3 H),
1.25 (br s, 20 H), 1.6-1.8 (m, 4 H), 2.26 (t, 2 H), 2.44 (t,
2 H), 2.54 (t,4 H), 2.79 (t, 4 H), 3.61 (s, 8 H), 4.01 (t, 2 H),
511 (s, 8 H), 7.2-74 (m, 20 H). Anal. Caled for
Cs:H7N3Oy0: C,71.00; H, 8.05; N, 4.36. Found: C, 70.89;
H, 8.00; N, 4.43.

4-[3’-(Myristoyloxy)propyl]diethylenetriamine-
1,1,7,7-tetraacetic Acid (10). Compound 10was prepared
from 9 (0.85g, 0.88 mmol) according to procedures identical
to those described for the preparation of 5 from 4, affording
0.41 g (77%) as a white solid. An EtOAc/ethanol solvent
mixture was used for recrystallization. Mp: 195-197 °C.
NMR (DMSO-ds): 0.85 (t, 3 H), 1.24 (br s, 20 H), 1.4-1.6
(m, 2 H), 1.8-2.0 (m, 2 H), 2.29 (t, 2 H), 2.8-3.2 (m, 10 H),
3.38 (s, 8 H), 4.06 (t, 2 H). Anal. Calcd for
C29H53N3010H20: C, 56.02; H, 8.92; N, 6.76. Found: C,
56.15; H, 8.72; N, 6.94.

Tetrabenzyl 4-(3’-Hydroxypropyl)-2,6-dioxodieth-
ylenetriamine-1,1,7,7-tetraacetate (12). A solution of
3-amino-1-propanol (0.804 g, 10.7 mmol) and triethylamine
(3.25 g, 32.1 mmol) in 10 mL of DMF was added to a
solution of compound 11 (see ref 12 for the synthesis of
this intermediate) (10.22 g, 23.54 mmol) in 10 mL of DMF,
and the resulting solution was stirred for 5 h at room tem-
perature. The reaction mixture was partitioned between
EtOAc and H20 and the organic layer was washed with
saturated brine, dried with MgSQ,, filtered, and concen-
trated under reduced pressure. The residue was purified
through a silica gel column using hexane/EtOAc (1:3) as
eluent, yielding 3.68 g (44%) of compound 12. NMR
(CDCly): 1.4-1.6 (m, 2 H), 2.66 (t, 2 H), 3.40 (s, 4 H), 3.64
(t, 2 H), 4.17 (s, 4 H), 4.36 (s, 4 H), 5.12 (s, 4 H), 5.16 (s,
4 H), 7.2-1.56 (m, 20 H) Anal. Caled for C43H47N3011: C,
66.06; H, 6.06; N, 5.37. Found: C, 65.95; H, 6.05; N, 5.34.

Tetrabenzyl 4-[3’-(Myristoyloxy)propyl]-2,6-diox-
odiethylenetriamine-1,1,7,7-tetraacetate (13). Com-
pound 13 was prepared in the same way as described for
the preparation of compound 4. Thus, compound 12 (1.72
g, 2.2 mmol) gave 1.62 g (74%) of compound 13. NMR
(CDCl3): 0.88 (t, 3 H), 1.25 (br s, 20 H), 1.5-1.7 (m, 4 H),
2.25 (t, 2 H), 2.60 (t, 2 H), 3.35 (s, 4 H), 3.98 (t, 2 H), 4.17
(s, 4 H), 4.41 (s, 4 H), 5.12 (s, 4 H), 5.15 (s, 4 H), 7.2-7.5
(m, 20 H) Anal. Calced for 057H73N30121 C, 69.00; H,
4.23; N, 7.42. Found: C, 68.72; H, 4.30; N, 7.38.

4-[3’-(Myristoyloxy)propyl]-2,6-dioxodiethylenetri-
amine-1,1,7,7-tetraacetic Acid (14). Compound 14 was
prepared from 13 (1.4 g, 1.41 mmol) according to proce-
dures identical to those described for the preparation of
5from 4, affording 0.62 g (71%) of compound 14. Ethanol
was used for recrystallization. Mp: 185-188 °C. NMR
(DMSO-dg): 0.85 (t, 3 H), 1.24 (br s, 20 H), 1.4-1.6 (m, 2
H), 1.6-1.8 (m, 2 H), 2.25 (t, 2 H), 2.60 (t, 2 H), 3.37 (s, 4
H), 3.94 (s, 4 H), 3.98 (t, 2 H), 4.31 (s, 4 H). Anal. Caled
for 029H49N3012-H202 C, 53.61; H, 7.91; N, 6.48. Found:
C, 53.71; H, 7.76; N, 6.49.

Preparation of the Gd Complexes of Compounds 5,
10, and 14. Gd complexes of target compounds 5, 10, and
14 were prepared according to published procedure (8).
Thus, a solution of GdClz-6H.0 (0.87 g, 2.34 mmol) in 2
mL of distilled water was added dropwise to a solution of
compound 5 (0.942 g, 1.56 mmol) in 25 mL of pyridine,
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and stirring was continued for 30 min at room tempera-
ture. The solvent was completely removed under reduced
pressure and the residue was suspended in distilled water
to remove excess GdCls. The solid in water was collected
by filtration and dried under vacuum, affording 1.1 g
(81.4%) of Gd-complexed compound 5. Anal. Caled for
C29H50N3010Gd'6H20: C, 40.72; H, 7.22; N, 4.85. Found:
C, 40.36; H, 6.82; N, 4.80.

Similarly, compound 10 (0.326 g, 0.54 mmol) yielded
0.34g (76 %) of Gd-complexed compound 10. Anal. Caled
for 029H50N3010Gd'4H20: C, 41.96; H, 7.04; N, 5.06.
Found: C, 41.63; H, 6.89; N, 4.93.

Compound 14 (0.442 g, 0.7 mmol) yielded 0.489 ¢ (83.2%)
of Gd-complexed compound 14. Anal. Caled for
CH4N30,2Gd-3H:0: C, 41.46; H, 6.24; N, 5.00. Found:
C, 41.82; H, 6.53; N, 5.00.

Incorporation of Gd Complexes 5, 10, and 14 into
Liposomes. According to modification of a published
procedure (9), the dry lipids of ligand (5.5 umol), egg
lecithin (20 mg, Avanti Co., 20 mg/mL in chloroform), and
cholesterol (2 mg) (molar ratio 1.1:5:1) were suspended in
4 mL of buffer solution containing 0.9% saline and 20
mM HEPES (pH 7.4), and the resulting suspension was
sonicated using a Bransonic ultrasonic device (Model B-
5200R-4) for3hat4°C. A5 umolamount of GdClssolution
from the GdCls stock solution [concentration of the stock
solution was determined by published procedures (22)]
was added with fast vortexing to the prepared vesicles
and sonication was continued further for4h. The pH was
adjusted to 7.4 and the final volume was brought to 5 mL,
affording a 1 mM solution of Gd complexes used for the
measurement of relaxivities.

NMR Relaxivity Measurements. The liposome-
incorporated complexes of Gd3* with compounds 5, 10,
and 14 as ligands were used for water proton NMR
relaxation rate (1/7T)) measurements at pH 7.4 and probe
temperature 40 °C as a function of the concentration of
each complex (0.2-1.0 mM) on IBM PC-10 (10 MHz, 0.23
T) and IBM PC-20 (20 MHz, 0.47 T) Multispec NMR
instruments. For each sample, 1/T was calculated from
three consecutive 1/T; measurements. From the slope of
1/T; versus varying concentrations of the Gd complex,
the relaxivity of each complex was determined.

Determination of Stability Constants. Based onthe
approach (I5) of a competitive-equilibrium relaxivity
experiment between a Gd complex of unknown stability
and Gd(EDTA), we have developed a method of simul-
taneous determination of the stability constant and of the
relaxivity of such a Gd complex (20). Using this method,
we obtained log K values as well as relaxivities for the Gd
complexes of 1IMP-DTTA, 4MP-DTTA, and 4MPD-
DTTA from the measurement of 1/T; versus the concen-
tration of added EDTA using an IBM PC-20 Multispec
NMR instrument. In the calculations we made use of the
known stability constant (log K = 17.3) of GA(EDTA) (21)
and its separately measured relaxivity.

Toxicity. Liposome-incorporated Gd complexes for
toxicity experiments were prepared as described above.
Seven Sprague-Dawley rats (270~330 g body weight) were
used for each compound and the administered volume for
rat was 2.5 mL/330 g of body weight corresponding to a
dosage of 0.3 mmol/kg of body weight. The animals were
anesthetized with ether and the liposome-incorporated
Gd complex was administered by bolus injection (1 mL/
min) via the tail vein. The animals were observed for 10
days (see Table II).

RESULTS AND DISCUSSION
Synthetic Aspects. Scheme I describes synthetic
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Scheme 1.2 Synthesis of IMP-DTTA
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3 R=H, R'=CHPhH
4 R = CO(CH,),,CHy, R'= CHPh
5 R = CO(CH),CH,, R'=H

¢ (a) HOCH.CH.CH,C1, NaOH; (b) BrCH,COOCH,Ph, Et3N,
El\g% (c) CH3(CHy)12COC], Et3N; (d) 10% Pd/C, cyclohexene,
tOH.

Scheme I1.* Synthesis of {MP-DTTA

o 0
. HoN~J~ y ~L-NH;
HO -\ NH, ———»

OH
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8 R=H, R'=CHpPh
9 R = CO(CH),,CHy, R'= CH,Ph
10 R = CO(CH,),,CHy, R'=H

¢ (a) ICH,CONH,, Et;N, CH:CN; (b) BH:THF, HCI; (c)

BrCH,COOCH_.Ph, Et;N; (d) CH3(CH,);2,COCI, CCL; (e) 10%
Pd/C, cyclohexene, EtOH.

sequences for the preparation of IMP-DTTA (5). Fol-
lowing hydroxypropylation of triethylenediamine (13),
alkylation of the resulting intermediate 2 using benzyl
bromoacetate and triethylamine in DMF afforded com-
pound 3 with 47% yield. In this alkylation step, amino
alcohol 2 and triethylamine should be added slowly to an
excess of benzyl bromoacetate to avoid cyclic-amide
formation. An attempt to use reverse addition resulted
in poor yield of compound 3. Only trace amounts of
product were detected. Subsequent treatment of inter-
mediate 3 with myristoyl chloride in carbon tetrachloride
produced compound 4 with 77 % yield. Although catalytic
hydrogenation for removal of benzyl group in compound
4 was satisfactory, we used transfer hydrogenation (14)
for the cleavage of the benzyl ester in intermediate 4,
affording an 80% yield of IMP-DTTA.

The synthetic sequences for the preparation of 4MP-
DTTA (10) and 4MPD-DTTA (14) are depicted in
Schemes IT and III, respectively. 3-Amino-1-propanol was
treated with iodoacetamide, affording intermediate 7 with
57% yield. Subsequently, reduction of the carbonyl groups
in compound 7 using a BH;- THF complex, followed by
alkylation with benzyl bromoacetate, gave compound 8.
Similarly, compound 12 was prepared by reaction of bromo
compound 11 with 3-amino-1-propanol with 44% yield.
Target ligands 10 and 14 were obtained from 8 and 12,
respectively, using the methods described for the prep-
aration of 5 from 3. Thus, following monomyristoylation
of 8 and 12, transfer hydrogenation of 9 and 13 provided
target ligands 10 and 14 with 77% and 71% yield,
respectively.
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Scheme II1.¢# Synthesis of 4AMPD-DTTA

COOCH,Ph
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OR

12 R=H, R'= CHPh
13 R = CO(CH,),,CH;, R'= CHPh

14 R = CO(CH,),.CH;, R'=H

a (a) HOCHzCHzCHzNHz, DMF, (b) CHa(CHz)mCOCl, CCl4,
(c) 10% Pd/C, cyclohexene, EtOH.

Following a published procedure (8), the 1:1 complexes
of Gd3* with ligands 5, 10, and 14 were prepared with good
yields (76-83%). Thus, a solution of GdCl; in water was
treated with ligands in pyridine for 30 min at room tem-
perature, and the solvent was subsequently removed. The
residue was washed with water to remove excess GdCls.
Purity of the Gd complexes of 5, 10, and 14 was confirmed
by elemental analysis. Gd complexes of these ligands were
incorporated into liposomes by mixing GdCl; with soni-
cated vesicles consisting of ligand, cholesterol, and egg
lecithin, followed by further sonication using a Bransonic
ultrasonic device (B-5200R-4).

Relaxivity. Water proton NMR relaxation rate (1/T)
was measured at varying agent concentrations at pH 7.4
and 40 °C, using an inversion recovery sequence with eight
delay times, on IBM PC-10 (0.23 T) and IBM PC-20 (0.47
T) Multispec NMR instruments to determine relaxivities
of the liposome-incorporated Gd complexes of the ligands
1MP-DTTA, 4MP-DTTA, and 4MPD-DTTA. For each
sample, 1/T; was obtained from the average of three
consecutive 1/T; measurements. The 1/T) values versus
the concentration of each of the three Gd complexes at
both fields are shown in Figures 1, 2, and 3, respectively.
Straight lines were fitted to the data points by least-squares
analysis, obtaining R2 > 0.99. From the slope of these
lines the relaxivity of each complex was determined. The
resulting relaxivities were compiled in Table I.

The relaxivities of the liposome-incorporated Gd com-
plexes of target ligands 5, 10, and 14 increased between
19% and 44% from 0.23 to 0.47 T, indicating a positive
field dependence. Furthermore, relaxivities of these agents
were much larger than those of the Gd3* aquoion, Gd-
(EDTA), or GA(DTPA) at 0.23and 0.47 T Itislikely that
both the enhanced relaxivity and the positive field de-
pendence of complexes 5, 10, and 14 are the result of a
long enoughrotational reorientation time, g, due tolarger
molecular weights of these complexes compared with those
of EDTA and DTPA. Similarly, previous studies have
shown that increased relaxivities of GA(DTPA) conjugated
with macromolecules such as bovine immunoglobulin and
albumin compared with unconjugated Gd(DTPA) were
due to prolonged rotational correlation times (15, 16).

The relaxivities of the Gd complexes of the DT'TA-type
ligands presented here were found to be about 1.4- and
2.4-fold higher than those of the free Gd3* aquoion.
Furthermore, the relaxivities of these Gd complexes were
2.4- and 3.9-fold larger than those of GA(EDTA). Com-
pared with GAd(DTPA), 2.8- and 4.5-fold increases in re-
laxivities of Gd(IMP-DTTA) at 0.23 and 0.47 T, respec-
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Figure 1. 'H NMR relaxation rate (1/T}) versus concentration
of the liposome-incorporated Gd complex of 1-[3’-(myristoylox-
y)propylldiethylenetriamine-1,4,7,7-tetraacetic acid (1MP-DT-
TA, 5). The liposome-incorporated 1:1 complex of Gd** with
compound 5 as a ligand was used for water proton NMR relaxation
rate (1/T;) measurements at pH 7.4 as a function of the
concentration of the complex (0.2-1.0 mM) on IBM PC-10 (10
MHz, 0.23 T, open circles) and IBM PC-20 (20 MHz, 0.47 T,
filled circles) Multispec NMR instruments. 1/T; measurements
were taken at a probe temperature of 40 °C, and 1/ T values were
corrected with substraction of the diamagnetic contribution from
the observed 1/T; values. For each sample, 1/T; £ SEM was
calculated from three consecutive 1/T; measurements. The
typical SEM is 0.11. No error bars are shown since they are
smaller than the dimension of the data symbols. The straight
lines (continuous line, 0.47 T; broken line, 0.23 T) were obtained
by a linear least-squares method for fitting lines to data points
(R?2>0.99). From the slope of 1/T; versus concentration of the
Gd complez, the relaxivity of the complex was determined with
an accuracy of £0.08 (SEM).
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Figure 2. 'H NMR relaxation rate (1/7T;) versus concentration
of the liposome-incorporated Gd complex of 4-[3’-(myristoylox-
y)propylldiethylenetriamine-1,1,7,7-tetraacetic acid (4MP-DT-
TA, 10). The liposome-incorporated 1:1 complex of Gd3* with
compound 10 as a ligand was used for water proton NMR
relaxation rate (1/T) measurements at pH 7.4 as a function of
the concentration of the complex (0.2-1.0 mM) on IBM PC-10
(10 MHz, 0.23 T, open circles) and IBM PC-20 (20 MHz, 0.47 T,
filled circles) Multispec NMR instruments. 1/7T; measurements
were taken at a probe temperature of 40 °C, and 1/ T values were
corrected with substraction of the diamagnetic contribution from
the observed 1/T; values. For each sample, 1/T; £ SEM was
calculated from three consecutive 1/T; measurements. The
typical SEM is 0.21. No error bars are shown since they are
smaller than the dimension of the data symbols. The straight
lines (continuous line, 0.47 T; broken line, 0.23 T) were obtained
by a linear least-squares method for fitting lines to data points
(R2>0.99). From the slope of 1/ T versus concentration of the
Gd complezx, the relaxivity of the complex was determined with
an accuracy of £0.08 (SEM).

tively, were observed. Ontheother hand, GAd(4MP-DTTA)
revealed a 3.5- and 6.0-fold increase at both fields.
Interestingly, Gd(4MPD-DTTA) showed the largest in-
crease in relaxivities at both fields. Thus 4.4- and 8.5-fold
increases in relaxivities of Gd(4MPD-DTTA) were ob-
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Figure 3. "H NMR relaxation rate (1/7}) versus concentration
of the liposome-incorporated Gd complex of 4-[3’-(myristoylox-
y)propyll-2,6-dioxodiethylenetriamine-1,1,7,7-tetraacetic acid
(4MPD-DTTA, 14). The liposome-incorporated 1:1 complex of
Gd3*+ with compound 14 as a ligand was used for water proton
NMR relaxationrate (1/7T;) measurementsat pH 7.4 as a function
of the concentration of the complex (0.2-1.0 mM) on IBM PC-10
(10 MHz, 0.23 T, open circles) and IBM PC-20 (20 MHz, 0.47T',
filled circles) Multispec NMR instruments. 1/7; measurements
were taken at a probe temperature of 40 °C, and 1/T'; values were
corrected with substraction of the diamagnetic contribution from
the observed 1/T'; values. For each sample, 1/T, £ SEM was
calculated from three consecutive 1/7; measurements. The
typical SEM is 0.55. No error bars are shown since they are
smaller than the dimension of the data symbols. The straight
lines (continuous line, 0.47 T; broken line, 0.23 T) were obtained
by a linear least-squares method for fitting lines to data points
(R2> 0.99). From the slope of 1/T; versus concentration of the
Gd complex, the relaxivity of the complex was determined with
an accuracy of £0.37 (SEM).

Table I. Longitudinal Relaxivity (p;) of Several
Gadolinium Complexes at Two Magnetic Fields? and
Molecular Weight of Ligands

p1 (81 mMT)

complex MWw? 023T 047T ref
Gd(1IMP-DTTA) 603.76 155 £ 0.1 18.4+0.1 c
Gd(4MP-DTTA) 603.76 19.0+ 0.1 244 +0.1 c
Gd(4-MPD-DTTA) 631.72 240+ 04 347+ 0.4 c
Gd(MHE-DTTA) 704.82 224 £0.1 31.9£0.7 12
Gd(BME-DTTA) 915.18 18.8+0.2 271 £0.3 12
Gd3* aquoion 14.0 11.0 23
Gd(EDTA) 292.24 8.0 6.6 23
Gd(DTPA) 393.35 5.5 4.1 24

s Mean = SEM. ® Molecular weight of ligand. ¢ This work.

served, compared with those of GA(DTPA), at 0.23 and
0.47 T, respectively.

Gd(4MPD-DTTA) produced the largest relaxivities
among these Gd complexes at both fields, suggesting an
effect on relaxivities of the carbonyl groups in the 4dMPD
ligand. Such effects may be due to the prevention of Gd3*
coordination by the nitrogen atom positioned next to the
carbonyl group. Such reduction in ligand coordination
could result in an increased number of water molecules in
the hydration sphere of the Gd3* ion, affording an increased
relaxivity.

Although thestructures of IMP-DTTA and 4MP-DTTA
were similar and the only structural difference between
these two ligands was the location of one of the carbox-
ylate groups, the relaxivities of Gd(4MP-DTTA) were
slightly higher (1.2-1.3-fold) than those of Gd(1MP-
DTTA) at both fields. The slight difference in relaxiv-
ities between Gd(4MP-DTTA) and Gd(1IMP-DTTA) may
be related to the differences in the distance between li-
pophilic and metal-binding moieties in both complexes.
Thus, in Gd(4MP-DTTA) the water molecules may have
easier access to the hydration sphere of the Gd3* ion,
yielding slightly higher relaxivities. Thiseasier access may

Kim et al.

be due to a longer distance between the lipophilic and the
metal-binding moieties compared with the distance in Gd-
(1IMP-DTTA). Alternatively, the higher relaxivity of the
4MP-DTTA complex versus that of IMP-DTTA may be
the result of the possibility that moving the covalent
attachment between the chelating group and the fatty
acyl group from the terminal carboxyl group of DTTA to
the central carboxyl improves relaxivity. If this were the
case generally, DTPA-type, macromolecule-conjugated
contrast agents could also gain improved relaxivity if the
central, rather than a terminal, carboxyl of the chelating
group were used for conjugation.

The relaxivities of the Gd complexes of ligands such as
4MPD-DTTA, MHE-DTTA (12), and BME-DTTA (12)
increased by about 43% from 0.23 to 0.47 T. However,
the relaxivities of GA(1MP-DTTA) and (4MP-DTTA)
showed only about 23% increase from the lower to the
higher field. This observation suggests that the relaxiv-
ities of the gadolinium complexes of carbonyl-bearing
ligands may be more 7,-dependent at high field, owing to
the larger molecular weight (see Table I) of these ligands,
compared with those of IMP-DTTA and 4MP-DTTA,
resulting in a slower molecular tumbling of the Gd
complexes of 4MPD-DTTA, MHE-DTTA, and BME-
DTTA.

The relaxivity depends on the number of water molecules
in the first coordination sphere of the metal ion and the
weighted average of the intrinsic relaxation rates (1/ T1nm)
of the protons of these water molecules. The dependence
of 1/T1m on molecular and NMR parameters is governed
by the Solomon-Bloembergen equation (17, 18) as shown
in eq 1, where C is a constant composed of nuclear

_1_=g( 3. T ) o

T A\1+ a..)iz‘rc2 1+ a..)sz‘rc2

parameters pertaining to protons and the gadolinium ion;
w; and w, are the proton and electron Larmor frequency,
respectively. Theeffective correlation time of the complex,
7., 18 given in eq 2, where 7R, 75, and 7y are the rotational

11,12 @
T

reorientation time, the longitudinal electron-spin relax-
ation time (7'.), and the lifetime of a water molecule in
the hydration sphere of the gadolinium ion, respectively.
The lifetime, 7u, of water of hydration on lanthanide ions
has been determined (25), and for Gd3* it is 0.94 ns,
somewhat longer than either 7y (0.05-0.1 ns for small mo-
lecular weight complexes) or 7, (0.04~0.1 ns at low magnetic
fields). Therefore, the third term in eq 2 is small in
comparison to the other two, and usually is neglected. In
most small molecular size gadolinium complexes g < 75,
and thus 7g largely determines the overall 7.. As a result,
the gadolinium aquoion, GA(DTPA), GA(EDTA), and most
other small molecular weight contrast agents possess a
negative field dependence displaying a sharp decrease of
relaxivity from a higher to a significantly lower plateau
with an inflection point around 0.2 T. This inflection
results from the dispersive effect (19) of the second Lorent-
zian term in eq 1, and it occurs at the magnetic field that
corresponds to the electron Larmor frequency given by w;
= 1/7.. In practice, this means a reduced efficacy of such
agents when used in conjunction with most NMR imagers
of higher magnetic fields (1-4 T) that are expected to be
in current and future use. Obviously, for such fields,
contrast agents that possess a positive field dependence
would be desirable. A positive field dependence would
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Table II. Stability Constants,* Relaxivities,® and Toxicity? of
Gd Complexes in a Buffer of 20 mM HEPES in 0.9% Saline°

log k 01 (0.47T) dosage? animals® LDs?

Gd(IMP-DTTA) 182£02 18406 0.3 2/7 >0.3
Gd(4MP-DTTA) 18402 24407 0.3 1/7 >0.3
Gd(4MPD-DTTA) 15.7+0.8 36.4£3.6 0.3 1/7 >0.3

@ The stability constants and relaxivities presented in this table were
simultaneously obtained in competition experiments between ligand and
EDTA (mean # 95% confidence intervals). ® Due to limited solubility,
only a lower limit is given. ¢ pH 7.4, ¢ Dosage, in mmol/kg of body weight,
in toxicity experiments, ¢ Mortality/total no.

consist of an increase in relaxivity, to a higher plateau as
the magneticfield strength isincreased above the inflection
point. The relaxivity values at the two magnetic fields of
the agents reported here seem to indicate such a desirable
positive field dependence for these agents.

On the basis of the above theory, the observed positive
field dependence of the relaxivities of the Gd complexes
of all DT'TA-type compounds (see Table I) may be ascribed
tothe increased size of the complexes resulting in increased
rg values. This would make the relaxivity of these
complexes more 7-dependent. The electron relaxation
rate, 1/T,, itself displays a negative field dependence
because of considerations similar to those described above
for proton relaxivities. Since 7, is T, a strong depend-
ence of the overall correlation time on 7, would result in
an inverted, positive profile for the proton relaxivity in
the 0.1-4 T range. It is worth noting that because of the
dispersion of 7, itself, a sharp decrease of relaxivity is
expected above 4 T. Thus, also the somewhat more
pronounced positive field dependence of the complexes of
the three carbonyl-bearing ligands, 4AMPD-DTTA, MHE-
DTTA, and BME-DTTA, compared with those of 1MP-
DTTA and 4MP-DTTA, may be the result of the larger
molecular weights of the former complexes.

Comparing the relaxivities among the three Gd com-
plexes of carbonyl-bearing ligands at 0.23 and 0.47 T
showed the largest relaxivities for Gd(4MPD-DTTA) at
both fields. This may be explained by the differences
among the three complexes in the extent of metal
coordination by nitrogen atoms. Thus,4MPD-DTTA has
oneless nitrogen than either MHE-DTTA or BME-DTTA,
possibly resulting in an increased number of water
molecules in the hydration sphere of the Gd3* ion, leading
to increased relaxivities.

Stability Constants and Toxicity. The stability
constants of Gd(1IMP-DTTA), Gd(4MP-DTTA), and
Gd(4MPD-DTTA) were determined by competitive equi-
librium between Gd(ligand) and Gd(EDTA), measuring
water proton relaxivity as a function of [ligand]/[EDTA]
(20). On the basis of the known stability constant (log K
= 17.3) of GA(EDTA) (21), the log K values of Gd(1MP-
DTTA), Gd(4MP-DTTA), and Gd(4MPD-DTTA) were
calculated to be 18.2 £ 0.2, 18.4 + 0.2, and 15.7 £+ 0.8,
respectively (see Table II). The Gd complexes of 1MP-
DTTA and 4MP-DTTA display 1 log unit higher stabilities
than that of GA(EDTA). However, the Gd complex of the
ligand 4MPD-DTTA was less stable than that of EDTA.
These results are probably due to higher coordination
numbers in IMP-DTTA and 4MP-DTTA, and a lower
coordination number in 4MPD-DTTA, compared with that
of EDTA.

The relaxivities at 0.47 T of these three complexes were
redetermined by the competitive equilibrium method,
simultaneously with the determination of the stability
constants. The resulting relaxivities are also compiled in
Table II and are similar, within experimental error, to
those determined separately and shown in Table I.
Consistent with the effect of the carbonyl groups in
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Figure 4. Relaxivities (p;) at 0.47 T versus stability constants
(log K) of the Gd complex of IMP-DTTA (opened triangle), 4MP-
DTTA (filled square), 4MPD-DTTA (opened circle), MHE-
DTTA (filled circle), and BME-DTTA (filled triangle). The
straight line was obtained by a linear least-squares method for
fitting a line to data points (R? > 0.77).

Gd(dMPD-DTTA) on the relaxivity due to the reduction
of the ligand coordination, the larger relaxivity of
Gd(4MPD-DTTA), compared with those of Gd(1MP-
DTTA) and Gd(4MP-DTTA), correlates well with the
somewhat lower stability constant of Gd(4MPD-DTTA)
compared with those of GA(IMP-DTTA) and Gd(4MP-
DTTA) (see Figure 4). Thus, stability constants and re-
laxivities seem to be inversely related among the gado-
linium complexes of this family of DTTA-type ligands.

The LDj5g of these three Gd complexes in rat was >0.3
mmol/kg (iv). Specific LDs could not be determined due
to an upper concentration limit for liposome-incorporated
Gd complexes 5, 10, and 14 and due to limitations in total
volume of bolus to be administered. Nevertheless, alower
limit for LDs of these three agents was obtained (see Table
IT). As we expected, based on the relative similarity of
their stability constants, the toxicities of Gd(IMP-DTTA),
Gd(4MP-DTTA), and Gd(4MPD-DTTA) displayed sim-
ilar lower limits of LDs, values.

CONCLUSIONS

The new lipophilic bifunctional contrast agents,
Gd(1IMP-DTTA), Gd(4MP-DTTA), and Gd(4MPD-DT-
TA), showed relatively low toxicity, good stability, high
relaxivity, and a positive field profile. These character-
istics suggest potential usefulness for NMR imaging at
high magnetic fields. Also, we have shown that certain
structural properties of ligands, such as functional groups
that modify the coordination number and molecular
weight, may have effects on relaxivity, on the field profile
of relaxivity, and on the stability constant, in a correlated
manner that can be utilized in the design of future contrast
agents.
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The nuclear magnetic spin-lattice relaxation rates of water protons are reported for solutions of man-
ganese(II), copper(II), and chromium(II) cage complexes of the sarcophagine type. Assimple aqueous
solutions, the complexes are only modest magnetic relaxation agents, presumably because they lack
protons on atoms in the first-coordination-sphere protons that are sufficiently labile to mix the large
relaxation rate at the metal complex with that of the bulk solvent. The relaxation is approximately
modeled using spectral density functions derived for translational diffusion of the interacting dipole
moments with the modification that the electron spin relaxationrate is directly included as a contribution
to the correlation time. In all cases studied, the electron spin relazation rate is sufficiently large that
it contributes directly to the water-proton spin relaxation process. The poor relaxation efficiency of
the cage compound may, however, be improved dramatically by binding the complex to a protein. The
efficiency is improved even further if the rotational motion of the protein is reduced drastically by an
intermolecular cross-linking reaction. Therelaxation efficiency of the cross-linked protein—cage complexes
rivals that of the best first-coordination-sphere relaxation agents like [Gd(DTPA)(H;0)]%- and

[Gd(DOTA)(H;0)]~.

The development of magnetic resonance imaging as a
routine clinical diagnostic procedure drives the exploration
of methods for controlling water-proton nuclear magnetic
relaxation rates because they determine, in very large
measure, the contrast in a magnetic resonance image (1).
We focus here on methods for controlling spin-lattice
relaxation rates using transition metal complexes that are
paramagnetic. The approaches used to date have em-
phasized metal complexes with high metal-ligand affinity,
but which leave one or more metal coordination positions
open for the rapid exchange of water molecules (2, 3). The
rapid nuclear spin relaxation of the protons when water
is coordinated in the complex is carried to the bulk solvent
by the chemical exchange of the coordinated water with
the bulk solvent. Thus, nonlabile first-coordination-sphere
protons make little contribution to the net observed
relaxation (4). We have shown previously that amine
ligand systems are generally not sufficiently labile, except
for the more labile ammonia and ethylenediamine com-
plexes of copper(Il), to provide significant first-coordi-
nation-sphere relaxation in water protons. The observed
water-proton relaxation in complexes like (triethylene-
tetramine)copper(II) solutions is caused by through-space
electron—nuclear dipole~dipole coupling often referred to
as outer-sphere relaxation (5). Although the relaxation
efficiency of such complexes is modest, the kinetic and
thermodynamic benefits of minimizing toxic effects by
completely encapsulating the metal ion appear to be
significant. We report here an examination of such
molecules and find, in some cases, surprising potential for
effective relaxation.

The cage molecule of interest is shown in Figure 1. All
six secondary N atoms bind to the metal ions to give
complexes with average D; symmetry. The transition
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Figure 1. The structure of the metal complexes studied.

metal ion complexes are particularly stable thermody-
namically and are kinetically inert with respect to dis-
sociation of the metal ion. Tracer studies have shown
that Co®*, Co?*, Cu?*, and Mn?* do not escape the cage
in 24 h in vitro. To date, these molecules as ligands or
even as tripositively charged ions are not toxic other than
at high concentrations (>100 mg/kg), where they show a
mild cholinesterase inhibition (6). In situations where
Co(III) complexes have been administered orally or in-
traperitoneally torats, the animals did not appear stressed
and the 57Co was eliminated essentially quantitatively in
the feces and urine, respectively (7). So far it does not
appear that the animal systems or bacteria, fungi, or molds
have the capability of removing the metal ion from the
cage, and therefore, the usual metal ion toxicology in liver
and kidneys is not evident. These complexes simply filter
readily through the kidney tubules and are eliminated in
the urine unaltered. All six coordination positions are
taken by the nitrogen atoms of the macrobicyclic ligand.
Thereis no evidence yet that water can also bind the metal
ion in the cage. In fact, the ligand fits around the metal
ion so tightly that the prospect of increasing the coordi-
nation number to seven seems extremely unlikely. The
strain thereby induced would be prohibitive. Insituations

© 1992 American Chemical Society
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where there is evidence of another ligand bound to the
metal ion, one strand of the ligand has dissociated and the
metalion has moved into a square planar macrocyclic con-
figuration (I14). These processes, along with nitrogen—
proton exchange rates, all appear too slow (<105 s7!) to
make a significant contribution to the water-proton relax-
ationrate, a conclusion supported by earlier reports (5, 8).

EXPERIMENTAL PROCEDURES

The nuclear magnetic relaxation rates were measured
over a range of magnetic field strengths corresponding to
proton Larmor frequencies between 0.01 and 30 MHz using
a field-cycling spectrometer described elsewhere (9, 10).
This instrument switches the current in a copper solenoidal
magnet to vary the field according to a program that
initially polarizes the spins at a high field and then switches
to the magnetic field of interest (measure field) for a
variable delay time, after which it switches to a resonance
field corresponding to a proton Larmor frequency of 7.25
MHz, where the remaining magnetization is measured by
numerically integrating a spin echo or a free induction
decay. Samples are contained in Pyrex test tubes sealed
with both a rubber stopper and a Teflon screw cap. The
sample chamber of the magnet system is bathed in re-
circulating perchloroethylene that is thermostated using
a Neslab RTE-8 temperature controller. Typically 32
points are taken on the magnetization decay curve and
fitted to a single exponential using software developed in
thislaboratory by Dr. Cathy C. Lester (11). The magnetic
relaxation dispersion plots are generated by changing the
measure field over the range of interest.

The synthesis of the cage molecules has been described
indetail (12-14). Bovine serum albumin (Sigma Chemical
Co.) was dialyzed and lyophilized to eliminate preparative
salts. Aqueoussolutions of the metal complexes were made
by weight, and optical absorbance was measured on an
Hewlett-Packard Model 8451A diode-array spectropho-
tometer. Protein solutions were cross-linked using a glu-
teraldehyde reaction with the cross-linking agent in
approximately 100-fold excess over the molar concentra-
tion of protein. The excess cross-linking reagent was not
removed from the sample. Since the agent cross-links
amines, the capping groups of the metal complex will be
conjugated to the protein by cross-linking reagent because
the protein—cage complex was treated with cross-linking
agent. The affinity of the metal complex for binding to
the protein is very high (27) and involves a number of
binding sites. Equilibrium dialysis experiments demon-
strate that there are in excess of 30 binding sites with
individual binding constants of approximately 2200 M1,
assuming equivalent sites. Therefore, under the conditions
of the magnetic relaxation experiment, there is an insig-
nificant concentration of unbound metal complex.

RESULTS AND DISCUSSION

The water-proton nuclear spin-lattice relaxation rate
is shown as a function of magnetic field strength plotted
as proton Larmor frequency in Figure 2 for manganese,
chromium(III), and copper(II) complexes at 298 and 279
K. In all cases the paramagnetic contributions to the
relaxationrates are small, which is expected for complexes
without labile first-coordination-sphere protons close to
the metal. The inefficiency of the proton relaxation
permits an estimate of alower bound for the proton lifetime
in ligand nitrogen atom bonds of about 1075 s. This slow
exchange rate is consistent with amines in general as well
as with other metal complexes (6). The protons on the
capping nitrogen atoms are more labile; however, these
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Figure 2. The water-proton nuclear magnetic spin-lattice
relaxationrates as a function of the magnetic field strength plotted
as the proton Larmor frequency for manganese (O, ®), chro-
mium(III) (4, A), and copper(Il) (¢, ¢) cage complexes. The
filled symbols are for 298 K and the open symbols are for 279 K.
The pH of all solutions was between 7.0 and 7.2. The ordinate
is the relaxation rate for a 1.00 mM solution of the complex also
called the relaxivity. The solid lines were computed using the
outer-sphere relaxation equation presented by Freed (19) and
the parameters summarized in Table I.

protons are much further away from the metal center.
Therefore, based on the increased distance, relaxation at
these sites should be less efficient by a factor of approx-
imately 40. Thus, we conclude that the water-proton
relaxation is dominated by the metal-water-proton dipole—
dipole coupling modulated by the translational motion of
the water and the complex. That is, relaxation derives
from outer-sphere effects.

Outer-sphere relaxation has been treated by Pfeifer (15,
16), Hubbard (17), and Freed (18, 19) and discussed in the
context of metalion outer-sphere relaxation elsewhere (4).
We use the development of Freed

1/T, = (327/405)y, vs*hS(S + 1)(N,/1000)([S1/bD) X
Polwg — wp) + 3f(wy) + 6/5(wg + wp} (1)
with the spectral density function ji(w):

ju(@) =Ref(1 +5/4)/(1+s +4s%/9+5%9)%} (2
s = bl(iw + (T,5™)/ DY/ 3)

where
1Tyg=Bl7/(1+&*r, ) + 47,/ + 41701 (4)

1/ Ty = B/2[37,+ 57,/(1 + 7,%0%) + 27,/ (1 + 4Tv2w2)](5
)

where 1 and vs are the proton and electron magnetogyric
ratios respectively, w; and ws are the nuclear and the
electron Larmor frequencies, # is Planck’s constant divided
by 2=, S is the electron spin, the square brackets indicate
molar concentration, N, is Avogadro’s number, b is the
distance of closest approach between the centers of the
interacting magnetic moments, and D is the relative
translational diffusion constant, i.e., the sum of the water
and cage complex diffusion constants. If the magnetic
field dependence of electron spin relaxation is neglected,
poor fits to the data are achieved; however, when the effects
of the electron spin relaxation are included approximately
by assuming an elementary relaxation equation for the
field dependence of the electron relaxation rate (19, 20),
the solid curves through the data are obtained with the
parameters listed in Table L.
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Table I. Relaxation Parameters
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metal ion temp, K bx 108, cm D x 105 cm? 57! v X 101, 8 B x 10719, g-2 74 X 1010, 8 7e X 1010, 8
Mn 279 6 0.83 5.2 3.5 4.4 1.14
Mn 298 6 1.5 5.3 3.4 24 1.10

Cr 279 5.3 0.91 3.4 4.4 3.1 1.36

Cr 298 5.3 1 4 4.5 2.8 1.10
Cu 279 5.1 1.2 1.3

Cu 298 5.1 2.6 0.9

MnBSA 279 6.25 0.5 27.4 0.1 7.8 7.3
MnBSA 298 6.25 1.0 22.8 0.11 3.9 8.0
Copper(Il) complexes are among the simplest magnet- 2.5

ically because of the single unpaired electron and the
generally long electron spinrelaxation times. Thus, copper
serves as a reasonable standard against which the other
complexes may be compared. The relaxationrates of both
chromium and manganese complexes are higher as ex-
pected because of their larger magnetic moments. How-
ever, the metal magnetic moment is proportional to S(S
+ 1). If other contributions are equal, the ratio of the
relaxation rates should be 3:15:35 for Cu:Cr:Mn. Itisclear
from the magnitudes of the low field relaxation rates shown
in Figure 2 that the relaxation rates are not simply
proportional to the size of the electron magnetic moment.
Limitations in the effective correlation time for the
electron-nuclear coupling provided by a short electron
relaxation rate are consistent with this observation.

The increase in the proton relaxation rate for the
manganese complex at high field provides a clear signal
that the electron relaxation time, which is field depend-
ent and increases with increasing magnetic field, makes
a contribution to the correlation time for the electron-
nuclear coupling. This is a common observation for
chromium complexes, but is less common for manga-
nese(Il) complexes of high symmetry. This observation
derives from some oxidation of the manganese(II) to the
manganese(III) complex, as will be demonstrated later.
The near temperature independence of the chromium-
induced water-proton relaxation rate is interesting in that
the solution dynamical properties such as viscosity change
by approximately a factor of 2 over this range. This
behavior may be caused by compensating changes in the
contributions to the correlation time, i.e., the translational
correlation time and the electron spin relaxation time.
This situation could also result if the electron spin
relaxation time was independent of temperature and
dominated the correlation time.

The manganese data require further comment. The
complex prepared is the manganese(II) complex; however,
it oxidizes in air readily to a yellow manganese(IIl)
complex. Similar changes are found with manganese por-
phyrins, where the manganese(IIl) complex also has a
dominant contribution to the relaxation efficiency from
the limiting behavior of the electron relaxation time (21,
22). The oxidation problem may be avoided by two
strategies: preparation and handling in oxygen-free so-
lutions and reduction by dithionite. The magnetic re-
laxation profile for the uncontaminated manganese(II)
complex is different from that of Figure 2, as shown in
Figure 3. The relaxation rates for the manganese(Il)
complex are higher than those for the manganese(III) or
perhaps a mixture of the two, and the relaxation rates at
high field do not increase, but provide a relaxation profile
that is more classically diffusional in shape. To avoid
difficulties, we have worked in either a nitrogen atmosphere
or in the presence of a 5-fold excess of dithionite to reduce
any manganese(III) formed. We note that use of a 100-
fold excess of dithionite leads to a dependence of the
solution relaxation rate at long times that we do not
understand.

0.5
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Figure 3. The water-proton nuclear magnetic spin-lattice
relaxation rate as a function of the magnetic field strength plotted
as the proton Larmor frequency for manganese(II) cage at pH
6.9 and (v) 279 K and (v) 298 K.

In summary, the relaxation induced by all three metal
complexes may be described by an outer-sphere mecha-
nism. The electron relaxation parameters are estimated
from the fits of the data to the theory; however, we point
out that these parameters are just that, and while it is
clear that electron relaxation times make a crucial con-
tribution to the nuclear relaxation rates, the model used
for the electron relaxation rate is the most elementary.
Modeling the electron relaxation problem more accurately
is difficult; however, successful attempts have been made
in some cases (20). The result is to add significantly to
the parameter set needed to characterize the data, which
in the present case is already accommodated reasonably
well by the assumptions of the crude model. Therefore,
we have stopped with the present model, but underscore
the caution that the entries to Table I are approximations
to the electron relaxation rates at best.

The distance of closest approach deduced from the data
for the different complexes is on the order of 56 A, which
appears to be consistent with the structural chemistry of
the encapsulated metals (13). The relative translational
diffusion constant, which is the sum of the diffusional
motion of the water and the complez, is also not far from
that of the bulk water, which is consistent with other work
on outer-sphere relaxation induced by metal complexes
that provide no first-coordination-sphere positions.

The relaxation efficiency of metal complexes generally
changes with change in the size of the complex because
the relaxation rate is proportional, within certain limits,
to the correlation times for rotation and translation. In
the present cases, the translational correlation time for
the complex may be changed by binding the macrocyclic
system to a protein. We expect that the relaxation rate
should change little because the correlation time for the
electron-nuclear coupling should be dominated by the
highly mobile water translational motion. The data in
Figure 4 demonstrate that more than a 2-fold increase in
paramagnetic relaxationrate is obtained if the manganese
cage complex is measured in an equimolar solution of serum
albumin. This increase may arise from the slower diffu-
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Figure 4. The water-proton nuclear magnetic spin-lattice
relaxation rates as a function of the magneticfield strength plotted
as the proton Larmor frequency for aqueous solutions of bovine
serum albumin and the manganese(II) cage complex each at 1.0
mM and pH 7: (@) the full relaxation rate at 298 K and (O) the
paramagnetic contribution at 298 K, (W) the full relaxation rate
at 279 K and (0) the paramagnetic contribution at 279 K. The
solid lines were computed using the outer-sphere model of Freed
(19) and the parameters summarized in Table 1.
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Figure 5. The water-proton nuclear magnetic spin-lattice
relaxation rates as a function of the magnetic field strength plotted
as the proton Larmor frequency at pH 7 and 281 K: (0) 1.0 mM
aqueous cross-linked serum albumin, (@) 1.0 mM serum albumin
and 1.0 mM manganese(II) cage complex cross-linked with
glutaraldehyde, (A) the paramagnetic contribution obtained by
subtracting the diamagnetic rate from the full relaxation rate.
Thesolid lineis alinear least squares fit through the paramagnetic
contribution.

sional motion of water at the protein surface to which the
complex is bound (23).

An important change in the character of the system
dynamics occurs when the protein rotational motion is
stopped. In the present experiments we accomplish this
with a glutaraldehyde cross-linking reaction (24). As
previously reported (25, 26), the proton relaxation in the
protein system changes profoundly as a consequence of
this dynamical change because the proton—proton dipole—-
dipole couplings are no longer averaged by the bulk
rotational motion of the molecule. The consequence is
efficient spin—spin coupling within the protein matrix and
rapid equilibration of the protein spin system with itself.
This situation provides several crucial consequences
discussed elsewhere (25, 26) that include complex water-
proton relaxation behavior, and amplification of para-
magnetic effects by the protein proton matrix and its
interactions with water.

Figure 5 shows data obtained on cross-linked bovine
serum albumin samples at 281 K in the presence and
absence of the manganese cage complex. The metal-free
relaxation dispersion curve has been discussed elsewhere
(11). The addition of the manganese complex causes an
enhanced relaxation rate at all magnetic fields studied.
Further, the paramagnetic contribution increases with
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increasing magnetic field strength. If the metal complex
did not bind to the protein matrix, the metal-induced
relaxation would add a relaxation contribution similar to
that shown in Figure 3 and the relaxation efficiency at
high magnetic fields would be lower relative to the
diamagnetic sample rather than higher. We therefore
conclude that the complex binds to the protein matrix.
That the paramagnetic contribution is greater at higher
magnetic fields than at lower magnetic fields is strong
evidence that the electron relaxation time makes a
significant contribution to the correlation time for the
electron—nuclear coupling as in the solution data of Figure
2. Asintheproteinsolution case, the relaxation efficiency
of the metal complex will be compromised if it is not all
bound to the protein matrix. If there is rapid equilibrium
between bound and free environments for the manganese
complex, the observed relaxation properties should rep-
resent a superposition of the proton relaxation induced
by each environment because the chemical exchange is
unlikely to be fast enough to provide an exchange-averaged
electronrelaxationspinrelaxationrate. Nevertheless, the
data of Figure 5 imply a lower limit for the relaxation
efficiency of the manganese complex in association with
a rotationally immobilized protein matrix which places
such complexes in a competitive range with other soluble
first-coordination-sphere agents.
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Preparation of Novel Cyclosporin A Derivatives
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The hydroxyl group on the 2-N-methyl-(R)-((E)-2-butenyl)-4-methyl-1-threonine residue of cyclos-
porin A was protected by acetylation, then the double bond on the same amino acid residue was ox-
idatively cleaved using a periodate/permanganate reagent. The resultant derivative of cyclosporin A
contained a carboxylic acid group which was subsequently reacted with the nucleophiles 5-(aminoac-
etamido)fluorescein and poly(L-lysine), in the presence of 1-ethyl-3-[3-(dimethylamino)propyllcarbo-

diimide, to furnish novel cyclosporin A conjugates.

INTRODUCTION

Cyclosporin A (CsA, 1) is a secondary metabolite
produced by the fungus Beauvaria nivea (I). CsA is an
undecapeptide (Chart I, Schemes I and II) which is
prescribed as an immunosuppressant to prevent rejection
of transplanted organs in human patients (2, 3). Because
of its wide prescription throughout North America and
Europe, cyclosporin A research is widespread; however,
few synthetic schemes for modification of cyclosporin A
are known (4-8). Previously published schemes for
modification of cyclosporin A involve in vivo amino acid
substitution (4), total synthesis of CsA starting from
tartaric acid (5-7), or a low-yield oxidation of CsA to a
derivative which contains a reactive aldehyde moiety (8).
In our laboratory we have prepared a novel cyclosporin A
derivative in good yield and used this derivative to prepare
conjugates for fluorescence and immunological studies.
This report presents the syntheses of four new molecules
synthesized from cyclosporin A (3, 8, 11b, 11¢, Schemes
II-1V).

EXPERIMENTAL PROCEDURES

Cyclosporin A (1) was obtained as a generous gift from
Dr. J. Borel of Sandoz. 2-[N-Methyl-N-(7-nitrobenz-2-
oxa-1,3-diazo-4-yl)amino]ethanoicacid (10) was prepared
by methods described elsewhere (9). 5-(Aminoacetamido)-
fluorescein (7) was purchased from Molecular Probes Inc.
(Eugene, OR). Poly-(L-lysine)hydrobromide (average MW
= 26 500) (9) was purchased from Sigma Chemical Co.
(St. Louis, MO). All other reagents were purchased from
Aldrich Chemical Co. (Milwaukee, WI) or British Drug
House (BDH) (Toronto, ON, Canada); KMnO,, NalO,,
and K;CO; were recrystallized prior to use as described
elsewhere (10).

'H NMR spectra and 3C NMR APT spectra were
recorded on a Varian Gemini 200-MHz spectrometer.
Chemical shifts are reported in ppm relative to TMS as
an internal standard unless otherwise stated. Mass
spectroscopy analyses were performed ona Finnigan MAT
8320 by the chemical ionization (CI) or fast atom bom-
bardment (FAB) technique. Fourier transform infrared
spectra were recorded using a Bruker IRS 32 source and
an IBM system 9000 processing system. FTIR samples
were prepared as thin films from CHCl3 solutions on NaCl
disks. Reactions and purification procedures were mon-
itored by thin-layer chromatography (TLC) using plastic-
backed silica gel 60 UV/254 plates (Merck) as the stationary
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phase and 60/40 (v/v) ethyl acetate/acetone with 1% tri-
fluoroacetic acid as the mobile phase. UV spectra were
obtained using a Shimadzu UV-160 UV-visible recording
spectrophotometer.

Automatic pH-stat work was performed with a radi-
ometer system (Copenhagen) consisting of a PHMS82

© 1992 American Chemical Society
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Scheme III

standard pH meter, a TTT80 titrator, and an ABUSO au-
toburette.

CsA Lactone 3. The title compound was prepared by
a modification of the periodate/permanganese oxidation
used to cleave unsaturated fatty acids (10). In a typical
preparation, 490 uL of 0.15 M aqueous K2CO3 (73.5 umol)
and 490 uL of 0.20 M aqueous NalOj (98.0 umol) were
added to a solution of 14.7 mg of CsA (1) (12.2 umol) in
1.48 mL of tert-butyl alcohol. Deionized distilled water
was added dropwise until all NalO4 had dissolved, then
98.0 uL of 0.025 M aqueous KMnO, (2.45 umol) was added.
The solution was stirred at room temperature under
Na(g) for 14 h, and then an additional 98 uL of 0.025 M
aqueous KMnOy (2.45 umol) was added to the reaction
mixture. Stirring at room temperature under Ny(g) was
continued for an additional 6 h (total reaction time 20 h),
at which point the solution was pale brownish pink. The
reaction was stopped by the addition of 0.147 mL of freshly
prepared 40% (w/v) aqueous NayS205solution (309 umol),
0.250 mL of 1.0 M HoSO4 (250 umol), and 2.5 mL of deion-
ized distilled water. The mixture was stirred for 10 min,
and then the aqueous solution was extracted with 3 X 40
mL of diethyl ether.

The solvent was removed from the ether extracts under
reduced pressure, and then the dry product was dissolved
in 2 mL of methanol and loaded on 20 g of Sephadex LH-
20 gel filtration media (Pharmacia) which had been
previously swollen in methanol. The fractions were
analyzed by TLC and the fractions containing the first
compound to elute from the gel filtration column were
collected. Removal of solvent under reduced pressure
furnished 12.2 mg (84%) of white solid product 3. 'H
NMR (CDCl3): NH groups, é 8.42, 7.92, 7.50, 7.46 (all d,
each 1 H); NCHj; groups, 3.46, 3.39, 3.17, 3.05, 2.66, 2.64
(alls,each 3H). 3CNMR (CDCls): CH;carbons, § 49.92,
40.57,36.51,39.05, 36.51, 35.90, 35.20, 25.14, CHOR, 82.77;
CH=CH carbons, 126.72, 130.14. IR: carbonyl stretch
(lactone), 1787 cml. MS: m/e expected 1188, found 1188
MH.

O-Acetyl-CsA 4. O-Acetyl-CsA was prepared according
to the method of Traber et al. (11). 'H NMR (CDCly):
NH groups, § 8.48, 7.97, 7.43, 7.38 (all d, each 2 H); NCH;
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groups, 3.38, 3.18, 3.16, 3.13, 3.01, 2.60, 2.58 (all s, each 3
H), OC(O)CH; 1.93 (s, 3 H) (the complete !H NMR
spectrum is available as supplementary material). 13C
NMR (CDCly): CHj; carbons, § 49.82, 40.79, 37.95, 36.79,
35.61, 33.48, 24.74; HCOC(O)CHj,3, 72.31; HCOC(O)CHs,
168.21; CH=CH carbons 129.21, 126.35. All NMR as-
signments are in accord with those expected on the basis
of previous assignments of the !H and 1*C NMR spectra
of CsA (12). IR: carbonyl stretch, 1746 cm™! (in addition
to a strong amide stretch at 1628 cm™). MS: m/e (FAB)
expected 1245, found 1245 (M)+.

O-Acetyl-CsA Acid 5. The title compound was pre-
pared from O-acetyl-CsA 4 by the same method used to
prepare CsA lactone 3. Yield: 100%. 'H NMR (CDCls)
(dominant conformer): NH groups, é 8.38, 8.02, 7.72,7.45
(d, each 1 H); NCHj groups, 3.49, 3.24, 3.09, 2.69, 2.67, (all
s, each 3 H), 3.25 (s, 6 H); OC(0O)CHj;, 2.01 (s 3 H) (the
complete H NMR spectrum is available as supplementary
material). 13C NMR (CDCl3): CH; carbons, 440.50, 38.79,
34.40, 24.92 (multiple conformations of the peptide in
solution complicated the 13C spectrum and precluded the
assignment of all expected methylene '3C signals); HCOC-
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(0)CH,;, 72.31; HCOC(O)CH;, 167.34. IR: carbonyl
stretch, 1745 cm™1, MS: m/e (FAB) expected 1249, found
1249 M)+,

5-(Aminoacetamido)fluorescein—0-Acetyl-CsA
Amide8. Compound 8 was prepared using a modification
of the procedure routinely used to react carboxylic acid
groups on proteins (13). In atypical preparation, 33.1 mg
(173 umol) of 1-ethyl-3-[3-(dimethylamino)propyllcarbo-
diimide (EDC, 6) and 2.5 mg (5.24 pmol) of 5-(aminoac-
etamido)fluorescein (7) were dissolved in 12 ml of
deionized distilled water which had been made basic by
the addition of 2 drops of 10% NaOH solution. A solution
of 10 mg (8 umol) of O-acetyl-CsA acid 5 in 200 uL of
tert-butyl alcohol was added to the aqueous solution and
the solution was transferred to an autotitrator set on pH-
stat, where the pH of the solution was adjusted to 5.50 by
titration with 1.0 M HCl. The reaction was allowed to
proceed in the dark for 5 h, during which time the pH of
the solution was maintained at 5.50 by automatic titra-
tion with 1.0 M HC1. After 5 h the reaction was stopped
by the addition of 1 mL of pH 4.75 acetate buffer and the
solvent was removed by freeze-drying.

The methanol-soluble dried products were dissolved in
2 mL of methanol and loaded on 20 g of Sephadex LH-20
gel filtration media (Pharmacia) which had been previously
swollen in methanol. The fastest running colored com-
pound was collected and the methanol was removed under
reduced pressure. CHCl; (25 mL) was added to the flask
containing the dried products, and then the solution of
the colored product in CHCl; was washed with 3 X 20 mL
of pH 7.40 phosphate buffer to remove side products.
Removal of the CHCl; under vacuum furnished 12.0 mg
(87%) of orange solid product 8. tHNMR (CDCl3): NCHj
groups (major conformer in solution) ¢ 3.48, 3.11, 3.06,
2.74, 2.71, (all s, each 3 H), 3.25 (s, 6 H); aromatic region
multiplets, 8.62, 8.34, 7.77, 7.66, 6.78.

Compound 11a. The title compound was prepared by
the same method used to prepare compound 8. Inatypical
reaction 80 mg of 2-[N-methyl-N-(7-nitrobenz-2-o0xa-1,3-
diazo-4-yl)amino]ethanoicacid (10) (317 umol) was allowed
to react with 18.3 mg of poly(i-lysine) (9) [0.691 pmol of
poly(L-lysine), 87.7 umol lysine residues] in the presence
of 161.1 mg of EDC (6) (840 umol) in 13 mL of deionized
distilled water at pH 5.50. After 5 h the reaction was
stopped by the addition of 2 mL of pH 4.75 acetate buffer
and the total volume of the solution was reduced to 2 mL
by freeze-drying. Purification of products was performed
on a column of 20 g of Bio-Gel P-2 gel filtration media
(Bio-Rad) which had been previously swollen in pH 7.4
phosphate buffer solution. The desired product was easily
identified as the first colored compound to elute from the
column. 'H NMR (D;0) indicated the presence of poly-
(t-lysine) but was not sensitive enough to detect peaks
corresponding to protons on the fluorescent moiety. 'H
NMR (D,0): C(O)NHCH, 5 4.11 (t, 1 H); CH,NH,, 2.80
(t, 2 H); CH.CH;NHS, 1.49 (quint, 2 H); CHCH,;CH;CH,-
NH;, 1.24 (m, 2 H). UV: A = 480 nm.

Compound 11b. The title compound was prepared by
the same method used to prepare compound 8. Inatypical
reaction 6.23 mg of poly(r-lysine) [0.235 umol of poly(r-
lysine), 29.9 umol of lysine residues] was combined with
1.5 mg of 2-[N-methyl-N-(7-nitrobenz-2-oxa-1,3-diazo-4-
yl)aminolethanoic acid (10) (5.95 umol) and 80 mg of EDC
(6) (417 umol) in 12 mL of deionized distilled water which
had been made basic by the addition of 2 drops of 10%
NaOH solution. A solution of 10 mg of O-acetyl-CsA acid
5 (8.01 umol) in 1 mL of tert-butyl alcohol was added and
the solution was stirred for 5 h while the pH was maintained
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at5.50. Products were purified as per 11a. The first band
to elute from the column presumably contained com-
pounds 1la-c and unreacted poly(L-lysine). Unreacted
O-acetyl-CsA acid 5 and low molecular weight products
from side reactions of 10 were collected in later fractions
and identified by 1H NMR. The !H NMR of the products
11a—c and 9 contained signals corresponding to both poly-
(L-lysine) and O-acetyl-CsA acid, but 'H NMR was not a
sensitive enough technique to detect peaks corresponding
to protons on the fluorescent moiety. 'H NMR (D;0):
poly(L-lysine) peaks, 6 4.05, 2,74, 1.50, 1.22; cyclosporin A
related peaks, 2.92, 2.62, 2.60, 1.90, 0.73.

RESULTS AND DISCUSSION

Cyclosporin A (CsA, 1) is an undecapeptide which
contains only two chemically reactive sites that can be
modified without destruction of the amide bonds within
the peptide (see ChartI). Both of these functional groups,
the hydroxyl group and the double bond, are located on
the 2-N-methyl-(R)-((F)-2-butenyl)-4-methyl-L-threonine
(MeBmt) residue of cyclosporin A, and the chemical
reactivity of both groups is diminished by steric factors
arising from the three-dimensional conformation of CsA
in solution (13).

It has been shown elsewhere (11) that the alcohol moiety
of CsA is sufficiently reactive to produce O-acetyl-CsA
when combined with acetic anhydride. Consequently, in
our initial experiments we aimed to exploit the reactivity
of the alcohol group and incorporate a new reactive
fundamental group on CsA by allowing the alcohol moiety
to undergo esterification with small carboxylic acid
chlorides containing terminal primary bromide groups (i.e.
4-bromobutyric acid chloride, 3-bromopropionic acid
chloride).

When 2-octanol is allowed to react with 4-bromobu-
tyric acid chloride in deuterochloroform in an NMR tube,
it is possible to follow the reaction by monitoring the 'H
NMR spectrum, since the 'H signal corresponding to the
methylene group adjacent to the carbonyl in 4-bromobu-
tyric acid chloride is 0.58 ppm downfield from the
analogous signal of 4-bromobutyric acid 2/-octyl ester (3.02
vs 2.43 ppm). Using this information we hoped to follow
the reaction of the alcohol group on CsA with 4-bromobu-
tyric acid chloride; however the lTH NMR spectra indicated
that no new signal at ~2.43 ppm was evident after 5 h,
i.e. no reaction had occurred. Additional experiments
where cyclosporin A was combined with 4-bromobutyric
acid chloride and 3-bromopropionic acid chloride in the
presence of a pyridine catalyst also showed that no ester
product was formed, even after 24 h. The lack of success
with the above strategy is perplexing in view of the
reactivity of CsA with acetic anhydride (10), and can most
likely be attributed to the fact that the alcohol moiety of
CsA does not readily react intermolecularly with acid
chlorides because of steric hindrance of the alcohol moiety
due to the three-dimensional conformation of the peptide
(13).

Since attempts to react the alcohol group of CsA were
unsuccessful, a new synthetic strategy was developed based
on oxidative cleavage of the double bond of the MeBmt
residue, by analogy with a previous preparation of a CsA
derivative containing an aldehyde function (4). Using a
modification of a mild oxidation procedure used to cleave
the double bonds of unsaturated fatty acids, cyclosporin
A was converted to compound 2 (Scheme I). Asexpected
(15), 'H and 3C NMR indicated that the equilibrium
between 2 and the lactone 3 strongly favored lactone
formation to the exclusion of 2. Additional evidence for
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lactone formation was obtained from the FTIR spectrum,
which exhibited a characteristic strong stretch at 1787
cmL,

From the spectral data of 3 it was clear that the reaction
had proceeded cleanly and without any oxidation of amide
bonds in the peptide. However, the fact that lactone 3
was the dominant species of the equilibrium with car-
bozxylic acid 2 suggested that secondary reactions involving
intramolecular nucleophilic attack of the alcohol on a
modified terminal carbozxylic acid group might occur at a
later stage in any syntheticscheme. Accordingly, O-acetyl-
CsA acid 5 which is incapable of lactonization, was prepared
by oxidation of O-acetyl-CsA (4) (Scheme II).

O-Acetyl-CsA acid 5 was found to be reactive with
primary amines in aqueous solution when combined with
1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide (EDC,
6), a well-known reagent for modification of carboxylic
acid groups in aqueous media (10). By reacting O-acetyl-
CsA acid 5 with 5-(aminoacetamido)fluorescein (7), a
commercially available fluorescent compound, in the
presence of EDC (6), the fluorescent derivative of cyclos-
porin A (8) was obtained (Scheme III). Fluorescent
product 8 was easily identified and isolated as the first
colored compound to elute from a gel filtration column
which fractionates compounds over the molecular weight
range 100-1800 g/mol.

One of the main purposes of the cyclosporin A manip-
ulations undertaken in this laboratory was to generate an
immunogen with CsA as a hapten which could be used to
obtain monoclonal antibodies directed against CsA. It
was necessary to prepare an immunogen because cyclos-
porin A is an immunosuppressant and is also liable to be
too small to illicit an immune response in a live animal.
The initial synthetic strategy for preparation of an im-
munogen derived from CsA involved the reaction of O-
acetyl-CsA acid 5 with bovine serum albumin (BSA) in
the presence of EDC (6); however, verification of the
coupling of 5 to BSA by amino acid analysis proved difficult
for several reasons. Amino acid analysis is based on the
hydrolysis of amide bonds, therefore the amide bond
linking O-acetyl-CsA acid 5 and BSA is necessarily cleaved
by this technique. Consequently, using amino acid
analysis, one cannot verify whether 5 is chemically linked
to BSA, or whether the two species are simply present in
the same solution. Moreover, the coupling efficiency of
the reaction of 5 with BSA in the presence of EDC (6) is
very low, and evidence of CsA was not detectable in the
hydrolysis mixture.

To address these general problems involved with
detection of the immunogen, we decided to increase the
coupling probability of the reaction by using poly(L-lysine)
rather than BSA and to verify the coupling by introducing
a small amount of fluorescent acid as a tracer. The
assumption made was that if we can identify a fluorescent
adduct of poly(L-lysine), there is a high probability that
the poly(L-lysine)-0-acetyl-CsA acid conjugate will also
be present.

The compound 2-[ N-methyl-N-(7-nitrobenz-2-oxa-1,3-
diazo-4-yl)amino]ethanoic acid (10) was prepared because
it is a fluorescent water-soluble compound containing a
carboxylic acid group, which should couple to poly(L-lysine)
competitively with O-acetyl-CsA acid. In our first ex-
periment, poly(L-lysine) (9) was allowed to react with 10
in the presence of EDC (6) (Scheme IV). Fluorescent
product 11a was isolated as the first colored compound to
elute from a gel filtration column and !H NMR confirmed
the presence of poly (L-lysine), but was not sensitive enough
to detect peaks corresponding to protons on the fluorescent

Bloconjugate Chem., Vol. 3, No. 1, 1992 35

moiety. The UV spectrum of adduct 11a confirmed that
the fluorophore was present, and that the overall coupling
efficiency for the reaction was low [10% of the poly(L-
lysine) in solution reacted to produce conjugate 11al.

Once the reaction of poly(L-lysine) (9) with fluorescent
carboxylic acid 10 had been ascertained, poly(L-lysine) (9)
and O-acetyl-CsA acid 5 were allowed to react in the
presence of EDC (6) and a small amount of 10 (Scheme
IV). The colored high molecular weight products 11la,
and presumably lle, eluted from a Bio-Gel P-2 column
with unreacted poly(L-lysine) (9), and presumably poly-
(L-lysine)-O-acetyl-CsA acid conjugate, 11b. The presence
of colored products 11a and 11¢ allowed for facile isolation
of the mixture of poly(r-lysine) adducts by gel filtration
chromatography, and served to indicate that reaction
between poly(i-lysine) and carboxylic acids in solution
had occurred. Fractions containing unreacted O-acetyl-
CsA acid 5 and products from side reactions of 10 eluted
after the fractions containing products 11a—c and were
characterized by 'H NMR.

We felt it was necessary to include the tracer compound
10 in our reaction scheme to ensure that conjugation was
occurring; however, the presence of 10 inevitably gave rise
to the mixture of products 1la—¢ which could not be
separated. Consequently, it was necessary to inject the
mixture of products 11a—c¢ into the live animal, in the
expectation that antibodies will be raised against all
antigens. Though it is always preferable to inject a single
antigen (in our case 11b would be the desired antigen)
when generating antibodies, fortunately it is possible to
select only those antibodies directed against O-acetyl-CsA
acid by competitive ELISA screening techniques, or by a
competitive binding assay using fluorescent derivative 8.
Thus we anticipate that screening techniques will furnish
antibodies directed against the O-acetyl-CsA acid moiety
of 11b, though compound 11b could not be isolated itself.

CONCLUSIONS

The synthesis of compound 5 is an important step toward
the synthesis of novel cyclosporin A derivatives. Thenovel
compounds 8, 11b, and 11¢ represent a few examples of
the numerous cyclosporin A derivatives which can be
prepared by reacting 5 with primary amines or other nu-
cleophiles.
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Biotinylated Peptides Containing a Factor XIIIa or a Tissue
Transglutaminase-Reactive Glutaminyl Residue That Block Protein
Cross-Linking Phenomena by Becoming Incorporated into Amine Donor

Sites

L. Lorand,” K. N. Parameswaran, P. T. Velasco, and S. N. P. Murthy
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Biotinylated peptides Biot-Gln-Gln-Ile-Val and Biot-e-Aca-Gln-Gln-Ile-Val were shown to act as acceptor
substrates for amines in reactions catalyzed by both tissue transglutaminase and coagulation factor
XIlla. Moreover, the peptides could be employed for specifically blocking the potential amine donor
sites of protein substrates participating in biological cross-linking with these enzymes. The presence
of the biotin label allowed for ready detectability of the marked donor substrates during the cross-
linking of crystallins in lens homogenate by the intrinsic transglutaminase and that of the « chains of

human fibrin by factor XIIIa.

Recentreports from this laboratory (1, 2) demonstrated
that protein-to-protein cross-linking reactions catalyzed
by transglutaminase (protein-glutamine:amine y-glutamyl-
transferase, EC 2.3.2.13) and activated fibrin-stabilizing
factor (coagulation factor XIIIa) could be inhibited by
the addition of glutamine-containing short peptide ana-
logues patterned on the N-terminal portion of the fibronec-
tin molecule. Among the compounds thus far examined,
Boc-Gln-Gln-Ile-Val,! Boc-Ala-Gln-Gln-Ile-Val, pGlu-Ala-
Gln*-GIn-Ile-Val, Dns-Ala-Gln-Gln-Ile-Val, and Dns-Pro-
Gly-Gly-Gln-Gln-Ile-Val were found to be effective in this
regard. The first glutaminyl residue marked in the pGlu-
Ala-Gln*-Gln-Ile-Val sequence was shown to act as the
amine acceptor in the enzymatic transamidations, and it
was also concluded that inhibition by these compounds
resulted from the enzyme-directed blocking of select e-
lysine donor sites which would have participated in the
cross-linking of the protein substrates if no peptides were
present. In order to widen the scope of utility of
compounds designed for the probing of transglutaminase
and factor XIIla-mediated bioconjugating processes in
various settings, we have now also prepared the biotiny-
lated derivatives Biot-Gln-Gln-Ile-Val and Biot-¢-Aca-Gln-
Gln-Ile-Val. The present paper shows that such bioti-
nylated peptides will, indeed, be useful for the specific
labeling, rapid identification, and exploration of the
enzyme-reactive amine donor sites in proteins.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. Reagents and solvents were pur-
chased from Aldrich Chemical Co. (Milwaukee, WI) and
Sigma (St. Louis, MO). Biotin N-hydroxysuccinimide
ester (NHS Biotin) was prepared according to published
procedures (3). TLC was performed on Whatman (Hill-

* T'o whom correspondence should be addressed: Department
of Biochemistry, Molecular Biology and Cell Biology, North-
western University, 2153 Sheridan Rd, Evanston, IL 60208-3500.

1 Abbreviations: Boc, tert-butyloxycarbonyl; pGlu, pyroglu-
tamyl; Dns or dansyl, [5-(dimethylamino)-1-naphthalenyl]sul-
fonyl; Biot, biotinyl; e-Aca, e-aminocaproyl; dansylcadaverine,
N-(5-aminopentyl)-5-(dimethylamino)-1-naphthalenesulfona-
mide; DMSO, dimethyl sulfoxide; DMF, dimethylformamide;
TFA, trifluoroacetic acid; OBzl, benzyl ester; SDS, sodium dode-
cyl sulfate; PAGE, polyacrylamide gel electrophoresis.
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sboro, OR) K¢F silica gel glass plates (0.25 mm) using the
following solvent systems (v/v): (A) ethyl acetate/hep-
tane 2:1; (B) chloroform/methanol/glacial acetic acid 10:
3:1; (C) 1-butanol/glacial acetic acid/water 15:6:5; (D)
chloroform/methanol/2-propanol 10:4:4; (E) 1-propanol/
water/concentrated ammonium hydroxide/ethanol 7:4:2;
3; (F) 1-propanol/water 7:3. The plates were viewed under
UV light or were developed with ninhydrin (0.25% in 1-
butanol for N-deblocked peptides) or with hypochlorite
(10%) followed by starch/KI spray for N-blocked pep-
tides (4) and a reagent [0.2% solution of p-(dimethylami-
no)cinnamaldehyde in ethanol containing 2% sulfuric
acid] specific for the biotin ring system (5). Melting points
were determined with a Buchi apparatus and are uncor-
rected. NMR spectra were recorded on a Varian XLA-
400 spectrometer. Chemical shifts are reported as parts
per million (ppm, é) relative to tetramethylsilane in DMSO-
de. Elemental analyses were performed by Searle Lab-
oratories (Skokie, IL).

General Procedures for Peptide Synthesis. Pep-
tide Coupling. To a stirred and cooled (0 °C) 0.5-0.8 M
solution of the pertinent Boc-amino acid in dry DMF were
added equimolar amounts of 1-hydroxybenzotriazole and
1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydro-
chloride. The mixture was stirred at 0 °C for 40 min and
then added to a solution of the trifluoroacetate salt of the
peptide benzyl ester (obtained by acidolytic deblocking of
the Boc-peptide benzyl ester) in dry DMF which was pre-
neutralized with N-methylmorpholine. The reaction
mixture was stirred at 0 °C for 1 h and then at room tem-
perature for 18-36 h. The mixture was evaporated under
reduced pressure to remove DMF and the residue was
stirred with 3% sodium bicarbonate for 15 min. The
precipitate was filtered off, washed with 5% NaHCOs;,
water, cold 0.5 N HCl, and water, and dried in vacuo in
aP;0;sdesiccator for 12-18h. Whennecessary, the product
was reprecipitated from DMF-water.

Deblocking of the Boc Group. To 1.0 mmol of the Boc-
peptide benzyl ester was added 2 mL of 50% trifluoro-
acetic acid in anhydrous dichloromethane. The solution
was allowed to stand at room temperature for 1 h, and
excess trifluoroacetic acid was removed by adding fresh
dichloromethane to the mixture followed by evaporation
underreduced pressure. Upon addition of anhydrousether
to the residue, the precipitated TFA salt of the peptide
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benzyl ester was filtered off, washed with anhydrous ether,
and dried under vacuum in a desiccator for 2 h before
proceeding with the coupling reaction.

Boc-Ile-Val-OBzl: yield 90%; mp 93-95 °C; TLC
homogeneous, R 0.8 (A), 0.95 (B), 0.94 (C), 0.9 (D); 'H
NMR60.77 (6 H, appt, v/,6CH;31le), 0.85 (6 H, overlapping
d, vCH; Val), 1.05 (1 H, m, vCH; Ile), 1.35 (10 H, s, t-Bu
of Boc superimposed on one of the multiples of yCH; Ile),
1.63 (1. H, m, SCH Ile), 2.05 (1 H, m, BCH Val), 3.88 (1
H, appt, aCH Ile), 4.22 (1 H, appt, «CH Val), 5.1 (2 H, s,
OCH.Cg¢H5),6.75 (1 H,d, NH Ile), 7.35 (5 H, s, CsH}5), 8.05
(1 H, d, NH, Val).

Boc-Gin-Ile-Val-OBzl: yield 92%;mp 192-194°C; TLC
homogeneous, Ry 0.93 (B), 0.91 (C), 0.85 (D); :H NMR ¢
0.78 (6 H, appt, v/,6CH; Ile), 0.85 (6 H, overlapping d,
vCHj Val), 1.05 (1 H, m, yCH; Ile), 1.37 (10 H, s, ¢t-Bu of
Boc superimposed on one of the multiples of yCH, Ile),
1.65(2H, m,3CH Ile + B3CH;GIn), 1.8 (1 H,m, 3CH; Gln),
2.07 (3 H, m, BCH Val + vyCH; GIn), 3.87 1 H, m, «CH
Ile), 4.18 (1 H, appt, «CH Val), 4.32 (1 H, appt, «CH Gln),
5.11 (2 H, 8, OCH206H5), 6.77 (1 H, 8, CONHz Gln), 7.03
(1H, d, CONH Ile), 7.24 (1 H, s, CONH; Gln), 7.36 (6 H,
s, CsHs), 7.6 (1 H, d, CONH GIn), 8.28 (1 H, d, CONH
Val). Anal. Caled for CosHy 3 N4O7: C, 61.29; H, 8.08; N,
10.21. Found: C, 61.17; H, 8.05; N, 10.13.

Boc-Gin-Gin-Ile-Val-OBzl: yield 88% ; mp 239-241 °C
dec; TLC homogeneous, Ry 0.1 (A), 0.82 (C), 0.73 (D); 'H
NMR60.78 (6 H, appt, v’,6CHj3 Ile), 0.86 (6 H, overlapping
d, vCH; Val), 1.05 (1 H, m, one of the vCH; Ile), 1.37 (10
H, s of t-Boc superimposed on one of the m due to YCH;
Ile),1.68 (3H,m, BCH Ile + 3CH;Gln), 1.82 (2H, m, 3CH,
Gln), 2.08 (6 H, m, yCH; Gln + BCH Val), 3.87 (1 H, m,
aCH lle), 4.2 (1 H, appt, aCH Val), 4.3 (2 H, appt, «CH
Gln), 5.11 (2H, s, OCH,Cg¢H5), 6.78 (2 H, s, CONH; Gln),
7.0 (1 H,d, CONH Ile), 7.25 (2H, s, CONH; Gln), 7.36 (5
H, s, C¢Hs), 7.9 (2 H, d, CONH Gln), 8.26 (1 H,d, CONH
Val). Anal. Caled for C33HseNgOg: C, 58.56; H, 7.75; N,
12.42. Found: C, 58.00; H, 7.72; N, 12.18.

Boc-Ala-Gin-Gin-Ile-Val-OBzl: yield 90% ; mp 275-277
°C dec; TLC homogeneous R; 0.8 (C), 0.75 (D), 0.86 (E);
1H NMR 4 0.8 (6 H, overlapping t + d, v/,6CHj Ile), 0.9
(6 H, overlapping d, yCH3 Val), 1.05 (1 H, m, one of the
vCH; Ile), 1.19 (3 H, d, BCHj; Ala), 1.4 (10 H, s of ¢t-Boc
superimposed on one of the m yCH; Ile), 1.7 (3H, m, SCH
Ile + BCH, Gln), 1.85 (2 H, m, BCH; Gln), 2.1 (5 H, m,
+CH; Gln + 8CH Val), 3.98 (1 H, m, «CH Ala), 4.2-4.38
(4 H, overlapping m, «CH of Val, Ile, and Gln), 5.14 (2 H,
s,OCH,C¢H;5),6.79 (2H,s,CONH; Gln),7.0(1H,d, CONH
Ile), 7.23 (2 H, s, CONH; Gln), 7.39 (5 H, s, C¢H5), 7.82 (1
H, d, CONH Ala), 7.9 (1 H, d, CONH GIn), 8.05 (1 H, d,
CONH Gln), 8.28 (1 H, d, CONH Val). Anal. Caled for
036H57N70101 C, 57.81;H, 7.68; N, 13.11. Found: C, 57.85;
H, 7.72; N, 13.03.

Biot-Gln-Gln-Ile-Val. The trifluoroacetate salt of GIn-
Gln-Ile-Val benzyl ester, obtained by deblocking of Boc-
GIn-Gln-Ile-Val benzyl ester (1) with 50% trifluoroacetic
acid in anhydrous dichloromethane for 1 h at room tem-
perature, was allowed to react with 20% molar excess of
biotin N-hydroxysuccinimide ester in the presence of 2
equiv of N-methylmorpholine in dimethylformamide at
room temperature overnight. Water and 3% NaHCO;
were added, and the reaction mixture was stirred for an
additional 15 min. The precipitate was separated by
centrifugation, washed successively with 3% NaHCOs3,
water, 0.3 N HCl, and water, and dried under vacuo to
give a 91% yield of a white, crystalline, blocked inter-
mediate, Biot-Gln-GlIn-Ile-Val benzyl ester: mp 280-282
°C dec; TLC homogeneous, R; 0.75 (B), 0.74 (C), 0.8 (E),

Lorand et al.

0.62 (F) Anal. Caled for CgsH5stOgS'H201 C, 55.59; H,
7.36; N, 13.65. Found: C, 55.92; H, 7.18; N, 13.53. The
above benzyl ester was dissolved in dimethyl sulfoxide at
60 °C and cooled to 40 °C, and a 3-fold molar excess of
NaOH was added to give a final concentration of 0.2 N
NaOH. After stirring for 1 h, the mixture was diluted
with water and filtered. The filtrate was acidified to pH
3.0 with 1 N HCl. The precipitate was collected by
centrifugation, washed with water and dried in vacuo to
yield 76 % of Biot-Gln-Glin-Ile-Val as white crystals: mp
270-272 °C dec; TLC homogeneous, R; 0.15 (B), 0.58 (C),
0.66 (E), 0.46 (F) Anal. Caled for 031H52N5098'H202 C,
50.94; H,7.45; N, 15.32. Found: C,50.97;H,7.55; N, 14.87.

Biot-e-Aca-Gin-Gin-Ile-Val. This was synthesized by
aprocedure essentially similar to the one above. Reaction
of the trifluoroacetic acid salt of GIln-Gln-Ile-Val benzyl
ester with biotinyl-e-aminocaproic acid N-hydroxysuccin-
imide ester followed by saponification of the benzyl ester
gave the desired Biot-e-Aca-Gln-Gln-Ile-Val in 60 % yield:

mp 255-257 °C dec; TLC homogeneous, Ry (.06 (B), 0.49
(C), 0.68 (E), 0.57 (F). Anal. Caled for
Ca7HgsNg0108:0.5H,0: C,53.22; H,7.72; N, 15.10. Found:
C, 53.27; H, 7.45; N, 14.93.

Enzyme-Mediated Coupling of Dansylcadaverine
to Peptides. Analysis by TLC (Polyamide-6; aqueous
1% pyridine, pH 5.4; Macherey & Nagel, Alltech Asso-
ciates, Deerfield, IL), designed to demonstrate that the
biotinylated peptides could serve as amine acceptors in
transamidating reactions, were performed as previously
described with guinea pig liver transglutaminase or human
factor XIIlIa as catalysts (I, 6).

Inhibition of Crystallin Cross-Linking by the En-
dogenous Transglutaminase in Lens Homogenate
with Simultaneous Labeling of Select Subunits.
Incubations of rabbit lens homogenate with the biotiny-
lated peptides, SDS-PAGE, and electroblotting were
carried out according to methods previously described (7).
Following electroblotting, unbound sites on the nitrocel-
lulose were blocked with 10 mM sodium phosphate (pH
7.5), 0.9% NaCl, 0.05% Tween 20 (TPBS) for 30 min.
Biotin labeling was visualized using an avidin—biotiny-
lated peroxidase conjugate. Avidin and biotinylated per-
oxidase from a Vectastain ABC kit (Vector Laboratories,
Burlingame, CA) were diluted 1:5000 into TPBS and a
complex was allowed to form for 30 min before incubating
with the nitrocellulose sheet for 90 min. Following washing
with 10 mM sodium phosphate (pH 7.5) and 0.9% NaCl
(PBS; 3 X 5 min), the peroxidase label was developed for
5 min with a freshly prepared mixture of 50 mL of PBS,
10 mL of 4-chloro-1-naphthol (3 mg/mL in ice-cold
methanol) and 30 ul. of 30% H;0O,; the reaction was
stopped by extensive washing with water.

Factor XIIIa-Directed Labeling of the « Chains of
Fibrin. The effects of biotinylated peptides on the cross-
linking of human fibrin by human factor XIIla were
evaluated by published methods (7). Detection of biotin
labeling on nitrocellulose transblots was as described
above.

RESULTS

In order to widen the scope of utility of compounds
designed for the probing of transglutaminase and factor
XIIIa-mediated cross-linking processes in various biolog-
ical settings (I, 2), we have prepared the following bio-
tinylated derivatives: Biot-Gln-Gln-Ile-Val and Biot-¢-
Aca-GIn-Gln-Ile-Val. It was first shown that the two new
compounds could, indeed, serve as acceptors in the enzyme-
catalyzed reactions with the synthetic amine dansylca-
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Figure 1. Coupling of dansylcadaverine to Biot-Gln-Gln-Ile-
Val as catalyzed by guinea pig liver transglutaminase. Incuba-
tions were carried out at 37 °C for 60 min and analyzed by TLC
as previously described (I, 6). Reactions comprised 50 mM Tris-
HCI (pH 7.5), 0.2 mM dansylcadaverine, 10 mM dithiothreitol,
and 12 ug/mL transglutaminase and contained either no peptide
(lanes 5 and 6) or 0.25 mM (lane 2), 0.5 mM (lane 3), or 1.0 mM
Biot-Gln-Gln-Ile-Val (lanes 1 and 4) and either 2 mM EDTA
(lanes 1 and 5) or 10 mM CaCl; (lanes 2-4 and 6). Lane 7 was
spotted with dansylcadaverine (Dc) as reference; the origin is
marked as O.

daverine as donor. As analyzed by TLC on Polyamide (I,
6), the fluorescent coupling products remained close to
the origin, whereas unreacted dansylcadaverine moved
with an approximate Ryof 0.45. The experiment presented
in Figure 1 with tissue transglutaminase pertains to Biot-
GIn-Gln-Ile-Val as the acceptor; results with the other
biotinylated substrate, Biot-¢-Aca-GIn-Gln-Ile-Val (not
shown), were quite similar. The apparent affinities of the
biotinylated peptides compared favorably with those of
the previously published compound: Boc-Gln-Gln-Ile-Val
(I1). The biotinylated peptide, similarly to the tert-bu-
tyloxycarbonyl derivative, was a considerably better
substrate for tissue transglutaminase than for human
factor XIIla. Nounreacted dansylcadaverine was left with
tissue transglutaminase and 1 mM Biot-GIn-Gln-Ile-Val
after 60 min of reaction (Figure 1, lane 4), whereas in the
same time frame significant amounts of the free amine
remained in the reaction using similar concentrations of
factor X111a and 8 mM of the acceptor peptide (notshown).
Two biological cross-linking systems were employed to
examine the effects of the newly synthesized biotinylated
peptide derivatives. The results presented in Figure 2
relate to Biot-GIn-Gln-Ile-Val and those in Figure 3 to
Biot-e-Aca-Gln-Gln-Ile-Val. The key observations with
regard to the Ca®*-promoted cross-linking of crystallin
subunits occurring in the rabbit lens homogenate under
catalysis by the intrinsic transglutaminase can be sum-
marized as follows. Increasing concentrations of Biot-
GIn-Gln-Ile-Val (0.125, 0.25, and 0.5 mM; lanes 4-6, panel
A, Figure 2) caused marked reduction in the amount of
the cross-linked dimeric g crystallin products, marked X 8o.
Simultaneously (as best recorded in lanes 4’-6’ of panel
B, Figure 2), a number of parent crystallin subunits
incorporated the biotinylated peptide marker, which could
be readily identified with the avidin-based blotting pro-
cedure. Consistent with taking on such sizeable branched
peptide decorations, several (if not all) of the modified
crystallin subunits were displaced to apparently higher
M, values on SDS-PAGE. Thisis easily recognized in the
~31-35K region of M, values in lanes 4-6, Figure 2.
The human factor XIIla-mediated selective modification
of a chains of human fibrin was examined in the presence
of 20 mM Biot-e-Aca-Gln-Gln-Ile-Val (Figure 3). The bi-
otinylated peptide clearly inhibited production of the «,
chain type of polymers (compare lanes 2 and 3 in panel
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Figure 2. Inhibition of crystallin cross-linking in lens homoge-
nates by Biot-Gln-Gln-Ile-Val with simultaneous labeling of
certain subunits. Incubations were carried out at 37 °C for 90
min as previously described (I, 2). Reactions comprised lens
homogenate (~50 mg of protein per mL), 20% (v/v) glycerol, 2
mM leupeptin, either no peptide (lanes 1 and 2) or 0.125 mM
(lane 4), 0.25 mM (lane 5) or 0.5 mM Biot-Gln-Gln-Ile-Val (lanes
3 and 6), and either 2 mM EDTA (lanes 1 and 3) or 8 mM CaCl,
(lanes 2 and 4-6). Samples were analyzed by SDS-PAGE and
stained with Coomassie Brilliant Blue R (panel A). Alternatively
(panel B), the gel was electroblotted onto nitrocellulose which
was either stained with Amidoblack (lanes 1-6) or probed for
biotin (lanes 3'-6"). Cross-linked dimeric § crystallins (M, ~
55,000) are marked Xg..

A) and incorporation of the biotin-containing label could
be readily visualized by the avidin-based blotting proce-
dure (lane 3 in panel C). Though most of the tracer was
found to be associated with monomeric « chains, a low
degree of labeling of y—y’ dimers was also evident.

DISCUSSION

Of the two biological transamidating examples presented
in this study, that involving human factor XIIIarepresents
an extracellular cross-linking event, whereas that in the
rabbit lens is characteristic of the action of tissue trans-
glutaminases in an intracellular environment. The func-
tioning of factor XIIla or activated fibrin-stabilizing factor
is essential for normal hemostasis. As the last enzyme
generated on the blood coagulation cascade, factor
XIITa—which similarly to tissue transglutaminases op-
erates through a cysteine active center (7) and requires
Ca?*—brings about the fusion of fibrin molecules by
promoting the formation of a few intermolecular Ne-(vy-
glutamyl)lysine bonds between two v chains and several
a chains (8). These side-chain bridges augment the me-
chanical rigidity of the clot network (9-11) and greatly
increase its resistance to lysis by thrombolytic agents (12—
15). The intracellular phenomenon of transglutaminase-
mediated protein cross-linking in lens is thought to be
involved in the remodeling of fiber cells and also in the
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Figure 3. Incorporation of Biot-e-Aca-Gln-Gln-Ile-Val into the
parent « chains of human fibrin during reaction with human
factor XIIla. Incubations were carried out at 37 °C for 2 h as
previously reported (1). Reactions comprised 50 mM Tris-HCI
(pH 7.5), 100 mM NaCl, 2.5 mg/mL human fibrinogen, 20 ug/mL
factor XIII, 0.7 unit/mL human a-thrombin, either no peptide
(lanes 1 and 2) or 20 mM Biot-e-Aca-GIn-Gln-Ile-Val (lanes 3),
and either 5 mM EDTA (lanes 1) or 5 mM CaCl; (lanes 2 and
3). Samples were analyzed by SDS-PAGE and stained with
Coomassie Brilliant Blue R (panel A). Alternatively (panel B),
the gel was electroblotted onto nitrocellulose and either stained
with Amidoblack (panel B) or probed for biotin (panel C).

development of cataract. Certain subunits of 8 crystallin
are specific targets for the endogenous transglutaminase
which can be activated merely by the immersion of lens
in a Ca?*-containing medium. The earliest cross-linked
products are the ca. 55 000 weight (Xg83) cross-linked 8
crystallin dimers (16, 17).

The kinetic pathway of catalysis by these transami-
dating enzymes is essentially the same as that of papain,
for example, where a Michaelis-type of complexation is
followed by the chemical steps of acylation and deacy-
lation. What sets them apart from papain, however, is
their remarkable affinity (over water) for the electron-
donating second substrate comprising a primary amine so
that aminolytic deacylation prevails over hydrolysis.
Unlike with proteases, in general, there is a readily
discernible additional complexation (a second Michaelis
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step) of the acyl enzyme intermediate with the amine prior
to deacylation (18, 19). These features are illustrated in
Scheme I. Scheme I, part A, describes the catalytic
pathway for the cross-linking of the two proteins (P’ and
P”) by an N*-(y-glutamyl)lysine bridge, involving the steps
of acylation and deacylation at the cysteine active center
of the enzyme (HS-E). Blocking of acceptor sites (Scheme
I, part B) in the first protein substrate (P’-CH,;CH;CONHj;)
depends on competition for the acyl enzyme intermediate
byan amine (H:NR’), such as dansylcadaverine (20), which
causes inhibition of cross-linking between P’ and P”.
Blocking of donor sites (Scheme I, part C) in the second
protein (H:NCH,CH;CH;CH:-P”) occurs when a glu-
tamine-containing substrate (R”CONH,), such as Dns-
Gln-Gln-Ile-Val, Biot-Gln-Gln-Ile-Val, or Biot-e-Aca-Gln-
Gln-Ile-Val, can successfully compete for the free enzyme
and thereby inhibit cross-linking of P’ to P”.

Blocking of the acceptor sites is a well-established
procedure (20). More recently, we focused on developing
reagents for the enzyme-directed labeling of donor func-
tionalities. Shortsynthetic peptides containing endo-glu-
taminyl residues, as found in the N-terminal sequence of
fibronectin, could be shown to effectively interfere with
protein-to-protein cross-linking reactions catalyzed either
by tissue transglutaminases or by coagulation factor X1Ila
(I). Moreover, concurrent with inhibition of cross-linking,
labeling of select protein substrates was obtained. Since
these enzymes are known to catalyze the formation of N¢-
(y-glutamyl)lysine cross-links and since the synthetic pep-
tides contained only enzyme-reactive glutaminyl residues,
it was concluded that interference with protein cross-
linking was due to the specific blocking of e-lysine func-
tionalities of the donor protein substrate. In order to
further capitalize on the advantages of the enzyme-directed
and site-specific labeling of donor groups in biological
systems, first Dns-Ala-GIn-Gln-Ile-Val and Dns-Pro-Gly-
Gly-GIn-Gln-Ile-Val (2) and then Biot-Gln-Gln-Ile-Val and
Biot-e-Aca-Gln-Gln-Ile-Val were synthesized, as described
in the present paper, and were shown to be effective in
inhibiting protein cross-linking. While the dansylated
derivatives allowed for the visualization of the blocked
proteins by fluorescence as well as by immune detection
with antibody to the incorporated dansyl haptene, fluo-
rescence alone may not be universally applicable to all
biological systems (21). We also found that only a few
available anti-dansyl antibodies are useful for immuno-
blotting the dansyl peptides which become attached to
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proteins. Thus, it is important to know that biotinylated
peptide probes are now available for carrying out trans-
glutaminase- and factor XIIla-directed bioconjugation
experiments to explore the amine donorsites in the protein
substrates of these enzymes.
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Antibody-directed catalysis (ADC) is a two-step method for the targeted delivery of chemotherapeutic
agents in which enzyme-antibody conjugates, prelocalized to antigen-bearing cells, activate prodrugs
designed to be substrates for the enzyme. An enzyme-Fab’ conjugate exhibiting both native 8-lac-
tamase activity and immunoreactivity toward carcinoembryonic antigen (CEA) was constructed.
Treatment of CEA-expressing LS174T cells with this conjugate imparted §-lactamase activity to the
cells; 8-lactamase activity was not imparted by treatment with unconjugated 3-lactamase and not to
CEA negative cells treated with conjugate. Cephalosporin-based prodrugs, and other substrates
synthesized as model compounds, were found to have wide variations in their kinetic parameters toward
the conjugate, with k.. values ranging from 16 to 3300 s! and Ky values ranging from 5 to 160 uM.
The prodrug derived from desacetylvinblastine-3-carboxylic acid hydrazide (DAVLBHYD) was studied
in vitro and found to be 5-fold less cytotoxic to LS174T cells than the parent DAVLBHYD. For
antigen-positive cells preincubated with conjugate, however, the prodrug showed the same potency as
the parent drug. Thus, the combination of conjugate and prodrug appears to provide antigen-de-

pendent toxicity to tumor cells.

INTRODUCTION

Antibody-directed catalysis (ADC!) is a form of non-
covalent drug delivery in which an enzyme-antibody
conjugate is localized to a tumor target, where it converts
subsequently administered prodrug to active drug. The
ADC approach has been adopted as one way of overcoming
potential difficulties with the delivery of therapeuticlevels
of free drugs to tumor targets using covalent protein-based
delivery systems.

Demonstration of accumulation and retention of radi-
olabeled haptens by prelocalized bifunctional antibodies
showed that the latter act as artificial receptors and proved
that targeting of small molecules in vivo does not require
covalent linkage to the targeting molecule. Furthermore,
these studies showed that two-step noncovalent delivery
has advantages for certain applications over covalent
delivery. For instance, bifunctional antibody-based non-
covalent delivery of isotopically labeled haptens results in
decreased radiation exposure of normal tissues relative to
covalent delivery (I). ADC represents an extension of
this system in which the synthetic receptor not only binds
the ligand but also activates and releases it. A number of
enzyme—prodrug systems have been described for the
antibody targeted activation of prodrugs (2-9).

t Hybritech Inc.

tEli Lilly and Co.

1 Abbreviations: ADC, antibody-directed catalysis; CEA, car-
cinoembryonic antigen; DAVLBHYD, desacetylvinblastine-3-
carboxylic acid hydrazide; 8-1, 8-lactamase; 8-1ICEM, 8-lactamase—
CEM231 Fab’ 1:1 conjugate; sulfo-SMCC, sulfosuccinimido 4-
(N-malimidomethyl)cyclohexane-1-carboxylate; BBS, 50 mM
sodium borate, 100 mM sodium chloride (pH 8.2), containing
0.01% NP40 (Pierce); NP40, Nonidet P40; NHS, N-hydroxysuc-
cinimide; DTPA, diethylenetriaminepentaacetic acid; DTNB,
5,5’-dithiobis(2-nitrobenzoic acid); PMSF, phenylmethanesulfo-
nyl fluoride; PAGE, polyacrylamide gel electrophoresis; SDS,
sodium dodecyl sulfate; RIA, radioimmunoassay; PADAC 2-
[(V,N-dimethylanilin-4-yl)azo]pyridinium 3'-cephalosporin; PBS,
15 mM sodium phosphate, 100 mM NaCl (pH 7.4), containing
0.01% NP40; EBSS-MEM, Eagle basic salt solution—minimal
essential media.
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Of the multitude of enzymatic reactions which could
potentially be used to activate prodrugs, the most directly
and generally applicable appeared to be the type in which
amolecule is cleaved into two pieces, especially that subset
in which the enzyme recognizes only a portion of the
substrate and is relatively insensitive to the identity of
the remainder. Reactions catalyzed by 3-galactosidase,
exopeptidases, and various phosphatases are among those
for which substrate recognition depends predominantly
on one portion of the molecule and is independent of the
remainder. However, a disadvantage of these enzymes is
that they each cleave only a small number of linkage types,
e.g. acetal, peptide, phosphate ester, which limits the
variety of drugs that can be used. Ideally, the enzyme of
choice should be capable of cleaving substrates connected
through a wide range of functional groups, providing the
ability to deliver several drugs with a single enzyme-
antibody conjugate.

In addition, enzymatic activity that does not occur in
eucaryotic organisms is advantageous for clinical use
because it avoids interference from endogenous enzymes
in nontarget tissues (activity which may be induced by
the prodrug), or from endogenous substrates, inhibitors,
etc. Other factors affecting enzyme selection included
requirements for diffusable cofactors, molecular weight,
and stability. S-Lactamase meets all of these criteria and,
in addition, is relatively easy to obtain and purify. The
B-lactamase produced by the P99 strain of Enterobacter
cloacae, is particularly attractive since it can be produced
as a substantial fraction of the cell’s total protein (10, 11),
has good cephalosporinase activity (12), and is relatively
insensitive to substrate side-chain modification. The
aminoacid sequence for this enzyme has been determined,
both by amino acid analysis and by gene sequencing (13),
and the enzyme has been crystallized (14), though a high-
resolution crystal structure has not yet been published.

g-Lactamase can cause the release of many different
substituents from the 3’ position of cephalosporins (15),
depending on their leaving group propensity. This is
because the release occurs in a reaction that is secondary

© 1992 American Chemical Society
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Figure 1. B-Lactamase catalyzes the hydrolysis of the ceph-
alosporin f-lactam ring. Expulsion occurs subsequent to ring
opening depending on the leaving group propensity of the 3’
substituent.

to 8-lactam ring hydrolysis (16, 17), the reaction actually
catalyzed by the enzyme (Figure 1). Consequently, the
linkage between cephem and drug is not directly acted
upon by the enzyme and the 3’ substituent generally does
not impede catalysis. Advantage has been taken of the 3’
substituent release upon ring opening to design dual-action
antibiotics which act primarily as cephalosporins but
release a secondary antibiotic when cleaved by a $8-lac-
tamase in the target bacteria (18, 19).

One of the goals of the ADC system was to make use of
the carcinoembryonic antigen CEA. Potential barriers
preventing the effective use of CEA for immunochemo-
therapy, such as low or heterogeneous antigen expression
and shedding of the antigen into interstitial space, could
be circumvented by the amplifying properties of enzyme
targeting and the ultimate release of a readily diffusable
drug. CEA has been the target in many preclinical
antibody-drug conjugate studies (20-24), including a few
in which bifunctional-antibody-mediated noncovalent
localization of vinca alkaloids to tumors provided an
enhanced therapeutic effect (25-27).

The conjugation methodology is derived from proce-
dures described by Yoshitake et al. (28). The heterobi-
functional cross-linker sulfo-SMCC (Pierce) covalently
connects lysine e-amino groups on the B-lactamase to
naturally occurring sulfhydryls in the hinge region of the
antibody Fab’ fragment. This provides a heterogeneous
conjugate that is regiospecific with respect to Fab/, is
comparable in immunoreactivity and enzymatic activity
to the proteins from which it is derived, and has a known
molecular weight as small or smaller than Fab’; fragments.

This paper describes the conjugation procedure, prop-
erties of the conjugates, and kinetic parameters obtained
with selected substrates. A detailed description of pro-
drug syntheses is in preparation. Behavior of the system
in nude mouse models is under investigation.

EXPERIMENTAL PROCEDURES

Syntheses of LY262319, LY262594, and L.Y266070 will
be reported elsewhere. The synthesis of LY191026 has
been described (9). All were shown to be analytically pure
by HPLC, and structures were identified by NMR and
MS before being tested as substrates. 1.Y223425 (29) and
DAVLBHYD (30) were generous gifts from G. Cullinan
of Lilly Research Laboratories. Their preparation hasbeen
described. Keflin (cephalothin) was the gift of B. Jackson
of Lilly Research Laboratories and is commercially avail-
able (Sigma).

Derivatization of 8-Lactamase with Sulfo-SMCC.
B-Lactamase was purified according to the method of Cart-
wright (31) after isolation from cell paste by a combination
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of freeze-thaw and sonication. The purified enzyme was
dialyzed into BBS and concentrated to 10 mg/mL. Its
concentration was determined by A, assuming ALY =
14 (32). To 2 mL of the protein solution was added an
aqueous solution containing 2.0 molar equiv of sulfo-SMCC
(Pierce).

The concentration of this reagent was determined by
measuring the release of NHS in a basic aqueous solution
(70 mM NazCOj). The molarity of the active ester was
calcu31ated by measuring the rise in ODsgo using Aeggo = 8
X 103,

The B-lactamase—-SMCC reaction mixture was allowed
to incubate at room temperature for 1 h, unstirred. The
reaction mixture was then appliedtoa 1.5 X ~23 cm P6DG
(Bio-Rad) column and eluted with 50 mM ammonium ci-
trate, 100 mM sodium chloride, 1 mM DTPA (pH 6.3).
The peak was collected manually in a single fraction. The
concentration of protein in the peak fraction was measured
by Asgso again and was typically between 2.5 and 4.0 mg/
mL. The average number of maleimide residues per
enzyme molecule was determined by cysteine titration and
quantitation of unreacted cysteine with DTNB (Aldrich).

A typical maleimide determination used 10 nmol of 3-
lactamase and 20 nmol of cysteine in a 500-uL reaction
volume. Cysteine oxidation in the absence of maleimide
was also determined as a control. The maleimide to 3-
lactamase ratio was typically 0.8-1.0 under the conditions
described.

Preparation of Fab’. CEM-231 (murine IgG1) Fab/’,
fragments were prepared from intact antibody, which has
been shown to react with CEA (33), by digestion with 3%
pepsin (pepsin:Ab) (Boehringer Mannheim) at pH 4.1 in
0.1M NaOAc,0.1 MNaCl,at 37°Cfor4-6h. Thedigestion
was terminated by neutralization, followed by dialysis in
0.1 M sodium borate, 0.1 M NaCl (pH 8.2).

The Fab’; fragments were reduced to Fab’ with 20 mM
cysteine, in the presence of 1 mM DTPA, at 37 °C for 10
min. SDSPAGE was used to confirm that these conditions
give complete hinge-region reduction with minimal heavy-
light chain reduction. Cysteine was removed by P6DG
(Bio-Rad) gel filtration in 50 mM ammonium citrate, 0.1
M Na(l, 0.5 mM DTPA (pH 6.3). DTNB assay showed
between 2 and 3 reactive sulfhydryls per fragment.

Parent antibody and antibody fragment concentrations
were determined by Azgo assuming A% = 14.

Conjugation of 8-Lactamase to Fab’. To the male-
imide-g-lactamase solution was added Fab’ at a concen-
tration of either 1.0 or 1.5 molar equiv of Fab’ per
maleimide (see results). After a 1-h incubation at room
temperature, the reaction was stopped by addition of a
10-fold excess of N-ethylmaleimide as a 1 M ethanolic
solution. The mixture was then applied to a 2 X 100 ¢cm
Sephadex G-150 superfine gel filtration column and eluted
with BBS. Critical fractions were analyzed by PAGE and
then pooled according to purity of the desired molecular
weight component. The conjugate was then concentrated
by ultrafiltration to 2-4 mg/mL for storage and diluted to
the desired concentration for use. Purity of the conjugate
was determined by SDS PAGE and by gel permeation
HPLC, using two 0.9 X 30 cm Zorbax 250 columns (Du
Pont) in series, eluted with 100 mM sodium phosphate
(pH 7.0), at a flow rate of 1 mL/min.

Immunoreactivity of the 8-Lactamase-Fab’ Con-
jugate. Immunoreactivity of the conjugates, withreactant
antibody and Fab’ as control, was measured in a solid-
phase assay as described by Phelps et al. (34). Conjugate
binding was also checked in a competitive binding assay.
Serial 2-fold dilutions of antibody from a starting con-
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centration of 3.3 uM were prepared in DMEM + 10%
fetal calf serum. To 10% LS174T cells were added 50 uL
of the above dilution and 50 uL of 100 ug/mL CEM 231-
FITC. Cells were incubated with antibody for 1 h at4 °C
and then washed three times and fixed in 1% paraform-
aldehyde. Fluorescence was determined by flow cytom-
etry andisreported as linear equivalent relative fluorescent
intensity.

Enzymatic Activity of the 8-Lactamase-Fab’ Con-
jugate. 8-Lactamase activity was measured by monitoring
the change in absorbance of the chromogenic substrate
PADAC (Calbiochem) at 570 nm in a stirred cuvette at 37
°C in PBS. Absorbance was measured every 5 s for 120
s using a Hewlett-Packard 8451A spectrophotometer, and
linear portions of the rate plots were used to obtain reaction
velocities. Kn and k,: were determined from the slope
and intercept of Lineweaver—Burk plots of the velocity
data. PADAC’s €579 was taken to be 4.8 X 104 (product
label).

Because of PADAC’s low solubility and high extinction
coefficient, the assay was run under conditions in which
the rate is dependent on the substrate concentration.
Consequently, the runs comparing activity between dif-
ferent preparations were all performed with a starting As7
~ 0.5.

Substrate Kinetic Parameters. Kinetic parameters
for conjugate acting on Keflin, L.Y262319, and LY262594
were measured as for PADAC, except that the change in
absorbance was monitored at around 260 nm. LY262319
and LY262594 have a residual absorbance after hydrol-
ysis, so Ae’s were obtained by completely hydrolyzing a
known concentration of the substrate and calculating Ae
from the change in absorbance: Aegss for LYS262319 =
6.60 X 103 (cmm M)™1; Aeggp for LY262594 = 8.4 X 10° (cm
M)

The spectral change on 8-lactamase-catalyzed hydrol-
ysis of prodrug substrates LY191026 and LY266070 was
too small to be useful for quantitative determination of
therates. Consequently, HPL.C methods were developed
to monitor these reactions. Vials containing 1.5-mL
solutions of varying concentrations of substrate at 37 °C
in PBS (pH 7.4) were treated with 0.11 nM 8-1CEM.
Samples were quenched after 90 s by adding 0.5 mL of
reaction solution to 0.5 mL of 34 % acetonitrile in 200 mM
potassium phosphate (pH 3.0). Control experiments were
performed to determine appropriate concentrations so that
less than 10% of the substrate would be consumed during
the 90-s reaction, to assure a linear reaction rate. Duplicate
samples of the quenched reaction mixtures were injected
onto a 0.46 X 15 cm C-18 reverse-phase HPLC column
eluted isocratically at 1 m1./min with the buffer containing
34% acetonitrile in 200 mM potassium phosphate. The
starting prodrug and/or product concentration was mon-
itored by absorbance at 266 nm.

Determination of Antigen-Mediated 8-Lactamase
Activity. Antigen-positive (LS174T) and -negative
(MOLT4) tumors were harvested from nude mice. Single
cell suspensions were prepared at 2 X 107 cells/mL:
LS174T 23% viable, MOLT4 75% viable.2 To 1 mL of
cells was added sufficient conjugate or 3-lactamase to bring
the assay concentration to the desired level. Cells were
incubated either 1 or 10 min and washed with PBS. The
activity was measured by the difference in absorbance at
570 nm before and after a 10-min incubation with PA-
DAC. Results were recorded as the percent change in
570-nm absorbance over the incubation period.

2 Cell viability was not considered crucial to the successful
performance of the assay.
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Figure 2, Purification by gel permeation chromatography of
the Fab’~maleimido-g-lactamase reaction mixture. Comparison
of elution patterns for 1:1 (dashed line) and 1.5:1 (solid line)
Fab’:maleimido-S-lactamase reaction mixtures. Ten milliliters
of 15 mg/mL protein was loaded on a 2 X 100 cm column of
Sephadex G-150 superfine equilibrated with BBS and eluted
with BBS at 0.1-0.2 mL/min. Fractions were approximately 4.5
mL. Peak A contains high molecular weight byproducts, B
contains the 1:1 conjugate with which studies were performed,
and C contains unreacted 8-lactamase and Fab’.

In Vitro Conjugate-Mediated Prodrug Activation.
Target cells resuspended in 75% leucine-deficient EBSS-
MEM + 10% dialyzed fetal bovine serum + gentamicin
were seeded into 96-well plates (2 X 10¢ cells/well) and
incubated overnight. All incubations were performed at
37 °C, 5% CO,. The supernatants were removed, and
appropriate wells treated with CEM or 8-1CEM at 25 ug/
mL (280 nM) for 1 h. The wells were washed and 0.2 mL
of the drug or prodrug at 10, 1, 0.1, 0.01, or 0.001 ug/mL
vinca content were added to the cells. The plates were
incubated for the desired length of time (1-48 h). At the
end of the treatment period the cells were washed and
incubated in fresh media for the remainder of the 48-h
period. Supernatants were then removed, 4 xCi of triti-
ated leucinein 0.2 mL of leucine-deficient media was added
to each well, and the plates were incubated overnight.
The cells were harvested, and the uptake of tritiated leu-
cine was determined by liquid scintillation counting. All
samples were run in quadruplicate.

RESULTS

The G-150 elution profile of conjugation reactions
performed under two different sets of conditions (Figure
2) shows that products are formed in three molecular
weight ranges. The components consist of 1:1 8-1 to Fab’
conjugate (peak B), along with unreacted Fab’ and -1
(peak C), and higher molecular weight adducts (peak A).
The higher molecular weight adducts are the result of either
the reaction of more than one sulfhydryl in the Fab’ hinge
region with a sulfo-SMCC-modified 8-1 or the reaction of
Fab’s with more than one maleimide on a single 8-1
molecule. Increasing the ratio in the reaction mixture of
Fab’ to maleimido-3-lactamase from 1:1 to 1.5:1 caused an
overall improvement in the yield of 1:1 conjugate. The
purification also improved due to decreased peak overlap
with a smaller amount of high molecular weight product.

Analytical gel filtration of the purified product (peak
B, Figure 2) on Zorbax G-250 columns (broken line, Figure
3) showed that the conjugate has a molecular weight in
the desired range. Molecular weights were also confirmed
by polyacrylamide gel electrophoresis (not shown) com-
paring purified product to Fab’, 8-lactamase, Fab’s, and
whole antibody. Immunoreactivity of the conjugate was
evaluated in a whole-cell assay (Figure 4) in which binding
of fluorescent-labeled whole CEM231 to LS174T cells was
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Figure3. Analytical gel sizing HPLC profile of purified conjugate
(dashed line) monitored by absorbance at 280 nm. Elution
positions of known proteins (solid line): whole antibody (17.20
min) and $-1 (20.18 min) mixed with 1:1 8-1-Fab’ conjugate.
Analyses were performed using two 0.9 X 30 cm Zorbax 250
columns in series eluted with 100 mM sodium phosphate (pH
7.0) at 1 mL/min. Molecular weightidentification was confirmed
by SDS PAGE.
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Figure 4. Competitive binding immunoreactivity comparison
of parent antibody and conjugate. The ability of conjugate
(dashed line) and parent antibody (solid line) to competitively
inhibit the binding of FITC-labeled parent antibody to antigen-
positive LS174T cells was determined as described in the
Experimental Procedures.

Table I. Comparison of PADAC Kinetic Parameters for
Conjugate and Enzyme

enzyme Kwm, uM kegt, 871
B-lactamase 53 + 18 106 + 33
g-1CEM 55+ 12 135+ 31

¢ Standard deviations of the parameters are calculated from the
standard deviations of the slope and intercept (data analyzed using
the linear regression module of the RS/1 computer program, BBN
Software Products Corp.) of a single Lineweaver—Burk plot. Ve-
locities were measured at four different concentrations in either
duplicate or triplicate at each, and at least 11 points were used to
calculate each velocity.

competitively inhibited by conjugate, and by direct binding
of iodinated conjugate to an antigen-bearing solid phase.
In the whole-cell assay, conjugate immunoreactivity was
comparable to that of parent antibody. Inthesolid-phase
assay, the conjugate showed immunoreactivity of 79%,
while a single binding arm bifunctional antibody was 96 %
immunoreactive.

Enzymatic activity of the conjugate was determined by
comparing Lineweaver-Burk plots for conjugate and native
enzyme using PADAC as substrate (Table I). Both Ky
and kg are experimentally indistinguishable. The mar-
ginal difference in kq¢ could be due to inexact values for
the protein extinction coefficients. Modification of 8-lac-
tamase by sulfo-SMCC was found to have no effect on
B-lactamase activity.

Catalytic parameters were measured for aset of available
substrates in an attempt to predict the impact of drug
structure on catalytic activity. Ku, kcat, and their ratio
were found to vary substantially (Table II) among the
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compounds tested. The finding that the cephem 8-sul-
foxides tested exhibited better hydrolytic stability than
the native cephem’s (see Conclusions) led us to test their
activity as S-lactamase substrates. The results (Table II:
LY262594 vs LY262319) show that the cephem sulfoxides
can be better substrates, in terms of kca/ Ky ratio, than
their native cephem analogues.

Largerelative errors (onthe order of 50% ) are associated
with the ke and Ky values for PADAC, LY191026, and
LY266070. In the case of PADAC and LY266070, this is
because insolubility prevented velocity determinations at
concentrations above about 20% of the K. Consequently,
there are no points close to the intercept of the Lineweaver—
Burk plot. Obtaining more points in the low substrate
concentration range does not improve the confidence limit.
This actually amounts to an inability to measure k.t and
Ky independently, since the slope of the plot, which
represents the ratio, can be determined relatively precisely.

In the case of LY191026, the uncertainty is due to the
fact that measurements of the very rapid velocity require
very low substrate concentrations to remain in the linear
range, and consequently, the ability to accurately integrate
the HPLC peaks becomes limiting.

The bifunctional nature of the conjugate, i.e. its ability
to simultaneously bind antigen and catalyze cephem ring
opening, was tested by allowing it to bind with antigen-
bearing cells, rinsing the cells to remove unbound con-
jugate,and then measuring the ability of cells resuspended
in buffer to hydrolyze PADAC. The results (Table III)
show that the conjugate has the ability to bind to cells in
vitro and thereby impart S-lactamase activity. The
quantity of the enzymatic activity associated with the cells
depended on the time and concentration of conjugate in
the incubation mixture. Treatment of antigen-positive
cells with 8-lactamase showed that the activity could not
be attributed to nonantigen-mediated adherence of 8-1 to
the cells. Treatment of antigen-negative cells with con-
jugate confirmed that interaction of conjugate with cells
is mediated strictly through the antibody binding site. A
background level of “activity” (5-7% AOD) was observed
in the negative controls, attributable to dilution in the
assay. The slightly higher activity observed at the high
B-1 level may have resulted from insufficient washing.

The in vitro cytotoxicity of LY266070 or DAVLBHYD
incubated for various times in the presence of CEM or
B-LCEM is shown in Figure 5. The cytotoxicity of DAV-
LBHYD is not affected significantly by incubation in the
presence of CEM or 3-1CEM, whereas LY266070 toxicity
is greatly enhanced (lower IDs; values) by incubation for
1, 3, or 5 h in the presence of the conjugate. LY266070
toxicity cannot be distinguished from DAVLBHYD at the
24-h time point. In one experiment irrelevant (nonanti-
gen binding) 8-lactamase conjugate control was evaluated
for LY266070 activation, at drug exposure times of 1 and
3 h. At the 3-h point the IDsq values of LY266070 and
DAVLBHYD were 0.83 and 0.024 ug/ml, respectively,
indicating no enhanced cytotoxicity attributable to the
irrelevant conjugate and, therefore, that the activation
demonstrated in Figure 5 is an antigen-mediated event.

CONCLUSIONS

A conjugation procedure has been developed that
produces a conjugate with the essential properties required
for an ADC system. The conjugate has a single binding
arm and a molecular weight of about 90 000. Pharma-
cokinetic studies of antibody fragments in mouse models
have shown that mono- and bifunctional Fab’s exhibit rapid
serum clearance relative to tumor residence in comparison
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Table II. Kinetic Parameters for Substrates
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Table ITI. Antigen-Dependent S-Lactamase Activity

enzyme concn,nM  antigen expression time,min % A®
B-1 50 +2 10 13¢
10 + 10 5
B-ICEM 50 + 10 7
10 + 10 b4
50 + 1 64
10 + 1 38
B-1CEM 50 —d 10 7
10 - 10 6

@ Percent decrease in 570-nm absorbance by PADAC under
conditions described in the paper. A large numberindicates catalytic
degradation of PADAC due to g-lactamase on the cell surface.
b LS174T cells. ¢ A small decrease in absorbance may result from
dilution in the assay, uncatalyzed hydrolysis of PADAC, or insufficient
washing of the cells. # MOLT4 cells.
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Figure 5. In vitro cytotoxicity was determined as described in
the Experimental Procedures. The dose of drug required to
inhibit the incorporation of tritiated leucine to 50% of the control
value (IDsg) is given on the ordinate, while the time of drug
exposure is indicated on the abscissa. The data shown in the
figure is from a representative experiment. Similar data were
obtained in four separate experiments which included drug
exposure times of 1, 3, 5, 24, and 48 h. All samples were run in
quadruplicate, and the mean £SD values are indicated in the
figure.

to whole antibodies (35). Hence, a single binding arm
conjugate of less than 100 000 molecular weight shows
relatively high tumor to blood concentration ratios at times
longer than about 48 h after injection. Furthermore,

studies with synthetic bifunctional Fab’; have provided
evidence that two-step delivery systems can cause local-
ization of small molecules administered independently to
antigen-bearing target cells (I).

The heterobifunctional cross-linker used for the con-
jugation, sulfo-SMCC, reacts nonregiospecifically with e-
amino groups of lysine residues on proteins. Since §8-1
activity was not significantly impaired under the conditions
described, it is probable that neither of the lysine residues
in the vicinity of the active site of this enzyme are
particularly reactive with thisreagent. Thelack of impact
of conjugation on immunoreactivity of the antibody
fragment results from the fact that the sulfhydryls
available for reaction occur naturally in the hinge region,
away from the binding site.

The finding that all of the substrates developed for the
ADC delivery system are readily cleaved by the E. cloacae
B-lactamase (Table II) is in accord with findings of studies
on the mechanism of catalyzed and uncatalyzed breakdown
of cephalosporins (15-17, 36-42) and with the known
tolerance of this particular enzyme for substitution of the
cephalosporin nucleus. Despite large relative errors
associated with these measurements, it is clear that there
is a very wide variation in k. and Ky and their ratio and
that simple substrates, such as Keflin, are not necessarily
the most rapidly hydrolyzed. Although this observation
is consistent with previous reports (43-46), the phenom-
enon is only poorly understood. Of particular interest is
the finding that cephem (§-sulfoxides are excellent sub-
strates. Cursory datasuggest that they are alsomorestable
to hydrolysis than their native cephem analogues and
therefore may be preferred candidates for use in an ADC
system.

The conjugate is conveniently assayed using the chro-
mogenic substrate PADAC (47, 48). Alternatively, ni-
trocefin could be used (49), but nitrocefin undergoes a
spectral change on binding to albumin (50) which interferes
with its ability to act as a chromogenic substrate. PA-
DAC was chosen so that its use could be applied tosamples
containing serum.

That the conjugate combined enzymatic activity and
antigen binding activity simultaneously was demonstrated
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by treating antigen positive cells sequentially with con-
jugate and PADAC. Cells expressing the antigen clearly
exhibited S-lactamase activity, indicating that conjugate
was able to perform both the binding and the catalytic
function. Negative results in the case of antigen-positive
cells treated with native $-lactamase showed that non-
specific interaction of enzyme with cell or antigen was not
responsible for the interaction, and negative results in the
case of antigen negative cells treated with conjugate
illustrated the antibody binding site dependence of the
phenomenon.

A reproducible difference in potency between prodrug
and drug was observed in leucine incorporation assays on
antigen-positive cells in culture. Pretreatment of the cells
with conjugate eliminated the differential, thus demon-
strating activation of the prodrug, in an antigen-depend-
ent manner. The diminished potency of the prodrug with
respect to the drug, and the ability of cell-bound conjugate
to activate the prodrug, demonstrated that both prodrug
and conjugate had the requisite properties for antibody-
directed catalysis. The combination of potency differential
and activation was also the primary criterion for selecting
candidate prodrugs for further study.
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Synthesis, Conformation, Biodistribution, and in Vitro Cytotoxicity of
Daunomycin-Branched Polypeptide Conjugates'
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Daunomycin has been attached to various structurally related synthetic branched polypeptides with
a polylysine backbone, using its acid-labile cis-aconityl derivative (cAD). Due to the importance of the
side-chain structure in a-helix formation and immunological and pharmacological properties of branched
polypeptides, we have investigated the conformation, biodistribution, and in vitro cytotoxicity of cAD-
carrier conjugates with polypeptides containing amino acid residues of different identity and/or con-
figuration at the side-chain end (XAK type) or at the position next to the polylysine backbone (AXK
type), where X = Leu, p-Leu, Pro, Glu, or b-Glu. According to CD studies, polycationic conjugates with
hydrophobic Leu in the side chains could assume a highly ordered conformation, while amphoteric
conjugates containing Glu proved to be unordered in PBS. The reduction of in vitro cytotoxic activity
of cAD by conjugation to carriers and the biodistribution profile of the conjugates were found to be
dependent predominantly on the charge properties and on the side-chain sequence of the carrier poly-
peptide. It was demonstrated that by proper combination of structural elements of the carrier molecule,
it is feasible to construct a cAD-branched polypeptide conjugate with significantly prolonged blood

survival and with no reduction in in vitro cytotoxicity of the drug.

INTRODUCTION

Daunomycin (Dau)! is one of the clinically important
anthracycline antitumor antibiotics. However, its efficacy
is restricted by a range of undesirable side effects such as
cumulative myocardial toxicity. Considerable efforts have
been made to improve the therapeutic index, including
attempts at site-specific targeting or providing controlled
release of Dau by using natural macromolecules [e.g.,
hormones (1), enzymes (2), poly- and monoclonal anti-
bodies (3, 4), or DNA (5)].

Daunomycin has also been linked to various synthetic
polymers such as poly(Lys) (6-8), poly(Asp) (9), SPDP-
modified poly(Glu) (10), poly[Glu(N:H3)] (11), poly(di-
vinyl ether-co-maleic anhydride) (12), N-(2-hydroxypropyl)-
methacrylamide (HPMA) (13), poly[acryloyl-2-amido-2-
(hydroxymethyl)-1,3-propanediol] (14), and dextran (15).
Some of these daunomycin conjugates, prepared with dex-
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1 Abbreviations used (in order of appearance in the text): Dau,
daunomycin; SPDP, N-succinimidyl 3-(2-pyridyldithio)propi-
onate; HPMA, N-(2-hydroxypropyl)methacrylamide; XAK, poly-
[Lys-(X;-pL-Ala,,)] where X = Glu, p-Glu, Leu, p-Leu, or Pro;
AXK, poly[Lys-(pL-Alan-X;)] where X = Glu or Leu; cAD, cis-
aconityldaunomycin; CD, circular dichroism; HSA, human serum
albumin; CMC, N-cyclohexyl-N’-(2-morpholinoethyl)carbodi-
imide methyl p-toluenesulfonate; DS, average degree of substi-
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tran (16), HPMA (17), or derivatives of poly(Glu) (10, 11),
have been used for coupling to cell-specific poly- or mon-
oclonal antibodies.

The methods for conjugation of daunomycin tosynthetic
carriers have involved (a) the a-amino group of dauno-
samine using a cross-linking agent [e.g., carbodiimide (10)],
anhydride (12), or active ester (13) of the polymer’s car-
boxylic groups, (b) cleavage of the bond between C-3 and
C-4 of the amino sugar (15), (c) the methyl ketone side
chain of the aglycon by nucleophilic substitution of its
14-bromo derivative (8, 9, 11). Conjugates have been
synthesized by the incorporation of leucyl or aspartyl (14),
maleyl or cis-aconityl (6), and succinyl or several other
diacidic (7) spacers.

Although considerable work has been performed with
preparation and analysis of daunomycin-polymer conju-
gates (6-15), few empirical studies have been reported to
establish the structure—activity relationships of carrier
molecules in terms of their biological properties required
for optimized daunomycin delivery and/or targeting.

In the past decade new groups of branched polypep-
tides with the general formula poly[Lys-(X;-DL-Ala,,)]
(XAK) or poly[Lys-(pL-Alay,-X;)] (AXK), where i <1 and
m ~ 3, have been developed (18-21) and characterized
(20-24) by our laboratories. Potential advantages provided
by this water-soluble, biodegradable group of polymeric
polypeptides include (a) beneficial chemical characteris-
tics, like a large number of a-amino groups available for
simple and efficient coupling of daunomycin derivative
without polymer cross-linking, (b) reliable determination
of conjugate composition and conformation, and (c)
comparative analysis of the functional properties (e.g. cy-
totoxicity, immunogenicity, biodistribution) of carriers
with respect to their size, primary structure, charge (poly-
cationic vs amphoteric compounds), and secondary struc-
ture (ordered vs unordered). The aim of present work is
to provide a logical basis for selection of synthetic mac-
romolecular carrier for constructing conjugates with dauno-
mycin. In order to achieve this, Dau has been attached
tovarious structurally related polymeric polypeptides with

© 1992 American Chemical Society
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a b
oligo(DL-Ala) X
/\ oligo(DL-Ala)
poly(Lys)

poly(Lys)
\cAD/

Figure 1. Schematic representation of branched polypeptide-
cis-aconityldaunomycin (cAD) conjugates: (a) poly[Lys-(cAD;-
)%—BL-Alam)] (XAK-cAD), (b) poly[Lys-(cAD;-pL-Ala,-X)} (AXK-
cAD).

different chemical (20, 21), immunological (25-28), and
pharmacokinetic (29) properties.

In this paper we describe the synthesis of daunomycin-
branched polypeptide conjugates (Figure 1), in which an
acid-labile, cis-aconityl derivative of daunomycin (cAD)
was applied (6). To understand the possible role of the
secondary structure, the solution conformation of these
conjugates has been analyzed by circular dichroism (CD)
spectroscopy. Comparative studies have been performed
on cAD conjugates to determine predominant structural
features of the carrier polypeptide influencing the con-
jugate’s biodistribution (blood-clearance profile, whole-
body survival, tissue distribution) and cytotoxicity. Con-
jugates have been tested and their in vitro cytotoxicity
compared with that of free drug and of other conjugates
like cAD-HSA or cAD-monoclonal antibody (791T/36) on
osteogenic sarcoma cell line 791T.

EXPERIMENTAL PROCEDURES

Abbreviations used in this paper follow the rules of the
IUPAC-IUB Commission of Biochemical Nomenclature
(30) in accord with the recommended nomenclature of
graft polymers (31).

Materials. Daunomycin hydrochloride was obtained
from Wyeth; cis-aconitic anhydride and N-cyclohexyl-N’-
(2-morpholinoethyl)carbodiimide methyl p-toluenesul-
fonate (CMC) were from BDH (UK). cis-Aconityldauno-
mycin (cAD) was prepared as reported elsewhere (4).
Branched polypeptides used in these studies were syn-
thesized in our laboratory as described previously (20, 21).
Briefly, poly(Lys) was prepared by the polymerization of
N=-carboxy-N¢-(benzyloxycarbonyl)lysine anhydride un-
der conditions that allowed an average degree of polym-
erization (DP)) of approximately either 80-120 or 400-
500. After cleavage of protecting groups from poly[Lys(Z)],
either poly[Lys-(pL-Ala,,] (AK) was prepared by grafting
of short oligomeric pL-Ala side chains onto the e-amino
groups of poly(Lys) or protected amino acid was coupled
by the active ester method. Poly[Lys-(X;-pr-Ala,)] (XAK)
was synthesized by reacting a suitably protected amino
acid pentachlorophenyl ester to the a-amino groups of
AK. Blocking groups were removed completely with HBr
in glacial acetic acid, as confirmed by UV spectroscopy at
254 nm. Poly[Lys-(pL-Alan-X;)] (AXK) was prepared by
the introduction of pL-Ala oligomers to the previously de-
protected a- and e-amino groups of poly[Lys-(X;)] by the
aid of N-carboxy-pr-Ala anhydride. The primarystructure
of polypeptides was studied by amino acid analysis, by
the identification of the branch-terminating amino acid
residue (32), and by the determination of the enantiomer
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composition of the side chains (33). The size of these
compounds was analyzed by sedimentation analysis and
gel chromatography (I8).

Methods. Synthesis of Branched Polypeptide-cAD
Conjugates. Coupling of cis-aconityldaunomycin to the
branched polypeptides was performed using the method
previously described for the conjugation of cAD to mon-
oclonal antibodies (4), with some modifications. Briefly,
5.0-9.5 pmol (3.4-6.5 mg) of cAD in 144-210 pL of PBS
was diluted with PBS (pH 5) to a final concentration of
4 mg/ml. The solution was stirred and treated with 7.5~
14.25 pmol (3.1-6.0 mg) of CMC dissolved in 400-600 nL
of distilled water (i.e., a 1.5 times molar excess of carbo-
diimide reagent) for 30 min at room temperature. This
mixture was added dropwise to 20 mg (0.1-0.5 ymol) of
polypeptide in 10 mL of 0.05 M carbonate buffer (pH 9.0).
After stirring for 2 h, the reaction was allowed to proceed
for 16 h at room temperature. The final concentration of
polypeptide was 1.6 mg/mL. The input molar ratio of
cAD to polypeptide was between 20:1 and 90:1. After
conjugation, the reaction mixture was applied to a Sepha-
dex G-25 (medium grade) column equilibrated with PBS.
The appropriate macromolecular peak as defined by UV
detection at 275 nm was collected. The cAD was deter-
mined spectrophotometrically as described previously (4).
It was assumed that the cAD coupled to the a-amino group
of terminal amino acid has the same molar extinction
coefficient at A = 476 nm as cAD itself (¢ = 8000).
Analytical data on the conjugates are presented in Table
I

HPLC Analysis of Branched Polypeptide-cAD
Conjugates. Instrumentation. The HPLC system
consisted of one Model 302 and one Model 303 liquid-
delivery module, a Model HM/HPLC Holochrome UV-
visible detector, a Model 811 dynamic mixer, a Model 802
manometric module, a Model N1 recorder (all from Gil-
son France S.A.), a Model 7125 injector valve, and 100-uL
and 200-uL sample loops (Rheodyne, Inc., Cotati, CA). A
25 cm X 4.6 mm column and a 3 cm X 4.6 mm Aquapore
RP-300 guard column (Brownlee Labs., Inc., Santa Clara,
CA) were used. Both columns contained spherical 7-um
silica (300-A pore size) with a hydrophobic bonded phase.

Conditions. The mobile phase consisted of 0.2 M
ammonium carbonate/methanol (50:50, v/v). Ammonium
carbonate solution was prepared daily using high-purity
(Analar) salt and distilled, deionized water and was mixed
with methanol 20 min before use. The injection volume
was 100 uL: containing 0.3 xg (0.58 nmol) of daunomycin
and/or 0.3 ug (0.44 nmol) of cAD dissolved in eluent or 200
rL containing 1.1-5.7 ug (1.5-10.1 nmol) of cAD coupled
to branched polypeptide in PBS. Daunomycin hydro-
chloride and cAD were used separately as standards and
their retention times were determined. UV absorbance
was monitored at a wavelength of 280 nm, All analyses
were carried out at room temperature with a flow rate of
1.0 mL/min.

Spectroscopic Measurements. Absorption spectra
were recorded on an ultraviolet-visible spectrophotom-
eter (Unicam-Pye) in a cell of optical path 1.0 cm at room
temperature. cAD and conjugates were dissolved in PBS
at pH 7.3. Conformations of the conjugates were studied
by CD spectroscopy. CD spectra were recorded using a
Roussel-Jouan (Jobin-Yvon) Model III dichrograph in
quartz cells of optical paths 1.0, 0.2, and 0.1 cm at room
temperature under constant nitrogen flush. The dichro-
graph was calibrated with epiandrosterone at 304 nm and
D-(-)-pantoyl lactone at 220 nm (34). The samples were
dissolved in PBS at pH 7.3. The concentration of
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Table I. Characteristics of Branched Polypeptide—cis-Aconityldaunomycin Conjugates

molar ratio % free oft

conjugate abbreviation® polypeptide cAD % DS? M, 25% ¢AD/Dau
poly[Lys-(cAD;-pL-Alag g4)] ak-cAD 1 5.5 5.5 37700 0.7
poly[Lys-(cAD;-pL-Alas.1)] AK-cAD 1 24.3 5.4 172300 0.8
poly[Lys-(cAD;-pL-Alazs-Leug 79)] alk—cAD 1 4.8 4.8 42100 0.7
poly[Lys-(cAD;-Leug g;-DL-Alag 94)] lak-cAD 1 4.5 4.5 37000 0.9
poly[Lys-(cAD;-Leug gs-pL-Alas 1)) LAK-cAD 1 24.8 5.5 223100 0.8
poly[Lys-(cAD,-p-Leug g-pL-Alag 94)] p-lak-cAD 1 4.8 4.8 37200 <0.5
poly[Lys-(cAD;-p-Leug.gg-pL-Alag )] p-LAK-cAD 1 20.8 4.6 219900 <0.5
poly[Lys-(cAD;-Proggs-DL-Alag g4)] pak—cAD 1 16.0 16.0 56100 <0.5
poly[Lys-(cAD;-Prog.gs-pL-Alag ;)] PAK-cAD 1 70.0 15.5 245300 <0.5
poly[Lys-(cAD;-pL-Alag 67-Glu; 0)] aek-cAD 1 5.3 5.3 48140 <0.5
poly[Lys-(cAD;-Glug gs-DL-Alagg4)] eak-cAD 1 12.5 12.5 53800 <0.5
poly[Lys-(cAD;-Glug g¢-DL-Alag )] EAK-cAD 1 61.9 13.8 253200 <0.5
poly[Lys-(cAD;-p-Glug,es-DL-Alag 1)] p-EAK-cAD 1 63.1 14.0 254000 <0.5

@ Based on one-letter symbols of amino acids and abbreviation of cis-aconityldaumonycin (cAD). Capital or small letters denote the size
of the conjugates. > Average degree of substitution, expressed as percentage of side chains modified with cAD. ¢ Calculated from the average
degree of polymerization of poly(r-Lys) and of the side chain composition as described in the Experimental Procedures. ¢ Determined by

reversed-phase HPLC as described in the Experimental Procedures.

solutions was approximately 0.5 mg/mL. CD band in-
tensities are expressed as Ae¢ values, representing the
difference of molar absorptivity of the left and right
circularly polarized components. Ae values were related
either to one lysine residue in the main chain including
a whole side chain (in the range of the spectrum between
190 and 250 nm) or to the cAD content of the conjugate
(in the 250-600-nm absorption range). Interpretation of
CD spectra was based on the secondary structure analysis
of the well characterized poly(Lys) (20, 22, 23).

Cytotoxicity Assay. Osteogenicsarcoma cellline 791T
was grown in monolayer culture in Eagle’s minimum
essential medium suppleménted with 10% newborn calf
serum (MEM + NBCS). It was harvested for routine
passage and for cytotoxicity assays with a mixture of 0.25%
trypsin and 0.1% ethylenediaminetetraacetic acid in
phosphate-buffered saline, adjusted to pH 7.2. Cells
suspended in MEM + NBCS were adjusted to a concen-
tration of 5 X 104 per mL and plated at 100 uL (5 X 103
cells) per well in 96-well flat-bottom tissue culture grade
microtiter plates (Falcon 3072). They were incubated at
37 °C for 4 h until fully adherent. Drugs (Dau and cAD)
and conjugates in PBS were diluted in MEM + NBCS to
twice the desired final concentration and a range of 10-
fold dilutions prepared. Each dilution was added in 100
uL to quadruplicate wells, the concentrations stated in
the Results being the final concentrations in the wells at
this point. Control wells were treated with 100 uL. of MEM
+ NBCS alone. The cells were incubated for 48 h and
then labeled with [75Se]selenomethionine (Amersham
International ple, Amersham, UK) (0.1 uCi in 50 uL per
well) for 16 h. They were gently washed three times with
0.9% NaCl solution and dried down, and the dry contents
of the wells were sealed in with Nobecutane spray (Astra
Pharmaceuticals Ltd). The wells were separated with a
band saw and their radioactivity was measured as counts
per minute (cpm) in a y-spectrometer. Percent cytotox-
icity was calculated by the formula

mean ¢pm in controls — mean cpm in treated wells

- X 100
mean cpm in controls

Radioiodination of Branched Polypeptides—cAD
Conjugates. Branched polypeptides—cAD conjugates
were labeled with N-succinimidyl 3-(4-hydroxy-5-[12°]]-
iodophenyl)propionate (Amersham International ple, Am-
ersham, UK) using the Bolton and Hunter procedure (35).
Reagent solution (10—20 uL) was added to plastic microfuge
tubes and evaporated to dryness under a stream of

nitrogen. Then 500 uL of conjugate solution at 1 mg/mL
in 0.1 M borate buffer (pH 8.6) was reacted with iodinated
ester (2.0 mol of ester/mol of conjugate). The reaction
was allowed to proceed for 20 min at 0 °C and terminated
by adding 500 uL of 0.2 M glycine in the same buffer for
5min at 0 °C. The 1?5]-labeled conjugate was purified on
a G-25 Sephadex gel column using 0.066 M phosphate
buffer (pH 7.6) containing 0.25% gelatin as eluent. Elec-
trophoresis on native polyacrylamide gel with a continuous
8-25% gradient (PhastGel gradient 8-25 Pharmacia-LKB,
Uppsala, Sweden) was applied to assess the low molecular
weight labeled product content of the preparation.

Blood-Clearance and Tissue-Distribution Studies.
Balb/c¢ mice (Bantin and Kingman, Hull, UK) were used
throughout these studies. Drinking water was supple-
mented with 0.1% w/v sodium iodide. Groups of mice (n
= 3) received a single injection (0.2 mL) of 125[-labeled
conjugate via a tail vein. Serial blood samples (10 uL)
were taken from the tail tip up to 24 h after injection. At
this time the mice were killed and dissected. The blood
samples, visceral organs, and residual carcasses were
weighed and assayed for radioactivity. Results of the
blood-clearance study were expressed as a percentage of
the zero-time count rate assuming the blood volume of
the mouse (mL) to be 11.2% of the body weight (g) (36).
Area under the blood concentration-time curve up to 6 h
following injection was calculated by the trapezoidal rule
(37). Results of the tissue-distribution analyses were
expressed as (i) a percentage of the injected dose of
radioactivity per gram of tissue or blood and as (ii) ratios
of radioactivity per gram of tissue to radioactivity per gram
of blood (tissue to blood). Levels of statistical difference
between groups of animals were assessed by Student’s ¢-
test.

RESULTS

Synthesis and Chemical Characterization of
Branched Polypeptide—cAD Conjugates. The coupling
of cAD to branched polypeptides was achieved by a car-
bodiimide method in which one carboxyl group of the
molecule was linked to the a-amino group of the side-
chain terminal amino acid to provide covalent a-amide
bonding. First,the carboxyl groups of cAD were activated
by water-soluble carbodiimide under conditions (i.e., 1.5
times molar excess of carbodiimide, at pH 5.0) described
in detail elsewhere (4). In the second step, the carboxyl-
activated derivative was added to the amino component
(polypeptide) and the coupling reaction allowed to proceed
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in alkaline solution (pH 9.0). It should be noted that no
precipitate was detected during the synthesis of conjugates
under these conditions. The conjugates composed of cAD
and XAK or AXK type polypeptide were purified by gel
filtration and characterized by reversed-phase HPLC, cAD
content, and M, determination. These data are summa-
rized in TableI. Theresults presented in this table indicate
that the amount of cAD incorporated into the polypep-
tide conjugate depends on the size of the polymer and on
the identity of the terminal amino acid residue of the side
chain.

The average molar substitution ratio was in the range
of 4.5-16.0 cis-aconityldaunomycin per carrier molecule
in the case of small relative molar mass polypeptides

(—D$11 =100) or in the range of 20.8-70.0 in the case of large

relative molar mass polymers (DP, = 450). Thus the total
number of ¢cAD molecules in conjugates was found to
correlate with the size of the carrier polypeptide (e.g., the
number of cAD per polypeptide molecule is 24.3 for poly-
[Lys-(cADj-pi-Alag;)] (AK~cAD) and 5.5 for poly[Lys-
(cAD;-pL-Alag g4)] (ak—cAD) or 61.9 for poly[Lys-(cAD;-
Glugge-DL-Alas ;)] (EAK-cAD) and 12.5 for poly[Lys-
(cADj-Glug p3-pL-Alay g4)] (eak—cAD). Inordertocompare
the coupling efficacy in conjugate groups of different size,

the average degree of cAD substitution (DS) has been also
calculated and expressed as percent of modified side chains
in the conjugates. No significant differences have been

observed between the respective DS values of high
(DP = 450) and low (DP, = 100) relative molar mass

polypeptides [DS for poly[Lys-(cAD;-Leug g;-DL-Alag g4)]
(lak—cAD) = 4.5% and for poly[Lys-(cAD;-Leuggs-DL-
Alaz )] (LAK-cAD) =5.5%, or for poly[Lys-(cAD;-Prog.o4-
pr-Alaggy)] (pak—cAD) = 16.0% and for poly[Lys-(cAD;-
Progge-DL-Alas ;)] (PAK-cAD) = 15.5%].

The choice of carrier polypeptide could also influence
the composition of the conjugates. The highest coupling
efficacy was obtained with polypeptides containing Pro
or Glu/p-Glu at the terminal positions of the side chains

(DSpax = 15.5%, DS = 13.8%, DS_pax = 14.0%).
Under identical conditions CMC-mediated synthesis of
conjugates made of branched polypeptides with N-terminal

DL- Ala or Leu/D-Leu led to much lower DS values (e.g.,

DSLAK = 5.5%, DSaek = 5.3%, or DSAK = 5.4%). The
absolute configuration of the side chain terminal amino
residue had no significant influence on cAD 1ncorporatlon

into the conjugates studied (DSLAK = 5.5%, DS, 1k =

4.6% or DSpax = 13.8%, DS, gax = 14.0%).

Following purification by gel filtration, HPLC was used
to detect free anthracycline derivatives in the samples of
polypeptide-cAD conjugates. Quantitative analysis, per-
formed on a reversed-phase column (pore size of 300 &,
isocratic elution), indicated no detectable amount of free
daunomycin and the presence of less than 1% of cAD
could be demonstrated in the conjugates using peak—area
measurement calibrated with appropriate standards.

Conformation of Branched Polypeptide-cAD
Conjugates. The chiroptical properties of branched poly-
peptide—cAD conjugates in water solution was studied by
CD spectroscopy in the wavelength region 190-360 nm.
The CD curves of ak—cAD, lak-cAD, and eak—cAD
conjugates in PBS at pH 7.3 are shown in Figure 2.

In the 190-250-nm wavelength region, the circular di-
chroicspectra indicate the formation of a helical secondary
structure for lak—-cAD, but only marginally ordered
conformation for ak—cAD and eak-cAD conjugates (Figure
2A). Highly ordered conformation was also observed with

Hudecz et al.

N T T T ! 2 E T a nE

-5’.

© b

260 i(rm) 300 400 500  i(nm)

Figure 2. CD spectra of branched polypeptide-cAD conjugates
and cAD in PBS of pH 7.3: (a) ak-cAD, (b) eak—cAD, (c) lak—
cAD, (d) cAD.

poly[Lys-(cAD;-pL-Alagg-Leug7)] (alk—cAD) (data not
shown). The CD signals in this range originated from the
optical activity of amide bonds and from the contribution
of the cAD moiety. In order to consider this, the ellip-
ticity values (A¢) are related to one lysine residue in the
main chain including a whole cAD substituted side chain.
Due to the relative low cAD content of the conjugates
(4.5-14.0%), the CD contribution of cAD was found to be
negligible and therefore the pattern of the curves reflects
predominantly the secondary structure of conjugates. It
should be noted that the CD spectra of the unconjugated
polypeptides lak and alk correspond to a highly ordered
helical conformation (23), while ak (22) and eak (23) proved
to be completely unordered under identical circumstances.
These conjugates also have optical activity in the 250
360-nm absorption range, which is distinct from the amide
chromophores and corresponds only to the structure of
cAD. Consequently, this region of the CD spectra could
be used to monitor the presence of the drug and local
chromophore interaction in the conjugates. CD spectra
in the range of 250-360 nm demonstrated the presence of
daunomycin moieties in conjugates (Figure 2B). In the
case of ak—cAD and lak—cAD, the shape and the charac-
teristic values of the CD curves were similar to that of free
cAD, indicating no interaction between coupled cis-ac-
onityldaunomycin groups. In contrast, a significant red-
shift could be demonstrated in the CD spectrum of eak-
cAD conjugate as compared to free cAD. The minimum
at 380 nm and the maxzimum at 450 nm in the cAD
spectrum shifted to 420 nm and to 480 nm, respectively.
These observations are in agreement with changes detected
in the UV spectra of cAD and eak-cAD conjugate (data
not shown).

Cytotoxicity against Tumor Cells in Vitro. Mod-
ification of daunomycin by substitution of a cis-aconityl
group significantly reduced its cytotoxicity against 791T
osteogenic sarcoma cells (P < 0.001) compared with that
of the free drug, as shown in Figure 3. Comparison of the
cytotoxicity curves around the 50% inhibitory concen-
trations showed that this reduction was about 8-fold.
Conjugation of cis-aconityldaunomycin to a branched poly-
peptide carrier caused a further reduction in cytotoxicity.
This reduction was not significantly influenced by dif-
ferences in the size of the branched polypeptide—cAD
molecule. Thus,the example in Figure 3shows areduction
of cAD cytotoxicity by approximately 1 order of magnitude
following conjugation to ak (conjugate M, 37700) and a
similar reduction in the case of AK-cAD (M., 172300) (P
< 0.001). This pattern was consistent using other poly-
peptides where only the molecular size was changed,
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Figure 3. Molecular size of the polypeptide carrier molecule in

relation to daunomycin cytotoxicity and comparison with free

drug: (O) free daunomycin, (W) cis-aconityldaunomycin (cAD),

(a) ak-cAD, (a) AK-cAD.

100 7
80
2 601
k]
»
g
2 _
g 40
1)
£ 20
o-
-20 — ~r r . n
10° 10" 102 108 104 108

¢ (pmol/ml)

Figure 4. Influence of different side-chain terminal amino acids
on cytotoxicity of polypeptide—cis-aconityldaunomycin conju-
gates and comparison with a protein carrier: (W) cAD, (O) eak-
cAD, (a) ak—cAD, (a) lak-cAD, (X) HSA-cAD.

Table II. Cytotoxicity of Daunomycin (Dau),
cis-Aconityldaunomycin (cAD), and Branched
Polypeptide—cAD Conjugates against 791T Osteogenic
Sarcoma Cells

ICs0,° ICsp,°

compound pmol/mL compound pmol/mL

daunomycin 9.3 x 10! pak—cAD 3.3 x 103

cAD 7.1 X 102 PAK-cAD 3.0x 103

aek-cAD 7.2 X 108

ak-cAD 5.3 X 103 eak-cAD 1.2 x 108

AK-cAD 9.6 X 103 EAK-cAD 1.2 x 103

alk-cAD 1.0 X 104 p~-EAK~-cAD 8.1 %103
lak-cAD >6.0 X 103

LAK-cAD 4.3 %X 103 HSA-cAD 4.0 x 103

p-lak-cAD >5.0 X 103 791T/36~cAD 9.6 X 103
p-LAK-cAD 3.8 %103

aConcentration is expressed in terms of molar daunomycin or cAD
content of conjugates.

although the extent of the reduction differed according to
the amino acid residue in the side chain (Table II).

The identity of the terminal amino acid in the side chains
had a marked influence on cAD cytotoxicity (Figure 4).
The addition of leucine to produce lak-cAD resulted in
a similar reduction to that seen with ak-cAD, but the
addition of glutamic acid to make the conjugate ampho-
teric (eak—cAD) resulted in a more cytotoxic conjugate.
The cytotoxicity of eak—cAD was not significantly different
from that of cAD alone, while both ak—cAD and lak-cAD
were significantly less cytotoxic (P < 0.001). A control
conjugate of cAD prepared with human serum albumin
(HSA) as a carrier showed activity similar to that of ak-
cAD and lak-cAD (Figure 4).

The configuration of the terminal amino acid residue
had different effects on cytotoxicity, depending on the
amino acid involved. Replacement of L-leucine with p-
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Figure 5. Influence of amino acid configuration of the terminal
side chain on cytotoxicity of polypeptide-cis-aconityldaunomy-
cin conjugates: () p-LAK—cAD, (O0) LAK-cAD, (@) p-EAK-
cAD, (0) EAK—cAD.
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Figure 6. Influence of amino acid sequence of the side chain on

cytotozicity of polypeptide—cis-aconityldaunomycin conjugates:

(a) lak—cAD, (A) alk-cAD, (0) eak-cAD, (@) aek—cAD.

leucine to make poly[Lys-(cAD;-p-Leuggs-DL-Alag )] (D-
LAK-cAD) had no effect on cytotoxicity compared with
that of LAK-cAD (Figure 5), but in the case of EAK-cAD
a similar replacement had a profound effect. EAK-cAD
was significantly more cytotoxic than LAK-cAD (P <0.05
around 10° pmol/mL), as also observed with the smaller
relative molar mass variants in Figure 4, but poly[Lys-
(cADj-p-Glug g5-DL-Alag 1)] (D-EAK~-cAD) was much less
active (Figure 5). Cytotoxicity of o-EAK-cAD was about
7 times less than that observed with p-LAK-cAD (P <
0.01 at concentrations above 10° pmol/mL).

The importance of the sequence of the amino acids in
the side chain was also tested (Figure 6). In the case of
conjugates containing a polycationic polypeptide, lak-cAD
was compared with alk—-cAD. Both compounds had similar
cytotoxic activity. In contrast, cytotoxic activity of the
amphoteric cAD-polypeptide conjugates eak or aek was
found to be significantly different. Eak—cAD was about
6 times more active than poly[Lys-(cAD;-pL-Alag g7-Glu; 0)]
(aek-cAD) (Figure 6). It was concluded that the side-
chain sequence could have little (in polycationic conju-
gates) or marked (in amphoteric conjugates) influence on
cytotoxicity of cAD, depending on the identity of the amino
acid X involved (Table II).

Biodistribution of Branched Polypeptide-cAD
Conjugates. The blood survival of iodinated alanylated
polylysine-cAD conjugates following iv administration is
shown in Figure 7. There was no significant difference in
the area under the blood-clearance curve (AUCqn) for
conjugates prepared with either the higher (AK—cAD) or
lower (ak—cAD) relative molecular mass branched poly-
peptide. Twenty-four hours following iv injection the
whole-body survivals for AK-cAD and ak—-cAD were 7.5
+ 1.6% injected dose and 7.6 + 0.7% injected dose,
respectively. The tissue-distribution profiles of these two
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Figure 7. Blood-clearance profiles of 125]-branched polypeptide—
c¢AD and HSA-cAD conjugates following iv administration to
Balb/c mice. AUC;¢, calculated from these data are given in
Table III. Results are expressed as mean =+ standard deviation
for groups of three animals: (0) ak—cAD, (@) AK—cAD, (O) lak—
cAD, (m) eak—cAD, (a) HSA-cAD.
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Figure 8. Tissue distribution of 1**[-branched polypeptide—cAD
conjugates in Balb/c mice 24 h after iv administration. Results
are expressed as mean for groups of three animals.

Table ITI. Biodistribution Parameters of Branched
Polypeptide—cAD Conjugate

AUCo¢h, % of WBSatt=24h, % dose/g blood

cpmhatt =0 % injected dose att =24 h

conjugate (mean + SD) (mean + SD) (mean + SD)
ak—-cAD 215+39 7.6 +0.7 0.07 £ 0.01
AK—cAD 203+ 2.3 7.5+ 1.6 0.10 £ 0.04
alk-cAD 2774 £ 37.2 31.4+22 T4+14
lak-cAD 77.8+ 8.1 142+ 26 0.07 £ 0.02
p-lak-cAD 504 + 4.2 11.4 £ 0.7 0.08 £ 0.02
aek—cAD 145.2+ 11.6 86+04 4.1+£0.3
eak—cAD 360.9 £ 22.6 226+ 1.0 115+ 18
EAK-cAD 2798 7.5 153+ 1.2 6.8+0.3
p~EAK—cAD 2754 £ 6.0 16.8 £ 1.9 92+19
HSA-cAD 311.7£94 22.6 £ 0.7 6.5+02
T91T/36-cAD 482.7+ 189 58.0+ 0.8 182+1.8

conjugates were also very similar (Figure 8), both com-
pounds being taken up by spleen, kidney, and liver.

In contrast, changes in the identity in the terminal side
chain amino acid of the conjugates resulted in dramatic
changes in their biodistribution profiles. Substitution of
both leucine and glutamic acid at the terminal side chain
position of the peptide significantly prolonged blood
survival (Figure 7). The AUCyg¢, for lak—cAD was
increased 4-fold compared to that of ak—cAD and for eak-
cAD it was 16-fold compared to that of ak—-cAD. The 24-h
tissue distributions of these three conjugates are compared
in Figure 8. Although lak—cAD had a significantly higher
WRBS compared to that of ak—cAD (Table I1I), the tissue
distribution of conjugate 24 h after iv administration was
very similar. Tissue to blood ratios for spleen, liver, and
kidney were greater than 25 for both conjugates. However,
tissue to blood ratios for eak—cAD were less than 0.3 in all
tissues with the percent dose/gram of blood at t = 24 h
being 100 times greater than for lak—cAD or ak—cAD.

Substitution of the p isomer into the terminal side chain
position of the polypeptide had no significant effect on
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Figure 9. A comparison of the blood clearance of 12%I-labeled
EAK—cAD and n-EAK-cAD and of **I-labeled lak-cAD and p-
lak-cAD in Balb/c mice following iv administration. AUCygp
calculated from these data are given in Table III. Results are
expressed as mean =+ standard deviation for groups of three mice:
(O0) EAK—cAD, (m) p-EAK-cAD, (0) lak—cAD, (®) p-lak—cAD.
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Figure 10. Effect of absolute configuration of the terminal side
chain amino acid on tissue distribution of '**I-labeled branched
polypeptide—cAD conjugates in Balb/c mice: (a) lak-cAD and
p-lak—cAD and (b) EAK—cAD and p-EAK—cAD. Results are the
mean of three animals.

the biodistribution of the conjugates studied. There was
little change in blood clearance (Figure 9) for the poly-
cationic leucine-containing pair (lak-cAD, p-lak-cAD) or
the amphoteric glutamic acid containing pair of conjugates
(EAK—cAD, p-EAK-cAD). Twenty-four hours following
iv administration the tissue-distribution profiles of each
pair were very similar (Figure 10). Both lak—cAD and
p-lak—cAD were taken up predominantly into spleen, liver,
and kidney. In contrast EAK-cAD and p-EAK-cAD had
tissue to blood ratios of less than 0.4 for all tissues. There
was no significant difference in percent dose/gram of blood
at 24 h between the L and D amino acid containing
conjugates for both pairs studied.

The effect of changing the side chain amino acid
sequence of the branched polypeptides on the biodistri-
bution of the polypeptide—cAD conjugates is illustrated
in Figures 11 and 12 and was different for polycationic
and amphoteric conjugates. In the case of polycationic
conjugates, when leucine was substituted for a side-chain
alanine adjacent to the polylysine backbone, the blood
survival of its cAD conjugate (alk—-cAD) was considerably
prolonged compared to a conjugate containing leucine in
the terminal side chain position (lak—cAD). The AUCjp
for alk—cAD was 3.5 times greater than for lak—cAD (Table
III). Twenty-four hours after iv administration the WBS
for alk—cAD was 31.4 + 2.2% injected dose compared to
17.2 £ 2.6% injected dose for lak—cAD. Figure 12 illus-
trates that at 24 h postinjection there was 100 times more
alk—cAD in the blood and 8 times more alk—cAD in the
spleen compared to lak-cAD. Incontrast, for the ampho-
teric conjugates investigated, when glutamic acid was sub-
stituted for a side chain alanine adjacent to the polylysine
backbone, the blood survival of the conjugate (aek—cAD)
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Figure 11. Effect of side-chain sequence on blood survival of
1%]-labeled branched polypeptide—cAD conjugates following iv
administration of Balb/c mice. AUCy¢, calculated from these
data are given in Table III: (O) eak—cAD, (W) aeck—cAD, (O) lak-
cAD, (@) alk—cAD.
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Figure 12. Effect of side-chain sequence on the tissue distri-
bution of **]-labeled branched polypeptide-cAD conjugates in
Balb/c mice: (a) lak—cAD and alk—cAD and (b) eak-cAD and
aek-cAD. Data shown are the mean of three mice,

was reduced, with a 2-fold reduction in AUC¢, (Table
ITT) compared to a conjugate containing glutamic acid at
the terminal side chain position. Figure 12 shows that
although the WBS of aek—cAD was much lower than for
eak—cAD, the tissue distribution profiles of these two
conjugates were very similar with tissue to blood ratio all
less than 1.0.

DISCUSSION

In the design of polymer—drug conjugates, selection of
polymeric compounds is an important factor to be con-
sidered. In order to provide a rational basis for identi-
fication of structural elements essential for drug-carrier
function, daunomycin has been coupled to chemically
related branched polymeric polypeptides. These conju-
gates have been synthesized using a cis-aconityl derivative
of Dau (cAD), ensuring the same type of drug-polymer
linkage in all compounds prepared. T'wo groups of poly-
peptides with basically identical side chain composition,
but of different size (29), were used for syntheses. As a
result of standardized coupling procedure, cAD conjugates
of both groups had a similar average degree of molar
substitution (Table I), allowing the effect of size to be
studied. In view of the importance of charge and side-
chain structure of branched polypeptides in a-helix
formation (20, 21) and immunological (39, 40) and phar-
macological (29, 40) properties, we have investigated the
conformation, the biodistribution, and in vitro cytotox-
icity of cAD—carrier conjugates with polypeptides con-
taining amino acid residues of different identity and/or
configuration (e.g., Leu, p-Leu, Glu, p-Glu) at the side-
chain end (XAK type) or at the position next to the polyl-
ysine backbone (AXK type).
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CD spectra of conjugates showed significant differences
correlating with the identity of the side chain terminating
amino acid residue, but not with the sequential order of
amino acid residues in the side chains of the carrier. Poly-
cationic conjugates could assume a highly ordered con-
formation (lak—cAD and alk-cAD) or a random steric
arrangement (ak—cAD), depending on the presence of a
hydrophobic amino acid (Leu) in the side chain. The CD
spectrum of the amphoteric conjugate (eak—cAD) corre-
sponded to an unordered structure. These results dem-
onstrate that conformational properties of cAD-polypep-
tide conjugates are very similar to those of unconjugated
polypeptides (20, 21). Consequently, the introduction of
daunomycin molecules with an average degree of substi-
tution of up to 12.6% has no significant influence on the
conformation of the free carrier molecule under compa-
rable conditions. Additional information regarding the
secondary structure of the conjugate could be derived from
the differences observed in the 250-360-nm absorption
range. The shape of the CD curve of cAD-eak might be
attributed to the interaction of eak-coupled ¢AD chro-
mophores. Similar changes in the CD spectrum of dauno-
mycin have been interpreted as “self-association” of free
drug molecules in solution (38).

The data presented in this study indicate that the
covalent binding of daunomycin to branched polypep-
tides could result in reduction of drug cytotoxicity. This
observation is not unique for polymeric derivatives of toxic
agents (17), but has also been described for protein
conjugates of antitumor drugs (e.g., ref 3). In our case,
this decrease is partly due to the derivatization of dauno-
mycin by cis-aconitic anhydride and partly caused by its
coupling to branched polypeptides. The reduction of cy-
totoxic activity was found to be independent of size, but
influenced by the side-chain structure of the carrier poly-
peptide. Conjugation to polycationic polymers, regardless
of the identity, configuration, and position of amino acid
X (where X = Leu, n-Leu, or Pro) in the carrier side chain
resulted in a reduction of cAD cytotoxicity. In contrast,
amphoteric conjugates bearing L-Glu at the side chain
terminal position produced an agent with cytotoxicity
similar to that of free cAD. However, the replacement of
L-Glu by its enantiomer or a change in sequential position
of the negative charge (eak — aek) lowered the cytotoxic
potential of the conjugate. This observation might be
explained by the unordered conformation of eak—cAD,
which could provide (a) preferential orientation of cAD
(L-Glu vs p-Glu) or (b) proper surface charge density (eak
vs aek) for cell to conjugate interactions.

The fate of these conjugates after introduction into the
organism was studied in detail. The elimination of poly-
peptide conjugates from the blood and their tissue-
distribution profiles after ivinjection showed no correlation
to the average molecular mass or to the absolute config-
uration of amino acid X in the carrier side chains. In
contrast, blood clearance of these compounds could be
significantly prolonged by using either amphoteric poly-
peptides (EAK or aek) or a carefully selected polycationic
one (alk). It should be noted that the retarded blood
survival of amphoteric and polycationic conjugates was
not accompanied by similar tissue distribution. Conju-
gates with a polycationic polypeptide, regardless of their
blood clearance, were directed predominantly to spleen,
liver, and kidney, while conjugates with glutamic acid at
the end of the side chains were taken up by the lung, kidney,
and liver.

In summary, these studies have indicated that changes
in the primary/secondary structure of the branched poly-
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peptide carrier molecule can alter the biodistribution
profile of the conjugate and the in vitro cytotoxic activity
of daunomycin. In this report we showed that a dauno-
mycin—branched polypeptide conjugate constructed from
an amphoteric carrier (e.g., eak) (a) can sustain the cy-
totoxic activity of cAD and (b) can be present in the
circulation for an extended period of time. These findings
suggest that amphoteric branched polypeptide-dauno-
mycin conjugates are good candidates for further conju-
gation to site-specific targeting agents such as monoclonal
antibodies. In contrast, a conjugate based on a polyca-
tionic polypeptide (e.g., lak) leaves the circulation in a
short period of time and accumulates in the liver.
Therefore, in spite of its reduced in vitro cytotoxicity as
compared to free cAD, this conjugate could be useful also
for direct liver-specific targeting without further coupling
to recognition unit. In conclusion, this investigation
suggests that it is feasible to modulate beneficially the
body distribution, retention time, and in vitro cytotox-
icity of daunomycin by proper combination of structural
elements (side chain sequence, configuration, and identity
of amino acid X in the side chain) of the carrier molecule.
We are currently studying the therapeutic efficacy of the
conjugates reported and also immunoconjugates prepared
with monoclonal antibodies.
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Rational Design of a Chimeric Toxin: An Intramolecular Location for
the Insertion of Transforming Growth Factor a within Pseudomonas
Exotoxin as a Targeting Ligand
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To investigate the potential utility of Pseudomonas exotoxin (PE) in forming rationally designed
chemotherapeutic agents, we inserted a cDNA encoding transforming growth factor o (TGF«) at several
locations in a gene encoding a mutant full-length PE (PE“E) which does not bind to the PE receptor.
After expression in Escherichia coli, we purified the chimeric toxins to near homogeneity and showed
that they were specifically cytotoxic to human epidermoid, ovarian, colon, and hepatocellular carcinoma
lines. Like the previously reported TGFa-PE40 (11), one of the new molecules (TGFa-PE4E) contains
the ligand at the amino terminus. Two additional chimeras (PE4E-TGF« and PE4E-TGF«-598-613)
each contain TGFa inserted near the carboxyl terminus of PE. We show that preservation of the correct
PE carboxyl-terminal amino acid sequence, REDLK, allows the toxins containing TGF a carboxyl inserts
toretain significant cytotoxicity against target cells, since another molecule (PEE-TGFa-ILK) containing
a nonfunctional carboxyl-terminal sequence was over 100-fold less active. The chimeric toxins with
TGFa had the same binding affinity for the EGF receptor whether the ligand occupied the amino or
carboxyl position. Molecules with TGFa near the carboxyl position were consistently less active against
target cells but also less toxic to mice than those with TGF« at the amino terminus, indicating both
types of molecules might be therapeutically effective. Qur results establish that a ligand can be placed
near the carboxyl terminus of PE, within the portion of the toxin that translocates to the cytosol. The
amino-terminal position in such molecules is then available for the placement of other targeting ligands.

INTRODUCTION

Pseudomonas exotoxin A (PE) is produced by Pseudo-
monas aeruginosa and kills mammalian cells which express
the PE receptor (I). PE is composed of three structural
domains (2). A combination of structural and functional
studies (2, 3) has established that domain Ia of PE is
responsible for cell recognition, domain II for transloca-
tion across cell membranes into the cytosol, and domain
ITI for catalyzing the ADP ribosylation of elongation factor
2, the step that leads to cell death. When domain Ia is
removed from PE, a 40-kDa protein is produced (PE40)
that still has translocating and ADP ribosylation activity,
but lacks the ability to bind and to enter cells. However,
when cDNAs encoding TGF«, IL2, IL4, IL6, CD4, or anti-
Tac(Fv) are fused to the 5 end of the gene segment
encoding PE40, chimeric toxic proteins can be produced
which are specifically cytotoxic to malignant cells ex-
pressing appropriate receptors (4-11). Because these
recombinant molecules kill target cells at extremely low
concentrations, they make attractive potential chemo-
therapeutic agents.

Transforming growth factor « (TGFa), which is similar
structurally and functionally to the epidermal growth
factor, appears to be involved in the growth and main-
tenance of many human solid tumors, including those of
lung, breast, head and neck, prostate, brain, liver, and
bladder, and of endometrial, renal, and gastrointestinal
origin (12-18). The use of chemotherapy in eradicating
or even partially reducing metastatic disease from these
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sites has been disappointing at best. TGFa-PE40 in vitro
isextremely cytotoxic to many of these human solid tumors
(11, 19). Moreover, in nude mouse xenographs of human
prostate and epidermoid carcinomas (19) and hepatocel-
lular cancer (Siegall, C. B., FitzGerald, D. J., and Pastan,
I., unpublished results), a therapeutic window exists
between the dose required to kill tumor cells and the dose-
limiting toxicity due to the EGF receptors on normal
tissues.

From the standpoint of rational drug design, it would
be useful to place one (or more) ligand(s) in different
locations within the toxin, especially within the region
that translocates into the cytosol. However, when TGF«
was placed at the carboxyl end of PE40, a molecule was
produced (PE40-TGFa) that was much less active than
TGFa-PE40 and could not be purified by anion exchange
and sizing chromatography (4, 11). Furthermore, PE40-
IL.2, PE40-11.4, and PE40-11.6 were all produced and found
to have no detectable cytotoxic activity on receptor-bearing
target cells (unpublished data). The explanation for the
difference in activity between the amino- and carboxyl-
terminal chimeric toxins emerged recently when we
established that the last five amino acids of PE, REDLK,
while unnecessary for ADP ribosylation activity, are
needed for cytotoxicity (20). These results suggested that
the reason for the reduced cytotoxic activity of molecules
such as PE40-TGFa was that the TGFa molecule blocked
REDLK and prevented as essential step in translocation
of the toxin’s active fragment into the cytosol.

To determine if a cell-targeting ligand could be placed
at alocation other than the amino terminus where it would
still bind to EGF receptors and also be translocated into
the cytosol, we decided to insert TGFa near the carboxyl
terminus of PE‘E. We used PE4E, in which Lys57, His246,
Arg?¥" and His?® are all replaced by glutamates (21), rather
than PE40, in which domain Ia is deleted, because its
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expression level is better and it is more readily purified.
Additionally, we have found that the chimeric toxins IL2-
PE‘E and IL6-PE“E are several-fold more active than IL2-
PE40 and IL6-PE40, respectively (22, 23). Accordingly,
two carboxyl-terminal TGFa recombinant constructions
were prepared and expressed in E. coli; both contain the
necessary REDLK terminal sequence. The first, PE4E-
TGFe«, contains amino acids 1-607 of PE followed by
TGFa, then amino acids 604-613 of PE. Thesecond, PE-
TGFa-598-613, differs from the first in that TGFa« is
followed by amino acids 598-613 of PE so that more of the
natural carboxyl terminus of PE remains undisturbed. A
third molecule, PE4E-TGFa-ILK, contains an improper
carboxyl end following the TGF« insert and hence should
be less cytotoxic. Using cell lines with varying numbers
of EGF receptors, the cytotoxic and cell-binding activities
of these three PE4E molecules with carboxyl-inserted TGF«
were compared to those of PE derivatives with an amino-
attached TGFa (TGFo-PE‘E and TGF«-PE40). The
chimeric toxins were also tested in vivo to determine their
lethality to mice.

EXPERIMENTAL PROCEDURES

Materials. Restriction endonucleases and DNA ligase
were obtained from New England Biolabs (Beverly, MA)
or Bethesda Research Laboratories (Gaithersburg, MD)
and used as recommended. Alkaline phosphatase was
obtained from Boehringer Mannheim (Indianapolis, IN).
[3H]Leucine and [!?T]EGF were purchased from Amer-
sham Corporation (Arlington Heights, IL) or from New
England Nuclear (Boston, MA). EGF was purchased from
Bioproducts for Science (Indianapolis, IN). FPLC col-
umns and media were purchased from Pharmacia (Pis-
cataway, NJ).

Cell Lines. OVCARS3 cells were a gift from T. Hamil-
ton (NCI). HUT'102 cells were a gift from T. Waldmann
(NCI). Other cell lines were from the American Type
Culture Collection (Rockville, MD).

Plasmids. All the plasmids utilize a lactose-inducible
T7 promoter expression system (24). Allthe constructions
were carried out using standard cloning techniques in-
volving restriction enzyme digestions and separation of
fragments on low melting point agarose gels, followed by
in-gel ligations.

Plasmid pVC 47195 f+T, reported previously (20),
encodesthe OmpA signal sequence, followed by PE amino
acids 1-607, RPHMPGD, and finally PE amino acids 598-
613. The DNA sequence of the heptapeptide linker (5'-
AGGCCTCATATGCCCGGGGAT-3’) provides unique
Stul and Ndel sites, in addition to BamHI and Smalsites.
Following the linker, mutation of PE codon 604 to 5'-
CCC-% inserts asecond Smal site in the plasmid for cloning
purposes. A ¢cDNA encoding TGF« with Ndel restriction
sites at the 5’ and 3’ ends was inserted into Ndel-digested
pVC 47195 £+T, resulting in pVC 47395 f+T. pVC 47355
f+T was prepared from pVC 47395 f+T by digesting with
Smal and selfligating the 5.3-kb fragment.

Plasmid pVC 4715 £+T is similar to pVC 47195 f+T,
except that it contains sequences which encode ILK at
the carboxyl terminus of the gene-fusion product, instead
of PE amino acids 598613 (20). The TGF« cDNA was
ligated into the Ndel-digested plasmid to produce pVC
47315 f+T.

Plasmids pVC 4731/4E f+T, 4735/4E f+T, and 4739/
4E f+T encode PE‘E-TGFa-ILK, PE‘E-TGF«, and PE*E-
TGFa-598-613, respectively, which donot carry the OmpA
signal sequence. They were prepared from plasmids pvVC
47315 f+T, pVC 47355 f+T, and pVC 47395 f+T, respec-
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tively, by ligating the 4.0-kb Xbal-SstII fragment of each
plasmid with a 1.3-kb Xbal-SstII fragment of pVC4/4E
f+T, which encodes PE‘E (5, 21, 25).

pVC 34/4E f+T encoding TGF a-PE“E was prepared by
inserting the Ndel insert containing TGFa into Ndel-
digested pVC 4/4E f+T.

Protein Expression and Purification. E. coli BL21
(ADE3) cells, which carry a T7 RNA polymerase gene in
a lysogenic and inducible form, were used as a host for
transformation and expression of the above plasmids. The
fusion proteins were isolated from the insoluble fraction
(inclusion bodies) as described previously (6). The in-
clusion bodies were denatured in 7 M guanidine hydro-
chloride and renatured in phosphate-buffered saline
(PBS). The crude dialyzed mixture was purified by
sequential Q-Sepharose, Mono-Q (Pharmacia), and gel
filtration chromatography as has been reported previously
(26). Using a step NaCl gradient for Q-Sepharose and
linear gradient for Mono-Q, the desired chimeric toxin
eluted at a salt concentration of 0.2-0.24 M with chro-
matograms appearing similar to those obtained for the
purification of DT388-antiTac(Fv) (26). Protein concen-
tration of the purified chimeric toxins was determined by
the Bradford assay (Pierce, Rockford, IL) using BSA as
astandard. Thismethod has agreed well with results from
amino acid analysis of similar molecules.

In Vitro Assay. Cytotoxicity assays were generally
performed as described previously (7). Adherent cells were
plated at a density of 1 X 10 cells/mL on the day prior
to addition of recombinant toxins. HUT102 and U266
cells, which grew in suspension, were washed and plated
immediately at a density of 4 X 10° cells/mL prior to toxin
addition. Assays were performed in 24-well plates con-
taining 1 mL of cells per well. After a 16—-20-h incubation
with toxins, [3H]leucine (2 uCi per well) was added for
60-90 min and incorporation into cellular protein was
measured. Data was obtained from the average of
duplicates, which generally varied from the mean by 5-
10%. Total counts per minute (cpm) in the absence of
toxin was 12-14 000. The assay reported was represen-
tative of several confirmatory assays.

Binding Studies To Determine Receptor Number.
PLC/PRF/5, HEPG2,0VCAR3, and HT29 cells were each
plated at 5 X 104/ mL, 1 mL/well, in 24-well plates. Twenty-
four hours later, cells were washed twice with binding
buffer ODMEM containing 50 mM BES (pH 6.8) and BSA
1mg/mL). The 24-well plates were placed on ice, and 200
uL of binding buffer containing either 0.037, 0.11,0.33, 1,
2, or 6 ng of [1¥I1EGF (0.1 uCi/ng), each with or without
1.2 ug of cold EGF, was added. Each of the 12 combi-
nations were performed in duplicate. After 1-2 h of
equilibration at 4 °C with rocking, cells were washed three
times with binding buffer and lysed with 0.01 M Tris-HC1
(pH 7.4) containing 0.5% SDS and 1 mM EDTA, and
bound ligand was quantitated with a 4 detector. Receptor
number was determined from Scatchard plots as described
previously (27). Kjg’s for each cell line were similar and
varied between 0.8 and 2 X 10° M. Receptor numbers
shown for other cell lines in Table I were determined
previously (28, 29).

[!2I]EGF Displacement Studies. A431 cells were
plated at 8 X 10° cells/well, 1 mL/well, in 24-well plates.
After 24 h, the cells were washed twice with binding buffer,
fixed with formaldehyde, washed again with binding buffer,
and treated with 200 uL of binding buffer containing 0.5
ng (0.05 uCi) of ['ZI1EGF, combined with either 0, 0.16,
0.8, 4, 20, or 100 pmol of chimeric toxin. Afterequilibration
for 1-2 h on a rocker, the cells were washed, lysed, and
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Table I. Cytotoxicity of TGFa-Toxins against Human Malignant Cells

EGF receptors IDg,” ng/mL
cell line, type sites/cell x 107 TGFa-PE40 TGFa-PEE  PE*.TGFa  PE*.TGFa-598-613 PE‘E-TGFa-ILK
A431, epidermoid 3000 0.05 0.02 0.3 0.3 130
KB, epidermoid 200 0.5 0.3 5 7 >1000
HT29, colon 100 0.5 1.7 2.5 3 >1000
OVCARS3, ovarian 70 0.75 0.45 1.7 2.4 >1000
PLC/PRF/5, hepatoma 20 0.16 0.05 0.4 0.3 >1000
HEPG2, hepatoma 9 3 4 33 65 >1000
U266, myeloma <1 >1000 >1000 >1000 >1000 >1000
HUT102, T leukemia - >1000 >1000 >1000 >1000 >1000

4 [Dgy's constituted the concentrations needed for half-maximal protein synthesis inhibition. Values were calculated using the two concentration
points on either side of the 50% of control (represented by dashed lines in Figure 3).

PROTEIN STRUCTURE PROTEIN NAME PLASMID
[ NN TGFa-PESD pVC387
[EI==EEE \\\ L2 TGFa-PE *€ PVCIAME 1o
I‘GI(PPHEDU( PE'ETGFa PVCA7ISIE 14T

[l povasopckeprepLk PERTGFo-508-613 pVCAT30/ME 14T

e RS PE‘STGFa-ILK  PVCAT31ME f+T
= [ | N M
pomain ' pomaNn DOMAINIB DOMAINS IBslll TGFax
aa 1-252 aa 22365360  aa 381-607

Figure 1. Schematic of expressed proteins. The amino acids
listed in the one-letter code are the C-terminal residues.

counted as above. Data was obtained from the medians
of triplicate values, and reported values were taken from
one of several independent confirmatory assays.

In Vivo Studies. Athymic female (nude) mice, strain
BALB/c,were supplied by the Frederick Cancer Research
Center, National Cancer Institute. LDsy studies were
performed by intraperitoneal injection of the various
chimeric toxins in phosphate-buffered saline supple-
mented with 0.2% human serum albumin (0.5 mL).

RESULTS

Construction of Recombinant Toxins. Our goal is
to construct chimeric toxins which can bind to cells using
ligands placed at locations other than the amino terminus
of the PE molecule. A second goal is to have a ligand in
the 37-kDa carboxy terminal position of PE, where it could
be translocated into the cytosol. Recent experiments
demonstrating the importance of the last several amino
acids of PE (20) suggested to us that toxin activity could
be better preserved if the ligand were placed near rather
than at the carboxyl terminus. The location we chose for
TGFa was after amino acid 607 of PE, since residues after
602 are not required for ADP ribosylation activity (20).
To retain two different lengths of the native carboxyl
terminus of PE, we inserted TGF« prior to either PE amino
acids 604613 or 598613 (Figure 1). The recombinant
proteins, expressed in E. coli and recovered from inclusion
bodies by denaturation and renaturation, were purified to
near homogeneity (Figure 2) and purified chimeric toxins
were used for further studies.

Activity on Cell Lines. To determine if TGF« could
be inserted into the carboxyl terminus of PE and still target
PE to cells expressing EGF receptors, we determined the
cytotoxic activities of PE‘E-TGF« and PE‘E-TGFa-598-
613 against cell lines expressing different numbers of EGF
receptors (Table I). The cell lines A431, KB, HT29,
OVCAR3, and PLC/PRF/5 were all very sensitive to
TGFa-PE40 and were quite sensitive to both PE‘E-TGFa
and PE*E-TGF a-598-613, with IDs(’s ranging from 0.3 to
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Figure 2. SDS-PAGE (10% reducing) of PE‘E-TGFa: lane 1,
total cell; lane 2, spheroplast; lane 3, inclusion bodies; lane 4,
pooled fractions after Q-Sepharose chromatography; lane 5,
pooled fractions after mono-Q chromatography; and lane 6, pooled
fractions after TSK sizing column. For lanes 1-3, 30 uL based
on the original culture volume (90 min after induction at an ODgs,
of 1.0) was loaded in each lane. Less than 1 ug was loaded in lane
4, and 2-4 pg was loaded in lanes 5 and 6. Gels were stained by
coomasie blue.

7 ng/mL. The cell line A431, with 3 X 10° receptors/cell,
was more sensitive to the chimeric toxins than KB cells,
which have 2 X 10° receptors/cell. The cell line HEPG2,
which has only 9000 receptors/cell, showed less sensitivity
to the two carboxyl inserts. Interestingly, PLC/PRF/5
cells, which express EGF receptors in numbers similar to
HEPG2 cells, were 20-200-fold more sensitive to the
TGFa—toxins than were HEPG2 cells. The cell lines U266
and HUT102, which are resistant to TGFa-PE40, were
resistant to the new molecules, even at toxin concentrations
of 1000 ng/mL. Specificity for target cells was demon-
strated by competition with excess EGF. Figure 3 shows
that inhibition of protein synthesis by both toxins in A431
cells could be reversed by 2 ug/mL EGF. Reversal by
excess EGF was also demonstrated for KB, OVCARS3,
HEPG2, PLC/PRF/5, and HT29 cells (data not shown).

To demonstrate the importance of retaining a proper
carboxyl end, we also made and tested PE‘E-TGFa-ILK
(Figure 1). In the sensitive cell lines, this change in the
last several amino acids of PE resulted at least in a 150~
3000-fold loss of activity against A431, KB, HT?29,
OVCARS3, and PLC/PRF/5 cells (Table I).

To evaluate the effect of moving the ligand from the
amino to the carboxyl position, we made TGFa-PE*E,
which has TGFa at the amino terminus of PE‘E, TGFa-
PE‘E ig several-fold more active than TGFa-PE40, a
chimeric toxin that is missing all of domain I and is cy-
totoxic to a variety of cell lines expressing EGF receptors
(11). Comparison of IDsg’s for each sensitive cell line shows
greater cytotoxicity when T'GFa occupies the amino
terminal position (Table I).

EGF displacement studies were performed to determine
whether the decreased cytotoxicity of PE‘E-TGFa and
PEE.TGFa-598-613 relative to that of TGFa-PE*E was
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Figure 3. Protein synthesis inhibition of A431 cells by PE¢E-
TGFa, PE‘E.-TGF a-598-613, PE‘E-TGFa-ILK, and TGFa-PEE;
(O) toxin alone, (®) toxin + EGF, 2 ug/mL. Total ¢cpm in the
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Figure 4. Displacement of ['ZI]JEGF from A431 cells by (O)
TGFa and (A) the amino-terminal constructs (®) TGFa-PE40
and (O) TGFa-PE“E and (B) the carboxyl-insert constructs ()
PEE-TGF«-ILK, (A) PE‘E-TGFq, and (a) PE‘E-TGFa-598-613.
nM values were calculated from ng/mL assuming approximate
molecular weights of 6 kDa for TGFa, 46 kDa for the TGFa-
PE., and 72 kDa for PE*E-TGFa-ILK, PE‘E-TGFa, PE‘E-TGFa-
598-613, and TGFa-PEE,

Table II. LDsy Analysis

A

% BOUND

7

amount no.
injected, deaths/

amount no.
injected, deaths/

molecule  ug (ug/kg) no.mice molecule  pug (ug/kg) no.mice
TGFa-PE40 0.75 (38) 0/4 PE‘E-TGFa 5.0 (250) 0/3
1 (50) 0/4 6.0 (300) 2/4
2 (100) 2/3 8.0 (400) 2/3
2.5 (125) 2/2 PE<E-TGF- 1.0 (50) 0/2
TGFa-PEE 0.2 (10) 0/2 «-598-613 4.0 (200) 0/2
0.8 (40) 0/4 6.0 (300) 1/4
1.5 (75) 1/2 8.0 (400) 1/2

3.0 (150) 2/2 10.0 (500) 2/2

due toareduction in binding affinity of the inserted TGF«
ligand to the EGF receptor. Figure 4 shows that PEE-
TGFa-ILK, PE4E-TGF«, and PE‘E-TGF«-598-613, which
contain TGFa near the carboxyl terminus, and TGFa-
PE40 and TGFa-PE*E, which contain TGF« at the amino
terminus, all displace [!2I]EGF from A431 cells in a similar
manner and 6-15-fold less well than free TGFa.
Animal Toxicity Studies. To determine the animal
toxicity of these new chimeric toxins, we injected several
different doses into the intraperitoneal cavity of nude mice.
Table II shows that the approximate single dose LDs of
PE“E-TGF« was 6 ug (300 ug/kg), which was similar to the
8 ug (400 ug/kg) value obtained for PE4E-TGFa-598—613.
We were able to give several-fold more of the carboxyl
inserts than TGFa-PEE, which had an LDs; of 1.5 ug/
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mouse (75 ug/kg). The LDso of TGFa-PE40 in nude mice
is the same as that of TGFa-PE“E, despite the difference
in activity on several cell lines (Table I).

DISCUSSION

Until now, obtaining chimeric toxins of high cytotoxic
activity against human cancer cells has required placing
the binding ligand at the amino terminus of PE or PE
derivatives in which domain Ia is deleted or mutated.
Placement of ligands at the carboxyl terminus produced
molecules with greatly reduced or noactivity. The current
study shows that the ligand TGFa can be inserted near
the carboxyl terminus of PE, and this insertion results in
molecules with specific cytotoxicity for EGF receptor-
bearing cells.

The function of the PE carboxyl terminal sequence
appears to be to allow a fragment of the toxin containing
all of domain III and part of domain II to translocate to
the cytosol (20, 30). Thetwo chimeric toxins with a correct
carbozxyl terminus following the TGF« insert were several
orders of magnitude more cytotoxic to target cells than a
similar molecule with ILK at the carboxyl terminus, despite
having the same binding affinity to the EGF receptor
(TableI and Figure 4). The reason why PE‘E-TGFa-ILK
(TableI) or the impure PE40-T'GF« (4) have any activity
against A431 cells remains unclear, but it is possible that
the carboxyl-terminal sequences of these molecules may
allow for a very low level of translocation into the A431
cytosol. TGF« alone had less than 50 % protein synthesis
inhibition of A431 cells at 1000 ng/mL (data not shown).

PE‘E.-TGFa and PE*E-TGFa-598-613 are 2-15-fold less
cytotoxic to target cells than comparable molecules with
TGF« at their amino terminus (Table I). Displacement
analysis has determined that they all bind equally well to
the EGF receptor. Therefore, there must be another basis
for the decreased cytotoxicactivity. Theinsertion of TGFa
plus 9 or 15 extra amino acids could lead to a decreased
rate of proteolytic processing in domain II (30). Alter-
natively, there may be a reduction in the rate or extent of
translocation into the cytosol of the ADP ribosylating
activity contained in domain III.

The new molecule TGFa-PE*E, as expected, was gen-
erally more cytotoxic to target cells than TGFa-PE40. It
was surprising that it was not several-fold more toxic to
mice in view of the in vivo data comparing the toxicity of
IL2-PE‘E and IL6-PE*E to that of IL2-PE40 and ILS6-
PEA40, respectively (22, 31). These results make TGFa-
PE“E an attractive molecule for further study.

From a therapeutic standpoint, inserting TGF« near
the carboxyl terminus may be just as useful as placing it
at the amino terminus in spite of the decrease in cyto-
toxicity of PE‘E-TGF« relative to that of TGFa-PE4E,
since specificity for EGF receptorsis apparently preserved,
and several-fold more toxin can be given to mice. Fur-
thermore, using this approach, it should now be possible
to utilize this carboxyl insertion position for other ligands.
Some ligands, which require a relatively unhindered car-
boxyl terminus, may be more effective near the carboxyl
terminus than at the amino terminus of PE. Molecules
such as IL2, which bind to the o and 8 subunits of their
receptors, might show selective binding to one or the other
subunit when placed at the N- or C-terminus. By placing
the same or different ligands at both locations, one may
be able to improve binding of the chimeric toxin to a target
cell, or to enhance binding to dimeric receptors.

Another possible use of the carboxyl insert position could
take advantage of the fact that this region is within the
37-kDa carboxyl fragment of PE which translocates to the
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cytosol (30). One may be able to target functional proteins
to the cytoplasm of mammalian cells by inserting a
biologically active polypeptide into the PE carboxyl
terminus. The polypeptide may be an additional toxin
active in the cytosol of an unwanted cell (such as the ADP
ribosylating portion of diphtheria toxin or the ribosome-
inactivating portion of ricin and Shiga toxins) or a protein
required in the cytoplasm of a metabolically defective non-
malignant cell.
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Properties of Chimeric Toxins with Two Recognition Domains:
Interleukin 6 and Transforming Growth Factor a at Different Locations

in Pseudomonas Exotoxin
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Pseudomonas exotoxin (PE) is a potent cytotoxic agent that is composed of 613 amino acids arranged
into three major domains. We have previously identified two positions where ligands can successfully
be placed in PE to direct it to cells with specific surface receptors. One site is at the amino terminus
and the other is close to but not at the C-terminus. To examine the possibility of constructing onco-
toxins with two different recognition elements that will bind to two different receptors, we have placed
¢DNAs encoding either transforming growth factor o (TGFa) or interleukin 6 (IL6) at the 5 end of a
PE gene and also inserted a cDNA encoding TGFa near the 3’ end of the PE gene. The plasmids
encoding these chimeric toxins were expressed in Escherichia coli and the chimeric proteins purified
to near homogeneity. In all the new toxins, the TGF« near the C-terminus was inserted after amino
acid 607 of PE and followed by amino acids 604-613 so that the correct PE C-terminus (REDLK) was
preserved. For each chimera, the toxin portion was either PE*E, in which the cell binding domain
(domain Ia) is mutated, PE40, in which domain Ia is deleted, or PE38, in which domain Ia and part
of domain Ib are deleted. These derivatives of PE do not bind to the PE receptor and allow 607, 355,
or 339 amino acids, respectively, between the two ligands. Chimeric toxins containing two TGFa ligands
were all cytotoxic to human cancer cells expressing EGF receptors, while those containing one IL6 and
one TGFa ligand were cytotoxic toward cells expressing either IL6 or EGF receptors, or both. The
effect of distance separating the two ligands was evaluated using cytotoxicity assays and [1%I]EGF
displacement assays. The animal toxicity of two of the bifunctional chimeric toxins was investigated
in mice. Our results establish that two ligands can be placed in different locations within PE
simultaneously and that adding IL6 to the amino terminus of PE which already contains TGFa near
the carboxyl terminus decreases animal toxicity in vivo and yet increases cytotoxicity against some cell

lines in vitro.

INTRODUCTION

Receptor-targeted therapy of cancer or autoimmune
disease is gaining interest as many of these diseases remain
incurable despite chemotherapeutic and steroidal therapy.
Not only do many tumors express higher levels of certain
growth factor receptors or antigens than normal cells, but
they often express receptors for more than one ligand. For
example, human melanoma cells have been found to
express both nerve growth factor and epidermal growth
factor (EGF) receptors (I, 2). Renal, breast, and esoph-
ageal carcinomas have been found to express both insulin-
like growth factor I (IGF-I) and EGF receptors (3-5).
Interleukin 6 and EGF receptors have also been found on
epidermoid, prostate, and hepatocellular carcinoma cells
(6-8). Recently, our laboratory has described chimeric
toxins containing either IL.6 or TGF« fused to derivatives
of Pseudomonas exotoxin (PE) (9, 10) which have shown
efficacy against epidermoid, prostate, and hepatocellular
carcinoma cells both in vitro and in nude mice (11, 12).

PE is a 66-kDa 613 amino acid protein consisting of a
domain which binds to the PE receptor of normal cells
(domain Ia, amino acids 1-252), a domain which undergoes
proteolytic cleavage and mediates translocation of the 37-
kDa carboxyl terminal segment of PE into the cytoplasm
(domain II, amino acids 253-364), and a domain which
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Myers Squibb Co., 5 Research Parkway, Wallingford, CT 06492.

! Current address: Department of Biochemistry, University
of Delhi, South Campus, Benito Juarez Road, New Delhi 110021,
India.

ADP-ribosylates elongation factor II (domain III, amino
acids 400-613) (13-15). Thefunction of domain Ib (amino
acids 365-399), which is between domains II and III, is
unclear, but much of it (amino acids 365~380) can be
removed without adversely affecting cytotoxicity (16).

In order to generate chimeric toxins which have minimal
binding to normal cells, we have modified PE in several
ways so that it does not bind to the PE receptor. One
method is to remove domain Ia, which results in PE40.
Recently, we have shortened PE40 to PE38 by removing
amino acids 365-380 of domain Ib (16). A third method
is to mutate four amino acids within domain Ia (Lys®,
His?46, Arg?¥", and His?*) to glutamates (17), resulting in
PE‘E, We have then fused these modified PE molecules
toligands that will direct PE to target cells. InIL6 chimeric
toxins (IL6-PE40 and IL6-PE*E), we have genetically fused
IL6 to the amino terminus of either PE40 or PE<E,
respectively (6, 9). With TGFa, we have not only made
TGFa-PE40 and TGFa-PE*E, in which TGF« is located
atthe amino terminus of the modified toxin, but also PE4E-
TGFa, which contains TGFa inserted near the carboxyl
terminus of PEE (10, 18). By inserting the TGFa ligand
after PE amino acid 607 and before PE amino acids 604-
613, we preserved the correct PE carboxyl terminus
REDLK, which is necessary for cytotoxicity (18, 19).

Inthe current study, we wished to determine if we could
target a chimeric toxin to either EGF- or IL6-receptor-
bearing cells, or to both EGF and IL6 receptors on the
same cell. Therefore, we made chimeric toxins which
contain TGFa in the carboxyl insert position of PE, and
IL6 at the amino terminus. We also made chimeric toxins

Not subject to U.S. Copyright. Published 1992 by American Chemical Society
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Figure 1. IL6-TGFa toxins and the plasmids encoding them.

containing TGFa both near the carboxyl terminus and at
the amino terminus of modified PE, to determine whether
they would bind simultaneously to two EGF receptors on
the same cell, and like an antibody, with two antigen
binding domains, display a higher binding affinity than
a chimeric protein with only one binding ligand. We
reasoned further that if two ligands in one chimeric toxin
were to bind simultaneously to a cell via the same or
different receptors, the distance separating these two
ligands might be important. Therefore we used PE?E,
PE40,and PE38, which separated the two ligands by three
different distances. The six new chimeric proteins, each
containing two ligands, are shown in Figure 1, along with
similar chimeric toxins containing only one of the two
ligands. After purification to near homogeneity from E.
coli extracts, each of these chimeric toxins was tested
against malignant cell lines containing known numbers of
either EGF or IL6 receptors, or both.

EXPERIMENTAL PROCEDURES

Plasmid Construction. Methods regarding plasmid
construction were described in the preceding paper in this
issue (18).

The plasmids used and the proteins they encode are
shown schematically in Figure 1. pVC4735/4E f+T and
pVC34/4E f+T encode PE!E-TGFa and TGFa-PEE,
respectively (18). pVC387 encodes TGFa-PE40 (10),and
pCS68 encodes IL6-PE40 (9). pCS64G encodes IL6-PEE
(6). TGFa-PE38 is encoded by the variant of pCS10 (16)
which lacks the sequences encoding for OmpA.

pCS68 was digested incompletely with Sall and BamHI,
while pCS10 was completely digested with both Sall and
BamHI. The 3.6-Kb BamHI-Sall fragment of pCS68 was
ligated to the 0.5-Kb Sall-BamHI fragment of pCS10,
resulting in pCS68A14.

pVC4735/4E f+T, pVC34/4E f+T, pVC387, pCS10,
pCS64G, pCS68, and pCS68A14 were each restricted with
BamHI and Asp700. pRK3431, pRK3831, pRK3931,
pRK6431, pRK6831, and pRK6931 were prepared by li-
gating the 3.8-Kb fragment of pVC34/4E f+T, the 2.9-Kb
fragment of pVC387, the 2.9-Kb fragment of pCS10, the
4.1-Kb fragment of pCS64G, the 3.3-Kb fragment of
pCS68, and the 3.3-Kb fragment of pCS68A14 each
respectively to the 1.5-Kb fragment pVC4735/4E f+T. All
of the larger fragments were dephosphorylated with
alkaline phosphatase prior to ligation.

Recombinant Protein Expression and Purification.
The recombinant proteins were all expressed in E. coli,
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recovered from the inclusion bodies, and purified using
Q-Sepharose, Mono-Q, and gel filtration chromatography
as described previously (18). Purity was assessed by SDS—
PAGE and immunoblots using antibodies (at 1:2000
dilution) to PE, TGFa (Biotope, Redmond, WA), and to
IL6 (RD Systems, Minneapolis, MN) and using reagents
from vectastain kits (Vector Labs, Burlingame, CA) as
directed.

Cytotoxicity Assays. Cells were obtained and main-
tained as described previously (6, 7, 10). Adherent cells
were plated 24 h prior to toxin addition at 2 X 104/well in
96-well plates. Toxins or controls, diluted in the appro-
priate media, were added to a final volume of 200 uL/well.
After incubating at 37 °C for 20-24 h, each well was pulsed
for 2-4 h with [*H]leucine (1 xCi diluted to 50 uLin leucine-
free RPMI (1640). After freezing and thawing, the cells
were harvested on glass-fiber filters, where the cells were
osmotically lysed and washed to remove free amino acid.
The incorporation of [*H]leucine into protein was then
quantitated by a Betaplate (Pharmacia, LKB) scintillation
counter. The suspension myeloma cell line U266 was used
similarly, except that washed cells were plated just prior
to toxin addition at a final density of 4 X 105/mL at 100
uL/well, and the freeze/thaw step was unnecessary. The
cpm data reported from cytotoxicity assays were the
medians of triplicates which generally deviated from the
means by less than 10%. IDs, differences of 2-fold were
confirmed by several independent assays.

Binding Studies. Quantitation of EGF receptor sites/
cell for LNCaP, HEP3B, and DU145 was performed as
described previously (18). IL6 receptor numbers for A431
cells were determined using ['2°I]IL6 as described pre-
viously (20). The new chimeric toxins containing two
ligands were tested in ['?*I]EGF displacement studies as
previously described (18).

LD;, Studies. White female 12-week old Balb/C mice
were obtained from the NCI at Frederick, MD. Toxins
were diluted to 0.5 mL in PBS containing 0.2% human
serum albumin. Toxins were administered intraperito-
neally (ip) and toxicity was observed for up to 72 h.
Animals were euthenized prior to this time if they appeared
too lethargic to obtain food.

RESULTS

Our goalis to create more versatile chimeric toxins which
contain two different ligands or two identical ligands placed
at different regions of the PE molecule. As a first step,
we made derivatives of PE containing TGFa near the car-
boxyl terminus, and either IL6 or TGFa at the amino
terminus. In order to separate the ligands by different
distances, we placed the ligands into either PE‘E, PE40,
or PE38, which separated them by 607, 355, or 339 amino
acids, respectively (Figure 1).

All chimeric toxins were purified from E. coli extracts
of inclusion bodies and, after renaturation by rapid
dilution, purified successively to near homogeneity. Each
new chimeric toxin successfully renatured as a monomer,
in final yields of approximately 1-2 mg/L of culture for
the TGFa-TGFa toxins, and 2—-4 mg/L for the IL6-TGFa
toxins. Figure 2 shows a representative bifunctional
chimeric toxin IL6-PE{E-TGF q, after the final purification
step, appearing >90% pure. The expected molecular
weight, 93 kDa, is higher than either of the two component
toxins PE‘E-TGFa (73 kDa) or IL6-PE‘E (86 kDa).
Furthermore, by immunoblot analysis using anti-PE, anti-
116, and anti-TGF«, the three proteins reacted with the
appropriate antibodies. We then studied the activity of
IL6-PEE-TGFa and the other five purified bifunctional
chimeric toxins toward human malignant cells.
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Figure2. SDS-PAGE analysis of chimeric proteins. Ten percent
reducing gel (stained by coomasie blue) showing 4 ug of purified
IL6-PE‘E-TGFa« in lane 1, PE‘E-TGF« in lane 2, and IL6-PEE
in lane 3. The three proteins IL6-PE‘E-TGF«, PE‘E-TGFa, and
IL6-PE*E were respectively visualized in immunoblots by anti-
PE antibodies in lanes 4-6; anti-IL6 antibodies in lanes 7-9, and
anti-TGFa antibodies in lanes 10~12. One hundred nanograms
of each chimera was added to lanes 4-9, and 1 ug to lanes 10-12.
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Figure 3. Cytotoxicity of various chimeric toxins on A431 cells.
In A, the cytotoxic activity against A431 cells of IL6-PEE-TGFa
(0) was compared to IL6-PE‘E (@) and PE‘E-TGF« (a). Sim-
ilarly, in B, TGFa-PE‘E-TGFa (O) was compared to its two
components TGFa-PE‘E (@) and PE‘E-TGFa (a).

To study the cytotoxic effect of adding a second ligand
to a chimeric toxin, we first examined the cell line A431,
which expresses a high number of EGF receptors. In
Figure 3A, we compare the cytotoxicity of IL6-PEE-TGF«
tothat of its component toxins IL6-PE“E and PE‘E-TGFa.
Toward A431 cells, IL6-PE*E-TGFa was 40-fold more cy-
totoxic than IL6-PE*E (IDsy = 0.5 vs 20 ng/mL), but was
2-3-fold less active than PE‘E-TGFa. Using A431 cellsin
Figure 3B, we compare the cytotoxicity of TGFa-PE4E-
TGFa with that of its component toxins PE4E-TGF« and
TGFa-PE®E, As noted previously (18), PE‘E-TGF« is 1
order of magnitude less cytotoxic than TGFa-PE‘E,
probably from partially impaired cytosolic translocation
due to the TGFa ligand contained in the translocated
portion of PE (15). Figure 3B shows that the cytotoxicity
of TGFa-PE‘E-TGF« is moresimilar to that of PEE-TGF«
than that of TGFa-PE*E,

To evaluate the relationship of the distance between
two ligands on cytotoxicity, we compared the molecules
which had ligands in PE‘E, PE40, and PE38 (Figure 4).
PE‘E, PE40, and PE38 would separate ligands by 607,
355, and 339 amino acids, respectively. In Figure 4A, we
show that IL6-PE*E-TGFa is nearly 1 order of magnitude
more cytotoxic than either IL6-PE40-TGFa or IL6-PE38-
TGFa. Wethen compared the cytotoxicity of TGFa-PE4E-
TGF« with that of TGFa-PE40-TGFa and TGFa-PE38-
TGFa. Figure 4B shows that the separation of the two
TGFa ligands had only a marginal effect on the cytotox-
icity toward A431 cells. The ID5o’s of TGFa-PE*E-TGFa,
TGFa-PE4-TGFa,and TGFa-PE3s-TGFa were 0.15,0.25,
and 0.4 ng/mL, respectively.

Because our goal was to improve targeting by improving
binding affinity through addition of a second binding
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Figure 4. Cytotoxicity of various chimeric toxins on A431 cells.
In A, A431 cytotoxicity was observed when the IL6 and TGF«
were separated by 607 amino acids in IL6-PE‘E-TGFa (0), 355
amino acids in IL6-PE40-TGFa (A), and 339 amino acids in IL6-
PE38-TGFa (). In B, TGFa-PE*-TGF« (O) was compared to
TGFa-PE40-TGFa (A) and TGFa-PE38-TGFa (W).
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Figure 5. Displacement of EGF binding by TGFa-containing
chimerictoxins. ['*I]EGF displacement from A431 cells by IL6-
PE*E-TGFa (0), IL6-PE40-TGFa (A), IL6-PE38-TGF« (W), and
PE‘E.-TGF« (A) in A, and TGFa-PE*E-TGFa (0), TGFa-PE40-
TGFa (a), TGFa-PE38-TGFa (m), and PE‘E-TGF« (a) in B.
Nanomolar values were calculated from nanograms/milliliter
assuming molecular weights of 93 kDa for IL6-PE*E-TGFa, 67
kDa for IL6-PE-TGFe, 65 kDa for IL6-PEg-TGFa, 73 kDa for
PE*E-TGFea, 79 kDa for TGFa-PEE-TGFq, 53 kDa for TGFa-
PE-TGFa, and 51 kDa for TGFa-PEg-TGFa.

domain, we decided to directly test the new toxins in [12°]]-
EGF displacement assays. InFigure 5A, we examine toxins
where IL6 and TGFa« are separated by 607, 355, or 339
amino acids, by comparing EGF displacement to that seen
with PE‘E-TGFa. In previousstudies, we found that PE4E-
TGFa bound to the EGF receptor with an affinity similar
to that of TGFa-PE40 or TGFa-PE*E (18). We found
that IL6-PE*E-TGFa, IL6-PE40-TGFa, and IL6-PE38-
TGFa each had significantly less binding affinity than
PE‘E-TGFa (Figure 5A). Adding IL6 to the amino
terminus of PE containing TGFa near the carboxyl
terminus interfered with EGF-receptor binding on A431
cells (which have relatively few IL6 receptors), regardless
the distance separating the IL6 and TGF« ligands. This
was in contrast to the situation when TGF« was added to
the amino terminus of PE*E-TGFa (Figure 5B). Here,
the addition of a second TGFa ligand to the amino
terminus of PE‘E-TGFa did not interfere with binding.
However, as the distance separating the two TGFa ligands
progressively decreased, binding affinity decreased as well.
The ability to displace EGF from A431 cells is approxi-
mately 10-fold less for TGFa-PE38-TGFa compared to
TGFa-PE‘E-TGFa (Figure 5B), while TGFa-PE‘E-TGF o
was only a few-fold more cytotoxic than TGFa-PEss-TGFa
(Figure 4B).

To confirm that the IL6 moiety of IL6-PE*E-TGF was
binding to the IL6 receptor, we showed that it was cyto-
toxic toward U266 myeloma cells, which have few if any
EGF receptors (Table I). We also found that cytotoxicity
was prevented by an excess of enzymatically inactive IL6-
containing protein (datanotshown). The proteinsynthesis
inhibition of IL6-PE*E-TGF« like that of IL6-PE*E could
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Table I. Activity of PE‘E with Ligands at the N-Terminus and/or near the C-Terminus on Malignant Cells

receptors, sites/cell X 102 IDso, ng/mL

cell line® type EGF 1L8 IL6-PE‘E  IL6-PEE.TGFa PEE-TGFax TGFa-PEE.TGFa TGFa-PEE
A431 epidermoid 3000 2.3 20 0.5 0.2 0.15 0.03
KB epidermoid 200 >1000 3.5 4.5 1.8 0.3
LNCAP prostate 30 1.3 1.5 0.2 0.4 0.17 0.025
DU145 prostate 100 2.6 25 14 2.5 2 0.3
PLC/PRF/5 hepatoma 20 2.3 L5 0.3 0.1 0.15 0.025
HEPG2 hepatoma 9 0.4 20 4 15 5 4
HEP3B hepatoma 200 1.2 40 15 5 1.5 0.2
OVCAR-3 ovarian 70 >1000 9 2 2 0.7
HT29 colon 100 >1000 7 5 2 0.7
U266 myeloma <1 16 0.6 3 >1000 >1000 >1000

¢ TGFa alone at 1000 ng/mL did not significantly inhibit any of the cell lines.

be reversed by 20 ug/mL of IL6-PE4ED553, which lacks
ADP-ribosylation activity (12), but not by the same
concentration of IL2-PE“E,

To determine if the bifunctional toxin IL6-PE‘E-TGF«a
would be more cytotoxic than its component toxins I1L6-
PE‘E and PE*E-TGFe« if the IL6 and EGF receptor
numbers were different, we tested the toxins against cell
lines other than A431 (Table I). EGF and IL6 receptor
numbers were either taken from previous references or
determined using the same methods as previously reported
(7,18,20). We noted that in all of the cell lines with more
EGF than IL6 receptors, IL6-PE*E-TGF« is more cyto-
toxic than IL6-PEE, Only in U266 cells, which have few
if any EGF receptors, is IL6-PE4E-TGFa less cytotoxic
than IL6-PE“E, In considering the effect of IL6 ligand
addition to PE‘E-TGF«, we noted that IL6-PE4E-TGF«
is more cytotoxic than PE4E-TGFa in both LNCaP and
HEPG2 cells. Inthe prostate carcinomaline LNCaP, IL6-
PE*E-TGFa s 2-fold more cytotoxic than PEE-TGFa (IDs
improves from 0.4 to 0.2 ng/mL). This small difference
was reproducible in multiple confirmatory assays. Inthe
hepatocellular carcinoma line HEPG2, the bifunctional
toxin is nearly 4-fold more cytotoxic (IDsq improves from
15to4ng/mL). Both LNCaP and HEPG2 cells have lower
numbers of EGF receptors than A431 cells, but also lower
numbers of IL6 receptors. In KB and HT29 cells, which
are resistant to IL6-toxins, the difference between IL6-
PE‘E-TGFa and PEE-TGFa was not more than 1.5-fold,
and an improvement of IL6-PE*E-TGFa over PE4E-TGFa
was not seen in repeat assays of these cell lines. On A431,
DU145, PLC/PRF/5, HEP3B, and OVCARS cells, which
have varying numbers of IL6 and EGF receptors, IL6-
PE‘E-TGFa was 3-5-fold less cytotoxic than PE4E-TGFa.

To further evaluate the effect of a toxin containing two
of the same kind of binding ligand instead of one, we
compared the cytotoxicities of TGFa-PE‘E-TGF«, PE4E-
TGFa, and TGFa-PE‘E against cell lines with varying
numbers of EGF receptors (Table I). In view of our
observation that insertion of TGFa near the carboxyl
terminus of PEE decreases the toxin’s cytotoxicity, we
expected to find that TGF a-PE*E was more cytotoxic than
TGFa-PE4E-TGFa toward all of the EGF-receptor-bearing
cell lines. We were more interested in comparing the cy-
totoxicity of TGFa-PEE-TGFa to PE‘E-TGFaq, since both
have the carboxy insertion. In many cell lines, there is a
slight to several-fold improvement in ID5, when TGFa is
added to the amino terminus of PE‘E-TGFa. At least
several-fold improvements occurred against KB, LNCaP,
HEPG2,HEP3B, and HT29, whereas A431, DU145, PL.C/
PRF/5, and OVCARS3 cells each differed less in their
sensitivities to TGFa-PE4E-TGF«a and PE‘E-TGFa.

To judge whether by adding a second ligand we had
made a chimeric toxin more or less potentially useful from
a therapeutic standpoint, we administered some of the

Table II. Toxicity of PEE Containing TGFa and/or IL6 in
Mice

ip dose, ug/kg deaths

PEE.TGFa 150 0/2
300 2/3

TGFoa-PEE-TGFa 75 0/2
150 3/3

600 3/3

IL6-PEE-TGFa 300 0/3
600 0/3

1200 3/3

new toxins tomice. We chose IL6-PE‘E-TGFa and TGFa-
PE“E.-TGF« for this purpose, so that we could compare
the LDso of these with the known LDs; of the carboxyl
terminal component toxin PE‘E.-TGFa. We previously
found in nude mice that the LDs; of PE‘E-TGFa was 300
ug/kg, compared to 75 ug/kg for TGFa-PE4E (18), Table
II, reporting data using white Balb/C mice (used because
of lower cost), confirms the LDsy of approximately 300
ug/kg for PE‘E.TGFa. The LDs¢ for IL6-PE‘E-TGFa
appears to be 2-4-fold higher, 600-1200 ug/kg, which
indicates that adding IL6 to the amino terminus of PE4E-
TGFa decreased its toxicity to mice. In contrast, adding
TGFa to the amino terminus of PE‘E-TGF« increased its
toxicity to mice, since the LDsg of TGFa-PE‘E-TGFa was
between 75 and 150 ug/kg, or 2-4-fold more toxic than
PEE.-TGFa. Withthe celllines LNCaP and HEPG2, the
ratio between the LDs; in vivo and the IDsy in vitro
improves when one adds IL6 to the amino terminus of
PE“E-TGFa, but changes little if one adds TGF« to the
amino terminus of PE4E-TGFa.

DISCUSSION

Our goal was to construct recombinant chimeric toxins
containing two ligands, determine if such molecules could
be expressed and purified as monomers, and to investigate
the cytotoxicity of these agents as a function of ligand
separation distance and number of receptors on the target
cells. Unlike TGFa-anti-Tac(Fv)-PE40, which has both
TGFa and anti-Tac(Fv) at the amino terminus of PE40
and targets the toxin to either of two different types of
cells (21), we wished to target PE to a given cell using both
ligands. We have previously found that an immunotoxin
such as OVB3-PE binds to target cells via the anti-ovar-
ian cancer monoclonal antibody OVBS3 as well as domain
Ia of PE (22), but for this study we preferred two ligands
that would both bind selectively to tumor cells. We found
we could construct recombinant toxins containing TGFa
near the carboxyl terminus and either TGF« or IL6 at the
amino terminus of three different derivatives of PE (PE<E,
PE40, and PE38) and that all six new toxins could be
adequately purified. Further, we found that adding IL6
to the amino terminus of PE‘E-TGFa not only decreased
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Table III. IL6-PE‘E-TGFa and Component Toxins against
Cells with Both EGF and IL6 Receptors

receptor  IDsgp ratio

receptor  IDg ratio

ratio IL6-PE4E/ ratio IL6-PE4E/
cell line EGF/IL6 PE4E-TGFa cell line EGF/IL6 PE‘-TGFa
A431 1300 100 PLC/PRF/5 9 15
LNCaP 25 4 HEPG2 25 1.3
DU145 40 10 HEP3B 170 8

the toxicity to mice but also improved the cytotoxicity
toward two cell lines containing both IL6 and EGF
receptors.

Purification of IL6-TGFoa Toxins. By isolating
recombinant chimeric toxins from inclusion bodies, we
were able to achieve over 90% purity. Figure 2 shows a
minor band several kilodaltons less than the major band
for PEE.TGFaand IL6-PEE-TGFa. When we attempted
to purify PE‘E-TGFa from periplasm, this minor band
was >50% of the total protein. Because the band stained
with anti-PE but not anti-TGFa and because the lower
band nearly disappears when PE4E-TGFa devoid of amino
acids 596607 is expressed in periplasm (unpublished
data), we believe it represents the toxin after proteolytic
cleavage proximal tothe TGFa insert. Similarly, the minor
band for IL6-PE4E-TGF« in Figure 2 stains with anti-PE
and anti-IL6 but not anti-TGF e, indicating it is probably
IL6-PEE-TGF« after proteolytic cleavage proximal to the
TGFa insert. Because it should have no cytotoxicity and
is a minor contaminant, it should have little influence on
our results.

Cytotoxicity of IL6-TGF« Toxins against Malig-
nant Cells. When we compared IL6-PEE-TGF¢, IL6-
PE40-TGF«, and IL6-PE38-TGFa totheir amino terminal
component toxins IL6-PE“E, IL6-PE40, and IL6-PE38,
respectively, we found that the new chimeric toxins
containing TGF« were more cytotoxic toward IL6-receptor-
bearing cell lines that also expressed EGF receptors (Table
I,other datanot shown). Since EGF receptors outnumber
IL6 receptors by 1-3 orders of magnitude on such cells,
it is likely that the presence or absence of TGF« is more
important than IL6 for binding and cytotoxicity toward
the cells.

Of the cell lines with both IL6 and EGF receptors, two
cell lines (LNCaP and HEPG2) were more sensitive to
IL6-PE‘E-TGF« than to either of its component toxins
PE4E-TGFa or IL6-PE“E. This suggests that on those cell
lines both IL6 and TGFa ligands bind to receptors
simultaneously, or that binding occurs more frequently
because either ligand can bind. The LNCaP and HEPG2
data also suggest that the decrease in binding affinity of
IL6-PE“E.TGFa compared to PE‘E-TGF« against A431
cells (Figure 5A) is not due to improper folding of IL6-
PEE-TGFq, but is due to cell related factors.

It is unclear why IL6-PE‘E-TGF« was more cytotoxic
than its component toxins toward HEPG2 and LNCaP
cells, but not toward the other cell lines. Table III was
constructed to help identify factors which might make a
cell line more sensitive to IL6-PE‘E-TGFa than to PEE-
TGFa. One possibility is that in order for a cell line to
be more sensitive to a toxin containing both IL6 and TGF«
ligands than a toxin containing only a TGFa ligand, it
must have a relatively low ratio of EGF to IL6 receptors.
Indeed, HEPG2 and LNCaP cells each have an EGF/IL6
receptor number ratio of 25, which is lower than most of
the other cell lines in Table III. However, the PLC/PRF/
5 cell line, which is less sensitive to IL6-PE4E-TGFa than
PE‘E.TGFa, has the lowest EGF/IL6 receptor number
ratio. Perhaps more relevant than receptor number is
how easily a receptor on a target cell internalizes its ligand
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and how readily the toxin containing that ligand trans-
locates to the cytosol. We found that the ratio of the cy-
totoxic activities of the component toxins IL6-PE“E and
PE“E-TGFa on each cell line was predictive of that cell
line’s sensitivity to IL6-PE‘E-TGF«. TableIII showsthat
as thisratioapproached unity, the cell line was more likely
to be sensitive to the bifunctional chimeric toxin IL6-
PE*E-TGFa than either of its component toxins IL6-PE4E
or PEE-TGFa. It is possible that IL6-PE4E-TGFa is less
toxic to mice than PE‘E-TGFa because the normal mu-
rine cells affected are much more sensitive to PE‘E-TGF«
than to IL6-PE4E,

PE Containing Two TGFa Ligands. Part of the goal
of the present study was to see whether two of the same
ligand would be better than one in directing a toxin to a
target cell. Our data from most of the EGF receptor-
bearing cell lines tested indicate that the cytotoxicity of
PE“E-TGFaimproves 2-3-fold when a second TGFa ligand
isadded tothe aminoterminus. The modest improvement
in cytotozxicity is probably related to improved receptor
binding which could not be detected by the [2I]JEGF
displacement study on A431 cells (Figure 5B). Improved
binding to murine EGF receptors on normal tissues was
probably why TGFa-PE‘E-TGFa was several-fold more
toxic to mice than PE*E-TGF« (Table II). TGFa-PE4E
was more cytotoxic than TGFa-PE*E-TGFa or PE‘E.
TGF e, indicating that the position of the TGF« ligand
had a greater effect on cytotoxicity than the number of
ligands.

Distance between Two Ligands Affects Cytotox-
icity and Affinity. ForbothIL6-TGFaand TGFa-TGFa
toxins, cytotoxicity worsened when the two ligands were
separated by 339 amino acids as in the PE38 toxins
compared to the PE4E toxins, which allowed a separation
distance of 607 amino acids. We were able to show that
the ability of a toxin which contains two TGF« ligands to
displace EGF from A431 cells improves more than 10-fold
when the distance separating the two TGFa ligands
increases from 339 to 607 amino acids. Perhaps this
indicates either that the shorter distance preventsthe toxin
from binding to two receptors simultaneously or that the
shorter distance interferes with folding of the toxin and
decreases binding affinity from either ligand. Because of
the large number of EGF receptors on A431 cells, 10-fold
differences in binding affinity may result in less differences
in cytotoxicity between TGFa-PE*E-TGFa and TGFa-
PE3s-TGFa.

We have shown that by using recombinant technology,
it is possible to combine two chimeric toxins into one by
placing two ligands into different locations in PE. IL6-
PEE-TGFe, which has less toxicity to mice than PE4E-
TGFa but has improved in vitro cytotoxicity against a
prostate and a hepatocellular cancer cell line, deserves
further study. In addition, we would like to use different
ligands at the amino terminus such as IGF-I or fibroblast
growth factor. Of particular interest as an occupant for
the amino terminus of PE‘E-TGF« is single-chain Fv
fragments of antibodies. Such bifunctional immunotox-
ins may be particularly useful against EGF-receptor-
bearing cancer cells which express high levels of nonin-
ternalizing antigen.
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N-(4-Azido-2,3,5,6-tetrafluorobenzoyl)tyrosine-Substituted Peptide as a
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In order to investigate the O-mannosyltransferase involved in the initial O-mannosylation of glyco-
proteins in Saccharomyces cerevisiae, a photoactive hexapeptide, [1251]-N-(4-azido-2,3,5,6-tetrafluo-
robenzoyl)-3-iodo-Tyr-Asn-Pro-Thr-Ser-Val ([1251]azidoTyr-peptide), was synthesized by solid-phase
techniques using a new photoactive cross-linking reagent, N-(4-azido-2,3,5,6-tetrafluorobenzoyl)ty-
rosine, and resin-bound Asn-Pro-Thr(tBu)-Ser(tBu)-Val. When this modified hexapeptide substrate
was incubated with O-mannosyltransferase preparations, the hexapeptide was an acceptor of [14C]-
mannose from dolichol phosphate—[1“C]lmannose. After partially purifying the O-mannosyltransferase
and photolabeling these enzyme preparations with [125I]azidoTyr-peptide, a ca. 82-kDa protein was
shown to be the only apparent photolabeled protein that was protected by unmodified hexapeptide.
This ca. 82-kDa protein may be the catalytic subunit of the O-mannosyltransferase. The susceptibility
of the N-(4-azido-2,3,5,6-tetrafluorobenzoyl) moiety to reducing agents in aqueous buffers was also

examined.

INTRODUCTION

In Saccharomyces cerevisiae and other fungal cells, the
majority of glycoproteins contain high-mannose N- and
O-linked oligosaccharides. In O-glycosylation, the initial
mannose residue is transferred from dolichol phosphate-
mannose (Man-P-Dol) to a serine or threonine residue on
the protein (I). This Man-P-Dol:protein O-mannosyl-
transferase has also been shown to transfer a mannose
from Man-P-Dol to an artificial hexapeptide substrate,
Tyr-Asn-Pro-Ser-Thr-Val (2). Using this peptide, the
enzyme from Saccharomyces cerevisiae was partially
purified 150-fold (3) and to apparent homogeneity (4).
The recent availability of a perfluorinated aryl azide
derivative of tyrosine (5), the ability to incorporate a ra-
dioiodinated version of this derivative into peptides, the
anticipated high cross-linking efficiency of the perfluori-
nated aryl azides (6-12) in photoaffinity labeling exper-
iments, and the difficulty in purifying the O-mannosyl-
transferase suggested the development of a radiolabeled,
photoactive version of the hexapeptide substrate as a
logical way to identify the O-mannosyltransferase. This
report describes the preparation of [!251]-N-(4-azido-
2,3,5,6-tetrafluorobenzoyl)-3-iodo-Tyr-Asn-Pro-Thr-Ser-
Val ([12°T]azidoTyr-peptide) (4), outlined in Scheme I, the
photolabeling of O-mannosyltransferase partially purified
from Saccharomyces cerevisiae with this photoactive
hexapeptide, and the behavior of the photoactive com-
ponent of this photoactive hexapeptide in aqueous medium
in the presence of reducing agents.
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EXPERIMENTAL PROCEDURES

Peptide Synthesis. The pentapeptide Asn-Pro-Thr-
Ser-Val was synthesized on an Applied Biosystems 430A
peptide synthesizer at the University of Texas Health
Science Center at San Antonio Biopolymer Sequencing
and Synthesis Facility. Fluorenylmethoxycarbonyl (Fmoc)
amino acid derivatives were coupled to 0.25 mmol of a
preloaded N-a-Fmoc-L-valine-(Wang) resin (fRFMC260,
Bachem, Torrance, CA) using standard procedures. The
side-chain-protected peptide-resin was dried and removed
after addition of the Asn and removal of the N-terminal
Fmoc protecting group. The composition of the pentapep-
tide was verified by acid hydrolysis followed by amino
acid analysis on a Beckman 7300 analyzer.

Preparation of N-Succinimidyl N-(4-Azido-2,3,5,6-
tetrafluorobenzoyl)tyrosinate (2). To 1 mL of THF!
that had been dried by passage through an activated
alumina column were added 15 mg (36 umol) of N-(4-
azido-2,3,5,6-tetrafluorobenzoyl)tyrosine (1 in Scheme I)
(5), 12 mg (99 umol) of N-hydroxysuccinimide, and 13 xL
(83 umol) of N,N’-diisopropylcarbodiimide in a sealed 2-
mL Wheaton vial with stirring. The reaction progress
was monitored by TLC on silica gel using 1:99 HOAc-
EtOAcor 1:99 HOAc-MeOH. NHS-activated ester 2 had
R; = 0.9 compared to an R; = 0.8 for N-(4-azido-2,3,5,6-
tetrafluorobenzoyl)tyrosine (1). Conversion to activated
ester 2 appeared to be quantitative after 22 h at 25 °C.
After activation, the THF was removed under reduced
pressure, and NHS ester 2 was resuspended in 0.5 mL of
DMF prior to use in the peptide coupling procedure.

Preparation of N-(4-Azido-2,3,5,6-tetrafluoroben-
zoyl)-Tyr-Asn-Pro-Thr-Ser-Val (AzidoTyr-peptide)

1 Abbreviations used: azidoTyr-peptide, N-(4-azido-2,3,5,6-
tetrafluorobenzoyl) Tyr-Asn-Pro-Thr-Ser-Val; DEAE, 2-(dieth-
ylamino)ethyl; DMF, N,N-dimethylformamide; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; NHS, N-
hydroxysuccinimide; TCA, trichloroacetic acid; TFA,
trifluoroacetic acid; THF, tetrahydrofuran.

© 1992 American Chemical Society
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Scheme 1.# Preparation of [1#I])AzidoTyr-peptide (4)
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¢ Legend: (a) N-hydroxysuccinimide, N,N’-diisopropylcarbodiimide, THF; (b) Asn-Pro-Thr(tBu)-Ser(tBu)—Val-resm, DMF and
then released from resin with 35% TFA; (c) [1%I]Nal, oxidant (14); (d) photolysis.

(3). A 0.5-mL DMF solution of NHS ester 2 was added
to an excess of the dry Asn-Pro-Thr(tBu)-Ser(tBu)-Val-
resin (150 mg of pentapeptide). This mixture was slowly
agitated on a rocker arm for 3 h, and the solution above
the resin was monitored for loss of UV absorbance at 256
nm, characteristic of the perfluorinated aryl azide group.
No apparent NHS ester 2 or acid 1 was detected after 3
h. The mixture was filtered on a Whatman 1 filter, and
the resin was washed three times with 2-mL portions of
DMF and three times with 4-mL portions of CHsCly. The
filter and resin were dried for ca. 12 h in a vacuum
desiccator. The dried peptide was cleaved from the resin
and deprotected using 10 mL of 95% TFA at 25 °C for 2
h (13). AzidoTyr-peptide (3) was separated from unre-
acted pentapeptide by preparative, reversed-phase (Cig)
HPLC (Vydac, 2.2 X 25 ¢cm). The azidoTyr-peptide (3)
was dissolved in 0.1:20:79.9 TFA-CH3;CN-H20 and washed
isocratically for 20 min at a flow rate of 4 mL/min.
Fractions were monitored at 210 or 256 nm. The unmod-
ified pentapeptide eluted after ca. 15min. AzidoTyr-pep-
tide (3) was eluted with acetonitrile.

AzidoTyr-peptide (3) Characterization. The com-
position of azidoTyr-peptide (3) was established by amino
acid analysis and fast-atom bombardment mass spec-
trometry that displayed an MH* ion at the expected m/z
897. AzidoTyr-peptide (3) was also identified by its
characteristic absorbance maximum at 256 nm and the
loss of this absorbance after UV irradiation.

Preparation of [\%I]AzidoTyr-peptide (4). AzidoTyr-
peptide (3) was radioiodinated (1 mCi) using a vapor-
phase iodination procedure (14). [!2°1]AzidoTyr-peptide
(4) was separated from free 125 by gel filtration on a Sepha-
dex G-10 column (1 em X 6 ¢cm) equilibrated in 50 mM
HEPES (pH 7.5). The specific activity of [125]]azidoTyr-
peptide (4) was 0.1 mCi/umol.

Preparation of Yeast O-Mannosyltransferase
Extracts. Saccharomyces cerevisiae (MEC 428 B) cells
were grown and harvested as previously described (3)
except that the cells were disrupted by rapid vortexing of
3 mL of cell suspension with 0.5-cm glass beads (1:1, v/v)
five times for 1 min. Mannosyltransferase assays, prep-

aration of microsomal fractions, solubilization in 0.5%
Triton X-100, and purification by ion-exchange chroma-
tography on DEAE-cellulose were done as previously
described (3) except for the use of 0.01% and 0.1% 2-
mercaptoethanol in the lysis and assay buffers, respec-
tively.

Photolabeling of O-Mannosyltransferase with
[1?I]AzidoTyr-peptide (4). In 1.5-mL Eppendorf
tubes, 100-200 ug of O-mannosyltransferase extract and
5 mM MgCl, were added to 50-150 uM [%I]azidoTyr-
peptide (4) to obtain a final volume of 0.1 mL. This
mixture was irradiated with a hand-held UV lamp (254
nm) at a distance of 3 cm for 2 min at 25 °C. Thereactions
were terminated by the addition of 0.2 mL of 10% TCA
and centrifuged for 2min at 13 500 rpm. The precipitated
proteins were resuspended in a protein-solubilizing mix
and separated on 10% SDS-polyacrylamide gels as
previously described (15). Any deviation from this pho-
tolabeling protocol is described in the appropriate figure
legends. Prephotolysis experiments contained the same
reaction components except that the photoactive peptide
was UV irradiated for 1-2 min prior to addition of the

enzyme.

RESULTS

NHS azidotyrosine reagent 2, shown in Scheme I, was
coupled to a side-chain-protected Asn-Pro-Thr(tBu)-Ser-
(tBu)-Val peptide still linked to the resin following
automated synthesis using Fmoc chemistry. The use of
the perfluorinated aryl azide moiety had two advantages
with respect tothe characterization of the peptide product.
The increased hydrophobicity of azidoTyr-peptide (3)
relative to the unmodified pentapeptide allowed the
modified hexapeptide to be easily separated from non-
reacted pentapeptide using reversed-phase HPLC. Sec-
ondly, each step of the synthesis and purification could
be readily monitored by following the UV absorbance at
256 nm characteristic of azidoTyr-peptide (3) as shown in
Figure 1 and consistent with the Amax at 256 nm (¢ 19 000)
of N-(4-azido-2,3,5,6-tetrafluorobenzoyl)tyrosine (5). The
corresponding, nonphotoactive hexapeptide had a Amax at
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Figure 1. Ultraviolet spectra of the unmodified hexapeptide

(dotted line), azidoT'yr-peptide (3) before photolysis (solid line),
and azidoTyr-peptide (3) after photolysis (dashed line).

276 nm consistent with the Apayx of 275 nm (e 1000) for Tyr
(16). UV irradiation of the photoactive peptide shifted
the absorbance from 256 to 270 nm, indicating that a
photochemical reaction had occurred. The UV spectrum
of ['*I]azidoTyr-peptide (4) was the same as that of the
noniodinated azidoTyr-peptide (data not shown).

The photoactive peptide was tested as an acceptor of
mannose transferred from [14C]Man-P-Dol by the O-man-
nosyltransferase according to published procedures (3).
At the concentrations of hexapeptide (0.5-1 mM) routinely
used in these enzyme assays, the photoactive peptide
accepted the mannose with the same or slightly better
efficiency than the unmodified hexapeptide (data not
shown). The added hydrophobicity of the perfluorinated
aryl azide may even enhance mannose transfer since this
enzyme activity is membrane-associated. Photoinactiva-
tion of the enzyme by cross-linking of the photoactive
peptide to the enzyme was observed but could not be re-
producibly accomplished; the effect varied from 50%
inhibition to no effect (data not shown). Several factors
may account for this including a very high K, of 10 mM
for the hexapeptide (3), the impurity of the O-manno-
syltransferase preparations, and the susceptibility of the
photoprobe to thiol reducing agents (17-19) necessary to
maintain enzyme activity (Figure 3).

The tyrosine residue in the photoactive azidoTyr-pep-
tide was iodinated with 125] (14). Radiolabeled photoac-
tive peptide 4 was used to photolabel enzyme fractions
enriched in O-mannosyltransferase activity, and as shown
in the autoradiograph in Figure 2, several proteins were
radiolabeled after UV irradiation. No proteins were
labeled if the reaction mixture was not UV irradiated
(Figure 2, lane 1). Yeast microsomal preparations con-
taining O-mannosyltransferase activity were solubilized
and further purified by DEAE-cellulose ion-exchange chro-
matography as previously described (3). The solubilized
microsomes and the DEAE-cellulose fractions were then
photolabeled with ['%’]]azidoTyr-peptide (4) in the pres-
ence and absence of nonradiolabeled, unmodified hexapep-
tide. Asshown in Figure 2, only the photolabeling of a ca.
82-kDa protein in both the solubilized microsomes and
the DEAE-cellulose fractions was protected with com-
peting peptide. Photolabeling of this ca. 82-kDa protein
was protected by nonradioiodinated azidoTyr-peptide (3)
(datanotshown). Since this ca. 82-kDa protein was present
in each enzyme preparation of increasing purity for the
O-mannosyltransferase activity and its photolabeling was
competitively inhibited by the unmodified hexapeptide
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Figure 2. Photolabeling of yeast O-mannosyltransferase frac-
tions of increasing purity. Microsomal O-mannosyltransferase
fractions that were solubilized using Triton-X100 and partially
purified on DEAE-cellulose were photolabeled with 200 uM [%]]-
azidoTyr-peptide (4) as described in the Results section. Lanes
1and 2: microsomal preparations (180 ug) minus UV irradiation
and plus UV irradiation, respectively. Lanes 3 and 4: Triton
X-100solubilized preparation (60 ug) photolabeled in the absence
(lane 3) and the presence (lane 4) of 0.9 mM unmodified hexapep-
tide. Lanes 5 and 6: DEAE-cellulose-purified enzyme (55 ug)
photolabeled in the absence (lane 5) and the presence (lane 6)
of 0.9 mM unmodified hexapeptide. The final concentration of
2-mercaptoethanol was 1 mM in each lane.
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Figure 3. Effects of 2-mercaptoethanol and “prephotolysis” on
the photolabeling of O-mannosyltransferase with [*I]azidoTyr-
peptide (4). Microsomes were prepared according to a literature
procedure (3) except that no 2-mercaptoethanol was included in
the buffers. Lanes 1-3: labeling of microsomes (100 pg) in the
absence of 2-mercaptoethanol with 165 uM ['**I]azidoT'yr-pep-
tide (4). Lanes 4-6: labeling of microsomes (100 ug) in the
presence of 14 mM 2-mercaptoethanol. Legend: p = “prepho-
tolysis” experiment in which the photoprobe was photolyzed
before the addition of the enzyme; — = enzyme plus photoprobe
but no UV irradiation; + = enzyme plus photoprobe UV irradiated
for 2 min; 2-Me = 14 mM 2-mercaptoethanol.

substrate, this protein could be the catalytic subunit of
O-mannosyltransferase.

The photolysis of perfluorinated aryl azides in nonaque-
ous media generates a singlet nitrene intermediate (9) that
is thought to be the putative cross-linking species. To
examine the nature of the intermediate generated upon
photolysis in agueous solvents, a “prephotolysis” labeling
experiment was conducted in which a solution of [125]]-
azidoTyr-peptide (4) was irradiated prior to the addition
of O-mannosyltransferase. AsshowninFigure 3,thesame
bands photolabeled in the normal photolysis experiment
(lane 3) are also labeled in the “prephotolysis” sample
(lane 1). No labeling was observed in an experiment
conducted without irradiation (lane 2). These results
suggest that some type of long-lived photogenerated
intermediate was responsible for the labeling. When yeast
microsomal preparations were added, in separate exper-
iments at varying time points after “prephotolysis” of
identical ['?°T]azidoT'yr-peptide samples, a 50% decrease
in the labeling of the yeast microsomal proteins was
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observed after 8 min (data not shown). Since a singlet
nitrene generated from a related perfluoroaryl azide has
a half-life of 10 ns (9), these results suggest that the pho-
togenerated intermediate derived from [12%°T]azidoTyr-pep-
tide (4) is unlikely to be a singlet nitrene. As additional
controls, either 1 mM sodium iodide or 1 mM tyramine
was included in the photolabeling reaction mixture to
determine whether the iodine or tyrosine moieties in [125]]-
azidoTyr-peptide were affecting the photolabelings. In-
clusion of these compounds during photolabeling had no
effect on the labeling patterns of the yeast proteins
described in Figure 2 (data not shown).

A potential source for generating or stabilizing the long-
lived intermediate was the presence of 2-mercaptoetha-
nol in the enzyme preparation. The addition of 14 mM
(0.1%) 2-mercaptoethanol completely abolishes the UV
absorbance of the azidoTyr-peptide (3) at 256 nm after 1
min (data not shown). To determine the effect of 2-mer-
captoethanol on photolabeling of the yeast enzymes, a
microsomal preparation was made without the reducing
agent. In Figure 3, lanes 1-3, there was no reducing agent
present. In lanes 4-6, 0.1% 2-mercaptoethanol was
included. These results indicate that the long-lived
intermediate generated upon photolysis was not due to
2-mercaptoethanol but that this intermediate was sensitive
toits presence, as demonstrated by the decreased labeling
in both the normal and “prephotolyzed” labeling exper-
iments (compare lanes 1 and 4, 3 and 6). When dithio-
threitol was added to the yeast membranes at similar
concentrations, there was little effect on the normal and
“prephotolyzed” labeling experiments (data not shown).

DISCUSSION

A photoactive, radiciodinated hexapeptide analogue,
[12°T]azidoTyr-peptide (4), of a known hexapeptide sub-
strate for yeast O-mannosyltransferase was synthesized
(Scheme I) and shown to be an acceptor of [1*C]mannose
from [4C]Man-P-Dol. After partially purifying the O-
mannosyltransferase and photolabeling these fractions
with [1%6I]azidoTyr-peptide (4), a ca. 82-kDa protein
appeared to be the only protein whose photolabeling was
competitively inhibited by the hexapeptide substrate.
Since azidoTyr-peptide (3) serves as a mannose acceptor
in enzyme assays and photolabeling of the ca. 82-kDa
protein by the [!%I]azidoTyr-peptide (4) was competitively
inhibited by the hexapeptide substrate, this ca. 82-kDa
protein may be the catalytic subunit of O-mannosyltrans-
ferase. However, this O-mannosyltransferase hasrecently
been purified to apparent homogeneity and reported to
be of ca. 92-kDa molecular weight (4). Additionally, an
antibody raised against this 92-kDa protein was used to
immunoprecipitate O-mannosyltransferase activity (4). It
is possible that the 82-kDa protein, identified by [12°I]-
azidoTyr-peptide photoaffinity labeling, may represent a
protease- or glycosidase-generated product of the 92-kDa
protein since no inhibitors were included in the disruption
and purification buffers. Treatment of a partially purified
O-mannosyltransferase with endoglycosidase F, a known
deglycosylating enzyme of glycopeptides, changed the gel
migration of the 92-kDa protein to 84 kDa (4). It is also
possible that the photoincorporated 82-kDa protein is not
the Man-P-Dol:protein O-mannosyltransferase, but a
similar glycosyl transferase with a higher affinity for the
peptide substrate.

Two limiting factors in the use of this type of photo-
affinity peptide analogue are its susceptibility to reducing
agents (17-19) and the generation of a long-lived inter-
mediate upon photolysis (20). 2-Mercaptoethanol, present
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at 1-14 mM concentrations (see legends to Figures 2 and
3), quickly inactivated the photoactive properties of the
compound, consistent with the known ability of thiols to
promote the reduction of azides. This was also observed
as a loss of absorbance at 256 nm when the same
concentrations of 2-mercaptoethanol were added to the
photoprobe and analyzed by UV spectrophotometry (data
not shown). Photolabeling using [1%5I]azidoTyr-peptide
(4) in the presence of 2-mercaptoethanol was detected if
UV irradiation was initiated immediately following ad-
dition of the photoprobe to the enzyme (Figures 2 and 3).
Less severe inactivation of the reagent was observed with
1 mM dithiothreitol in photolabeling reactions and UV
spectral analysis (data not shown). This suggests that if
a reducing must be present to maintain enzyme activity,
as was necessary for the O-mannosyltransferase, dithio-
threitol would be the optimal choice.

The nature of the long-lived intermediate generated
upon UV irradiation is unknown. This photogenerated
intermediate was sensitive to reducing agents, especially
2-mercaptoethanol, as demonstrated by the reduced
labeling in Figure 3. It is possible, as shown in Scheme
I, that the singlet nitrene 5 undergoes ring expansion to
the dehydroazepine 6 that subsequently traps water to
afford the azepinone 7, a possible long-lived intermediate
that would be sufficiently reactive to intercept nucleo-
philic residues on the target protein unless other more
reactive nucleophiles, like 2-mercaptoethanol, were present.
The uncertain nature of the intermediate does not detract
from the effectiveness of using this type of photoaffinity
analogue as demonstrated by the specific labeling and
protection of the ca. 82-kDa protein. Another long-lived
intermediate generated in the photolysis of an a-diazo
ketone was reported to result in specific labeling (20). The
importance of doing appropriate control experiments, as
described in this report, must be stressed for any pho-
toaffinity labeling experiments but particularly for ex-
periments using the perfluorinated aryl azide reagent N-
(4-azido-2,3,5,6-tetrafluorobenzoyl)tyrosine (1), in order
to ensure that the results represent meaningful, specific
labeling. Asdemonstrated with similar perfluorinated aryl
azide derivatives linked to calmodulin (5), these peptide
derivatives may be more useful when used to label pure
polypeptides than when used in less pure systems as
reported here. In addition, the O-mannosyltransferase in
yeast was not an optimal experimental system for this
type of photo-cross-linking experiment due to the high
Kpn (10 mM) of the hexapeptide substrate (3). The
identification of the ca. 82-kDa protein suggests that
additional studies involving the electroelution and pro-
duction of antisera may further define the role of this
enzyme in the O-mannosylation of yeast glycoproteins.
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A single deoxycytidine residing in an oligodeoxyribonucleotide which also contains 5-methyldeoxycy-
tidines can be selectively derivatized with various alkylamines by sodium bisulfite-catalyzed transam-
ination. Selective transamination results because 5-methylcytosine, unlike cytosine, does not form a
bisulfite adduct. When the reaction is carried out at pH 7.1, transamination in the oligomer appears
to occur to greater than 95% with little or no deamination. This procedure has been used to introduce
aminoalkyl or carboxyalkyl side chains at the N4-position of a deoxycytidine in oligonucleotides. These
side chains contain potentially reactive amine or carboxy groups which could serve as a sites for further
conjugation of the oligomer with a variety functional groups. Oligonucleotides which carry these side
chain form duplexes and triplexes with appropriate complementary single-stranded or double-stranded
oligodeoxyribonucleotide target molecules. The stabilities of the duplexes are similar to those formed
by unmodified oligomers, whereas the stability of the triplexes is approximately 18 °C lower than that

formed by unmodified oligomers.

INTRODUCTION

Oligonucleotides and oligonucleotide analogues conju-
gated with functional groups have unusual properties
which make them useful as hybridization probes and an-
tisense reagents (1-3). These functional groups caninclude
intercalators such as acridine, reporter groups such as
fluorescent or spin labels, immunoreactive groups such as
biotin, or chemically reactive groups such as alkylating
groups, psoralen, or metal chelators. In many cases the
functional groups are conjugated with the oligomer via a
linker arm of variable chain length. The linker arm in
turn may be attached to the 3’- or 5-end of the oligomer,
to the internucleotide linkage of the oligomer, or to a
modified base located at a specific site within the oligo-
mer.

A variety of methods are available for introducing the
linker into the oligomer. Solid-phase supports, some of
which are commercially available, have been developed
which incorporate a linker as part of the support (4-9).
These allow synthesis of oligomers having linkers at the
3’-end of the molecule. Linkers may be introduced at the
3’- or 5'-position by derivatization of terminal phosphate
groups with diaminoalkanes or amino acids (10-14). H-
phosphonate chemistrry has been used to introduce linkers
at specific internucleotide bonds within the oligomer (15—
18). Protected phosphoramidite reagents and nucleoside
phosphoramidite synthons have been developed which
allow incorporation of linkers or linker-modified nucle-
osides during the course of oligonucleotide synthesis (19—
23).

The N*-position of cytosine can be modified by means
of a bisulfite-catalyzed transamination reaction (24). We
have found that it is possible to use this reaction to
selectively introduce aminoalkyl or carboxyalkyl linker
arms at a specific deoxycytidine site within oligonucle-
otides which also contain 5-methyldeoxycytidine resid ues.
The resulting oligonucleotides contain a single amine or
carboxylic acid functionality which can serve as site for
selective attachment of a variety of functional groups. The
linker-arm-conjugated oligomers are capable of forming
stable duplexes with complementary single-stranded oli-
godeoxyribonucleotides as well as stable triplexes with
target oligodeoxyribonucleotide duplexes.
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EXPERIMENTAL PROCEDURES

Base-protected 5'-0-(4,4’-dimethoxytrityl)deoxyribonu-
cleoside 3’-O-[ (diisopropylamino)-g8-cyanoethyl phosphor-
amidites] were purchased from Curachem. Nucleoside-
derivatized controlled pore glass supports were purchased
from American Bionetics. All chemicalsused were reagent
grade or better. Proton NMR spectra were recorded on
a Brucker 300-MHz spectrometer.

Oligonucleotide Synthesis. Oligodeoxyribonucle-
otides were synthesized on a 1-umol scale on a Biosearch
8700 DNA synthesizer using controlled pore glass supports
and base-protected 5-O-dimethoxytrityldeoxyribonucle-
oside 3’-0-[ (diisopropylamino)-8-cyanocethyl phosphora-
midite] synthons. The oligomers were deprotected and
removed from the support by treatment with a solution
containing pyridine/concentrated ammonium hydroxide
(1:1 v/v) for 5 h at 60 °C. The support was removed by
filtration, and the solvents were evaporated. The residue
was dissolved in water and the solution was loaded onto
a BioGel TSK-DEAE-5-PW HPLC ion-exchange column
(7.5 X 75 mm). The column, which was monitored at 254
nm, was eluted with a 50-mL linear gradient of 0.1-0.5 M
sodium chloride in 10 mM Tris-HCl at pH 7.0 at flow rate
of 0.8 mL/min. The solution containing the oligomer was
loaded onto a SEP-PAK cartridge which had been
previously equilibrated with the following solutions: 10
mL of acetonitrile, 10 mL of acetonitrile/water (1:1 v/v),
and 10 mL of 0.1 M sodium phosphate buffered at pH 5.8.
The SEP-PAK cartridge was washed with 10 mL of water
and the oligomer was eluted with 3 mL of acetonitrile/
water (1:1 v/v). The purity of the oligomer was checked
by gel electrophoresis on a 15% denaturing gel after the
oligomer had been phosphorylated using [y-32P]JATP and
polynucleotide kinase (25). Each oligomer migrated as a
single band on the gel.

Transamination Reactions—General Procedure.
Transamination solutions were freshly prepared by mixing
the appropriate components as described in Table I. The
final pH of each solution was 7.1. The nucleoside (24 Ass4
units, ~3.5 umol) or oligonucleotide (10 Ass4 units, ~96
nmol) was dissolved in 96 uL of transamination solution
containing 4 pL of 0.1 M hydroquinone in 95% ethanol.
The solution was incubated for 48 hat 50 °C. The reaction
mixture was diluted with 0.5 mL of 0.1 M sodium hydroxide
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Table I. Transamination Solutions

sodium 8 N sodium 12N
bisulfite, water, hydroxide, hydrochloric
amine (mmol) mg mL mL acid, mL
4-aminobutyric 104 0.90 0.10
acid (3.0)
1,4-diaminobutane 104 0.30 0.47
3.0
l-aminobutane (3.0) 104 0.80 0.20

and the solution was incubated for 1 h at room temperature.
The solution was then further diluted with 1 mL of 0.1 M
sodium phosphate buffered at pH 5.8. The oligonucle-
otide was purified by preparative reversed-phase HPLC
on a Whatman Partisil 5 RAC ODS-3 10-cm column. The
column was eluted with a 50-mL linear gradient of 2%-
20% acetonitrile in 0.1 M sodium phosphate (pH 5.8) at
a flow rate of 2.5 mL/min. The fraction containing the
pure oligomer was diluted with 0.1 M sodium phosphate
to give a final acetonitrile concentration of 5% and the
solution was desalted on a SEP-PAK cartridge as described
above.

Transamination of Deoxycytidine with 4-Aminobu-
tyric Acid. A solution of deoxycytidine (48 Ass4 units,
7.7 umol) in 12 uL of water was added to 180 uL of tran-
samination buffer prepared as described in Table I and
8 uL of 0.1 M hydroquinone in 95% ethanol. The solution
was incubated at 50 °C for 48 h and then treated with 1
mL of 0.1 M sodium hydroxide at room temperature for
2h. Thesolution was passed through a Dowex 50X column
which contained 1 mL of resin in the pyridinium form.
The column was washed with 3 mL of water, and the
combined eluant and washings were evaporated to dryness.
The residue was dissolved in 0.6 mL of water and the
product purified by reversed-phase HPLC on a Partisil 5
RAC ODS-3 10-cm column. The column was eluted with
30 mL of a linear gradient of 0%-3% acetonitrile in 0.1
M sodium phosphate at a flow rate of 2.5 mL/min. A total
of 28 Ass4 units was obtained. The UV spectrum showed
Amax at 239 and 271 nm and Ay at 230 and 250 nm in 0.1
M sodium phosphate (pH 5.8). 'H NMR (*H;0): 6 1.83
(m, NHCH,CH,CH,COOH), 2.23 (m, H-29), 2.96 (,
NHCH,CH,CH,COOH), 3.30 (t, NHCH;CH.CH,COOH),
3.74 (m, H-5"), 4.00 (m, H-4’), 4.39 (m, H-3), 5.94 (d, H-5),
6.24 (t, H-1"), 7.63 (d, H-6).

Proton NMR Spectra of Nucleosides in 1 M Sodium
Bisulfite. Two milligrams of deoxycytidine or 2 mg of
5-methyldeoxycytidine was dissolved in 0.5 mL of 2H20
containing 52 mg of sodium bisulfite. The solutions were
incubated overnight at room temperature and the proton
NMR spectra were then recorded.

Base Ratio Determination. The oligonucleotide (0.2
Agss units) was dissolved in 48 uL. of digestion buffer which
contained 2 mM magnesium chloride and 10 mM Tris-
HCI (pH 8.2). Snake venom phosphodiesterase, 5 ng in
2 uL, and bacterial alkaline phosphatase, 0.4 units in 2 uL,
were added, and the reaction mixture was incubated for
16 h at 37 °C. The solution was diluted with 200 uL of
0.1 M sodium phosphate (pH 5.8). Aliquots were analyzed
by reversed-phase HPLC on a Whatmann ODS-3 RACII
column using an 18-mL linear gradient of 0%-3% ace-
tonitrile in 0.1 M sodium phosphate followed by a 12-mL
linear gradient of 3%—20% acetonitrile in 0.1 M sodium
phosphate (pH 5.8) at a flow rate of 1.5 mL/min. The
column was monitored at 254 nm. The peak areas, which
were determined by weighing or by integration, were
normalized by dividing the extinction coefficient of the
nucleoside. The following extinction coefficients at 254
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Figure 1. Bisulfite-catalyzed transamination and deamination
of deoxycytosine.

nm were used: 5-methyldeoxycytidine, 3700; deoxycyti-
dine or N4-modified deoxycytidine, 6260; and thymidine,
7250.

Determination of Oligomer Extinction Coeffi-
cients. Four samples of the oligomer (0.2-0.5 4354 unit)
were dissolved in 48 uL. of digestion buffer. Duplicate
samples of the oligomer were treated with 2 uL (5 ng) of
snake venom phosphodiesterase or with 2 uL. of water.
The solutions were incubated for 16 h at 37 °C and then
diluted with 1.0 mL of water. The Ags4 values of the
enzyme-treated solutions were used to determine the
amount of oligomer hydrolyzed and this amount was then
used to calculate the oligomer extinction coefficient based
upon the Aggy of the water-treated, nonhydrolyzed samples.

Determination of Melting Temperatures of Du-
plexes and Triplexes. The melting temperatures of the
duplexes and triplexes were determined using a Varian
219 spectrophotometer fitted with a thermostated cell
compartment connected to a Neslab RTE 100 circulating,
programmable temperature bath. The temperature of the
cell holder was monitored by a Varian temperature readout
unit and the sample compartment was continuously purged
with dry nitrogen throughout the experiment. All ex-
periments were carried out in melt buffer which consisted
of 0.1 M sodium chloride, 20 mM magnesium chloride,
and 50 mM Tris-HCI buffered at pH 7.0. Duplexes were
formed by mixing 0.5 mL of a 1.0 uM solution of each
oligomer. Triplexes were formed by mixing 0.5 mL of a
1.0 uM solution of the oligomer with 0.5 mL of a 1.0 uM
solution of the preformed target duplex. The Agg of the
duplexes or triplexes were recorded as a function of
temperature as the solutions were heated from 0 to 60 °C
at a rate of 1 °C/min.

RESULTS

Transamination of Deoxycytidine and 5-Methyl-
deoxycytidine. In order to optimize the conditions for
the transaminationreaction, which is shown schematically
inFigure 1, the reaction of deoxycytidine with 4-aminobu-
tyric acid was performed at various pHs. Reactions were
carried out at pH 6.4, 7.1, or 8.2 in the presence of 1 M
sodium bisulfite and 3 M 4-aminobutyric acid at 50 °C.
Hydroquinone was added to inhibit radical-generated
modification of the nucleoside (26). The products of the
reaction were analyzed by reversed-phase HPLC. As
shown in Figure 2, reactions carried out at pH 7.1 gave the
highest yield of N4-(