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E- and P-selectin are cell adhesion molecules implicated in the early events of inflammation. Three-
dimensional models of the lectin domains have been reported by us and others prior to the availability
of X-ray structural information. The models have been used to outline the ligand binding site in the
selectins and to identify residues critical for function. Recently, the crystal structure of E-selectin
has been reported, and thus, comparison of our E-selectin model with the X-ray data is now possible.
The comparison shows that the assumptions on which the modeling was based were generally correct
and provides an instructive example for the opportunities and the limitations of comparative modeling.

The selectins (E-, P-, and L-) form a family of cell
adhesion molecules (I, 2) which are expressed on endot-
helial cells (E-, P-), platelets (P-), or leukocytes (L-) and
play a major role in mediating the initial rolling interac-
tion of leukocytes on activated vascular endothelium (3).
This rolling interaction appears early in an inflammatory
response and ultimately leads to leukocyte extravasation
at sites of inflammation (I, 2). The selectins display
equivalent molecular organization and show significant
sequence similarity (4). All are transmembrane glyco-
proteins, having extracellular regions which consist of
an amino terminal calcium-dependent (C-type) lectin
domain (5), followed by an epidermal growth factor-like
domain and a variable number of repeats with homology
to complement regulatory proteins (2, 4). The amino
terminal lectin domain is the ligand binding domain of
the selectins. It specifically binds sialylated Lewis X or
related carbohydrate ligands on cognate cells and is
responsible for selectin-mediated adhesion (2). Thus, the
carbohydrate recognition domain of E- and P-selectin
have become a major target for the design of inhibitors
to block the attachment of leukocytes to the vascular
endothelium.

We and others have derived three-dimensional models
of E- (4, 6, 7) and P-selectin (8—10) by comparative
modeling (11, 12) based on the crystal structure of the
C-type lectin domain of the rat mannose binding protein
(MBP) at 2.5 A resolution (13, 14). Briefly, this approach
attempts to identify structurally conserved and variable
regions in related proteins of known and unknown
structure on the basis of sequence comparisons which
take three-dimensional information into account. This
analysis is used to build a computer model of the protein
with unknown structure by complementing structurally
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conserved regions (the “core”) with novel structural
elements (often “loops”). Selectin modeling and binding
site analysis have been the subject of a review in this
journal (15).

Recently, the X-ray structure of E-selectin, including
the lectin and EGF domains, has been solved and refined
at 2.0 A resolution (16). This has enabled us to assess
the accuracy of our model predictions. The sequences of
the lectin domains in E- and P-selectin are ~65% identi-
cal. At this high level of sequence similarity, structures
are generally very similar, and the rmsd (root mean
square deviation) of their core regions is less than 1 A
(17). Therefore, the results of the comparison of the
E-selectin model and crystal structure are expected to
be similar for P-selectin. Here we wish to describe the
assumptions on which the modeling was based, compare
the predicted and experimental structures, and discuss
the implications of this study for comparative protein
modeling.

In contrast to the high sequence similarity of the
selectins, the sequence identity between MBP and the
selectins is only ~25%, a level at which the degree of
structural similarity is uncertain (12). The alignment
of the sequences of E-/P-selectin and MBP, taking the
MBP crystal structure into account, suggested the con-
servation of some residues of the hydrophobic core
regions, the disulfide bonds, and one calcium binding site,
therefore suggesting greater structural similarity be-
tween the selectin and MBP lectin domains than would
be predicted by the low level of sequence similarity.
These initial sequence—structure correlations provided
the basis for model building of the selectins, which was
complicated by the unusual finding that only ~50% of
the residues in MBP form regular secondary structure
elements (o-helices and 3-strands), whereas ~20% were
found in loop regions and ~30% in extended regions of
nonclassical secondary structure (13). Consequently, a
major difficulty in modeling the selectins was assigning
selectin residues in these unusual secondary structure
elements and deciding which parts of these regions are
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Figure 1. Comparison of the E-selectin model (blue/vellow) and erystal (gray/gold) structure. Shown is a solid ribbon representation
of the lectin domains after backbone superposition. The a-helices and f-sheets in the predicted and X-ray structure are colored
yellow and gold, respectively, and the extended regions of unusual secondary structure are colored blue and gray. The functional
calcium in the E-selectin crystal structure is shown as a magenta sphere, and its predicted position is shown in lavender.
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Figure 2. Structurally corresponding (topologically equivalent) residues in the crystal structures of the C-type lectin domains of
Xtal) and the predicted topologically equivalent positions in MBF
(MBP Xtal) and E- (ES model) and P-selectin (PS model). The MBP Xtal versus ES Xtal alignment was based on comparison
of the crystal structures according to ref 16. The MBP Xtal versus ES/PS model sequence—structure alignment was predicted
after comparison of the MBP and selectin sequences on the basis of the MBP crystal structure and provided the basis for selectin
modeling. Regions where the predicted and experimental topological equivalencies do not match (where the E-selectin model and
crystal structures diverge) are shaded. Conserved residues in E- and P-selectin and in the selectins and MBP are shown in bold face.
Secondary structure elements in MBP are overlined and taken from ref 13. The assignments are only slightly different for E-selectin
according to ref 16. L1-L4 are extended regions of unusual secondary structure found in MBP. [*] indicates residues which participate
in the formation of the conserved calcium binding site in both MBP and E-selectin; [MBF] and [ES]| means a calcium-ligating residue

the rat mannose binding protein (MBP Xtal) and E-selectin (ES

only found in MBP or E-selectin, respectively.

conserved and which are variable (where residue inser-
tions and deletions are tolerated).

Figure 1 shows the superposition of the predicted and
crystallographic E-selectin lectin domain. The compari-
son shows that the overall fold of E-selectin and the
location of its functional calcium binding site were
correctly predicted. Figure 2 shows the topologically
equivalent residues in MBP and E-selectin, derived from
a superposition of their crystal structures, compared to
the predicted (sequence—structure) alignment of E- and
P-selectin relative to MBP. Details of the alignments are
given in the figure legend. The comparison of the
predicted and the experimental residue alignment shows
that 111 of 120 residues (~93%) of the E-selectin model

were assigned to topologically corresponding positions.
The predicted and experimental structures in the regions
of conserved secondary structure elements are very
similar, resulting in a backbone rmsd of ~1.2 A. Devia-
tions are larger in other parts of the structure. Three
regions in E-selectin show incorrect assignments of
insertions and deletions, L1 and L2 (extended regions of
nonclassical secondary structure), and the loop connect-
ing fB-strands 3 and 4 (the length of one §-strand differs
in MBP and E-selectin). These local misalignments lead
to spatial misplacements of residues in the predicted
structure. Other structural differences occur in the
regions of unusual secondary structure. The conforma-
tion of E-selectin residues 83—88 in the extended region
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Figure 3. Close-up view of the ligand binding site in E-selectin. The residues which are critical for selectin function, including the
calcium coordination sphere, are shown in their crystallographic (gold) and in their predicted (yellow) position and orientation. The
orientation is according to Figure 1. For clarity, only the backbone of the E-selectin X-ray structure is shown in solid ribbon
representation (gray). E88 is a caleium ligand in MBP and conserved in E- and P-selectin. Despite its conservation, E88 is replaced
as a calcium ligand by N83 in the E-selectin crystal structure. This is the largest side chain deviation between the predicted and

crystallographic ligand binding site in E-selectin.

L4 was assumed to be conserved in MBP and the
selectins since it was close to and included one ligand of
the conserved calcium binding site. However, comparison
of the E-selectin model and crystal structure shows that
the conformation of this region changes, giving a back-
bone rmsd of ~1.8 A. Residue E88 is a calcium ligand
in MBP and conserved in the selectins. However, in
E-selectin E88 does not contact the calcium and is
replaced as a calcium ligand by residue N83 which is not
conserved in MBP (16, 18). Such effects where sequence
conservation does not translate into structural equiva-
lence remain unpredictable on the basis of sequence—
structure comparisons. The incorporation of the non-
classical secondary structure elements, including loops,
in the rmsd comparison leads to a backbone rmsd of ~2.6
A for all 120 residues of the model.

E- and P-selectin models have been used to identify
the ligand binding site in the selectins with the aid of
mutagenesis (6, 8—10, 16). A set of residues conserved
in E- and P-selectin, including K111 and -113 and Y48
and -94, was found to be critical for binding of the
selectins to a cellular ligand and/or immobilized glycolipid
structures. The spatial prediction of the binding site was
thought to be accurate since critical residues were located
in a region including the central -sheet of the selectin
(8). The location of the binding site in E-selectin was
later confirmed by mutagenesis on the basis of the
E-selectin crystal structure (16). Figure 3 shows the
comparison of the predicted and crystallographic ligand

binding site in E-selectin. As can be seen, the architec-
ture of this site and the spatial arrangement of critical
residues were accurately predicted. It follows that the
model provided a meaningful basis for computer-assisted
design of selectin inhibitors.

The comparison presented here has some more general
implications for comparative protein modeling. The
selectins and MBP share low sequence similarity, and
MBP displays an unusual fold, consisting of more than
50% of unusual secondary structure. On the basis of
sequence—structure comparisons, it has been difficult to
decide which parts of these regions are structurally
conserved in the selectins and which are variable.
Consequently, the accuracy of the E-selectin model is
lower in these regions than in other parts. The compari-
son of the MBP and the newly-available E-selectin crystal
structure greatly improves the ability to assess structural
conservation and variability in these regions, and vari-
ance of the C-type lectin fold will be better understood
as more structures become available for comparison. The
comparison also shows that the conservation of only a
few key residues is sufficient to conserve the C-type lectin
fold globally. This confirms the hypothesis on which
modeling of the selectins was based.
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1. INTRODUCTION

The majority of genetic engineering methods are based
on delivery of foreign nucleic acids into intact cells (1).
To date, a number of techniques have been developed for
DNA introduction in cells, the most common of them
being precipitation with calcium phosphate (2, 3), DEAE-
dextran! (4), or polybrene (5, 6), direct introduction of
DNA using cell electroporation (7, 8) or DNA microin-
jection (9, 10), and DNA incorporation in reconstructed
virus coats (11—13).

Liposomes have been also used in some transfection
protocols (14—16) in which DNA molecules are either
entrapped in the internal aqueous space of liposomes or
are bound on their surface. Promising results have been
obtained with pH-sensitive liposomes, capable of fusing
with the membranes of late endosomes and releasing
DNA in the cytoplasm, which prevents DNA from ac-
cumulation and enzymatic digestion in lysosomes (15,
17). Various cationic amphiphiles, such as DOTMA (18),
alkylammonium (19), cationic cholesterol derivatives (20),
and gramicidin (21) have been added to liposome formu-
lations in order to enhance their transfection efficacy.
Cationic liposomes have been found to effectively bind
nucleic acid molecules and fuse with cell plasma mem-
branes, thus providing for an even more pronounced
transfection than pH-sensitive vesicles (22). Particularly,
the protocol using mixed DOTMA:DOPE liposomes (“li-
pofection”) has been widely accepted as a reliable and

* Direct all correspondence to the present address: Depart-
ment of Pharmaceutical Sciences, College of Pharmacy, Uni-
versity of Nebraska Medical Center, 600 South 42nd St, Box
986025, Omaha, NE 68198-6025. Phone: (402) 559-5320. Fax:
(402) 559-5060.

*MIB and Department of Chemical Enzymology.
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1 Abbreviations: basic moles, molar expression of an amount
of repeating units of a polymer; SGal, S-galactosidase; CAT,
chloramphenicol acetyltransferase; DEAE-dextran, (diethylami-
noJethyl dextran; CP, N-cetylpyridinium bromide; DODAC,
dioctadecyldimethylammonium chloride; DOGS, (dioctadecyla-
mido)glycylspermine; DOPE, dioleyl phosphatidylethanolamine;
DOTMA, N-[1-(2,3-dioleyloxy)propyl]-N,N ,N-trimethylammoni-
um chloride; DPPES, dipalmitoyl phosphatidylethanolamino-
spermine; FITC, fluorescein isothiocyanate; IPEC, interpoly-
electrolyte complex; ¢, IPEC composition, i.e., the basic molar
ratio [polycation)[DNA] in the complex; MW, molecular mass,
Da; LPLL and LPDL, lipopoly-L-lysine and lipopoly-D-lysine
correspondingly; P., weight-average degree of polymerization;
PANa, sodium polyacrylate; PMA, polymethacrylic acid; PMA-
Na, sodium polymethacrylate; polybrene, 1,5-dimethyl-1,5-di-
azaundecamethylene polymethobromide; PVPE, poly(N-ethyl-
4-vinylpyridinium bromide); PVPEC, random copolymer of
N-ethyl-4-vinylpyridinium and N-cetyl-4-vinylpyridinium bro-
mides.
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effective method for targeting both DNA (18) and RNA
molecules (23) into cells.

However, each of the above listed methods has various
specific disadvantages and limjtations. Particularly, the
techniques based on calcium phosphate and polycation
precipitation that are probably most widespread in
laboratory practice (24) are characterized by a relatively
low transfection efficacy, appear ineffective for introduc-
tion of RNA molecules in cells, and cannot be used for
genetic transfection in vivo. The well-known virus-
transfection techniques using retrovirus or adenovirus
vectors (12, 13) permit us to overcome some of these
limitations. However, their application for gene therapy
causes serious concerns about possible recombination
with endogenous viruses, oncogenic effects, and im-
munologic reactions (25). To date, the lipofection protocol
seems to be most promising (26), though there are some
complaints about its cytotoxicity (20). Therefore, despite
a great variety of already existing methods the search of
new possibilities for transformation of animal, plant, and
prokaryotic cells still continues.

Recently, a new approach has been developed to
enhance the delivery of genetic material into cells. This
method employs soluble interpolyelectrolyte complexes
(IPECs)? of nucleic acids with linear polycations (27—29).
Such complexes spontaneously assemble as a result of
mixing the components due to formation of a cooperative
system of interchain electrostatic bonds. The physico-
chemical characteristics of IPECs, in particular their
solubility, dimensions, and surface charge, can be varied
by altering the composition of the complex and the
chemical structure of its constituents. Incorporation in
IPEC results in significant changes in DNA properties,
specifically in its compaction. Because it is tightly packed
in the IPEC species the DNA chain is protected from the
contact with the external medium, which, in particular,
leads to. DNA stabilization against digestion by nuclease
(30). At the same time, IPECs can undergo drastic
rearrangements and release polynucleotide chains during
their interaction with those components of the cell
membrane that are capable of competing for cooperative
binding with polycations.

It has been demonstrated that incorporation in IPEC
leads to an enhancement of DNA uptake into cells and
an increase in its transfection activity with respect to

2 The term “interpolyelectrolyte complex” or “IPEC” is widely
used in macromolecular science to determine the products of
reaction of oppositely charged polyions (see for review refs 32—
35). In this sense, the polycation—~DNA complexes represent a
special case of IPECs. We will use this term here in order to
point out the interpenetraton of scientific disciplines and
stimulate cross-interest of polymer chemists and biochemists
to each others’ work.

© 1995 American Chemical Society
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both prokaryotic (28, 30) and animal (29, 31, 32) cells.
The IPEC-mediated transfection significantly differs from
the methods based on DNA precipitation with polycations
(4—6). Unlike DNA—polycation precipitates, IPECs rep-
resent a distinct class of polymeric compounds with
strictly determined characteristics (33-36). These com-
pounds can be used for targeted delivery of genetic
material. By combining polycation molecules with ligands
capable of specific binding with cells and uptake into
them, it is possible to ensure the transport of IPECs into
these cells via the receptor-mediated pathway (27, 37—
54), as well as their in vivo delivery into target cells (55—
58). Polycation conjugates with such ligands may also
serve as carriers for intracellular delivery of antisense
oligonucleotides (59, 60).

IPECs are self-assembling objects that are thermody-
namically stable under a certain set of conditions, i.e.,
pH, ionic strength, temperature, medium composition,
etc. This facilitates their preparation, storage, and ap-
plication if compared, for instance, with liposomes that
are usually unstable and cannot be stored for a long time.
IPECs belong to a new class of self-assembling supramo-
lecular delivery systems. Some other representatives of
this class (i.e., block-copolymer micelles used as carriers
for targeted delivery of low-molecular compounds and
immunotoxin complexes, capable of selective activation
when encounter with target cells) are described elsewhere
(61—63). The present paper reviews the regularities of
formation and behavior of DNA IPECs and discusses
possibilities of their use for delivery of genetic material
into cells. Other systems for DNA delivery, such as pH-
sensitive and cationic liposomes, new intercalating agents,
etc., were recently reviewed by other authors (16, 64—
71). Therefore, we will not basically consider them here.

2. FORMATION AND PHYSICOCHEMICAL PROPERTIES
OF DNA IPECS

Various polycations have been used so far to produce
IPECs for targeted delivery of polynucleotides into cells.
They include polyvinylpyridinium salts, polypeptides, and
spermines (Figure 1). In many of these cases the poly-
cation chains are covalently coupled with peptide or
protein “vector” molecules (such as asialoglycoprotein,
transferrin, etc.) (37—60), long-chain hydrophobic sub-
stituents (28—32), intercalating groups, and oligosaccha-
rides (72). The molecular mass of polycations varies from
several hundred to hundreds of thousand. Therefore,
when a recombinant DNA molecule (MW from several
to dozens of million) is used for IPEC formation, the
polycation contour length is as a rule several times
smaller than that of DNA. In this case, using the
“guest—host” terminology previously introduced for
IPECs of synthetic polyions (34, 36), the polycation can
be termed “a guest” and DNA “a host”. On the contrary,
if a short complementary oligonucleotide is incorporated
in IPECs, the polycation length usually exceeds that of
the oligonucleotide. In this case, the polycation is a host
and the oligonucleotide a guest.

The mechanism of formation and properties of nucleic
acid IPECs are similar to those of the complexes formed
by synthetic polyions (33—36). The mixing of nucleic acid
and polycation aqueous solutions results in cooperative
binding of electrostatically complimentary chains, i.e., in
formation of IPEC. When the backbone of the major
polycation chain is hydrophobic, the “sticking” of such a
polycation to the nucleic acid, accompanied by compensa-
tion of phosphate group charges, leads to formation of a
hydrophobic site (Figure 2a). The length and number of
such sites is determined by the polymerization degree
(length) of the guest and composition of the polycomplex

Kabanov and Kabanov

@, i.e., the ratio of the number of polycation units and
the number of nucleic acid phosphate groups in IPEC, ¢
= [polycation (basic moles)/IDNA (basic moles)] (28),
indicating that the physicochemical properties of IPECs
greatly depend on their composition.

At low values of ¢ water-soluble nonstoichiometric
complexes form in which the content of the polycation
units is lower than that of the DNA units, and that
contain a net negative charge. Under these conditions
the polycation chains are usually evenly distributed
among the DNA molecules. The complex charge elevates
with an increase in the content of the polycation. Fur-
thermore, the amount of the hydrophobic sites increases.
At some point the complex reaches a critical composition
@c (@, < 1), and its hydrophobicity increases to such an
extent that further binding of the polycation should lead
to precipitation of the complex (30, 73). Under these
conditions uneven distribution of the polycation chains
among the DNA molecules, i.e., disproportionation, be-
comes thermodynamically more favorable (34, 36). Two
populations of complexes (nonstoichiometric and stoichio-
metric) that differ in composition and solubility form
simultaneously. The nonstoichiometric IPEC with the
critical composition (¢ = @.) remains in solution. The
redundant polycation molecules become incorporated in
the insoluble stoichiometric IPEC (¢ = 1) in which the
DNA charges are completely compensated by the poly-
cation. As the concentration of the polycation increases
(@. < [polycation}[DNA] < 1), the portion of the stoichio-
metric complex grows, while that of the nonstoichiometric
one (¢ = @) falls down. When the basic molar concen-
trations of DNA and the polycation in the system become
equal ([polycation/[DNA] = 1) all the nucleic acid chains
are involved in formation of the stoichiometric complex.
Further increase in the concentration of the polycation
may lead to recharging of the complex and its dissolution
(34, 36). Under these conditions, the IPEC particles are
stabilized in solution by the positively charged polycation
loops bound to DNA (Figure 2a).

(1) Formation of IPECs and the Disproportion-
ation Phenomenon. The formation of nucleic acid
IPECs was studied by ultracentrifugation using com-
plexes of phage A and calf thymus DNA with PVPE and
PVPEC as models (28, 73, 74). In these cases, the
contour length of DNA exceeded that of the polycations
by more than 1 order of magnitude. A single bound was
observed on sedimentograms of the samples obtained by
mixing DNA_and PVPE solutions in the range of [poly-
cation)/[DNA] ratios from 0 to 0.5 (Figure 3a). The
sedimentation coefficient (S) corresponding to this bound
continuously elevated from 18 x 10712 s for free DNA to
24 x 10713 s for IPEC (Figure 3b), implying that under
these conditions (i) all the PVPE and DNA molecules in
the system were incorporated in IPEC, (ii) the composi-
tion of complex coincided with the initial ratio of the
polyions (0 < ¢ < 0.5), and (iii) the polycation chains were
evenly distributed among the IPEC particles. Further
increase in the polycation concentration led to dispro-
portionation: parallel to the soluble IPEC (S = 24 x 10°13
s; ¢ = 0.5) the insoluble complex was formed with a
higher content of the polycation (Figure 3a).

On the whole, the regularities of PVPEC interaction
with DNA are similar to those observed for PVPE (28,
74). However, the range of [PVPECITDNA] ratios under
which the soluble IPECs form is rather narrow (from 0
to 0.25) (Figure 3b); i.e., the ¢, value in the case of
PVPEC (g, = 0.25) is essentially lower than in the case
of PVPE (¢, = 0.5). This can be evidently explained by
hydrophobic interactions of the side-chain alkyl substitu-
ents of PVPEC. The interaction between the substituents
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Figure 1. Polycations and oligocationic surfactants used for formation of DNA IPECs (low-molecular weight counterions are not

presented): polyvinylpyridinium salts PVPE and PVPEC (30),

lipospermines DPPES and DOGS (29), polylysine conjugates with

proteins or peptides (27, 48), lipopolylysines LPLL and LPDL (31), and trigalactosylated spermidine—bisaccridine (72).

located on different polycation chains serves as a factor
that stabilizes the IPEC particles containing several
polycation molecules (Figure 2b). Therefore, in compari-
son with PVPE the PVPEC chains possess a pronounced
ability for uneven distribution among the DNA molecules.
A similar process is apparently characteristic of li-
popolyamines that form micelles during binding with
DNA that become a part of IPEC (29, 75).

(2) Compaction of DNA. The above-described sedi-
mentation experiments indicate that the binding of
polycations induces DNA compaction due to compensa-
tion of electrostatic charges of DNA and hydrophobic
interactions of the complexed sites. For example, an
almost 2-fold increase in the sedimentation coefficient of
DNA observed after addition of PVPEC (Figure 3a)
cannot be explained by the increase in molecular weight
of the complex (it changes less than by 20%). More likely,

this phenomenon can be accounted for by DNA compac-
tion accompanied by a decrease in the surface friction
and an increase in the particle density. The compaction
of DNA during its interaction with polycations (polypep-
tides) was registered using circular dichroism (76, 77),
the sedimentation and light-scattering techniques (78),
and DNA chemical modification (79). Direct proof of
DNA compaction upon its interaction with polycations
has been obtained by electron microscopy (43, 80).
Particularly, it has been demonstrated that depending
on their composition complexes of plasmids with poly-
lysine represent either dense toroids with an average
diameter of about 80—100 nm or starlike structures with
dense nuclei surrounded with a shell of DNA chains.
These data are in good agreement with the results of the
fluorescence microscopy study of bacteriophage T4 DNA
complexes with poly-L-arginine (81). This study reveals
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Figure 2. Formation of IPECs as a result of DNA interaction with (A) polycation, (B) polycation modified with hydrophobic
substituent, and (C) polycation conjugate with receptor-recognizing molecule.
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Figure 3. (a) Typical sedimentation curves and (b) dependencies of sedimentation coefficients of complexes of phage A DNA with
PVPE and PVPEC (P, = 400) on the [polycation/[DNA] ratio. Only one step is observed for free DNA and IPECs with compositions
lower or equal to ¢.. Disproportionation is observed when the [polycation/[DNA] ratio exceeds ¢.. Under these conditions, the soluble
complex with ¢ = @, forms in parallel to the insoluble one (aggregate). From ref 30.

that the free DNA molecules represent elongated species
with a length of the long axis equal to about 350 nm. By
contrast, dense spherical particles of IPEC form when
the polycation is added to free DNA. The portion of the
IPEC particles increases with an increase in the [poly-
cation}/[DNA] ratio while their dimensions decrease to

about 180 nm. A similar behavior is characteristic of
DNA complexes with histones (81).

(3) Electrophoretic Mobility of IPECs. The forma-
tion of IPEC can be registered by electrophoresis in
agarose gel (30, 31, 37, 74). The shift of the IPEC band
during electrophoresis depends on the [polycation)/TDNA]
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Figure 4. Dependencies (a) of electrophoretic mobility (E.M.)
and (b) hydrodynamic diameter of IPECs of chicken embryo
DNA with PVPE (1) and PVPEC (2) on the [polycation]/[DNA]
ratio. The conditions under which the complexes are electrically
neutral are marked by dotted lines. From ref 82.

ratio that alters the IPEC net charge, as well as its size
and density. At low [polycation)/[DNA] ratios the elec-
trophoretic mobility of IPEC can be higher than that of
free DNA due to the compaction effect (74). The IPEC
species with a high content of polycation ([polycation}/
[DNA] > 1) do not usually enter the gel (31, 37).

(4) Recharging of DNA. The effect of the polycation
binding on the DNA net charge was recently studied
using complexes of fragmented DNA from chicken em-
bryo with PVPE and PVPEC (82) as models. In these
experiments a fluorescent label was covalently linked to
DNA, and IPEC formation was monitored by the fluo-
rescence quenching. The fluorescence of DNA decreased
monotonously as the concentration of polycation in-
creased and reached a constant level (about 30% of the
initial value) when the basic molar concentrations of
polycation and DNA became equal. Under these condi-
tions, the DNA chains were completely “covered” by the
polycation molecules. The increase in the content of the
polycation in the system was also accompanied by a
decrease in the electrophoretic mobility of IPEC due to
compensation of the DNA negative charges (Figure 4a).
When the basic molar concentrations of the polycation
and DNA were equal, the IPEC particles remained
uncharged (¢ = 1). Further increase in the concentration
of the polycation led to a change in the charge sign of
IPEC to the opposite which was indicative of incorpora-
tion of an excessive amount of the polycation molecules
in the complex (¢ > 1). In the composition range 0.3 <
@ = 1 an aggregation of the complex was registered
(Figure 4b). The size of the particles grew with an
increase in the concentration of the polycation and
reached the maximal value when the complex became
electrically neutral (p = 1). A further increase in the
concentration of the polycation (¢ > 1) results in a
decrease in the size of the particles. The primary reason
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for this is the electric repulsion of the positively charged
polycation chains of the complex.

(5) DNA Stabilization in IPECs. The compaction
of DNA chains in IPECs affects their accessibility to
nucleases. Recently, the kinetics of digestion of IPEC-
incorporated DNA by restriction enzymes was studied
(30). Two distinctive stages of digestion were observed
in the nonstoichiometric complexes containing an excess
of DNA (¢ < 1). The first stage involved rapid cleavage
of DNA at the sites that were not covered by the
polycation chains. The second stage consisted of slow
restriction of remaining DNA. Meanwhile, the products
of restriction were found to be the same for both native
DNA and its IPECs. This suggests that the polycation
bound on DNA does not hinder specific recognition of the
latter by nucleases but only decelerates the process. This
finding is in good agreement with the well-known dy-
namic properties of IPECs. The polycation chains are
not rigidly fixed on the DNA chains: they migrate from
one DNA region to another opening sites for restriction
(see also the next section). The reaction rate is evidently
limited by vacation of the restriction sites due to migra-
tion of a polycation from one DNA chain to another. In
stoichiometric IPECs (¢ = 1) and IPECs with an excess
of polycation (¢ > 1) the DNA chains are completely
masked and DNA restriction does not proceed.

3. REACTIONS OF POLYELECTROLYTE EXCHANGE
AND SUBSTITUTION

One of the major properties of IPECs is their ability
to undergo reactions of polyelectrolyte substitution and
exchange. The nature and regularities of these reactions
have been analyzed in detail in reviews (83, 84) using
complexes of synthetic polyelectrolytes as models. The
reactions of substitution are processes of the following

type

IPEC[aPoly(A)bPoly(B)] + cPoly(C) ~
IPEC[aPoly(A}b — c)Poly(B)cPoly(C)] + cPoly(B)
(1

where Poly(A) is a polyion charged oppositely to polyions
Poly(B) and Poly(C). When Poly(B) is identical to
Poly(C), process 1 is termed “reaction of exchange”. For
ease of presentation we will consider below the following
reaction : :

IPEC[Poly(A)Poly(B)] + xPoly(C) « }
IPEC[Poly(A)xPoly(C)] + Poly(B) (2)

assuming that the degree of polymerization of Poly(A) is
lower than that of Poly(B) (P4 < P.B) (therefore, Poly(A)
and Poly(B) are termed guest and host, respectively), and
the composition of IPEC does not change as a result of
the reaction (¢ = PA/P. B = P,A/xP,C).

Due to cooperative character of interaction of polyions
in IPEC which provides for their firm sticking to each
other reaction 2 cannot proceed via the dissociation
mechanism. The study of the mechanism of this reaction
(85) has demonstrated that the first rapid stage involves
migration of the free polyion Poly(C) toward the IPEC
particle and formation of a triple complex IPEC[{Poly-
(A)Poly(B)I-Poly(C) occurs. The bimolecular rate con-
stant of this process amounts to approximately 10° M~!
s™! which corresponds to the rate of diffuse collisions of
polyion chains in aqueous solutions. The second stage
consists of interchain transfer of the segments of the
oppositely charged polyions which leads to substitution
of Poly(B) chains by those of Poly(C). In the absence of
the low molecular weight electrolyte this stage does not
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proceed and the triple complex IPEC[Poly(A)Poly(B)I
Poly(C) remains “frozen” in a nonequilibrium state. Such
freezing does not occur in the presence of the low-
molecular weight salt, and the reaction reaches equilib-
rium. Other factors that influence the kinetics of this
process include the nature of low molecular weight
counterions, the charge density, and the structure of
polyions involved in the reaction (85). All these factors
determine the firmness of interchain saline bonds in
IPECs. The weakening of these bonds facilitates their
redistribution in the complex IPEC[Poly(A)¥Poly(B)]-Poly-
(C) and, consequently, accelerates the interchain transfer
of polyions (85). Finally, the rate of transfer of the Poly-
(A) chains in the triple complex IPEC[Poly(A)yPoly-
(B)}Poly(C) falls down as their length decreases.

Not only the rate but the position of equilibrium in the
reactions of substitution appears to be very sensitive to
the structure and length of polyions as well as to the
nature and concentration of low molecular weight coun-
terions (86). To interpret these phenomena, it is expedi-
ent to represent the total change of free energy (AGy)
during reaction 2 as a sum of two components

AG, = AG, + AG,

where AG, corresponds to substitution of interchain
bonds A:B for A-C and AG, is a difference in the energy
of interaction of the low molecular weight counterion with
the free chains of Poly(C) and Poly(B) involved in the
reaction of substitution. As first approximation, the AG,
value may be represented as

AGP - PWA(AHA_C - AHA'B) - Tdsp

where AHsc — AHap is a difference in enthalpy between
bonds A-C and A'B on a perunit basis, the number of the
substituted links is equal to P4, T is the temperature,
and AS, is a change in entropy of the free Poly(C) and
Poly(B) chains during the reaction (not taking into
account the impact of counterions). Evidently, due to
cooperativity of interaction between polyions in IPEC,
even slight changes in the enthalpy of the interchain
links on a perunit basis should result in marked changes
in net values of AG, and AG;. A decrease in the length
of Poly(C) under conditions when the composition of IPEC
remains constant leads to a growth of x (i.e., the number
of the particles involved in the reaction on the left side).
This, in its turn, should decrease the entropy component
TAS,, and shift equilibrium to the left. Variations in the
nature and concentrations of low molecular weight coun-
terions do not affect the AG, value. However, due to
changes in AG,, such variations may lead to dramatic
changes in the direction of the process (AG.) which is
demonstrated below using reactions of DNA IPECs as
models.

(1) Kinetics and Equilibrium in the Reactions of
DNA IPECs. The first indication that reactions of
exchange might occur in systems containing DNA IPECs
was reported by Miller and Bach (73). The reactions of
substitution of a nucleic acid by PANa and PMANa in
complexes with PVPE were used to decompose IPEC-
[DNA-PVPE] and IPEC[DNA-PVPEC] during the study
of their restriction (30) and interaction with mammalian
cells (32). Recently, the kinetic and equilibrium behavior
in the reaction of substitution in complexes of DNA and
PMA with PVPE were studied (87, 88):

IPEC[PVPE-PMA] + DNA «~
IPEC[PVPE DNA] + PMA (3)

Kabanov and Kabanov
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Figure 5. (a) Kinetics of transition to equilibrium in reaction
3 at various concentrations of NaCl in the system. The reagents
are mixed in various orders: either free DNA is added to IPEC-
[PVPEPMA] (continuous line) or the free PMA is added to
IPEC[PVPE DNA] (dotted line). (b) Effect of elementary salt
(LiCl, NaCl, and KCl) on the position of equilibrium in reaction
3 involving native (continuous line) and denatured DNA (dotted
line). g: the degree of conversion of reaction 3 (g equals the ratio
of the amounts of the salt bonds [PVPE-DNAV{[PVPE DNA] +
[PVPEPMAI}). ge: the degree of conversion of reaction 3 under
equilibrium conditions. From ref 87.

This reaction was completely reversible: the equilib-
rium state was attained irrespective of the order in which
the reagents were mixed (Figure 5a). However, to a great
extent, the reaction rate and position of equilibrium
depended on ionic strength and nature of the elementary
salt present in solution. Thus, an increase in NaCl
concentration from 0.125 to 0.25 M led to a practically
complete shift of equilibrium to the right (from IPEC-
[PVPE-PMA] to IPEC[PVPE-DNA]). At the same time,
a dramatic decrease in the time of the reaction half-
conversion (from dozens of minutes to several seconds)
was observed. Figure 5b illustrates the effect of concen-
tration and nature of counterions on the position of
equilibrium in the reaction. After substitution of the
elementary salt in the row NaCl > KCl > LiCl, the
equilibrium shifted to the left (from IPEC[PVPE-DNA]
to IPEC[PVPE-PMA]). It should be noted that LiCl,
contrary to NaCl and KCl, influenced the direction of
reactions involving native DNA and denatured DNA in
different ways. Thus, the equilibrium of the reaction
shifted completely toward IPEC[PVPE PMA] in the whole
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Table 1. Transfection of Mammalian Cells Using DNA IPECs with Polycations®

polycation(s) cells comparison with other methods ref
lipospermines Porcine intermediate lobe More efficient than calcium phosphate precipitation Behret al.
(DOGS and DPPES) cells, LMTK, Ras4, CHO, F9, and methods that use monovalent cationic surfactants (28, 92, 93)
BU4, S49, HeLa, AtT-20, 3T3, (DODAC, stearylamine and phosphatidylamine). Less
primary human keratinocytes. cytotoxic effects than in cases of DODAC and DOTMA
transfection methods.
lipoEOIysines L929, Vero, La, RDM4, CEM Efficacy approximately equals that of lipofection. Less Huang et al. (31)
(LPLL and LPDL) sensitive to serum and less cytotoxic than lipofection.

polyvinylpyridinium salts  3T3 NIH, MDCK,® Jurkat*
(PVPE and PVPEC)

About 10-times more efficient than calcium phosphate
precipitation. No essential cytotoxic effect has been

Kabanov et al. (32)

observed.

@ For the structural formula see Figure 1. ® Under the same conditions nonmodified polylysine is not active. ¢ Transfection has not
studied using these cell lines; enhancement of DNA uptake after its incorporation into IPECs has been demonstrated.

range of LiCl concentrations in the case of native DNA.
By contrast, a marked shift of equilibrium to the right
was observed parallel to an increase in LiCl concentration
when denatured DNA was used. This phenomenon can
be evidently explained by a difference in the energy of
Coulomb interaction of Li* cations with the chains of
native and denatured DNA.

(2) Interaction of DNA IPECs with Lipid Mem-
branes. The behavior of DNA complexes with polyca-
tions (PVPE, PVPEC) and a cationic surfactant (CP) in
the presence of negatively charged monolamellar lipo-
somes from the lecithin:cardiolipin (4:1) mixture was
studied (82). The DNA complex with CP was destroyed
during its interaction with the liposomes: CP incorpo-
rated in the liposome membranes changing their surface
charge, while the free DNA chains remained in solution.
This process closely resembled reaction 1: the DNA
chains in the complex were substituted for the totality
of negatively charged groups on the surface of the
liposome membrane. A completely different phenomenon
was observed in the case of IPEC[DNA-PVPE]. This
complex did not interact with the liposomes. Moreover,
after addition of free DNA to the liposomes on the surface
of which PVPE had been previously adsorbed all poly-
cation chains transferred from the surface of the lipo-
somes to the DNA chains. In other words, the equilib-
rium in the reaction of substitution of DNA between
IPECIDNA-PVPE] and the liposome membrane shifted
completely toward IPEC. Finally, IPEC[DNA-PVPEC]
firmly bound with the surface of the liposomes forming
a triple complex “DNA—PVPEC-liposome”. Evidently,
this happened due to incorporation in the liposome
membrane of side chain cetyl substituents of PVPEC that
served as “anchors”. At the same time, the interchain
saline links of DNA and PVPEC remained intact. It is
obvious that the data obtained on comparatively simple
models should be very carefully used for interpretation
of processes occurring in living cells. Meanwhile, we
assume that the study of behavior of DNA IPECs in such
systems is important for the understanding of basic
regularities of their interaction with biological structures,
as well as for improving systems for nucleic acid target-
ing.

4. GENE DELIVERY IN BACILLUS AND MAMMALIAN
CELLS

(1) Bacillus Subtilis Transformation. A possibility
of enhancing genetic transformation of prokaryotic cells
by incorporating plasmids in IPECs with polyvinylpyri-
dinium salts (PVPE, PVPEC) was demonstrated using
Bacillus subtilis cells (28, 30). The efficacy of transfor-
mation depended on the composition of IPEC and in-
creased with the elevation of ¢, which was accompanied
by a rise in IPEC hydrophobicity (Figure 6). The trans-
formation yield grew while the polymerization degree of

5
Transformation, 10 clones/ug DNA
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Figure 6. Transformation of Bacillus subtilis competent cells
by free plasmid pTZ19 (1) and its IPEC with PVPE (2, 4, 5, 6)
or PVPEC (3). Py, = 400 (2, 3, 4), or 200 (5), or 18 (6). ¢ = 0.1
(2), or 0.2 (3—6). From ref 30.

PVPE decreased at a constant value of ¢. The mecha-
nism of IPEC-mediated transformation of bacillus cells
is not clear. An important stage of Bacillus subtilis
transformation consists of DNA adsorption on cell mem-
branes (89, 90). DNA incorporation in IPEC enhances
its adsorption on the bacillus membranes which appar-
ently occurs due to interaction of the hydrophobic sites
of IPEC with lipids (30). The next stage of DNA penetra-
tion into the bacillus cells is associated with DNA
fragmentation and its change to a single-chain form (89,
90). To replicate after intracellular translocation, the
DNA molecule should free itself of the polycation chains.
It is probable that interaction of IPEC with negatively
charged intracellular components results in migration of
the polycation to these components and release of DNA
in a functionally active form.

(2) Transfection of Mammalian Cells. A broad set
of cell lines as well as of primary cultures has been
transfected using DNA complexes with polycations (Table
1). In these works, DNA IPECs with lipospermines (29,
91~93), lipopolylysines (31), and polyvinylpyridinium
salts (32) have been used. Hydrophobicity of the back-
bone of the polycation main chain (polyvinylpyridinium
salts) or of the side chain substituents (lipospermines,
lipopolylysines) was found to be an important prerequi-
site of transfection. In all these cases, the transfection
efficacy depends on the {polycation/{DNA] ratio (Figure
7). These dependencies are described by curves with
saturation or by bell-shaped curves resembling those
characteristic of lipofection and other mammalian cell
transfection protocols that imply monovalent cationic
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Figure 7. Effect of IPEC composition on the efficacy of
mammalian cells transfection: (a) transfection of melanotrope
cells using complexes of pCAT—4XB plasmid with DOGS (from
ref 29); (b) transfection of 1929 mouse fibroblasts using com-
plexes of pSV2CAT plasmid with LPLL (from ref 31); (¢)
transfection of NIH 3T3 fibroblasts using complexes of pfGal
plasmid with PVPE (1) and PVPEC (2) (from ref 32).

surfactants (26). Only the positively charged complexes
(¢ = 1) possess a transfection activity. This is essentially
different in the case of Bacillus subtilis transformation
in which the negatively charged complexes are active.
When the optimized compositions of IPECs are used, the
transfection efficacy is comparable to or even surpasses
that of calcium phosphate precipitation or lipofection (see
Table 1). At the same time, no significant cytotoxic
effects are observed® which is an essential advantage over
some other transfection techniques.

It has been recently demonstrated that the adsorption
of a plasmid on plasma membranes and its uptake in
mammalian cells increase as a result of its incorporation
into IPEC (32). The effect of the polycation (PVPE) on
adsorbtion and uptake was revealed only for positively

3 Polycations are usually considered as cytotoxic compounds
(see, for example, (94—95)). However, in the transfection experi-
ments described their concentrations lay in the range from 0.05
to 0.2 basic mmol/L which is essentially lower than those
affecting cell viability.

Kabanov and Kabanov

charged complexes (¢ = 1) like in the case of cell
transfection. It has been suggested that the initial stage
of IPEC interaction with cells consists of binding of the
positively charged segments of the polycation with the
negatively charged phospholipids of the cell membrane.
This accounts for enhancement of DNA binding on the
cell surface. At the same time, such interaction can also
dramatically affect the properties of the plasma mem-
brane (its structure, ion permeability, etc. (96—101)),
which may serve as a “signal” that induces endocytosis.
Polycation-induced endocytosis has been described in the
literature (102—105), and it has been hypothesized that
this process may underlie the uptake of IPEC-incorpo-
rated plasmids (32). DNA compaction in the complex
may also serve as a factor that facilitates DNA accom-
modation in endocytic vesicles, the diameter of which
does not exceed 100 nm (106). Subsequent stages of cell
transfection should involve release of DNA from the
endocytic compartments in the cytoplasm. The low
efficacy of this process impedes transfection. Therefore,
further improvements of transfection systems should
focus on getting them over the endosomal barrier.

The mechanisms of IPEC-mediated transfection of
mammalian cells require further studies. Here are some
of the most important questions which must be ad-
dressed. (i) What accounts for bell-shaped or saturation
dependencies of the efficacy of transfection on the com-
position of IPEC? The amount of polycation chains that
can be incorporated in a complex is evidently limited by
the amount of sites on DNA that provide for cooperative
electrostatic binding of the polycation. The length of such
sites is sufficient for cooperative binding of polyions when
it is equal to about 10 polyion units (33). Therefore, when
the degree of polymerization of a polycation is equal to
100, at least 10% of the polycation units must be bound
with DNA to provide for the polycation incorporation in
IPEC. In other words, the maximal possible composition
of such IPEC equals about 10. The excessive polycation
will not incorporate in the complex, but may bind with
the cell membrane preventing IPEC from adsorption and
uptake which decreases the transfection efficacy. The
relevance of this hypothesis to the observed dependencies
should be studied. (ii) How is DNA released from
endocytic compartments into the cytoplasm? It is prob-
able that during endocytosis, IPEC overaccumulates in
the endocytic compartments, and its concentration there
substantially exceeds that in the extracellular medium.
The driving force for this may probably be the free energy
of endocytosis. Under these conditions, the polycation-
induced fusion of the membranes (96, 97) probably occurs
which results in DNA release. This problem should be
analyzed in connection with the following. (iii) How and
where does DNA get rid of the polycation chains? Nega-
tively charged membranes and/or polynucleotides in a cell
may serve as components reacting with IPEC and
providing for DNA release as a result of polyelectrolyte
substitution. Therefore, the fate of a polycation after its
penetration in a cell should be thoroughly analyzed. (iv)
What is the role of hydrophobic interactions of polycation
with cell membranes? Hydrophobic interactions with
lipids may provide for the fusogenic activity of polycations
in endosomes. By optimizing the structure of the main
chain of the polycation as well as the length and amount
of the side chain substituents one may probably achieve
higher transfection yields.

5. RECEPTOR-MEDIATED GENE TARGETING

Polycation are “building blocks” that can be easily
conjugated with receptor-recognizing molecules. If such
conjugate is then used for formation of IPEC, the result-



Reviews

Table 2. Receptors Used for DNA Targeting into a Cell
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receptors to

localization and function

Unique receptors of hepatocytes. Provide for binding, internalization, and lysosomal delivery of galactose

terminal asialoglycoproteins (108). Cytoplasmic transport of constructs containing asialoglycoprotein
(e.g., the conjugate of diphtheria toxin A chain with asialoglycoprotein) is also

asialoglycoprotein

described (109).
insulin

delivery to a cell nuclei (111, 112).
transferrin

Presented in various types of cells (110). Provide for an endocytosis of insulin and apparently its subsequent

Presented in almost all cells and mediate iron transport into cells. Provide for transferrin binding, vesicular

transport in endosomes, and return to the cell surface after release of iron (113, 114).

Table 3. Gene and Antisense Oligonucleotide Targeting Using Polylysine Conjugates with Various Ligands

ligand cells major results ref
asialoglycoprotein human hepatoma Hep G2 receptor-mediated transfection of hepatoma cells Wu and Wu (27, 37)
hepatocytes (in vivo) targeted delivery of a plasmid in liver and Wu and Wu (53)

transfection of hepatocytes in vivo (rats)

hepatocytes (in vivo)
hepatocytes (in vivo)

correction of genetic and analbuminemia in rats
improvement of hypercholesterolemia in rabbits

Wu et al. (56)
Wilson et al. (57)

deficient in low density lipoprotein receptors

NIH 3T3¢

enhancement of activity of an antisense

Bunnel et al. (60)

oligonucleotide

glycopeptide specific Hep G2, mouse hepatocytes
to asialoglycoprotein BNL CL.2
receptor
transferrin avian erythroblasts (HD-3 and

EGFR-ts-myb),REV-NPB-4

marrow, erythroleukemic

K-562 cells, human epithelial

cells (HBE1, KB and HeLa) etc.
Friend murine erythroleukemic

(F-MEL) and J2E cells HeLa,

BNL CL.2, human neuroblastoma

cells GI-ME-N

a 10-fold increase in transfection efficacy in the

a fusogenic peptide is incorporated into IPEC to
enhance transfection

receptor-mediated uptake of an IPEC-incorporated
plasmid and transfection of various eukaryotic
lymphoblasts, normal bone cells

stoichiometry of the conjugate and the conjugation
procedure are optimized to enhance transfection

Plank et al. (48)

Wagner et al. (38, 43, 45),
Zenke et al. (39),
Cotten et al. (40),
Curriel et al. (47)

Taxman et al. (107)

Cotten et al. (50)

presence of adenovirus

K562, HeLa, BNL CL.2

a fusogenic peptide is incorporated into IPEC to

Wagner et al. (52)

enhance transfection efficacy

human leukemic cells HL-60

enhancement of uptake and activity of an antisense Citro et al. (59)

oligonucleotide (against c-myb gene)

insulin human hepatoma cells PLC/PRF 5

transport of a plasmid to the nucleus and cell

Rozenkrants et al. (46)

transfection

¢ Genetically modified cells expressing the asialoglycoprotein receptor.

ing complex (Figure 2¢) will contain specific moieties
capable of directing DNA into eukaryotic cells along the
receptor-mediated pathway. The asialoglycoprotein, trans-
ferrin, and insulin receptors (Table 2) have been used so
far for receptor-mediated transfection. Conjugates of
corresponding ligands with poly-L-lysine served as car-
riers for plasmids. The plasmids incorporated in IPECs
with such conjugates are taken up by various cells and
reveal high transfection activities. Both the uptake and
the efficacy of cell transfection correlate with the level
of cell receptors, and are inhibited by free ligands (37,
40, 46). The major results obtained using this approach
are summarized in Table 3 and briefly considered below.

(1) Gene Delivery into Hepatocytes Using Asia-
loglycoprotein Receptors. Since the asialoglycopro-
tein receptor is presented only on hepatocytes, the DNA
targeting procedures involving this receptor are specific
with respect to hepatocytes and hepatoma cells. The
conjugate of asialoglycoprotein with poly-L-lysine was
used for delivery of both plasmid DNA (27, 37) and short
antisense oligonucleotides into cells (60). When the
complex of this conjugate with a plasmid was introduced
in rats about 85% of DNA accumulated in liver, and gene
expression in hepatocytes was observed (53). This ap-
proach was successfully applied for partial correction of
genetic analbuminemia in rats (56) and improvement of
hypercholesterolemia in rabbits deficient in low density
lipoprotein receptors (57).

An artificial glycopeptide ligand for the asialoglyco-
protein receptor was recently used to design a delivery
system for DNA targeting into receptor-positive cells (48).

The gene transfer using conjugates of this ligand with
polylysine becomes significantly enhanced in the presence
of amphipatic peptides derived from the N-terminal
sequence of influenza virus hemagglutinin that possess
pH-controlled membrane-disruption activity. Recently,
another attempt has been made to develop synthetic
cationic molecules that can deliver genes to hepatocytes
(72). These molecules (Figure 1) contain a spermidine—
bisacridine moiety capable of intercalation and electro-
static binding with DNA and thiogalactosyl groups
capable of specific interaction with asialoglycoprotein
receptor. Being bound with DNA, they provide for its
uptake in hepatocytes. At the same time, no transfection
has been observed in this case, probably because inter-
nalized DNA does not release in the cytoplasm.

(2) Transferrinfection. The transfection technique
employing conjugates of transferrin with poly-L-lysine
(termed “transferrinfection”) can be used for gene delivery
in a great variety of cells bearing the transferrin recep-
tors. Transferrinfection is 10—100 times more effective
than lipofection and methods based on DEAE-dextran or
calcium phosphate precipitation (3840, 43—45, 47, 49—
52, 107), and it does not produce any significant cytotoxic
effects. Some improvements, including optimization of
synthesis, structure, and composition of a poly-L-lysine—
transferrin conjugate, have been recently made to intro-
duce this protocol more widely in laboratory practice
(107). 1t has been also demonstrated that this method
can be used for delivery of antisense oligonucleotides into
cells (59).
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The major limitation of transferrinfection is that IPEC-
incorporated DNA is rather slowly released from intra-
cellular vesicles into the cytoplasm (51). Some ap-
proaches have been recently developed to enhance this
process and to decrease DNA degradation in lysosomes.
Particularly, it has been demonstrated that the coupling
of adenovirus to DNA complexes with poly-L-lysine
results in efficient gene transfer into cells with high levels
of the adenovirus receptors (49, 51). The inactivated
adenovirus particles enhance transferrinfection up to
90% which was explained by coendocytosis of the virus
and IPEC and subsequent virus-induced disruption of the
endosomes (50). Another approach employs the fusogenic
hemagglutinin peptides (52) similar to those used in the
case of asialoglycoprotein-mediated transfection (48). The
combination complexes consisting of plasmid DNA, poly-
L-lysine conjugates with transferrin, and poly-L-lysine
conjugates with peptides possess very high transfection
activity which is conditioned by the peptide-induced
membrane fusion and DNA release from the endosomes
(52).

(3) Gene Delivery Using Insulin Receptor. There
are only a few papers on application of insulin constructs
for cell transfection (41, 42, 46). Although the advantages
of this approach still need to be proven it may become
useful for transfecting various cells containing the insulin
receptor. The ability of polylysine-insulin conjugates to
deliver DNA into a cell nucleus has been recently dem-
onstrated (46). This suggests that this approach may be
of great importance for enhancement of transfection.

6. GENE TARGETING USING ANTIBODY—-POLYCATION
CONJUGATES

Antibody molecules have been introduced into IPECs
to develop tissue and cell-specific transfection systems.
Specifically, conjugates of poly-L-lysine with monoclonal
antibodies to mouse lung endothelial cells have been used
for this purpose (115). Complexes of plasmid DNA with
these conjugates are able of selective binding with cell
monolayers (58). Meanwhile, the in vitro transfection
activity of such IPECs is very low, apparently due to their
low ability for endocytic penetration into cells (115). The
transfection rate has been found to increase considerably
after introduction of cationic liposomes into a system that
apparently serve as membrane-disruptive agents. The
antibody-containing IPECs have been used for in vivo
targeted delivery of plasmid DNA into murine lung
endothelial cells (58). However, the in vivo transfection
of the lung cells with these complexes has not been
observed.

7. CONCLUSION

More than 25 years have passed since the first studies
of nucleic acid IPECs with linear polycations were
initiated. Already those early investigations considered
the cooperativity of interchain ionic bonds, the ability of
IPECs to undergo reactions of interpolyelectrolyte ex-
change, and the disproportionation phenomenon (73, 79,
80). These works anticipated the appearance of a fasci-
nating area of macromolecular chemistry that studies
IPECs formed by synthetic linear polyions (33—-36). For
the two decades, complexes of polynucleotides with
polycations have been the subject of biophysical studies
which mainly dealt with structural phenomena (76—81,
116) and developed independently of macromolecular
research of synthetic IPECs. Only recently, due to the
rapid progress of works on polycation-mediated gene
delivery, the scope of polymer chemists has begun to shift
from synthetic polyions to polynucleotide complexes, and
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dynamic properties of these complexes have been ana-
lyzed (82, 87, 88). One may expect that the studies of
polynucleotide IPECs may generate new ideas for the
research of IPECs. In contrast to linear polyions, poly-
nucleotides are capable of forming highly organized inter-
and intramolecular structures. The peculiar features of
interactions of such structures with polycations (e.g.,
reactions of substitution in systems containing linear and
circular plasmids, native and denatured DNA, etc.) are
of great interest.

As far as the problem of gene targeting is concerned it
must be emphasized that IPECs are probably one of the
most perspective tools for its solution. Until now,
significant efforts have been made aiming at development
of DNA carriers on the basis of polycation conjugates with
proteins, peptides, and oligosaccharides capable of highly
specific interaction with target cell receptors. However,
the practical significance of this approach for in vivo gene
delivery and transfection can be limited by the problem
of immunocompatibility which has not been considered
yet. Itis known that conjugation of natural or synthetic
haptene with a linear polycation dramatically enhances
the immune response of an organism with respect to that
haptene (117—130). Therefore, using such conjugates for
in vivo delivery of polynucleotides causes serious concern
about immunological reactions and related side effects.
In this respect, we believe that significant efforts must
be made in order to develop IPEC-based polynucleotide
delivery systems which do not contain biospecific com-
ponent and are not recognized by the immune system.
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Design, Synthesis, and Sequence Selective DNA Cleavage of
Functional Models of Bleomycin. 1. Hybrids Incorporating a
Simple Metal-Complexing Moiety of Bleomycin and Lexitropsin

Carriers

Liren Huang, James C. Quada, Jr., and J. William Lown*
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The syntheses of functional models for bleomycin, which are composed of a simple analog of the metal-
complexing moiety of bleomycin and oligo-N-methylpyrrole peptide DNA-binding moieties, are
described. The extent and the relative rate of their cleavage of DNA in the presence of reductants
were determined independently by an ethidium binding assay and by agarose gel electrophoresis
experiments. The rate of DNA cleavage increases with the number of N-methylpyrrole units in the
carrier moiety. The sequence selectivity of DNA cleavage was demonstrated by polyacrylamide
sequencing gel electrophoresis of cleavage reactions on two 5’-22P labeled restriction fragments: a
158 bp GC-rich fragment from pBR322 and a 241 bp AT-rich fragment fragment from SV40.
Comparison of the sequence selectivity with that of bleomycin A, indicates that the poly-N-
methylpyrrole moiety directs the hybrid compounds to AT-rich sequences of DNA. High-resolution
denaturing gel electrophoresis of DNA cleaved by the model compounds reveals that 3’ phosphate is
produced exclusively, indicating that the chemistry of DNA cleavage differs from that of bleomycin.

INTRODUCTION

The bleomycins (BLM) are a family of glycopeptide
antitumor antibiotics isolated from the cultures of Strep-
tomyces verticillus by Umezawa and co-workers in 1966
and are clinically used in combination chemotherapy
against several types of cancer (I, 2). Therefore, they,
especially bleomycin Aj, which is the main constituent
of the clinically used mixture of BLM, have attracted
considerable interest both synthetically and biologically
(Figure 1) (3—6). The therapeutic effect of BLM is
believed to arise from its ability to cause DNA degrada-
tion (7—14). The process involves a redox-active metal
ion such as Fe(Il) and a source of oxygen and causes
predominantly the cleavage of double-stranded DNA at
5-GT-3" and 5-GC-3’ sites by abstraction of the C-4
hydrogen of the deoxyribose moiety in pyrimidine resi-
dues. Extensive investigation has shown that BLM can
be structurally divided into four parts according to their
functional roles. The amine—pyrimidine—imidazole metal-
complexing domain coordinates with metal ions such as
Fe(II) to form metallobleomycin, the combination of
which with molecular oxygen can form activated bleo-
mycin which cleaves DNA strands. Bithiazole and the
C-terminal cation make up the domain responsible for
DNA binding affinity and sequence selectivity via DNA
intercalation and/or minor groove binding. Part 3 is a
threonine—aminovalerate dipeptide which acts as a
linker to combine each part of BLM at an appropriate
distance and in a favorable organization for DNA binding.
The disaccharide moiety facilitates metal—oxygen com-
plex formation and passage across cell membranes.

* To whom correspondence should be addressed. Tel: (403)
492-3646. FAX: (403) 492-8231.
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Many studies have been performed on the synthesis of
simplified analogs of bleomycin in the last decade (15—
21). Most of them focused on modification of the DNA
cleaving moiety, i.e., the metal-complexing subunit (22—
33). However, little work has been reported on the
linker—DNA binding subunit (34—37). Ohno et al.

© 1995 American Chemical Society
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reported a series of synthetic hybrids containing simpli-
fied analogs of the bleomycin metal binding moiety
conjugated to distamycin (28, 35). Hénichart reported
the synthesis of a simple subunit, methyl 2-[[2-amino-
ethyl)aminolmethyl]-6-carboxylpyridinehistidinate
(AMPHIS, 1d) in which only the amino groups essential
to coordinate metal ion remain and its BLM analog which
retains the major characteristics of the natural products
(17, 38, 39). We report herein the first part of our studies
on design, synthesis, and biological evaluation of bleo-
mycin models, i.e., a simplified synthetic functional model
of bleomycin.

Unlike other approaches that have been adopted in
which attempts were made to build a model by simplify-
ing the natural bleomycin, we have constructed a effec-
tive hybrid agent by upgrading the basic structural
features of the natural product. We decided to conjugate
the model AMPHIS with lexitropsin residues which are
recognized as sequence-selective DNA binding moieties
(41—45), eliminating, at first, the linker and the terminal
cationic moiety of bleomyecin.

EXPERIMENTAL SECTION

Chemistry. Melting points were determined with an
Electrothermal apparatus and are uncorrected. 'H NMR
spectra were recorded at ambient temperature on a
Bruker WH-300 spectrometer. High-resolution mass
spectra (FABHRMS) were recorded on a modified Kratos
MS-50 mass spectrometer using a rotating sample probe
and voltage scanning, interfaced to a VG 11/250J data
system. Accurate masses were calculated interactively
with the data system using reference peaks such as CslI
in glycerol. High-resolution EI mass spectra were re-
corded on a Kratos MS-50 equipped with the MSS
Maspec data system. Unit resolution FAB mass spectra
were recorded on a modified AEI MS9 instrument, and
unit resolution EI mass spectra were recorded on a
modified AEI MS12 instrument. FT-IR spectra were
recorded on a Perkin-Elmer 1760 spectrophotometer
interfaced to a PE 7700 microcomputer. Optical rotations
were measured on Perkin-Elmer 241 polarimeter at the
sodium D line (589 nm) at ambient temperature. Ana-
lytical thin-layer chromatography was performed on
silica-coated plastic plates (silica gel 60 F-254, Merck)
and visualized under UV light. Preparative separations
were performed by flash chromatography on silica gel
(Merck, 70—230 or 230—400 mesh). Tetrahydrofuran
was dried by distillation from sodium benzophenone
ketyl. Anhydrous dimethylformamide was purchased
from Aldrich. All other solvents were used as received
and were reagent grade where available.

Methyl 6-(Hydroxymethyl)pyridine-2-carboxylate
(8). NaBH, (12.46 g, 0.328 mol) was added in portions
to a stirred solution of methyl pyridine-2,6-dicarboxylate
(42.40 g, 0.218 mol) in methanol (2 L) at 0 °C. After being
stirred for 1 h at room temperature, the solution was
acidified with concentrated hydrochloric acid to pH 3 and
evaporated under diminished pressure. The residue was
dissolved in water (30 mL), neutralized with saturated
aqueous NaHCOj;, and extracted with dichloromethane
(150 mL x 3). The organic layer was dried on NasSQO,,
filtered, and concentrated. The title compound was
obtained as a white crystalline solid (28.00 g, 77% yield)
which was used in the next step without further purifica-
tion. mp 84—86 °C; FT-IR (CHCl; cast) vmax 3296 (br),
1740 (s), 1592 (m), 1448 (m), 1307 (s), 1228 (m), 1146
(m), 762 (m) cm™%; 'H-NMR (CDCl;) 6 7.98 (d, J = 8.0
Hz, 1H), 7.82 (t, J = 8.0 Hz, 1H), 7.52 (d, J = 8.0 Hz,
1H), 4.82 (s, 2H), 3.92 (s, 3H), 3.64 (s, 1H, —OH); MS
m/e 168 (M* + 1), 109, 35.
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Methyl 6-Formylpyridine-2-carboxylate (4). To a
cooled (—78 °C) solution of oxalyl chloride (11.37 g, 128
mmol) in dry dichloromethane (230 mL) was added
dropwise anhydrous dimethyl sulfoxide (19.00 mL, 268
mmol) in dichloromethane (80 mL) over 20 min. The
solution was stirred for 15 min, and 8 (11.2 g, 67.1 mmol)
in dichloromethane (100 mL) was added over 20 min.
After being stirred at —60 to —45 °C for 2 h, the solution
was treated with triethylamine (74 mL) and allowed to
warm to room temperature. The mixture was washed
with water, and the aqueous phase was extracted with
three portions of dichloromethane. The combined organic
layer was dried on NaySO, and then concentrated. The
residue was purified by flash chromatography on a silica
gel column eluted with 5% MeOH in dichloromethane.
Recrystallization (1:1 ethyl acetate:petroleum ether) of
the residue afforded the product (7.86 g, 71% yield) as a
white crystalline solid: mp 100—101 °C (lit. (¢6) mp 102
°C); FT-IR (CHCI; cast) vmax 1724 (s), 1716 (m), 1698 (m),
1360 (w), 1322 (w), 900 (m), 770 (m) em™!; 'H-NMR
(CDCl3) 6 10.18 (s, 1H), 8.35 (dd, J = 8.0, 1.5 Hz, 1H),
8.15 (dd, J = 8.0, 1.0 Hz, 1H), 8.05 (td, J = 8.0, 1.0 Hz,
1H), 4.06 (s, 3H); MS m/e 166 (M* + 1), 124, 35. Anal.
Caled for CgH;O3N: C, 58.18; H, 4.27; N, 8.48. Found:
C, 57.45; H, 4.16; N, 8.39.

[2-[N-(tert-Butoxycarbonyl)amino]ethyllamine (5)
and [2-[N-(Benzyloxycarbonyl)amino]ethyllamine
(6). To an ice-cooled solution of 1,2-diaminoethane (25.1
mL, 0.375 mol) in dichloromethane (200 mL) was added
di-tert-butyl dicarbonate (27.27 g, 0.125 mol) in dichloro-
methane (50 mL) over 20 min. After being stirred at
ambient temperature overnight, the suspension was
filtered and the filtrate was concentrated. The residue
was distilled under diminished pressure. Compound 5
(14.06 g, 70% yield) was obtained as a colorless oil: bp
85—86 °C (1 mmHg) (lit. (4¢) bp 72 °C, 0.1 mmHg).

Compound 6 was obtained by a similar procedure with
benzyl chloroformate instead of di-tert-butyl dicarbonate.
The reaction mixture was filtered, washed with water,
and dried on Na;SO,;. Removal of the solvent gave the
almost pure 6 which was used in the next step without
further purification: FT-IR (CH3Cl; cast) vimax 3324 (br),
3111 (m), 2941 (s), 1697 (s), 1542 (s), 1454 (m), 1263 (s),
1139 (m), 747 (m), 698 (m) cm~!; TH-NMR (CDCl3) 8 7.34
(s, 5H), 5.18 (br, 1H, -CONH-), 5.08 (s, 2H), 3.25 (d, J
= 6.0 Hz, 1H), 3.20 (d, J = 6.0 Hz, 1H), 2.80 (t, J = 6.0
Hz, 2H), 1.48 (s, 2H, —NH;); HRMS m/e calcd for
CloH1402N2 1941055, found 194.1048.

Methyl 6-[[N-[2-[(fert-Butoxycarbonyl)amino]-
ethyl]-N-(fert-butoxycarbonyl)aminolmethyl]pyri-
dine-2-carboxylate (9). A solution of the aldehyde 4
(7.02 g, 42.55 mmol) and amine 5 (6.81 g, 42.55 mmol)
in methanol (150 mL) was stirred at room temperature
for 20 min and then hydrogenated under atomspheric
pressure in the presence of 10% Pd(C) (600 mg) for 30
min. The resulting solution was filtered through a glass
filter covered with Celite and concentrated under reduced
pressure. To the solution of the residue in dichloro-
methane (150 mL) containing 4-(dimethylamino)pyridine
(100 mg) was added dropwise di-tert-butyl dicarbonate
(10.22 g, 46.81 mmol) in dichloromethane (50 mL). The
resulting solution was stirred at room temperature for 1
h and evaporated under diminished pressure. The
residue was purified by chromatography on silica gel
column eluted with 84% EtOAc in petroleum ether. The
residue was dissolved in EtOAc (30 mL), diluted with
petroleum ether (300 mL), and cooled on water bath.
Filtration provided 9 (14.28 g, 82% yield) as a white
powder: mp 97—98 °C; FT-IR (CHCl; cast) vmax 3380 (br),
2976 (m), 1707 (s), 1509 (m), 1392 (m), 1286 (s), 1172
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(s), 1138 (m), 760 (m) em~1; 'TH-NMR (CDCl;) 6 8.20 (d, J
= 8.0 Hz, 1H), 7.85 (t, J = 8.0 Hz, 1H), 7.40 (dd, J = 24,
8.0 Hz, 1H), 4.56 (s, 2H), 3.98 (s, 3H), 3.52—~3.40 (m, 2H),
3.35—3.22 (m, 2H), 1.45 (s, 4.5 H, t-Bu), 1.40 (s, 9H, t-Bu),
1.28 (s, 4.5H, t-Bu); MS m/z 410 (M*+ + 1), 354, 310, 179,
151, 35.
6-[[N-[2-[(tert-Butoxycarbonyl)amino]ethyl]-N-
(tert-butoxycarbonyl)amino]methyl]pyridine-2-car-
boxylic Acid (10). A solution containing the ester 9
(14.00 g, 34.23 mmol) in 0.4 N NaOH (150 mL) in 75%
methanolic solution was stirred at room temperature for
1 h and then evaporated to remove MeOH. The solution
was diluted with water (50 mL) and extracted with ether
(100 mL x 2). The organic layer was back-extracted with
saturated aqueous NaHCO; solution (100 mL). The
combined aqueous layers were acidified with aqueous
citric acid to pH 2 and extracted with dichloromethane
(100 mL x 3). The organic layer was dried on NaySO,,
concentrated to 50 mL, diluted with petroleum ether (200
mL), and allowed to stand at room temperature for 30
min. The precipitate was collected and dried in vacuo.
The product (12.50 g, 93% yield) was obtained as a white
powder: mp 136—138 °C; FT-IR (CHCl; cast) vimax 3450—
2400 (br), 2978 (m), 2933 (m), 1698 (s), 1518 (m), 1461
(m), 1409 (m), 1367 (s), 1250 (s), 1171 (s), 732 (m) cm™};
1H-NMR (CDCls) 6 8.10 (d, J = 8.0 Hz, 1H), 7.90 (t, J =
8.0 Hz, 1H), 7.50 (dd, J = 24, 8.0 Hz, 1H), 4.62 (s, 1H),
4.57 (s, 1H), 3.56—3.38 (m, 2H), 3.38-3.25 (m, 2H), 1.50
(s, 4.5H, ¢-Bu), 1.45 (s, 9H, ¢-Bu), 1.36 (s, 4.5H, ¢-Bu);
MS m/e 396 (M* + 1), 296, 222, 165, 137, 119, 57. Anal.
Calcd for Ci9Hy9OsN3: C, 57.70; H, 7.39; N, 10.63.
Found: C, 57.73; H, 7.43; N, 10.50.
1-[(Benzyloxycarbonyl)amino)-2-[[N®,N*™-bis(tert-
butoxycarbonyl)-L-histidinyllamino]ethane (12). To
an ice-cooled solution of acid 11 (47) (7.25 g, 20.36 mmol)
and 1-hydroxybenzotriazole hydrate (HOBT) (3.023 g,
22.40 mmol) in anhydrous THF (100 mL) was added
dropwise dicyclohexylcarbodiimide (DCC) (4.614 g, 22.40
mmol) in anhydrous THF (30 mL). The mixture was
stirred for 30 min before 6 (4.346 g, 22.40 mmol) in
anhydrous THF (20 mL) was added at 0 °C, and stirring
was continued overnight. The solvent was removed, and
the residue was washed with ethyl acetate (100 mL x
3). The ethyl acetate solution was washed with saturated
aqueous NaHCO; three times and dried over NaySO,.
Solvent removal provided a solid residue, which was
washed with ether, affording the title compound 12 (7.51
g, 69% yield) as a white powder: mp 134—137 °C; [a]*%
+8.50° (¢ 1.035, MeOH); FT-IR (CHCl; cast) vmax 3313
(br), 2979 (m), 2934 (m), 1757 (m), 1716 (s), 1685 (m),
1669 (m), 1540 (m), 1391 (m), 1254 (s), 1156 (s), 1012
(m), 734 (m) em~%; *H-NMR (CDCl;)  8.10 (s, 1H), 7.31
(s, 5H), 7.24 (s, 1H), 7.08 (br, 1H, ~-CONH-), 5.59 (br,
2H, —CONH-), 5.05 (s, 2H), 4.36 (m, 1H), 3.48—3.22 (m,
4H), 3.02 (d, J = 6.0 Hz, 2H), 1.57 (s, 9H, ¢t-Bu), 1.38 (s,
9H, ¢-Bu); FABHRMS m/e caled for CoeHa7O7NgH 532.2771,
found 532.2745.
1-[[Nc-[[6-[[2-[N-(tert-Butoxycarbonyl)amino]ethyl]-
N-[(tert-butoxycarbonyl)aminolmethyl]-2-pyridinyl]-
carbonyllhistidinyllamino]-2-[(benzyloxycarbonyl)-
aminolethane (13). An ice cooled solution of 12 (3.90
g, 7.33 mmol) in trifluoroacetic acid (20 mL) was stirred
for 30 min, and the mixture was evaporated in vacuo to
remove the acid. The residue was washed with ether and
dried in vacuo. The amine-TFA salt was obtained as
white powder, which was dissolved in dry dimethyl-
formamide (10 mL). In another flask, a mixture of 10
(2.75 g, 6.96 mmol), 1-[3-(dimethylamino)propyl]-3-eth-
ylcarbodiimide hydrochloride (EDCI) (1.613 g, 8.352
mmol), and HOBT (1.229 g, 9.050 mmol) in anhydrous
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THF (50 mL) was stirred at room temperature for 30 min.
To this solution was added dropwise triethylamine (3 mL)
and subsequently the above amine—TFA salt solution.
After the solution was stirred overnight, the solvent was
removed in vacuo and the residue was dissolved in ethyl
acetate (150 mL), washed with saturated aqueous NaH-
COs, and dried over Na,;SO,. Flash chromatography on
a silica gel column and elution with dichloromethane/
methanol (10:1—8:1) afforded the title compound (3.380
g, 65% yield) as a white amorphous foam: R (CH;Cly:
MeOH = 8.5:1.5) 0.45; [a]*°p +10.45° (¢ 1.259, MeOH);
FT-IR (CHC]; cast) vimay 3328 (br), 2977 (m), 2933 (m),
1695(s), 1686 (s), 736 (m) cm~1; 'H-NMR (CDCl3:CD;OD
= 5:1) 6 7.90 (d, J = 8.0 Hz, 1H), 7.72 (t, J = 8.0 Hz,
1H), 7.47 (s, 1H), 7.28 (dd, J = 24.0, 8.0 Hz, 1H), 7.25 (s,
5H), 6.78 (d, J = 8.0 Hz, 1H), 4.98 (s, 2H), 4.65 (t, J =
6.0 Hz, 1H), 4.55—4.42 (m, 2H), 3.60—3.11 (m, 8H), 3.07
(d,J = 6.0 Hz, 2H), 1.41 (s, 4.5 H, ¢-Bu), 1.33 (s, 9H, ¢-Bu),
1.29 (s, 4.5H, ¢-Bu); FABHRMS m/e calcd for Cs5HasOsNgH
709.3673, found 709.3655.

Methyl 1-Methyl4-nitropyrrole-2-carboxylate (16).
A mixture of 15 (48, 49) (9.46 g, 34.80 mmol), 4-(di-
methylamino)pyridine (120 mg), and methanol (70 mL)
was stirred at ambient temperature for 2 h. The result-
ing suspension was filtered, and the filtrate was concen-
trated to 20 mL, diluted with 20 mL of ether, and filtered
again. The combined solid residue was washed with
ether and dried in vacuo, resulting in 6.30 g (97% yield)
of the title compound as a white powder: mp 112 °C (lit.
(50) mp 122 °C).

Methyl 1-Methyl-4-[[(1-methyl-4-nitropyrrolyl)-2-
carbonyllamino]pyrrole-2-carboxylate (18). A sus-
pension of 16 (4.00 g, 21.74 mmol) in methanol (40 mL)
was hydrogenated under atmospheric pressure in the
presence of 10% Pd(C) (1.500 g) at room temperature for
4 h. The resulting mixture was passed through Celite
and concentrated under reduced pressure to completely
remove methanol. The crude amine 17, 15 (5.475 g, 20.13
mmol), and 4-(dimethylamino)pyridine (100 mg) were
dissolved in chloroform (40 mL) and stirred at room
temperature overnight. Filtration of the reaction mixture
provided 18 (2.427 g) as a yellowish powder. The filtrate
and the wash were combined, concentrated to 30 mL, and
stirred for another 12 h to afford another 2.495 g of 18
(total yield 80%): mp 242—244 °C (lit. (51) mp 225 °C).

Methyl 4-[[[4-(Butyrylamino)-1-methyl-2-pyrrolyl]-
carbonyllamino)-1-methyl-2-pyrrolecarboxylate (19).
A suspension of 18 (4.00 g, 13.07 mmol) and 10% Pd(C)
(2.00 g) in DMF (40 mL) and methanol (30 mL) was
stirred under hydrogen (Hs-balloon) overnight. The black
mixture was passed through Celite and evaporated under
reduced pressure to remove methanol. The black DMF
solution was cooled on an ice—water bath and treated
with triethylamine (2.18 mL, 15.68 mmol) and butyric
anhydride (2.57 mL, 15.68 mmol). After being stirred
for 1 h, the mixture was evaporated in vacuo to remove
DMTF and the residue was dissolved in dichloromethane
(60 mL), washed with water, and dried on Na;SO,. The
residue was purified by flash chromatography on silica
gel eluted with ethyl acetate. The title compound was
obtained as a white powder (2.710 g, 60% yield: mp
164—166 °C; FT-IR (CH,Cl; cast) vmax 3291 (br), 3128 (w),
2960 (m), 1707 (s), 1653 (s), 1577 (s), 1555 (8), 1439 (m),
1406 (m), 1253 (s), 1109 (m), 779 (m) cm~!; ‘H-NMR
(CDCl3) 6 7.74 (s, 1H, —-CONH—-), 7.44 (s, 1H, —-CONH—-
), 7.39(d, J = 2.0 Hz, 1H), 7.06 (d, J = 1.0 Hz, 1H), 6.74
(d, J = 2.0 Hz, 1H), 6.64 (d, J = 1.0 Hz, 1H), 3.87 (s,
6H), 3.79 (s, 3H), 2.29 (t, J = 7.5 Hz, 2H), 1.73 (sex., J =
7.5 Hz, 2H), 0.98 (t, J = 7.5 Hz, 3H); MS m/e 347 (M* +
1).



24 Bioconjugate Chem., Vol. 6, No. 1, 1985

4-[[[4-(Butyrylamino)-1-methyl-2-pyrrolyllcar-
bonyllamino)-1-methyl-2-pyrrolecarboxylic Acid (20).
Ester 19 (2.710 g, 7.8 mmol) in 50% methanolic NaOH
solution (80 mL) was stirred at room temperature
overnight. The solution was evaporated to remove
methanol, diluted with water (15 mL), and extracted with
ether (20 mL x 2). The aqueous phase was acidified with
aqueous citric acid solution to pH 4 and extracted with
ethyl acetate three times. The organic layer was homog-
enized by adding methanol (10 mL), dried over NasSOy,
and concentrated. Washing the resulting residue with
ether afforded 20 as a white powder (2.30 g, 89% yield):
mp 156 °C dec; FT-IR (CH;Cl; cast) vmax 3440—2500 (br),
3100 (m), 2957 (m), 1687 (m), 1647 (s), 1623 (m), 1559
(s), 1461 (m), 1437 (m), 1358 (m), 1207 (w), 1195 (w), 784
(w) em™!; TH-NMR (CDCl3:DMSO-ds = 5:1) 6 9.30 (s, 1H,
—CONH-), 9.20 (s, 1H, —-CONH-), 7.32 (d, J = 2.0 Hz,
1H), 7.10 d, J = 2.0 Hz, 1H), 6.81 (d, J = 2.0 Hz, 1H),
6.78 (d, J = 2.0 Hz, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 2.19
(t,J = 7.5 Hz, 2H), 1.61 (sex., J = 7.5 Hz, 2H), 0.87 (t, J
= 7.5 Hz, 3H); HRMS m/e caled for CigHg0OsN, — CO;
288.1586, found 288.1584.

Methyl 4-[[[4-[[[4-(Butyrylamino)-1-methyl-2-pyr-
rolyllcarbonyllamino]-1-methyl-2-pyrrolyllcarbonyl]-
amino]-1-methyl-2-pyrrolecarboxylate (21). To an
ice-cooled solution of 20 (1.50 g, 4.52 mmol) and HOBT
(0.731 g, 5.41 mmol) in dry DMF (30 mL) was added
EDCI (1.038 g, 5.41 mmol) in chloroform (5 mL). The
mixture was stirred for 30 min, and to this was added
17, obtained from the hydrogenation of 16 (1.247 g, 6.78
mmol), in chloroform (5 mL). After being stirred over-
night, the solvent was removed under reduced pressure
and the residue was dissolved in chloroform, washed with
saturated aqueous NaHCO; solution, and dried on Na,-
S0,. The residue from evaporation of the solvents was
chromatographed on a silica gel column eluted with ethyl
acetate, providing the title compound as a white powder
(1.444 g, 68% yield): mp 215—218 °C; FT-IR (CH;Cl cast)
Vmax 3296 (br), 3128 (w), 2958 (w), 1706 (m), 1699 (m),
1647 (8), 1579 (s), 1550 (s), 1437 (m), 1405 (m), 1252 (s),
1206 (m), 1109 (m), 778 (w); 'H-NMR (CDCl;) 6 9.05 (s,
1H, —CONH-), 9.03 (s, 1H, —CONH-), 8.90 (s, 1H,
~CONH-), 7.08 (d, J = 2.0 Hz, 1H), 6.89 (d, J = 2.0 Hz,
1H), 6.82 (d, J = 2.0 Hz, 1H), 6.68 (d, J = 2.0 Hz, 1H),
6.59 (d,J = 2.0 Hz, 1H), 6.55 (d, J = 2.0 Hz, 1H), 3.58 (s,
6H), 3.57 (s, 3H), 3.54 (s, 3H), 1.92 (t, J = 7.5 Hz, 2H),
1.37 (sex., J = 7.5 Hz, 2H), 0.63 (t, J = 7.5 Hz, 3H);
HRMS m/e caled for CosHasOsHg 468.2121, found 468.2129.

4-[[[4-[[[4-(Butyrylamino)-1-methyl-2-pyrrolyl]lcar-
bonyl]lamino]-1-methyl-2-pyrrolyllcarbonyl]amino]-
1-methyl-2-pyrrolylcarboxylic Acid (22). The ester
21 (1.444 g, 3.09 mmol) in 50% methanolic NaOH
solution (30 mL) was stirred at room temperature
overnight. The solution was evaporated to remove
methanol, diluted with water (15 mL), and extracted with
ether (20 mL x 2). The aqueous phase was acidified with
aqueous citric acid to pH 4 and filtered. The solid residue
was dissolved in dichloromethane/methanol (10:1) and
dried over NaySO,, and the solvent was removed under
diminished pressure. The resulting residue was purified
by chromatography on a silica gel column eluted with
dichloromethane/methanol (5:1). Compound 22 was ob-
tained as white powder (1.09 g, 71% yield): mp 218 °C
dec; FT-IR (CH;Cl; cast) vmax 3500—2500 (br), 3090 (w),
2961 (w), 1647 (s), 1578 (s), 1466 (s), 1434 (s), 1403 (s),
1363 (m), 1263 (w), 1208 (w), 1104 (w), 797 (w) cm™!; 'H-
NMR (CDCl;:DMSO-ds = 5:1) 6 9.80 (s, 1H, —-CONH-),
9.73 (s, 1H, —-CONH-), 9.62 (s, 1H, —CONH-), 7.18 (d,
J=2.0Hz, 1H),7.13(4,J =2.0Hz, 1H), 7.04 (d,J = 2.0
Hz, 1H), 6.97 (d, J = 2.0 Hz, 1H), 6.87 (d, J = 2.0 Hz,
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1H), 6.49 (d, J = 2.0 Hz, 1H), 3.86 (s, 6H), 3.85 (s, 3H),
3.84 (s, 3H), 2.20 (t, J = 7.5 Hz, 2H), 1.60 (sex.,J = 7.5
Hz, 2H), 0.90 (t, J = 7.5 Hz, 3H); FABMS m/e 455 (M™* +
1); HRMS m/z caled for CyeHg60sNg — CO2 410.2066,
found 410.2058.

General Procedure for Coupling of 20 and 22
with 14. Compound 13 in methanol was hydrogenated
in the presence of 25% of 10% Pd(C) (w/w) at atmospheric
pressure of hydrogen (Hy-balloon) for 1 h. The suspen-
sion was filtered and concentrated under diminished
pressure. The free amine 14 was dissolved in dry
dimethylformamide for the coupling reaction. In another
flask, 20 or 22, HOBT, and EDCI in DMF were stirred
for 30 min and to this was added the free amine solution.
The reaction mixture was stirred overnight and the
solvent was then removed under diminished presure. The
residue was dissolved in chloroform, washed with ageous
NaHCO;, and dried over Na,SO,;. The residue was
purified on silica gel column eluted with dichloromethane/
methanol (8:1—5:1). The coupling products were obtained
as white powders.

N-[2-[[N*-[[6-[[N-[2-[(¢ert-Butoxycarbonyl)amino]-
ethyl]-N-(fert-butoxycarbonyl)aminolmethyl]-2-py-
ridinyllcarbonyl]-L-histidinyllamino]ethyl]-4-[[4-
{butyrylamino)-1-methyl-2-pyrrolylicarbonyl]-
amino]-1-methyl-2-pyrrolecarboxamide (29b). Cou-
pling of 20 (280 mg, 0.840 mmol), HOBT (140 mg, 1.037
mmol), and EDCI (190 mg, 0.99 mmol) with 14 from 13
(1.000 g, 1.410 mmol) in DMF (10 mL) afforded 29b (485
mg, 65% yield): R;(CH;Cl;MeOH = 8.5:1.5): 0.33; [a]*p
+29.5° (¢ 1.000, CHCly); FT-IR (CHClI; cast) vmax 3308
(br), 2974 (w), 2934 (w), 1695 (s), 1593 (m), 1575 (m), 1523
(s), 1435 (m), 1406 (m), 1251 (m), 1167 (m), 732 (m) cm™%;
IH-NMR (DMSO-d¢) 6 9.88 (s, 1H, —-CONH-), 9.75 (s,
1H, —-CONH-), 8.80 (br, 1H, —~CONH-), 8.28—8.14 (m,
2H, ~-CONH-), 8.00—7.85 (m, 2H), 7.55 (s, 1H), 7.38 (m,
1H), 7.20 (s, 1H), 7.15 (s, 1H), 6.85 (s, 2H), 6.80 (s, 1H),
4.62 (m, 1H), 4.48 (s, 2H), 3.84 (s, 3H), 3.78 (s, 3H), 3.50—
3.25 (m, 4H), 3.20 (m, 2H), 3.12 (m, 2H), 3.00 (m, 2H),
2.20 (t, J = 7.5 Hz, 2H), 1.58 (sex., J = 7.5 Hz, 2H), 1.42
(s, 4.5H, ¢-Bu), 1.35 (s, 9H), 1.25 (s, 4.5H, ¢t-Bu), 0.89 (t,
J =17.5 Hz, 3H); FABHRMS m/e calcd for C4;3HeoN1200H
889.4684, found 889.4675.

N-[2-[[Nv-[[8-[[N-[2-[(tert-Butoxycarbonyl)amino]-
ethyl]-N-(tert-butoxycarbonyl)aminojmethyl]-2-py-
ridinyl]lcarbonyl]-L-histidinyllaminolethyl]-4-[[[4-
[[[4-(butyrylamino)-1-methyl-2-pyrrolyl]car-
bonyllamino]-1-methyl-2-pyrrolyllcarbonyllamino]-
1-methyl-2-pyrrolecarboxamide (29¢c). Coupling of
22 (150 mg, 0.330 mmol), HOBT (76 mg, 0.563 mmol),
and EDCI (100 mg, 0.521 mmol) with 14 from 13 (468
mg, 0.660 mmol) in DMF (10 mL) afforded 29¢ (219 mg,
66% yield): R; (CH;Cl;:MeOH = 8.5:1.5) 0.28; [a]*p
+18.00° (¢ 0.667, CHCl3); FT-IR (CHyCl; cast) vmax 3302
(br), 2974 (m), 2934 (m), 1653 (s), 1576 (m), 1522 (s), 1435
(m), 1406 (m), 1253 (m), 1165 (m), 735 (w) cm™!; TH-NMR
(CDCl3:DMS0-ds:CDsOD = 5:1:1) 6 7.96 (m, 1H), 7.84
(m, 1H), 7.74 (s, 1H), 7.38 (m, 1H), 7.35 (s, 2H), 7.15 (s,
1H), 6.92 (s, 1H), 6.86 (s, 1H), 6.82 (s, 1H), 6.77 (s, 1H),
4.77 (m, 1H), 4.57 (4, J = 7.0 Hz, 2H), 3.93 (s, 3H), 3.91
(s, 3H), 3.83 (s, 3H), 3.50—3.10 (m, 10H), 2.28 (t,J =17.5
Hz, 2H), 1.70 (sex., J = 7.5 Hz, 2H), 1.50 (s, 4.5H, ¢-Bu),
1.42 (s, 9H), 1.35 (s, 4.5H, £-Bu), 1.00 (t, J = 7.5 Hz, 3H);
FABHRMS mi/e caled for CyHesN14010H 1011.5164, found
1011.5145.

N-[2-[(tert-Butoxycarbonyl)amino]ethyl]-1-meth-
yl-4-nitropyrrole-2-carboxamide (26). A solution of
15 (4.073 g, 15 mmol) and § (16.5 mmol) in chloroform
(45 mL) was stirred at room temperature overnight. The
yellow suspension was diluted with ether (50 mL) and
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filtered. The solid residue was further washed with ether
and dried in vacuo, resulting in 26 (4.150 g, 89% yield)
as a white powder: mp 172—174 °C; FT-IR (CH;Cl; cast)
Vmex 3345 (br), 3140 (m), 3126 (m), 2978 (w), 2941 (w),
1683 (s), 1642 (s), 1536 (s), 1492 (s), 1417 (s), 1330 (m),
1274 (s), 1235 (m), 1160 (m), 750 (m); *H-NMR (CDCls:
DMSO-d¢ = 5:1) 6 7.68 (br, 1H, —-CONH-), 7.34 (d,J =
2.0 Hz, 1H), 7.06 (4, J = 2.0 Hz, 1H), 5.90 (br, 1H,
—CONH-), 3.65 (s, 3H), 3.08 (m, 2H), 2.95 (m, 2H), 1.10
(s, 9H); MS m/e 313 (M* + 1), 274, 257, 213, 35.

N-[[2-[(tert-Butoxycarbonyl)amino]ethyl]-4-bu-
tyryllamino]-1-methylpyrrole-2-carboxamide (27).
26 (4.760g, 15.26 mmol) and 10% Pd(C) (450 mg) in
methanol was shaken under hydrogen (40—35 psi) for 1
h. The mixture was filtered through celite and concen-
trated under diminished pressure. To an ice-cooled
solution of the residue and triethylamine (2.76 mL, 18.31
mmol) in chloroform (30 mL) was added butyric anhy-
dride (2.90 g, 18.31 mmol) in chloroform (10 mL). After
being stirred at room temperature for 3 h, the mixture
was diluted with chloroform (50 mL), washed with water,
dried over Nay;SO,, and concentrated to 40 mL. The
solution was allowed to stand in the refrigerator over-
night. Filtration provided the product (4.440 g, 83%
yield) as a white powder: mp 160—162 °C; FT-IR (CHCl;
cast) vmax 3307 (br), 2960 (W), 2930 (w), 1692 (8), 1641
(s), 1580 (m), 1528 (s), 1440 (m), 1366 (w), 1271 (m), 1252
(m), 1168 (m), 760 (w); 'H-NMR (CD;0D) 6 6.82 (d, J =
2.0 Hz, 1H), 6.40 (d, J = 2.0 Hz, 1H), 3.55 (s, 3H), 3.00
(m, 4H), 1.95 (t, J = 7.5 Hz, 2H), 1.40 (sex., J = 7.5 Hz,
2H), 1.12 (s, 9 H), 0.62 (t, J = 7.5 Hz, 3H); MS m/e 352
(M), 298, 278, 252, 208, 193, 123, 95; HRMS m/e caled
for Cl7H25N404 3522110, found 352.2113.

N-[[2-[[N* Nim.Bis(tert-butoxycarbonyl)-L-histi-
dinyllaminolethyl]-4-butyryllamino]-1-methyl-
pyrrole-2-carboxamide (28). To an ice cooled 4.5 M
HCl/dioxane solution was added in portions 27 (2.404g,
6.83 mmol). The solution was stirred at 0 °C for 20 min.
Ether was added to precipitate 25-HCl salt, and the clear
upper layer was removed by pipette. The remaining
residue was dissolved in methanol and cooled in an ice—
water bath. Ether (100 mL) was added, and the mixture
was left to stand at 0 °C for 10 min and filtered. The
amine—HC] salt was obtained as a yellowish powder. In
another flask, a mixture of 11 (4.272 g, 12 mmol) and
HOBT (1.782 g, 13.20 mmol) in anhydrous THF (70 mL)
was treated with DCC (2.723 g, 13.20 mmol) in THF (10
mL) at 0 °C. The mixture was stirred for 30 min, and
then triethylamine was added. To this was added in
portions the above amine—~HCl salt at 0 °C. The mixture
was stirred at room temperature overnight. The solvent
was removed, and the residue was dissolved in ethyl
acetate (100 mL), washed with water, and dried over
N2a:S0,. The residue was purified by flash chromatog-
raphy on silica gel column eluted with dichloromethane/
methanol (20:1—10:1). The coupling product (2.900 g,
72% yield) was obtained as white powder: mp 126—129
°C; [a]?p +3.90 (¢ 1.155, MeOH); FT-IR (CHClI; cast)
Vomax 3467 (br), 2976 (w), 2934 (w), 1758 (s), 1690 (m), 1646
(s), 1580 (m), 1522 (m), 1491 (m), 1464 (s), 1391 (s), 1371
(m), 1291 (m), 1255 (s), 1157 (s), 1011 (m), 733 (w)
em~!; 'H-NMR (CDCl) 6 7.98 (s, 1H), 7.75 (br, 1H,
—CONH-), 7.30 (d, J = 2.0 Hz, 1H), 7.17 (s, 1H), 7.12
(br, 2H, ~CONH-), 6.38 (d, J = 2.0 Hz, 1H), 6.10 (br,
1H, —CONH-), 4.43 (m, 1H), 3.87 (s, 3H), 3.47—3.31 (m,
4H), 3.02 (m, 2H), 2.28 (t, J = 7.5 Hz, 2H), 1.72 (sex., J
= 7.5 Hz, 2H), 1.60 (s, 9 H), 1.41 (s, 9H), 0.97 (t,J = 7.5
Hz, 3H); FABHRMS m/e caled for C2sH,3N,0O7H 590.3302,
found 590.3291.
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N-[2-[[Ne-[[6-[[N-[2-[(tert-Butoxycarbonyl)amino]-
ethyll-N-(tert-butoxycarbonyl)amino]methyl]-2-
pyridinyl]lcarbonyl]-L-histidinyllamino]ethyl-4-
(butyrylamino)-1-methylpyrrole-2-carboxamide
(29a). The procedure is similar to that of 13. Coupling
reaction of the amine—TFA salt from deprotection of 28
(2.000 g, 4.068 mmol) with 10 (1.607 g, 4.068 mmol),
HOBT (0.549 g, 4.068 mmol), DCC (0.838 g, 4.068 mmol),
and triethylamine (1.890 g, 13.56 mmol) in DMF (40 mL)
gave the crude product. Purification on a silica gel
column eluted with dichloromethane/methanol (8:1-5:
1) provided 29a (2.100 g, 81% yield) as a white foam: Ry
(CH,ClyMeOH = 8.5:1.5) 0.37; [a]*®p +3.54° (¢ 1.27,
CHCI3); FT-IR (CHC]; cast) vmex 3315 (br), 2974 (w), 2932
(w), 1662 (g), 1594 (m), 1574 (m), 1521 (s), 1451 (m), 1406
(m), 1366 (m), 1270 (m), 1249 (w), 1167 (m), 732 (w); 'H-
NMR (CDCl;:DMSO-ds = 5:1) 6 8.98 (s, 1H, ~CONH-),
8.67 (br, 1H, —-CONH-), 7.68 (m, 1H, ~-CONH-), 7.68—
7.45 (m, 3H), 7.18 (s, 1H), 7.05 (dd, J = 16.0, 8.0 Hz, 1H),
6.86 (m, 1H, —CONH-), 6.50 (s, 1H), 6.35 (s, 1H), 5.55
(br, 1H, —-CONH-), 4.50 (m, 1H), 4.25 (s, 1H), 4.22 (s,
1H), 3.50 (s, 3H), 3.20—2.77 (m, 10H), 1.95 (t,J = 7.5
Hz, 2H), 1.38 (sex., J = 7.5 Hz, 2H), 1.17 (s, 4.5 H, ¢-Bu),
1.08 (s, 9H), 1.04 (s, 4.5 H, ¢t-Bu), 0.63 (t, J = 7.5 Hz,
3H); FABHRMS m/e caled for Cs7Hs.N100sH 767.4204,
found 767.4173.

General Procedure for Deprotection of 29 to 1.
A solution of 29 in TFA was stirred at 0 °C for 1 h, and
the acid was removed in vacuo. The residue was dis-
solved in water, made basic with ammonium hydroxide
to pH 9, and loaded on Amberlite XAD-2 resin. This was
first eluted with water until the eluate was neutral and
then with methanol to elute the products. Evaporation
of the methanolic solution in vacuo provided la—c as
white amorphous foams.

N-[[Ne-[[6-[[(2-Aminoethyl)amino]methyl]-2-
pyridinyl]carbonyl]-L-histidinyllethyl]-4-(butyryl-
amino)-1-methylpyrrole-2-carboxamide (1a). Depro-
tection of 29a (100 mg, 0.131 mmol) in TFA (3 mL)
afforded 1a (67 mg, 90% yield): Ry (n-BuOH:H;0:AcOH
= 1:1:1) 0.35; [a]®’y —8.45° (¢ 1.04, methanol); FT-IR
(CH,Cl; cast) vmax 3600—2400 (br), 2966 (w), 2940 (w),
1675 (s), 1596 (m), 1576 (m), 1528 (s), 1204 (s), 1183 (m),
1134 (m) em™l; IH-NMR (DMSO-ds) 6 9.73 (s, 1H,
—CONH-), 8.94 (4, J = 8.0 Hz, 1H, ~CONH-), 8.29 (br,
1H, —~CONH-), 8.17 (s, 1H), 8.11 (br, 1H, —~CONH-),
8.02 (t,J = 8.0 Hz, 1H), 7.83 (t,J = 8.0 Hz, 1H), 7.68 (d,
J=8.0Hz, 1H), 7.10(d, J =2 Hz, 1H), 7.05 (s, 1H), 6.68
(d, J = 2.0 Hz, 1H), 4.72 (m, 1H), 4.24 (s, 2H), 3.73 (s,
3H), 3.30—2.98 (m, 10H), 2.18 (t, J = 7.5 Hz, 2H), 1.56
(sex., J = 7.5 Hz, 2H), 0.88 (t, J = 7.5 Hz, 3H);
FABHRMS m/e caled for CorHasN1oOH 567.3155, found
567.3156.

N-[[Ne-[[6-[[(2-Aminoethyl)amino]methyl]-2-
pyridinyllcarbonyl]-L-histidinyllethyl]-4-[[[4-(bu-
tyrylamino)-1-methyl-2-pyrrolyllcarbonyllamino]-
1-methyl-2-pyrrolecarboxamide (1b). Deprotection of
29b (100 mg, 0.112 mmol) in TFA (3 mL) afforded 1b
(66 mg, 86% yield); Ry (n-BuOH:H;0:AcOH = 1:1:1) 0.35;
[a]2°p +11.72° (¢ 1.45, methanol); FT-IR (CHCl; cast) vmax
3600—2400 (br), 2963 (m), 2937 (m), 1674 (s), 1593 (m),
1580 (m), 1528 (s), 1437 (m), 1205 (s), 1180 (s), 1134 (m)
cm~L; TH-NMR (DMSO-dg) 6 9.88 (s, 1H, —-CONH—), 9.78
(s, 1H, ~CONH-), 9.00 (4, J = 8.5 Hz, 1H, —CONH-),
8.23 (br, 1H, —CONH-), 8.16 (br, 1H, —-CONH-), 7.95
(t,J = 7.5 Hz, 1H, —-CONH-), 7.88 (d, J = 7.5 Hz, 1H),
7.63 (dd, J = 7.5, 1.0 Hz, 1H), 7.60 (s, 1H), 7.18 (d, J =
2.0 Hz, 1H), 7.13 (d, J = 2.0 Hz, 1H), 6.85 (m, 3H), 4.62
(m, 1H), 3.94 (s, 2H), 3.80 (s, 3H), 3.76 (s, 3H), 3.28—
3.10 (m, 4H), 3.10—3.03 (m, 2H), 2.93 (t, J = 5.0 Hz, 2H),
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Scheme 1. Synthesis of Metal-Sequestering Moiety
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2.79 (t, J = 5.0 Hz, 2H), 2.19 (t, J = 7.5 Hz, 2H), 1.57
(sex., J = 7.5 Hz, 2H), 0.88 (t, J = 7.5 Hz, 3H),
FABHRMS m/e caled for C33HN1205H 689.3602, found
689.3636.
N-[[Ne-[[6-[[(2-Aminoethyl)aminolmethyl]-2-
pyridinyllcarbonyl}-L-histidinyllethyl]-4-[[[4-[[[4-
(butyrylamino)-1-methyl-2-pyrrolyllcarbonyl]lami-
no)-1-methyl-2-pyrrolyllcarbonyl]amino]-1-methyl-
2-pyrrolecarboxamide (1c). Deprotection of 29¢ (50
mg, 0.49 mmol) in TFA (3 mL) afforded 1c¢ (36 mg, 91%
yield): R(n-BuOH:H,0:AcOH = 1:1:1) 0.33; [a]®’p +9.22°
(c 0.683, methanol); FT-IR (CH:Cl, cast) ¥max 3600—2400
(br), 2961 (m), 2935 (m), 1677 (s), 1594 (m), 1580 (m),
1530 (s), 1436 (m), 1206 (s), 1183 (m), 1136 (m) cm™%; 1H-
NMR (DMSO-dg) 6 9.90 (s, 1H, —CONH-), 9.89 (s, 1H,
—CONH-), 9.78 (s, 1LH,—CONH-), 9.04 (d, J = 6.0 Hz,
1H, —~CONH-), 8.25 (br, 1H, —CONH-), 8.16 (br, 1H,—
CONH-), 7.95 (m, 1H), 7.88 (m, 1H), 7.68 (s, 1H), 7.63
(m, 1H), 7.23 (d, J = 2.0 Hz, 1H), 7.19 (d, J = 2.0 Hz,
1H), 7.15 (d, J = 2.0 Hz, 1H), 7.03 (d, J = 2.0 Hz, 1H),
6.88 (m, 2H), 6.87 (s, 1H), 4.64 (m, 1H), 4.02 (s, 2H), 3.83
(s, 3H), 3.82 (s, 3H), 3.76 (s, 3H), 3.22 (m, 4H), 3.07 (t, J
= 6.0 Hz, 2H), 2.98 (t, J = 6.0 Hz, 2H), 2.86 (d, J = 6.0
Hz, 2H), 2.20 (t, J = 7.5 Hz, 2H), 1.57 (sex., J = 2.0 Hz,
2H), 0.88 (t, J = 7.5 Hz, 3H), FABHRMS m/e calcd for
039H50N1406H 8114116, found 811.4101.
Biochemistry. Buffers used and their abbreviations
are as follows: TE, 10 mM Tris—HCl, 1 mM EDTA, pH
8.0; Fy; (fluorescence assay solution, pH 12), 0.02 M Ks-
PO,, 0.5 mM EDTA and 0.5 mg/mL ethidium bromide;
TBE, 0.089 M Tris-borate, 0.089 M boric acid, 0.002 M
EDTA, pH 8.0. Fluorescence was recorded on a Turner
Model 430 spectrofluorometer; pBR322 DNA was pur-
chased from Sigma, and was used in the experiments

Hy / PA(C) E 13:R=Cbz
MeOH 14.R=H

without further purification (fluorescence assay showed
that it contained 80% covalently closed circular form).
Restriction enzymes Hind III and Eco RV were from
Boehringer Mannheim, calf intestinal alkaline phos-
phatase, T4 polynucleotide kinase, restriction enzymes
Hpa 11 and EcoO 109 I, SV40 viral DNA, and sonicated
calf thymus DNA were from GIBCO BRL, and [y-**P]ATP
was from New England Nuclear. Blenoxane was frac-
tionated by a published procedure (10) to provide Bleo-
mycin A; and B;. Methidiumpropyl-EDTA was a gift
from Professor Peter B. Dervan, California Institute of
Technology. All other reagents were analytical grade and
were used as received.

Kinetic Studies. The reactions of the drugs with
DNA were carried out in 70 uL of TE solution which
contained 1 Ajg unit of DNA, 80 uM drug—Fe(I)
complexes, and 1 mM 1,4-dithiothreitol (DTT). Buffered
solutions of the drug—Fe(II) complexes were freshly
prepared immediately before each experiment. The
reactions were run at room temperature, and 10 uL of
the reaction mixture was pipetted into 2 mL of Fy;
solution at 0, 10, 25, and 60 min. The fluorescence was
initially recorded at room temperature. The solution was
then heated at 95 °C for 5 min and cooled to room
temperature before the next reading. Correction was
made for the reduced stainability of form I pBR322 DNA
using a factor of 1.22 (52).

Electrophoretic Mobility Shift Assays. The reac-
tions of the drugs with DNA were carried out in 10 uL of
TE solution which contained 0.93 Aggo unit of DNA and
varying concentrations of drug. The reactions were run
at room temperature for 90 min. The resultant reaction
mixtures were examined by electrophoretic mobility shift
assays through 5.6 mm thick 1% agarose slab gels with
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TBE running buffer. The gels were run at room tem-
perature at a voltage of 3.33 V/em for 17 h. The gels were
stained with ethidium bromide in water at a concentra-
tion of 0.5 ug/mL. Bands were visualized by 300 nm UV
transillumination and photographed on Polaroid 667 film.

Sequencing Gel Assays. Plasmid pBR322 was cut
with Hind III, dephosphorylated with calf intestinal
alkaline phosphatase, and labeled at the 5’ end using
[y-?P]ATP and T4 polynucleotide kinase. The labeled
DNA was then cut with Eco RV, and the desired 158 bp
fragment was purified by nondenaturing PAGE and
isolated by a crush and soak procedure (53). SV40 viral
DNA was cut with Hpa 11, dephosphorylated, and labeled
as for pBR322, cut with EcoO 109 I, and purified and
isolated as for pBR322. DNA cleavage reactions con-
tained ~50 000 dpm of labeled DNA, 5 uM (nucleotides)
sonicated calf thymus DNA, and 5 mM Na cacodylate
buffer, pH 7.5, in a 10 uL reaction volume. MPE cleavage
reactions contained a buffer consisting of 20 mM NaCl,
10 mM Tris—HC]l, pH 7.3, and 100 uM calf thymus DNA,
with the same amount of labeled DNA. Fe(II) and DTT
solutions were prepared immediately before use. Con-
centrations of Fe(IT), DNA cleaving compound, and DTT
are given in the figures. Reactions were initiated by
admixture of all components and were allowed to proceed
at 25 °C for 30 min. Reactions were stopped by addition
of a loading buffer containing 10 M urea, 1.5 mM EDTA,
and 0.05% each of bromophenol blue and xylene cyanol.
The reaction mixtures were then lyophilized and redis-
solved in 5 uL of HyO, and 2.5 uL was used for PAGE
analysis. Sequence lanes were produced by the method
of Maxam and Gilbert (53, 54). Electrophoresis was
performed in TBE buffer on 0.4 mm thick, 55 cm long,
8% polyacrylamide (the gel of Figure 6 contained 20%
polyacrylamide) denaturing gels containing 7 M urea at
55 °C and 2000 V. Gels were autoradiographed at —70
°C using Kodak X-Omat AR film.

RESULTS AND DISCUSSION

Synthesis of la—c. Synthesis of the protected com-
plexing portion 12 was accomplished by the reported
procedure of Hénichart et al. with some modifications
(17). Aldehyde 4 was synthesized in light of Ohno’s
procedure for the synthesis of similar compounds (22, 28).
Reduction of 2,6-pyridinedicarboxylate (55) with sodium
borohydride in methanol afforded 6-(hydroxymethyl)-2-
pyridinecarboxymethyl ester 3 exclusively. Swern oxida-
tion of 8 provided methyl 6-formyl-2-pyridinecarboxylate
(4) (46) in a yield of 71% (Scheme 1). PCC also oxidizes
3 to 4 in modest yield. In the literature (17), compound
5 was obtained by Raney-Ni catalyzed hydrogenation of
Boc-aminoacetonitrile which was prepared by the reac-
tion of aminoacetonitrile with di-tert-butyldicarbonate.
We found that condensation of 3 equiv of diaminoethane
with di-terz-butyldicarbonate or benzyloxycarbonyl chlo-
ride in dichloromethane provided the corresponding
monoprotected amines 5 or 6 in 70% yield. Reaction of
5 with aldehyde 4 in methanol results in an equilibrium
between 4 and imine 7. However, when the reaction
mixture containing 4 and 7 was treated to catalytic
hydrogenation, the equilibrium shifted toward 7, result-
ing in a complete reaction. Thus, catalytic hydrogenation
of a solution of 4 and 5 (1:1) in methanol under hydrogen
(1 atmosphere pressure) in the presence of 10% of 10%
Pd(C) followed by the protection of the secondary amine
group by di-fert-butyl dicarbonate in CH2Cl; provided 9
in excellent yield. Hydrolysis of 9 afforded the acid 10
in 93% yield. Coupling of diprotected histidine 11 (47)
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with 6 in the presence of 1,3-dicyclohexylcarbodi-
imide(DCC) and 1-hydroxybenzotriazole(HOBT) in THF
afforded amide 12 in 69% yield. Deprotection of 12 by
trifluoroacetic acid (TFA) followed by coupling with 10
in the presence of EDCI, HOBT, and triethylamine in
DMF provided the fully protected metal-complexing
subunit 13. Selective deprotection of 13 by catalytic
hydrogenation afforded 14 quantitatively, which was
used directly in the coupling with the lexitropsin carriers.

There are many possible routes to synthesize dipyrrole
and tripyrrole peptides. In our synthesis, we selected
1-methyl-2-trichloroacetylpyrrole (15) (48, 49) as a key
intermediate. Solvolysis of 15 in methanol in the pres-
ence of catalytic amount of 4-(dimethylamino)pyridine
(DMAP) provided the methyl ester 16 (50) in 97% yield
(Scheme 2). Conversion of 16 to 17 by catalytic hydro-
genation followed by condensation with 15 in chloroform
afforded the dipyrrole unit 18 (50) in 80% yield. Reduc-
tion of 18 by catalytic hydrogenation and acylation of the
resulting amine with butyric anhydride gave rise to ester
19, which was hydrolyzed to the netropsin moiety 20.
Coupling of 20 with 17 under the influence of EDCI and
HOBT in DMF provided tripyrrole derivative 21 in
modest yield, which was then hydrolyzed to the cor-
responding acid 22 in 71% yield. Coupling of the metal-
complexing subunit 14 with the carriers 20 and 22 in
the presence of EDCI and HOBT in DMF resulted in the
protected hybrids 29b and 29¢ in 65% and 66% yield,
respectively.

Compound 29a was synthesized by a different strategy.
Although compound 25 can be prepared by the route
through 23 and 24 (Scheme 3) in good yield, the route
through 26 and 27 seems to be more efficient. Conden-
sation of 15 with 5 afforded amide 26 in 89% yield
(Scheme 3). Subsequent hydrogenation and acylation
with butyric anhydride provided 27 in 83% yield. Cou-
pling of 25, obtained from acidic deprotection of 27, with
11 afforded 28 in a yield of 72%. Coupling of the
deprotected 28 with 10 under similar conditions afforded
the protected hybrid 29a in 81% yield.

Finally, deprotection of 29a-c in trifluoroacetic acid and
purification on Amberlite XAD-2 resin provided the pure
hybrids 1a-c in excellent yields (Scheme 4).

DNA Cleavage Studies. Examination of the ability
of the Fe(II) complexes of la—c to cleave duplex DNA
was carried out through inspection of the reaction of the
complexes and thiol reductants (DTT) with pBR322
supercoiled DNA by both ethidium binding assay (56) and
agarose gel electrophoresis. The ethidium bromide bind-
ing assay is convenient for studying the kinetics of
reactions of supercoiled DNA with drugs. Supercoiled
covalently closed circular (CC) and nicked open circular
(OC) DNASs permit intercalation of ethidium to different
extents which is revealed by the characteristic fluores-
cence intensity of bound ethidium. The difference of the
fluorescence between unheated and heat denatured assay
solutions can give information about DNA damage. It
was observed that the ability of complexes to cleave DNA
increases with the number of pyrrole units in the DNA
binding subunit of the hybrids (Figure 2), especially
under aerobic conditions, which is consistent with the
anticipated mechanism of affinity cleavage. Agarose gel
electrophoresis indicates that these complexes cleave
DNA very efficiently, resulting in mainly single-strand
breaks of duplex DNA (Figure 3).

It was hypothesized that the oligo(N-methylpyrrole)
moiety of 1a—c would provide DNA affinity and sequence
selectivity, directing the metal-binding moiety to sites
differing from those of bleomycin. In Figure 4, a 5-32P
labeled restriction fragment corresponding to bases 30—
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Scheme 2. Synthesis of AMPHIS—Lexitropsin Conjugates
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187 of pPBR322 (57) was employed to investigate the DNA
cleavage sequence selectivity of Fe(II)-1a—c and Fe(II)—
BLM A;. The hybrids were tested at 10—50 uM concen-
trations in order to determine the relationship between
concentration and selectivity. Monopyrrole hybrid 1a has
no cleavage activity, which agrees with earlier work
indicating that single N-methylpyrrolecarboxamides do
not bind to DNA efficiently (45). Dipyrrole 1b and
tripyrrole 1c demonstrate selective DNA cleavage activity
in the vicinity of the two longest AT-containing tracts
on the DNA. The apparent lack of activity of higher
concentrations of tripyrrole 1¢ was due to partial pre-
cipitation of the DNA in those lanes (data not shown).

The first cleavage site, a 5-"TTAAATT-3" (bases 56—62)
sequence, is cleaved with very similar selectivity by the
two hybrids, with strong cleavage at A59 in the center
of the binding site and at G63 and C64 adjacent to the 3’
end of the binding site. In the case of the 5'-AAATCTAA-
CAAT-3’' (bases 89—100) binding site, the strongest
cleavage from 1b appears at T94 in this sequence, with
additional bands from 1c at A95 and A96, as well. The
position of these sites in the center of the DNA binding
sequence is similar to the position of the A59 cleavage
site centered within the 5-TTAAATT-3’ (bases 56—62)
sequence. Weak cleavage bands also appear at C102,
again adjacent to the 3’ end of the binding site.
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Scheme 4. Preparation of Iron Complex
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Figure 2. Plots of the percentage of the open circular (OC)
DNA, (OC/CC, %) measured by ethidium fluorescence assay
against reaction time. The reactions were run at 24 °C under
aerobic conditions. Seventy uL of reaction mixture contained
50 ug/mL of pPBR322 supercoiled covalently closed circular DNA
(CCC) in 8.5 mM Tris buffer, pH 8.0, 1 mM 1,4-dithiothreitol
(DTT), and, plot A, 5 «M Fe(II), plots B, C, and D, 80 uM Fe(II)—
la,b,c (1:1), respectively. 10 uL of reaction mixtures were used
for each point.
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Figure 3. Supercoiled plasmid DNA cleavage by Fe(I)-1 (1:
1). The reactions were run under the same conditions as shown
in Figure 2: lane 1, control DNA; lane 2, 5 uM Fe(II); lane 3,
80 uM of Fe(Il)—1a; lane 4, 80 uM of Fe(II)-1b; lane 5, 80 uM
of Fe(Il)-1e. Form I. closed circular DNA. Form II: nicked
circular DNA. Form III: linear DNA.

Figure 4 shows that DNA cleavage by hybrids la—¢
differs from that of bleomycin and is selective for AT-
rich regions of DNA. In order to further investigate the
DNA cleavage activity and sequence selectivity of these
compounds a DNA sequence containing several AT rich
regions of varying length is needed. In Figure 5 a 5-32P
labeled fragment corresponding to bases 347 to 588 of
SV40(58) was cleaved with Fe(Il)-1(a—e¢) and Fe(I)—
BLM A,. This DNA contains A;, Ag, As, T, Ty, and other
AT sequences, and all cleavage sites are either within or
near an AT region. Monopyrrole la again has no
cleavage, consistent with the result shown in Figure 4.
Dipyrrole 1b and tripyrrole 1le¢ have nearly identical
cleavage patterns. No cleavage appears at any sequence
less than four bases in length; the AAA at the bottom of
the figure is part of an A; sequence. Cleavage occurs
consistently for two to three bases beyond the 3’ end of
the poly A sites; compare C405 and A406 with the CCA
cleavage bands at 491—493 or 512—514. Cleavage occurs
within the poly T sites, however, at the last 2 bases at
the 5" end of the sequence. This is illustrated at T417
and T418, at T429 and T430, and at A448 and T449.
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Fe(ll)-hybrid complexes
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Figure 4. Sequencing gel autoradiogram of cleavage of a 5’-
32P labeled 158-bp restriction fragment by bleomycin and la—
¢. DNA lane contains untreated DNA; control lane contains
background cleavage from 50 uM Fe(II) + 250 M DTT. BLM
lane contains 1 uM Fe(II)-BLM A;. Micromolar concentrations
of Fe(I[)-1a—e are as indicated above the central lanes; each
of these lanes also contained 250 uM DTT. Lanes marked G,
GA, C, and CT were treated by the Maxam—Gilbert sequence
reactions for those bases.
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Figure 5. Sequencing gel autoradiogram of cleavage of a 5'-
2P labeled 241-bp restriction fragment by bleomycin and 1a—
c. DNA lane contains untreated DNA; control lane contains
background cleavage from 20 uM Fe(II) + 250 uM DTT. BLM
lane contains 2uM Fe(II1)-BLM A,. Micromolar concentrations
of Fe(Il)-la—¢ are as indicated; each of these lanes also
contained 250 uM DTT. G, GA, C, and CT lanes were produced
by the appropriate Maxam—Gilbert sequence reactions.

From the results in Figures 4 and 5 it can be concluded
that di- and tripyrrole hybrids 1b and 1c cleave DNA
efficiently at AT tracts and require at least a four base
binding site for efficient cleavage. Further, the position
of cleavage appears to be unaffected by either number of
pyrroles in the DNA binding moiety of the compounds
or by the size of the DNA binding site. A possible
interpretation for this result is that the hybrid com-
pounds prefer a particular end of the binding site
(dependent on DNA sequence) and that the size of the
binding site (beyond the 4 base minimum requirement)
has no effect on the position of cleavage.

Huang et al.
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Figure 6. Portion of a high-resolution sequencing gel auto-
radiogram of cleavage of a 5-%°P labeled 158-bp restriction
fragment by bleomycin, MPE, and 1b,c. DNA lane contains
untreated DNA; control lane contains background cleavage from
40 xM Fe(II) + 250 uM DTT. BLM lane contains 2uM Fe(II)—
BLM A;. MPE lanes contain 250 xM DTT and 30 or 40 «M
Fe(II)-MPE, respectively. Lanes marked 1b and 1e contain 250
#M DTT and 20 uM Fe(Il)-1b or 10 uM Fe(Il)-1e. G, GA, C,
and CT lanes were produced by the appropriate Maxam—Gilbert
sequence reactions.

Identical nucleotide sequences which differ only in the
structure of their 5’ or 3’ end groups can be resolved on
high concentration polyacrylamide gels. This technique
has been employed for the determination of cleavage
products of many species, including bleomycin and
analogs(34,59), methidiumpropyl-EDTA-Fe(II) (MPE-Fe(II))
(60), and ionizing radiation (61). In Figure 6 the DNA
cleavage products from Fe(II)-BLM As, Fe(II)-MPE, and
Fe(II)-1b,c are compared on a denaturing 20% poly-
acrylamide gel. The MPE cleavage lanes have the
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expected pattern of doublet bands, the lower containing
a 3’-phosphoglycolate end group and the upper containing
3’-phosphate. The Maxam—Gilbert sequence lanes con-
tain 3’-phosphate ends (54), which comigrate with the
upper bands from MPE cleavage, and bleomycin pro-
duces3’-phosphoglycolate as its major cleavage product
bands at C64 and C70 (7), which comigrate with the
lower MPE cleavage bands. Hybrids 1b and 1c produce
bands which comigrate with the Maxam—Gilbert and the
upper MPE cleavage bands and therefore contain 3'-
phosphate end groups. Two possible interpretations for
the production of 3’-phosphate by the hybrids are (1) that
the simplified metal binding moiety of 1b and 1lc is
unable to form the activated species believed to cause
bleomycin-type DNA cleavage or (2) that altered binding
of the hybrid molecules places the activated species in
an orientation favorable to abstraction of a sugar hydro-
gen other than the C-4° H which is abstracted by
bleomycin.

Hénichart et al. (39) have shown with spin trapping
ESR experiments that AMPHIS (the metal binding
moiety in 1) produces the same type and quantity of
oxygen radical species as bleomycin, indicating that the
same Fe(II) complex forms in both cases. Hamamichi et
al. (34) showed that monothiazole bleomycin analogs
containing the natural metal-binding moiety intact were
capable of supporting oxidative transformations on small
molecules of identical type and rate as natural bleomycin,
but were unable to cleave DNA with high activity or
selectivity. In addition, the monothiazole analogs formed
comparable amounts of 3’-phosphate and 3’-phosphogly-
colate in their DNA cleavage reactions. Research in the
group of Kozarich and Stubbe (62, 63) implied that Fe—
BLM cleavage products of a DNA—RNA hybrid might
form via C-1’ H abstraction, but were later shown to arise
exclusively from C-4" H abstraction. Recently, Duff et
al. (64) have shown that an altered DNA substrate
containing ara-C (which contains a more accessible C-1’
H at the cleavage site) was cleaved by bleomycin to
produce products which can derive from initial C-1" H
abstraction.

The minor groove of DNA contains the C-1' H, the C-4’
H, and two C-5' H atoms. C-1’ H abstraction in the case
of neocarzinostatin (65) forms an abasic lesion containing
2-deoxyribonolactone, which when treated with base
produces a strand break with 3’ and 5’ phosphate ends.
The major pathway of DNA cleavage for both neocarzi-
nostatin and calicheamicin (66) involves C-5" H abstrac-
tion, which results in direct strand breakage with 3’
phosphate and 5’ nucleoside aldehyde ends. The DNA
cleaving 1,10-phenanthroline copper complex (67, 68)
appears to be the only DNA cleaving agent capable of
producing direct strand scission via C-1’ H abstraction.
The intermediate 2-deoxyribonolactone forms as with
neocarzinostatin, but can decompose under the reaction
conditions to 3’ and 5’ phosphate and 5-methylene-2(5H)-
furanone. Complete conversion of the abasic lesion
requires basic treatment, as with neocarzinostatin, or
storage of the reaction mixture.

The reaction pathway of bleomycin—lexitropsin hybrids
leading to production of 3’ phosphate may resemble one
of the above mechanisms or may be entirely novel.
Because the 3’ phosphate appears to be the only product
formed from DNA cleavage by these hybrids, is formed
immediately and is quite stable over time (data not
shown), a C-1’ mechanism similar to that of 1,10-
phenanthroline—copper seems less likely than a C-5
mechanism similar to that of the enediynes. Further
experiments are under way to more precisely elucidate
this pathway and identify the other cleavage products.
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Synthesis of LHRH Antagonists Suitable for Oral Administration via

the Vitamin B;; Uptake System
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Conjugates have been synthesized between vitamin B;s and two lysyl derivatives of the LHRH
antagonist, ANTIDE. Lys®-ANTIDE and Lys8-ANTIDE were both found to have similar activities to
the native analogue in the in vitro pituitary cell assay. The in vitro bioactivity of the VB;,—ANTIDE
conjugates was preserved following linkage using a number of spacers; however, the in vivo bioactivity
was lost. In order to produce conjugates which had similar in vivo bioactivity to the native analogue,
it was necessary to link the VB,; to the ANTIDE analogues using thiol cleavable spacers. The resultant
conjugates had similar activity to ANTIDE both in vitro and in vivo and were also found to be much
more water soluble than ANTIDE. These VB;,—ANTIDE conjugates show potential utility as water
soluble ANTIDE analogues for parenteral use and are protease resistant LHRH antagonist analogues
suitable for uptake from the intestine via the VB,s-transport system following oral administration.

INTRODUCTION

Hypothalamic gonadotrophin releasing hormone (GnRH,
also known as luteinizing hormone releasing hormone,
LHRH) regulates pituitary gonadotrophin synthesis and
secretion (Schally et al., 1971). Over the past 23 years,
numerous analogues of LHRH have been synthesized
which may be classified according to their acute effects
on gonadotrophin release, as either agonists (with en-
hancement of release) or antagonists (with inhibition of
LHRH-stimulated release). The agonists often show an
increase in binding affinity to pituitary LHRH receptors
(Loumay et al., 1982; Perrin et al., 1980) and increased
resistance to the proteolytic degradation that rapidly
removes native LHRH from the circulation. The obser-
vation that these potent analogues can induce potentially
reversible medical castration has provided a new ap-
proach to the treatment of various gonadotrophin de-
pendent disorders, particularly hormone dependent pros-
tate and breast cancer.

Two distinct phases in the induction of chemical
castration with agonists occur. The agonist initially
stimulates the pituitary—gonadal axis, causing a tran-
sient increase in gonadotrophin and sex steroid secretion
in the first 2 weeks or so. After this period there is a
down regulation of pituitary LHRH receptors, with
subsequent decline in gonadotrophin and sex steroid
secretion. The initial stimulation of testosterone is a
substantial drawback to the use of agonists in the
treatment of prostatic malignancy, as it can produce a
painful flare of the disease with consequent adverse
clinical effects (Eisenberger and Abrams, 1988; Crawford
and Davis, 1988). By contrast, the use of LHRH antago-
nists should be advantageous in avoiding the initial flare.
First attempts at the production of antagonists led to
compounds characterized by undesirable histamine re-
lease (Karten and Rivier, 1986; Schmidt et al., 1984;
Phillips et al., 1988). However, new antagonists have
been developed that are characterized by improved
potency and much less histamine releasing potential (e.g.,
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Karten and Rivier, 1986). One of the most potent
antagonists described to date is the analogue N-Ac-pD-Nal-
(2), D-Phe (pCl), D-Pal(3), Ser, Lys (Nic), p-Lys(Nic), Leu,
Lys(iPr), Pro, p-Ala-NH,, or ANTIDE, synthesized by
Folkers and co-workers (Ljungstedt et al., 1987). It
potently inhibits ovulation in rats (Ljungqvist et al.,
1988), and single doses have profound, long lasting
inhibitory effects on serum LH concentrations in castrate
female cynomolgous monkeys (Leal et al., 1988). It has
also been shown to be capable of inducing long term
chemical castration in intact adult male rats and cyno-
molgous monkeys and to have an inhibitory effect on
tumor growth in the Dunning R3327 prostatic carcinoma
model, similar to that of castration (Habenicht et al.,
1990). The new antagonist should therefore be of sub-
stantial clinical interest in all those conditions in which
medical castration is desirable, particularly in the man-
agement of prostatic cancer and in various gynaecological
disorders (McLachlan et al., 1986).

Current administration of ANTIDE is limited to the
parenteral route. However, the dose of analogue that can
be delivered by this route is limited due to the poor
solubility of the antagonist. Thus, clinical trials of the
long term effect of ANTIDE have been limited to doses
of 2.5 mg or lower.

To date, the LHRH antagonists developed for clinical
use must be given to the patient by injection or frequent
nasal sprays, as they have very limited oral bioavailabil-
ity. Injections are generally given daily, and patients
must be educated in the use of the appropriate equip-
ment. Clearly, the development of a technique to deliver
these antagonists orally would have important advan-
tages for both patient and doctor, and would therefore
represent a significant therapeutic advance.

The oral route of administration of peptides such as
LHRH and its analogues as pharmaceuticals in the
treatment of systemic conditions has so far met with little
success. In general, the amount of peptide required for
successful oral administration has been 100—1000 times
the dose required for parenteral delivery, thus making
the administration of these agents via this route pro-
hibitively expensive. There are two fundamental reasons
for the lack of success. Firstly, the intestinal milieu has
a high level of proteolytic activity, which rapidly degrades
most peptides. Secondly, while there are well-defined
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Table 1. Sequence of ANTIDE and Its Analogues
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Analogue

Sequence

ANTIDE

D-LysSANTIDE or ANTIDE-1
Lys®ANTIDE or Antide-2
Lys?ANTIDE or ANTIDE-3

uptake mechanisms for individual amino acids and
dipeptides, there is no general mechanism for polypep-
tides to be transported across the membrane of the
mucosal epithelium into the circulation. Rather, this
membrane constitutes a general barrier to exclude the
uptake of the numerous foreign proteins encountered in
this environment. Thus, although a peptide may be
modified to withstand the enzymatic barrage encountered
in the intestine, such modification is of little value if the
peptide cannot subsequently cross the mucosal barrier
and enter the systemic circulation.

A delivery system suitable for the oral administration
of peptides such as ANTIDE has recently been developed
by Russell-Jones and co-workers (1994). This method
takes advantage of the natural intrinsic factor (IF)-
mediated uptake mechanism for dietary vitamin B
(VB2 or cyanocobalamin) in the intestine. During the
process of uptake, VB;; first binds to IF in the upper
small intestine. The VB;;—IF complex then proceeds
down the small intestine and binds to an IF receptor
located on the surface of the ileal epithelium. The whole
VBj;—IF—receptor complex is then internalized by recep-
tor-mediated endocytosis, and some time later the VB,
appears in serum. Russell-Jones and co-workers (1994)
have found that it is possible to modify VB;; to provide
suitable functional groups for conjugation of the deriva-
tized VB3 to various drugs and peptide/protein pharma-
ceuticals. Conjugates can be prepared which retain a
high affinity for IF as well as significant bioactivity of
the pharmaceutical. When the VB;;—pharmaceutical
complex is administered orally the natural IF-mediated
VB, ;-uptake system can take up the conjugate from the
intestinal lumen and thereafter deliver the pharmaceuti-
cal to the circulation.

In this paper we describe the formation of conjugates
between ANTIDE derivatives and VB,;, and the bioac-
tivity of both molecules in the conjugates, as a prelude
to developing a formulation suitable for the oral admin-
istration of ANTIDE.

MATERIALS AND METHODS

Pituitary Cell Assay for Luteinizing Hormone
Release. Cell cultures were prepared by trypsin/deox-
yribonuclease digestion of the anterior pituitaries of
3-month-old male Sprague-Dawley rats. Cells were
dispersed as a single cell suspension of 250 000 viable
cells per mL in Dulbecco’s modified Eagle's Medium:
Ham’s F12 medium (1:1) supplemented with 10% foetal
bovine serum plus antibiotics. Aliquots of 0.30 mL were
dispensed into 48-well tissue culture plates and main-
tained at 37 °C in an enclosed humidified atmosphere of
5% CO; in air. Cells were cultured for 2 days, and
medium was then removed. The medium in triplicate
cultures was replaced with fresh serum-free DMEM:F12
medium supplemented with 0.1% bovine serum albumin
and containing a range of doses of ANTIDE, ANTIDE
analogues, or VB;;—ANTIDE conjugates and was im-
mediately supplemented with 30 nM LHRH. Concen-
trated stocks of all analogues were dissolved in polypro-
pylene:water (1:1). Cells were incubated for 4 h, after
which time medium was removed for the subsequent
determination of its luteinizing hormone (LH) content by
radioimmunoassay (RIA) (Farnworth et al., 1988). The

N-Ac-p-Nal(2), p-Phe (pCl), D-Pal(3), Ser, Lys (Nic), b-Lys(Nic), Leu, Lys(iPr), Pro, pD-Ala-NH;
N-Ac-p-Nal(2), p-Phe (pCl), D-Pal(3), Ser, Lys (Nic), D-Lys, Leu, Lys(iPr), Pro, D-Ala-NH.
N-Ac-D-Nal(2), p-Phe (pCl), D-Pal(3), Ser, Lys, D-Lys(Nic), Leu, Lys(iPr), Pro, D-Ala-NHjy
N-Ac-p-Nal(2), D-Phe (pCl), D-Pal(3), Ser, Lys (Nic), D-Lys(Nic), Leu, Lys, Pro, D-Ala-NH,

data from each trial were subsequently fitted to a four-
parameter curve-fitting equation to determine the me-
dian inhibitory concentration (ICsy) of each analogue,
which was tested in several independent experiments.

Castrate Rat Model. Adult male Sprague-Dawley
rats were castrated and maintained in the animal house
for 1 week prior to administration of test substances.
ANTIDE and ANTIDE analogues were administered by
subcutaneous injection into groups of five castrate rats.
Blood samples were collected from the external jugular
vein 24 h after the injection (Puénte and Catt, 1986). LH
was measured by a standard radicimmunoassay.

Ethics. All animal experiments were approved by the
institutional animal experimentation and ethics commit-
tee as conforming with the guidelines on animal experi-
mentation of the National Health and Medical Research
Council and the State of Victoria.

IF Assay. The affinity of the various VB,;,—ANTIDE
conjugates for IF was determined in a competitive
binding assay (Russell-Jones, 1994). Dilutions of unla-
beled VB,; or VB, analogue or conjugate were mixed
with 1 ng of 5"CoVB,; (Amersham). One IU of IF (a unit
of IF is the quantity of IF required to bind 1 ng of VB,3)
was then added to the mixture, and the mixture was
incubated for 20 min at room temperature (rt) before the
addition of a solution of 5% activated charcoal in 0.1%
BSA (IF and VBs-free, Sigma). Samples were centri-
fuged, and the counts in the supernatant (IF bound) and
pellet (free 57Co VB,3) were used to determine the relative
affinity of IF for the material tested.

Analytical Methods. Analytical RP-HPLC was car-
ried out on a Vydac 218TP C18 column (5 um beads, 4.6
x 250 mm) using a Waters gradient system comprised
of Model 510 pumps, an automated gradient controller,
and a Waters 991 photodiode array detector. The buffer
system used 0.1% TFA/water as buffer A and 0.1% TFA
in 70:30 acetonitrile:water as buffer B. The column was
developed with a gradient of 5% to 75% buffer B over 35
min. Preparative RP-HPLC was carried out on either a
Vydac semipreparative C4 column (10 #m beads, 1 x 25
cm) (column A), using a gradient of 5%—100% acetonitrile
containing 0.1% TFA, or a semipreparative Vydac C18
column (10 um beads, 1 x 25 ¢m) (column B), using a
gradient of 5%—80% 70:30 acetonitrile:water containing
0.1% TFA. Size exclusion chromatography was carried
out on a G-25 Sephadex column, eluting with 10%
aqueous acetic acid. Ionspray mass spectra were ob-
tained by Dr. Alun Jones at the Centre for Drug Design
and Development, University of Queensland. UV spectra
were recorded as aqueous solutions on a Shimadzu UV-
160A instrument.

Synthesis of ANTIDE Analogues. Three ANTIDE
analogues containing single, unmodified lysines, namely
D-Lys’ANTIDE (ANTIDE-1), LysSANTIDE (ANTIDE-2),
and Lys®ANTIDE (ANTIDE-3), were synthesized on an
Applied Biosystems Peptide Synthesizer (see Table 1).
Peptides were cleaved from the resin and purified by
reversed phase HPLC, using a gradient of 5—100%
acetonitrile in 0.1% TFA.

Synthesis of Functionalized VB,; Derivatives.
eVB,; Carboxylate (1b). In order to obtain a functional
group suitable for conjugation of the cobalamin nucleus
of VB3 (1a) (Figure 1) to the ANTIDE analogs, cyano-
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(b)
H,NCO CN

HO~" O
1a R = NH,
b R=OH
ic R = NH(CHo):NH,
1d R = NH(CHp)sNH;
e R = NH(CH;);NHCOPhCH,COOH
# R = NH(CH2)sNHCO(CH,),SSPy

19 R = NH(CHp)gNHCOPhCH(CH3)SSPy

th R = NH(CH;)sNHCOCH,I

1i R = NH-Gly-Gly-Glu-Ala-OMe
Figure 1.

cobalamin was hydrolyzed in 0.4 M HCI for 72 h. This
affords a mixture of the three isomeric monocarboxylates
derived from hydrolysis at either the b, d, or e propiona-
mide side chains. The e isomer of monocarboxy vitamin
B,z (1b), which has previously been shown to have the
highest affinity for IF of the three isomers (Kolhouse and
Allen, 1977), was separated from the b and d isomers by
a combination of Dowex 1x2 chromatography and semi-
preparative RP-HPLC developed with a gradient of
5—100% acetonitrile in 0.1% TFA. This procedure was
an adaptation of the general protocol of Anton (Anton et
al., 1980).

eVB,; 2-Aminoethylamide (1c). eVB,;; carboxylate
(65 mg) was treated with 1,2-diaminoethane at pH 6.5
using a 20-fold molar excess of the diamine over e isomer
and a 20-fold molar excess of 1-ethyl-3-(3-(dimethylami-
no)propyl)carbodiimide (EDAC; Biorad, Richmond, CA).
The 2-aminoethylamide VB,; derivative was purified by
RP-HPLC (column A). Eluted material was further
purified by S-Sepharose chromatography. The amino
derivative was eluted with 0.1 M HCI, followed by
extraction into phenol, and back-extraction into water
after the addition of dichloromethane to the phenol phase.
The product 1¢ (42 mg) was recovered as a red powder
from the water phase by lyophilization.

eVB,; 6-Aminohexylamide (1d). eVB,; carboxylate
(100 mg) was treated with 1,6-diaminohexane at pH 6.5
using a 20-fold molar excess of the diamine over e isomer
and a 20-fold molar excess of 1-ethyl-3-(3-(dimethylami-
no)propyl) carbodiimide (EDAC; Biorad, Richmond, CA).
The VB,2 6-aminchexylamide derivative 1d was purified
by RP-HPLC (column A). Eluted material was further
purified by S-Sepharose chromatography. The amino
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derivative was eluted with 0.1 M HCI, followed by
extraction into phenol, and backextraction into water
after the addition of dichloromethane to the phenol phase.
The product 1d (82 mg) was recovered as a red powder
from the water phase by lyophilization.

Formation of VB;;—ANTIDE Conjugates Using
Direct Amide Linkage. Three ANTIDE conjugates
were prepared by a direct amide linkage of the peptide
to VBys. The carboxylate 1b was converted in situ to the
corresponding N-hydroxysuccinimidyl ester by treatment
with a 10-fold molar excess of EDAC and N-hydroxysuc-
cinimide and added to a solution of an equivalent amount
of the peptide in bicarbonate buffer (100 mM, pH 9.5).
The products are B12—CONH—-ANT1 (2); B12-CONH-
ANT2 (3); and B12—-CONH—-ANT3 (4) depending on
whether the conjugate was formed between ANTIDE-1,
-2, or -3.

Formation of VB;;—ANTIDE Conjugates Using
Noncleavable Bifunctional Crosslinkers. ANTIDE-1
and ANTIDE-3 were reacted with a 1.5-fold molar excess
of ethylene glycol bis(succinimidyl succinate) (EGS,
Pierce) for 10 min at room temperature. Aminoethyl
eVB;s 1c was then added and the coupling allowed to
proceed overnight. The conjugates formed are B12—
[EGS]-ANT1 (5) and B12—[EGS]—ANTS3 (6). They were
purified initially by size-exclusion chromatography prior
to a final cleanup by RP-HPLC (column A). This cross-
linking protocol was repeated using ANTIDE-1 and
disuccinimidyl suberate (DSS; Pierce, Rockford, IL).
Reaction of the intermediate formed in situ with 1¢ and
subsequent cleanup afforded B12—-[DSS]—ANT3, (7).
Conjugates were also prepared using an anilido linkage.
eVB,; carboxylate 1b was activated as described above
with EDAC and NHS and coupled to p-aminophenylacetic
acid. The resultant VB,;s—anilide 1le was in turn coupled
to either ANTIDE-1 or ANTIDE-3 by activation of the
VB,2 phenylacetate with EDAC/NHS and addition to a
solution of the peptides in bicarbonate buffer. The
product was purified by G-25 chromatography in 10%
acetic acid followed by preparative RP-HPLC (column A)
to give anilide-linked conjugates B12—-PA—-ANT1 (8) and
B12—PA—ANTS3 (9).

Formation of VB;;—~ANTIDE Conjugates Using
Thiol-Cleavable Cross-Linkers. Aminoethyl eVB;; 1¢
was reacted with N-succinimidyl 3-(2-pyridyldithio)-
propionate (SPDP; Pierce, Rockford, IL) using standard
literature conditions (Carlsson et al., 1978). The (dithi-
opyridylethyl eVB,;; derivative 1f was purified by RP-
HPLC (column B). A free thiol was introduced onto
ANTIDE-1 by reaction with SPDP, followed by reduction
of the introduced dithiopyridyl group with S-mercapto-
ethanol. The product (HS-ANT1) was purified by RP-
HPLC (column B). Similarly, a free thiol was introduced
into ANTIDE-3 by reaction with 2-iminothiolane (King
et al., 1978). The thiolated product (HS-HN*ANT3) was
purified by RP-HPLC (column B). Formation of the
disulfide linked conjugates B12—SS—ANT1 (10) and
B12—SS—NH*ANT3 (11) was achieved by reaction of
each thiolated ANTIDE derivative with 1f in 2.5% acetic
acid for 24 h. The products were purified by Sephadex
G-25 chromatography, followed by RP-HPLC (column A).

Formation of VB,,—ANTIDE Conjugates Using
Cross-Linker Containing a Hindered Thiol. Ami-
nohexyl eVB,; 1d was coupled with 4-[(succinimidyloxy)-
carbonyl]-a-methyl-a-(2-pyridyldithio)toluene (SMPT;
Pierce) using standard literature conditions (Blakey et
al.,, 1987). The product was purified by RP-HPLC
(column B) to give a-methyl-a-(2-pyridyldithio)toluyl]-
hexyl-eVB,s 1g. Iminothiolated ANTIDE-1 (HS-HN*-
ANT?1) was prepared as outlined above for HS-HN*ANTS3.
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Table 2. Structure of Spacer and IF Affinity of VB;2—Antide Conjugates General Structure: eVB;;—SPACER—Antide®

Conjugate Antide IF
SPACER
Name (Number) | analogue affinity
B12-CONH-ANT
@ Antide 1 N/T
) Antide 2 None NT
@ Antide 3 NIT
B12-[EGS)-ANT
® Antide 1 H o o n | 30%
© Antide 3 YN\/\N Mrowo MTN_ NT
o H 0o o
B12-[DSS]-ANT3 " o W
Q)] Antide 3 YN “~ )J\/VWN_ N/T
N
o} H o)
B12-PA-ANT
®) Antide 1 —u—NH-©—CH2CONH— 53%
) Antide 3 36%
B12-§S-ANT1 " o "
10) Antide 1 N M s Ne— 65%
~ N S~
\g/ N \/\g
B12-SS-NH*ANT3 o - NHg®
an Antide 3 H NIT
YN\/\N)!\/\S’S\/\)LN—
S H H
B12-TSS-ANT y o H NFo*
a2 Antide 1 H )|_©_i 54%
(13) Anide3 | N TN S’s\/\’u“g— 3%
¢}
B12-SC-ANT o NHg*
a4 Antide 1 H 82%
as) Antide 3 YN\/\/\/\N/U\/S\/\/'LN_ 65%
o H H
B12-GGEA-ANT J\
6) Antide 1 60%
a”n Antide 3 :\i H HN" "COMe | 439,
N 0o H
YWY ﬁ(._
o

¢ NT: not tested.

This VB, derivative was reacted with either the imi-
nothiolated ANTIDE-1 or -3 derivatives as described
above, and the products were purified by size-exclusion
chromatography and RP-HPLC (column B) to give hin-
dered toluyl disulfide conjugates B12—TSS—ANT1 (12)
and B12—TSS—ANTS3 (13).

Formation of VB;;—ANTIDE Conjugates Using A
Noncleavable Thioether Linkage. Aminohexyl eVB;;
was converted to the iodoacetamido derivative by reaction
with the NHS ester of iodoacetic acid. The product, 1h,
was purified by RP-HPLC (column B). A solution of
(iodoacetamido)hexyl eVB;, in diisopropylethylamide/
dimethylformamide (DIEA/DMF, 1:20 v/v) was deoxy-
genated with argon for 10 min, and a solution of either
iminothiolated ANTIDE-1 or -3 in DMF was added
dropwise to the stirred reaction mixture. Each reaction
mixture was stirred for 30 min at room temperature. The
solution was diluted with water, and the products, the
thioether linked conjugates B12—SC—ANT1 (14) and
B12—-SC—ANT3 (15), were isolated by preparative RP-
HPLC (column B).

Formation of VB;:—ANTIDE Conjugates Using a
Transglutaminase-Cleavable Linkage. eVB;; car-
boxylate was activated as described previously with
EDAC and NHS and added to a solution of the tetrapep-
tide GGEA-OMe in bicarbonate buffer (100 mM, pH 9.5).
The resultant VB;;—GGEA—OMe, 1i, was isolated from
the reaction mixture by preparative RP-HPLC (column
B) and was in turn conjugated to either ANTIDE-1 or
ANTIDE-3 by activation of the glutamate side-chain
carboxylate with EDAC/NHS and addition to a solution
of the peptides in bicarbonate buffer (100 mM, pH 9.5).
In each case the product was purified by RP-HPLC
(column B). Each reaction mixture was stirred for 30 min
at room temperature and then diluted with 2% aqueous
acetic acid and filtered. The tetrapeptide linked conju-
gates B12—GGEA—~ANT1 (16) and B12—-GGEA—ANT3
(17) were isolated by RP-HPLC (column B).

Characterization of Conjugates. The structures of
the VB;;—ANTIDE conjugates prepared for this study are
shown in Table 2. They were characterized by analytical
RP-HPLC, UV spectroscopy, amino acid analysis, and
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Table 3
HPLC retn M+ M+

conjugate time (min) (obsd) (calced)
B12—-CONH-ANT1 (2) 23.6 2825 2823
B12—CONH—-ANT2 (3) 23.6 2824 2823
B12-CONH—-ANTS3 (4) 23.9 2889 2887
B12—-[EGS]-ANT1 (5) 24.3 3111 3109
B12—-[EGS]—ANT3 (6) 24.6 3174 3173
B12—-[DSS]-ANT3 (7) 26.6 N/Te
B12-PA—ANT1 (8) 27.3 2957 2956
B12-PA—-ANT3 (9) 27.5 3020 3020
B12-SS—-ANT1 (10) 28.2 3057 3058
B12—-SS—ANT3 (11) 28.5 3134 3135
B12-TSS—ANT1 (12) 29.0 3204 3204
B12—-TSS—ANT3 (13) 29.5 3267 3268
B12-SC—ANT1 (14) 25.8 3083 3081
B12—-SC—ANT3 (15) 26.0 3147 3145
B12-GGEA—ANT1 (16) 29.3 3152 3150
B12—-GGEA—-ANT3 (17) 29.2 3215 3214

¢ NT: not tested.

ionspray mass spectrometry. Analytical RP-HPLC con-
firmed that the products contained no unconjugated
peptide or VB,; reagent and that the purity of the product
peak was greater then 95%. UV spectra of all conjugates
displayed the characteristic absorption maximum at 361
nm due to the cobalamin nucleus. Amino acid analysis
confirmed the identity of the peptide component, includ-
ing in the case of conjugates 16 and 17 the additional
amino acids of the peptide linker. The ionspray mass
spectra in all cases gave a molecular ion in agreement,
within the limits of accuracy of the technique (+£0.1%),
with the calculated M* of the conjugates. The RP-HPLC
retention times and ionspray MS results are compiled
in Table 3.

Statistical Analysis. Bioactivity data from replicate
individuals (in vivo trials) and from replicate experiments
(in vitro trials) were subjected to one-way analysis of
variance, and Tukey HSD post hoc tests were applied for
the pairwise comparison of means, which were deemed
to be significantly different at a probability level of P <
0.05.

RESULTS

(a) Synthesis of Analogues of ANTIDE That Are
Suitable for Chemical Linkage to VB,s. (i) Direct
Conjugation of VBj2 to ANTIDE Analogues. Three
analogues of ANTIDE containing single unmodified
lysine residues suitable for conjugation to eVB;; carboxy-
late were synthesized: D-LysS-ANTIDE (ANTIDE-1),
Lys5-ANTIDE (ANTIDE-2), and Lys8-ANTIDE (ANTIDE-
3). The three ANTIDE analogues were then conjugated
to a carboxylic acid derivative of VB;; using EDAC
activation, and all six substances were tested in the in
vitro rat pituitary cell assay and in vivo in the castrate
rat model. The data presented in Tables 4 and 5
demonstrate that ANTIDE-1 and ANTIDE-3 were as
active as ANTIDE in the pituitary cell assay, whereas
ANTIDE-2 was relatively inactive, and so was not used
in subsequent experiments. ANTIDE-3 was found to be
active when tested in vivo; however, ANTIDE-1 showed
negligible activity when given by this route. While it was
possible to produce an ANTIDE analogue which possesses
similar in vitro and in vivo bioactivity to the native
molecule, direct conjugation of these analogues to VB,
greatly reduced their bioactivity (Tables 4 and 5).

(ii) Conjugation of VB;s to ANTIDE Analogues Using
Spacers. Preparation of conjugates between VB;; and
ANTIDE-1 and ANTIDE-3 with either hydrophilic cross-
linking agents such as EGS (16.1 A), hydrophobic cross-
linking agents such as DSS (11.4 A), or a shorter bulky
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Table 4. In Vitro Bioassay for Blockade of
LHRH-Stimulated Release of LH from Rat Pituitary Cells
by ANTIDE, Its Analogues, and VB,;2 Conjugates®

analogue ICso [n]
ANTIDE 4.4 £+ 0.73% [20]
ANTIDE-1 2.1+0.32 [8]
ANTIDE-2 11.7 + 2.7a0 [5]
ANTIDE-3 1.2 +0.22 [13]
B12-CONH-ANT1 88 + 21¢ [5]
B12-CONH-ANT2 105 £ 21¢ [4]
B12—-CONH—-ANT3 36 + 10 [4]

* Median inhibitory concentrations (IC50) of ANTIDE, ANTIDE
analogues, and VB1;—ANTIDE conjugates for antagonizing LHRH-
stimulated release of LH from rat anterior pituitary cell cultures
during 4 h. Results for conjugates (mean + SE) are given as ng
of the incorporated ANTIDE analogue/mL (final concentration in
culture well) from n independent trials. Results that are not
significantly different from each other (i.e., P > 0.05) are grouped
under a common superscript letter.

Table 5. Serum LH Levels in Castrate Rats Following
Subcutaneous Injection of ANTIDE, ANTIDE Analogues,
or Their VB,; Conjugates

analogue dose (ug) mean LH =+ sd (ng/mL)
expt 1
control 7.35 + 1.90%*
ANTIDE 100 0.29 + 0.06°
50 0.24 & 0.06>
ANTIDE-1 100 6.37 + 1.002
ANTIDE-2 100 9.51 + 3.112
ANTIDE-3 100 0.27 &+ 0.05
B12—-CONH-ANT3 50 10.112
expt 2
Control 6.692
ANTIDE 50 0.44 + 0.02>
ANTIDE-3 16.7 0.71 +£ 0.2°
B12-CONH-ANT1 50 544 + 142
B12-CONH-ANT2 50 5.56 £ 0.972
B12-CONH—-ANT3 50 5.51 + 0.222

* A common letter signifies that the mean values do not
significantly differ from one another (P > 0.05).

anilido group, greatly increased the in vitro bioactivity
of the conjugates, to levels comparable to that of the
parent analogue (Figures 2 and 3). Thus, conjugates 5,
6, and 7 all had bioactivities comparable to that of native
ANTIDE (Figures 2 and 3). By contrast, the in vivo
bioactivity of these conjugates when given sc to rats was
very low, as evidenced by the failure of these conjugates
to cause a significant drop in serum LH levels in castrate
rats, even at doses of 100 ug of analogue (Figures 4 and
5). ANTIDE and ANTIDE-3, on the other hand, were
active at doses as low as 12.5 ug (Table 7). It thus
appeared that some factor other than steric hindrance
was affecting the in vivo activity of these VB;;—ANTIDE
conjugates (cf. Figure 2 with 4 and Figure 3 with 5).

(iii) Conjugation of VB;z to ANTIDE Analogues Using
Biodegradable Linkers. In order to reduce the possibility
of removal of the VB;,—ANTIDE conjugates from the
circulation by VB,s-binding proteins following injection,
VB,2,—ANTIDE conjugates were prepared using a thiol-
cleavable, disulfide-containing, spacer. This spacer would
potentially allow the cleavage of ANTIDE from VB;; by
the low levels of reduced glutathione in serum (Letvin
et al., 1986). Conjugates were therefore prepared be-
tween ANTIDE-1 and ANTIDE-3 using a thiol-cleavable
spacer and a hindered thiol group. The presence of the
hindered thiol in the latter spacer should mean that it
would be cleaved more slowly upon exposure to serum
glutathione (Thorpe et al., 1987). A conjugate containing
a non-cleavable thioether linker (SC) of similar length
was also prepared.
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ANTIDE
ANTIDE-1
B12-ANT1
B12-PA-ANT1
B12-EGS-ANT1

SH-ANT1
B12-SS-ANT1 |
B12-TSS-ANT1
B12-SC-ANT1
B12-TP-ANT1

. .

i
0 2

4

i
60 80 100
ICS0 ng/ml

Figure 2. Median inhibitory concentrations (ICso), determined by in vitro bicassay, for blockade of LHRH-stimulated release of LH
from rat pituitary cells by ANTIDE, its analogues, and VB2 conjugates. Median inhibitory concentrations of ANTIDE, ANTIDE
analogues, and VB;2—ANTIDE conjugates for antagonising LHRH-stimulated release of LH from rat anterior pituitary cell cultures
during 4 h. Results for conjugates are given as ng of the incorporated analogue/mL (final concentration in culture well). Results
that do not differ from each other (i.e., P > 0.05) are grouped under a common letter.

Analogue

ANTIDE
ANTIDE-3
B12-ANT3
B12-PA-ANT3
B12-EGS-ANT3
B12-DSS-ANT3
SH-NH+ANT3
B12-SS-NH+ANT3
B12-TSS-ANT3
B12-SC-ANT3
B12-TP-ANT3

20 30 40 50
IC50 ng/ml

Figure 3. In vitro bioassay for blockade of LHRH-stimulated release of LH from rat pituitary cells by ANTIDE, ANTIDE-3, and its

VB2 conjugates. See legend to Figure 2 for further details.

Table 6. In Vitro Bioassay for Blockade of
LHRH-Stimulated Release of LH from Rat Pituitary Cells
by ANTIDE, Its Analogues, and Disulfide-Linked VB;2
Conjugates

Table 7. Reduction in Serum LH Level in Castrate Rats
Following Subcutaneous Injection of ANTIDE, ANTIDE
Analogues, or Their Disulfide-Linked VB,; Conjugates

dose (ug) serum LH, % of matching
analogue I1C50* [n] analogue of analogue control* (mean + sd)

ANTIDE 44 +£0.72 [20] ANTIDE 25.0 44+£0.70 (1)
ANTIDE-1 2.1+0.3 [8] 125 15.3 £ 5.40 (3)
B12—-SS—ANT1 10.4 + 4.0P [3] 6.3 80.6 + 43.8 (3)
ANTIDE-3 1.2 £0.2¢ [15] 3.1 100.2 + 36.8 (3)
HS—-NH+*ANT3 0.72 £ 0.112¢ [3] ANTIDE-1 100 87.6 +£13.6 (1)
B12—-SS—NH+ANTS3 7.4 + 0.82b [3] B12—-SS—ANT1 25.0 19.8 + 4.80 (5)
* See legend to Table 4 for further details. lgg ggg i ;gz 22;
ANTIDE-3 100.0 3.7+0.70(1)
The thiol-cleavable B12—SS—ANT1 and B12—-SS— 25 18.0 £ 5.50 (5)
NH+ANTS3 conjugates were found to have similar in vitro 12.5 43.0+128(@3)
bioactivity to the extended spacer conjugates described 6.3 116.1 £ 42.4 (3)
. . . HS—NH*ANT3 50.0 28.2 +11.4(5)
above (Figures 2 and 3, Tables 6 and 7). Administration 925.0 773 £ 17.2 (5)
of B12—SS—NH*ANT3 parenterally to castrate rats 12.5 112.8 + 20.9 (5
resulted in a similar reduction in serum LH to that seen B12-SS—NH*ANTS3 50.0 16.5 £+ 5.10 (5)
with the unmodified ANTIDE-3, while B12-SS-ANT1 had 25.0 23.8 + 9.20 (5)
a similar bioactivity in vivo to native ANTIDE (Table 7). 12.5 63.8 +16.5 (6)
6.3 78.8 + 24.4 (6)

Thus, the use of the thiol-cleavable spacer, rather than
a non-cleavable spacer, in the preparation of the VB;3—
ANTIDE conjugates, while having little effect on the ICs
of the VB2—spacer—ANTIDE conjugates in the in vitro
assay, greatly increased the potency of these conjugates
in vivo to levels similar to ANTIDE (Figures 4 and 5,
Tables 6 and 7). The incorporation of a tolyl group, or
hindered thiol, did not significantly change the in vitro

* Serum LH levels (ng/mL) in the control groups were 7.35 +
1.90 (expt 1), 5.16 + 2.34 (expt 2), 2.73 + 0.474 (expt 5), and 4.06
+ 0.90 (expt 6), respectively.

or in vivo activity of either analogue relative to the
respective unhindered thiol analogue. The noncleavable
conjugates formed with the thioether linkage were found
to have activity similar to the thiol analogue when tested
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Analogue

Control
ANTIDE
ANTIDE-1
B12-ANT1
B12-PA-ANT1
B12-EGS-ANT1
SH-ANT1
B12-SS-ANT1
B12-TSS-ANT1
B812-SC-ANT1
B12-TP-ANT1
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10

Serum LH ng/ml

Figure 4. Reduction in serum LH level in castrate rats following injection of ANTIDE, ANTIDE-1, and its VB;3 conjugates. The
in vivo effect of sc injection of ANTIDE or VB12—ANTIDE conjugates was examined in 6 week old castrate rats. Twenty-four h
after subcutaneous injection of a 100 ug dose of the various ANTIDE analogues, the rats were killed and trunk blood collected for

analysis of serum LH levels by RIA. See Puénte and Catt (1986).

Analogus

Control
ANTIDE
ANTIDE-3
B12-ANT3
B12-PA-ANT3
B12-EGS-ANT3
SH-NH+ANT3
B12-SS-NH+ANT3
B12-TSS-ANT3
B12-SC-ANT3
B12-TP-ANT3

4 6 8 10

Serum LH ng/ml
Figure 5. Reduction in serum LH level in castrate rats following sc injection of 100 ug doses of ANTIDE, ANTIDE-3, and its VB3

conjugates.

in vitro; however, this conjugate had a greatly reduced
activity when tested in vivo.

(iv) Conjugation Using a Transglutaminase Cleavable
Linker. Conjugates formed between VB3 and ANTIDE-1
and -3 using a transglutaminase cleavable y-glutamyl-
e-lysine bond (B12-GGEA~-~ANT1, 16 and B12-GGEA—
ANT?3, 17) were found to have poor activity in vitro, and
negligible activity in vivo at the doses tested, suggesting
that this bond was not cleaved in vitro or in vivo. The
presence of the D-lysine group may have inhibited the
cleavage of the ANTIDE-1 conjugates by the trans-
glutaminase, while steric hindrance may have prevented
the transglutaminase enzyme from cleaving both the
ANTIDE-1 and -3 conjugates.

Affinity of VB,;—ANTIDE Conjugates for Intrin-
sic Factor. All VB,>—ANTIDE conjugates tested showed
good affinity for intrinsic factor (Table 2). In fact, most
conjugates had a relative affinity which was higher than
that of the eVB;; isomer used to make the conjugate
(normally around 35%).

DISCUSSION

The development of an LHRH antagonist suitable for
use in humans for the treatment of hormone dependent
mammary and prostate cancer has in the past been
limited by the low potency of these molecules, their poor
solubility in physiological buffers, and their poor oral
bioavailability. In an attempt to resolve these problems,
we have been examining the possibility of combining the
relatively high bioactivity of the potent LHRH antagonist,

ANTIDE, with the high oral bioavailability of vitamin
B,2. ANTIDE is particularly suitable for oral delivery,
since it is composed of many unnatural amino acids and
is resistant to the action of trypsin or chymotrypsin.
ANTIDE must be modified in such a way as to provide a
suitable site for conjugation to VB3, as well as retaining
full biological potency. ANTIDE normally possesses
modified lysine residues at positions 5, 6, and 8 viz.: Lys-
(Nic), p-Lys(Nic), and Lys(iPr), respectively. The removal
of these modifications at either of the three sites provides
a free amine suitable for conjugation to VBi;;. Two
derivatives of ANTIDE, D-LysS-ANTIDE (ANTIDE-1),
and Lys®-ANTIDE (ANTIDE-3), suitable for conjugation
to VB3, were synthesized and found to have high potency
in the in vitro pituitary cell assay. ANTIDE-3 was also
found to be highly potent when administered sc to rats,
although ANTIDE-1 was found to have negligible an-
tagonist activity, possibly due to an alteration in the rate
of its clearance from serum. The in vitro and in vivo
potency of either analogue was, however, greatly reduced
by direct conjugation to VB, (Tables 4 and 5), presum-
ably due to steric interference with binding of the
conjugate to the pituitary receptor for LHRH by the bulky
VB;; molecule being in close proximity to the peptide.
In order to reduce the steric effect seen with direct
conjugation of VB2 to ANTIDE-1 and ANTIDE-3, non-
cleavable linkers were used to produce conjugates be-
tween (2-aminoethyl)amido eVB;; and ANTIDE-1 and -3,
thereby separating the bulky VB,; group from the AN-
TIDE analogue. VB;3—~ANTIDE-1 conjugates formed
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with either an anilido- (PA) or an EGS-derived spacer,
or VB1;—ANTIDE-3 conjugates formed with an anilido-,
EGS-, or DSS-derived spacer, all had in vitro activity
similar to that of native ANTIDE (Figure 2), suggesting
that placing the VB;; group at some distance from the
ANTIDE restored the affinity of the ANTIDE for its
receptor. These conjugates had very low activities in vivo
(Figure 3), possibly due to the removal of the conjugates
from the circulation by VB;s-binding proteins, such as
transcobalamin I or transcobalamin II, which would
greatly reduce their in vivo potency.

In an attempt to reduce the possibility of steric
hindrance produced by the presence of the VB3 in the
conjugates, or reduced systemic bioavailability of the
conjugates as a result of clearance by VBjy-binding
proteins, VB,;;—ANTIDE conjugates were prepared using
linkers which were potentially biodegradable in vivo. A
disulfide linkage was initially chosen, because this link-
age is most readily cleaved in vivo, and is found in
biological conjugates such as the A—SS—B subunit toxins,
tetanus toxin, and diphtheria toxin (Sandvig and Olsens,
1981; Matsuda and Yoneda, 1974). Disulfide bonds have
been shown to be cleaved by the low levels of glutathione
found in serum or in the cytoplasm of cells (Anderson
and Meister, 1980).

The disulfide-linked VB;3s—ANTIDE-1 and VB;;—AN-
TIDE-3 conjugates were found to have a slightly reduced
in vitro potency in comparison to ANTIDE or the anilido-
and EGS-linked VB;3;—ANT1 and VB;;—ANT3 conju-
gates. In contrast, the disulfide linked conjugates showed
a dramatic increase in their in vivo potencies when
compared to the non-cleavable, extended spacer conju-
gates (Figures 4 and 5, Tables 6 and 7). For the B12—
SS—NH*ANT3 conjugate 11, the in vivo bioactivity
slightly exceeded that of the initial HS—NH*ANT3
analogue. A conjugate containing a spacer of similar
length including a noncleavable thioether bond in place
of the disulfide bond showed greatly reduced in vivo
activity, suggesting that the increased activity of the
disulfide linked conjugate was due to its ability to be
cleaved in vivo. All conjugates described above, whether
they were directly linked to VB;; or were linked by a
cleavable or noncleavable spacer, were found to be
significantly more soluble in physiological buffers such
as PBS or saline than the parent ANTIDE molecule
(results not shown).

Conjugates between VB;; and ANTIDE-1 and -3 were
formed with a spacer containing a y-glutamyl-¢-lysine
bond, which could potentially be cleaved by serum
transglutaminases. Despite the high in vitro activity of
these conjugates, their in vive activity was very low,
suggesting that the spacer was not cleaved in vivo.

The affinity of the VB;;—ANTIDE-1 and —ANTIDE-3
conjugates for IF was found to be equal or greater than
the affinity of the eVB;y derivative from which the
conjugates were made. A similar observation has been
made for other eVB,;; conjugates (Russell-Jones, 1994).

These studies demonstrate that it is possible to link
together two molecules with disparate biological activities
and to maintain substantially the biological activity of
each individual component. During such conjugation,
care must be taken to maintain the receptor—ligand
binding activity of both molecules, as well as preserving
the bioavailability of the pharmacological agent. Thus,
although it was possible to make several conjugates
between VB;; and ANTIDE analogues which show high
in vitro activity in the pituitary cell assay, and with high
relative affinity for IF, the in vivo bioactivity of these
conjugates was greatly reduced unless a biodegradable
spacer was used to join the two molecules.
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It is intended that the highly active, water soluble,
thiol-cleavable conjugates formed between VB;; and
ANTIDE-1 and -3 will be used as the base compounds
for a series of studies examining the potential of the VB,
uptake system to deliver physiologically relevant quanti-
ties of ANTIDE to the circulation following oral admin-
istration.

SUMMARY

The oral delivery of LHRH analogues would be an
important advance in the treatment of various gonadot-
rophin dependent disorders. An oral delivery system
which utilizes the normal intestinal uptake mechanism
for vitamin B;; is currently being developed for the
delivery of peptides and proteins. Research is described
in which attempts have been made to link antagonists
of LHRH to vitamin By,. In order for such a strategy to
be viable, the first requirement of the conjugation regime
is that the bioactivity of each component compound is
retained in the resulting conjugate. Two analogues of
the potent LHRH antagonist, ANTIDE, have been syn-
thesized that have activities similar to the native an-
tagonist in the rat pituitary cell assay. Direct conjuga-
tion of these analogues to vitamin B;; was found to
dramatically reduce the bioactivity of each analogue both
in vitro and in vivo. Conjugation of either analogue to
vitamin B,; via extended spacers regenerated their in
vitro activity, but their in vivo activity was still greatly
diminished. Conjugation of either analogue to VB,; via
thiol cleavable spacers gave rise to analogues with similar
in vitro and in vivo bio-activity to ANTIDE. These highly
soluble analogues show potential utility both as water
soluble analogues for parenteral use, and as protease
resistant analogues for oral administration.
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Preparation and Characterization of Antisense
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We have developed a strategy for the synthesis of novel oligodeoxynucleotide (ODN)—peptide conjugates
on a scale suitable for the investigation of their potential as antisense inhibitors of gene expression.
These conjugates have the 3'-terminus of the antisense oligodeoxynucleotide linked covalently to the
N-terminus of a peptide. This strategy allows the preparation of conjugates containing a peptide
segment designed to facilitate intracellular delivery of the antisense oligodeoxynucleotide as well as
providing protection against 3’-exonuclease digestion. To illustrate the synthetic approach we describe
the preparation of a series of conjugates comprising antisense oligonucleotides to human immuno-
deficiency virus type 1 (HIV) linked to fusion peptides derived from the HIV transmembrane
glycoprotein gp41. The conjugates were prepared by the total synthesis method, in which the peptide
is assembled first by the N-(fluorenylmethoxycarbonyl) (Fmoc) solid-phase methodology. This is
followed by derivatization of the amino terminus by reaction with an a,w-hydroxycarboxylic acid
derivative which converts the terminus to a protected aliphatic hydroxy group on which standard
solid phase DNA synthesis by the phosphoramidite method is performed. The purified conjugates
were characterized extensively by several analytical techniques including ion spray mass spectrometry.
Thermal denaturation studies showed that the interaction of the ODN—peptide conjugate with its
complementary strand was similar to that of unmodified oligonucleotides. Preparation by the total

synthesis method gave the purified conjugate with overall yields in the range of 6—14%.

INTRODUCTION

The use of synthetic oligodeoxynucleotides (ODNs) as
inhibitors of gene expression has been the subject of
intense investigation (I, 2). Antisense ODNs can inhibit
gene expression by a number of mechanisms, including
interference with mRNA processing (3), initiation of
RNase-H mediated degradation of the target mRNA (2),
and steric blocking (4). The use of exogenous antisense
ODNs as tools for the elucidation of gene function has
found widespread use (5, 6). However, as potential
pharmacological agents, the efficacy of modified antisense
ODNs requires the fulfillment of several criteria, includ-
ing a demonstration of sequence specificity, preferably
an ability to activate RNase H digestion, rapid penetra-
tion into cells, and stability to degradation by intracel-
lular and extracellular nucleases.

Chemical modifications that increase the lipophilic
properties of the ODN, such as conjugation to cholesterol
(7) and lipids (8, 9), have been associated with increased
activity and, in some cases, with actual increased intra-
cellular concentration (7). Conjugation to polylysine,
which would be expected to neutralize the negative
charge on the ODN, has also been shown to result in
increased activity (10). However, enhancement of intra-
cellular delivery has not always been associated with
sequence-specific inhibition of gene expression by anti-
sense mechanisms (7). Cellular toxicity has also been
observed and has been attributed to the binding of the
ODNs to cellular polymerases (11) and ribosomes (12).

The addition of a fluorescently labeled ODN to cells
typically results in a punctate cytoplasmic staining
pattern, indicative of entrapment of oligonucleotides
within endosomes (13). Antisense inhibition of protein
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expression by hybridization arrest and/or RNase H
mediated degradation of target RNA require the oligo-
nucleotides to escape the endosomal compartmentaliza-
tion and bind to the intended mRNA in the cytosolic
milieu. It is not known how efficiently, or by what
mechanisms, ODNs penetrate endosomal membranes.
For enveloped viruses that enter target cells by receptor-
mediated endocytosis or direct fusion, the release of the
virus from the endosomal compartment involves the
fusion of the viral and cellular membranes (14). Al-
though protein-mediated membrane fusion is well docu-
mented, the exact molecular mechanisms of this process
remain to be clarified. In the case of the influenza virus,
the process involves a series of complex, coordinated
events culminating in a low-pH induced conformational
change of the virally encoded protein hemagglutinin and
exposure of the fusion domain prior to the membrane
fusion event (14). The complexity of this process suggests
that exogenous ODNs, acting independently, could not
readily penetrate the acidic endosomal compartment by
passive diffusion (15). The concentration of ODN added
to the culture medium far exceeds the concentration
needed for complete abrogation of mRNA expression,
assuming that a 1:1 molar ratio of ODN to the target
mRNA should be sufficient. It is not clear to what extent
the low efficiency of antisense ODNSGs is due to their low
permeation across cellular membranes or their low
intracellular bioavailability. This may be due to a variety
of reasons, including rapid nuclease digestion (16),
nonspecific association with cellular proteins (11, 12), or
selective sequestration of ODNs in intracellular sites that
preclude their association with the intended mRNA
target.

There are several types of peptides that have been
shown to have intrinsic ability to perturb artificial
membranes (17, 18). Fusion peptides have an important
role in syncytium-mediated virus internalization and
cytopathology of paramyxoviruses and retroviruses (19).

© 1995 American Chemical Society



44 Bioconjugate Chem., Vol. 6, No. 1, 1995

Despite differences in the cytopathogenesis and the
molecular events that precede the membrane fusion
event, these viruses share the common feature of the
dependency on the N-terminal fusion peptides in the
virally encoded cell-surface protein to mediate several
physiologically important events. These events include
virus binding to target cells, followed by virus internal-
ization by membrane fusion (14, 19).

The fusion peptides located in the N-terminus of the
transmembrane glycoprotein gp4l of HIV have been
shown to have an important role in the HIV life cycle
and pathogenesis (17—19). Site-directed mutagenesis of
residues in the conserved N-terminal fusion domain of
gp4l (20), as well as antibodies specific to the fusion
peptides of gp41, inhibited HIV infection, syncytium
formation, and HIV cytopathy (19, 21). In addition to
the demonstration of the functional importance of the
fusion domain of gp41, the ability of synthetic gp41 fusion
peptides to perturb and lyse artificial lipid bilayers has
been documented widely. The membranotropic ability
was shown to be dependent on peptide length, sequence,
and temperature (17, 22, 23). Although a synthetic
peptide comprising the first (N-terminal) 16 residues of
gp41 was able to lyse liposomes, the minimum require-
ment for artificial planar lipid bilayer destabilization was
an 11-residue peptide (residues 1—11) (23).

The ability of gp41 fusion peptides to destabilize model
lipid bilayers and mediate liposome fusion prompted us
to address the possibility that conjugates containing the
gp4l N-terminal fusion peptides can facilitate ODN
delivery into cells.

We have reported previously a method for the prepara-
tion of ODN—polyamide hybrid molecules as nonradioac-
tive DNA probes by a total synthesis method (24).
Briefly, the peptide is synthesized first by the Fmoc
method, a derivatized linker attached, and the oligo-
nucleotide assembled onto the linker by standard solid
phase DNA synthesis methods. Here, we describe the
application and further development of these methods
to the preparation of milligram amounts of ODN—peptide
hybrid molecules in which the N-terminal fusion peptides
of gp41 are conjugated to the 3’-end of anti-HIV ODNs.
The peptide moiety was designed to serve two important
functions: to facilitate ODN delivery into cells and to
protect the ODN from 3’-exonuclease degradation.

EXPERIMENTAL PROCEDURES

General. Continuous-flow solid phase peptide syn-
thesis (SPPS) was carried out manually on the Biolynx
4175 peptide synthesizer (LKB Biochrom, Cambridge,
England). Automated DNA synthesis was carried out on
an Applied Biosystems 380A DNA synthesizer using
standard S-cyanoethyl nucleoside phosphoramidites.
Amino acid analyses were carried out on a Beckman
system 6300 analyzer after hydrolysis of the samples in
evacuated, sealed tubes for 24 h at 130 °C with 6 N HCV
0.1% phenol. Preparative and analytical reversed-phase
high-performance liquid chromatography (RP-HPLC) was
carried out on a Waters liquid chromatography system
consisting of a Waters 600 multisolvent delivery system
connected to a variable wavelength detector. The con-
jugates were purified with either a Synchropak prepara-
tive (Synchrom, Lafayette, IN) RP-C18 column (21.2 x
250 mm, 300 A pore diameter, 6.5 um particle size) or
semipreparative RP-C4 column (10 x 250 mm, 300 A pore
diameter, 6.5 um particle size), with flow rates of 10 and
3 mL/min, respectively, with 260 nm detection. Analyti-
cal RP-HPLC of the conjugate used a Phenomenex
W-POREX RP-C18 column (4.6 x 250 mm, 200 A pore
diameter, 5 um particle size) with a flow rate of 1.5 mL/
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min. Capillary electrophoresis was performed on the
P/ace system 2100 (Beckman, Palo Alto, CA) using the
V1000P eCAP capillary cartridge (75 um internal diam-
eter x 50 cm).

The ODN—peptides were 5-end labeled using y-2P-
[ATP] and T4 polynucleotide kinase using established
protocols (24, 25). The crude reaction mixture from the
5’-labeling was analyzed by polyacrylamide gel electro-
phoresis (PAGE). This was carried out on a 20% poly-
acrylamide/urea, 200 x 200 x 2 mm gel containing 0.089
M Tris, 0.089 M boric acid, 2 mM EDTA (TBE), and 7M
urea.

Materials. All reagents, unless otherwise stated, were
of analytical grade. Controlled pore glass resin (CPG,
200—400 mesh, pore size of 500 A, cat. no. 27720) was
obtained from Fluka. N®-Fmoc pentafluorophenyl (pfp)
esters of amino acids, (benzotriazol-1-yloxy)trispyrroli-
dinophosphonium hexafluorophosphate (PyBOP), DMF
(peptide synthesis grade), and trifluoroacetic acid (TFA,
peptide synthesis grade) were from Auspep (Melbourne,
Australia). y-3?P-[ATP] was from Dupont (Melbourne,
Australia) and T4 polynucleotide kinase from Promega
(Melbourne, Australia).

Peptide Synthesis. Various forms of the N-terminal
fusion peptides of the HIV gp4l glycoprotein were
synthesized. A 17-residue peptide (gp41b, residues 1-17
of gp41 according to Starcich et al. (26)) had the sequence
AVGAIGALFLGFLGAAG. A truncated version of gp41b,
the 11-residue peptide ALFLGFLGAAG, was also syn-
thesized (gp41c, residues 1-11). The gp41c peptide lacks
the six amino terminal residues of gp41b.

Derivatization of Controlled Pore Glass Resin
with Fmoc—eAhx. Continuous-flow SPPS using stan-
dard N-(fluoren-9-ylmethoxycarbonyl) (Fmoc) chemistry
was used to assemble the gp41 peptides on a controlled
pore glass (CPQG) resin derivatized with aminohexanoic
spacer arms and a 4-hydroxybutyrate linker (24). The
CPG resin was initially functionalized with amino groups
as previously described (27). A quantitative ninhydrin
test (28) of the resin estimated the degree of derivatiza-
tion to be 150 umol/g.

To the aminopropyl CPG, two e¢Ahx residues were
added to act as spacers between the resin surface and
the point of peptide chain assembly. This was carried
out as previously described (27), except that the free acid
was used in the coupling reactions. Briefly, to the CPG
(6 g, 0.9 mmol of amino groups) was coupled Fmoc—eAhx
(2.7 mmol, 3 equiv) in situ for 1.5 h with a mixture
consisting of PyBOP (3 equiv, 2.7 mmol), HOBt (3 equiv,
2.7 mmol), and NMM (5 equiv, 4.5 mmol) dissolved in 4
mL of DMF. The resin was then washed (DMF, 10 min).
After removal of the Fmoc group with 20% (v/v) piperi-
dine in DMF (10 min), the resin was again coupled in
situ with Fmoc—eAhx, as before. It was then washed
(DMF, 10 min). To determine the amount of Fmoc—eAhx
derivatization, an Fmoc test was performed on small
samples of the resin (27, 29) which determined the resin
loading to be 125 umol/g. Any residual reactive amino
groups were then acetylated with a mixture consisting
of DMAP (50 mg, 0.4 mmol) and acetic anhydride (250
1L, 1.25 umol) in pyridine (1 mL) for 10 min. The resin
was washed thoroughly with DMF (15 min).

Derivatization with the 4-Hydroxybutyrate
Linker. To incorporate a base-labile ester linkage
between the conjugate and the solid support the Fmoc
group of the terminal €¢Ahx residue was removed by
treatment with 20% piperidine in DMF (10 min) and the
N-terminus converted to a protected primary aliphatic
hydroxyl group by reaction with the p-nitrophenyl ester
of the 1,4-hydroxybutyric acid derivative in which the
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hydroxy group is protected as a 9-phenylxanthen-9-yl
(pixyl) ether (2) (24). The CPG resin (3 g, 0.45 mmol of
amino groups) was reacted with a mixture consisting of
the linker 2 (0.9 mmol, 2 equiv) and HOBt (1.8 mmol, 4
equiv) dissolved in DMF (3 mL). The mixture was added
to the resin and coupled for 2 h. The resin was then
washed (DMF, 15 min).

To determine the degree of derivatization a pixyl assay
was performed on a small amount of resin (24, 27) using
toluenesulfonic acid. The loading was determined to be
95 umol/g. Any free residual amino groups were then
acetylated as before and the resin washed (DCM, 15 min).
Removal of the pixyl protecting group just prior to peptide
synthesis was afforded by treatment of the resin with
3% (v/v) dichloroacetic acid in DCM for 10 min. The resin
was then washed thoroughly with DCM (10 min) and
then DMF (15 min).

Synthesis of gp4lb and gp4lc Peptides. The
synthesis of the N-terminal fusion peptide, gp41b, and
gp4lc was carried out manually on the LKB Biolynx
peptide synthesizer, on 3 g of the derivatized CPG resin
(285 umol). The first amino acid, Fmoc-glycine, was
introduced as a symmetrical anhydride. Fmoc-glycine
(1.7 mmol, 6 equiv) and diisopropylcarbodiimide (DIC)
(0.8 mmol, 3 equiv) were dissolved in DMF (2 mL) and
stirred for 0.5 h at rt. The mixture was then added to
the top of the resin. (Dimethylamino)pyridine (0.05
mmol), dissolved in DMF (0.5 mL), was added im-
mediately to the resin. After 1 h, small amounts of the
resin were removed to determine the degree of incorpora-
tion of Fmoc-glycine. An Fmoc test gave a loading of 70
umol/g. The resin was acetylated as before, and continu-
ous-flow SPPS using standard N°-Fmoc chemistry em-
ploying 3 equiv (relative to the first amino acid) of the
pentafluorophenyl (Pfp) esters of the N°-Fmoc-protected
amino acids (0.63 mmol) and HOBt (0.63 mmol) dissolved
in 2 mL of DMF was performed. All acylations were of
30 min duration. After each acylation, completion of
coupling was confirmed by carrying out a trinitrebenze-
nesulfonic acid (TnBSA) test on a small amount of the
resin (27, 30). Prior to the removal of the Fmoc group of
the last residue, the resin was washed with DMF (15
min).

Addition of the Linker 2 to the Peptide—Resin.
After the completion of peptide assembly, the resin (1.5
g) was treated with 20% piperidine in DMF (10 min) to
deprotect the terminal a-amino group of the peptide. The
resin was then again reacted with the linker synthon 2
(0.1 mmol) and HOBt (0.2 mmol) in DMF (2 mL) for 2 h.
The resin substitution, as estimated by the pixyl test,
was 40 umol/g. Any residual amino groups were then
acetylated as before. The peptidyl resin was then
extensively washed with DCM, dried, and used without
any further modification in solid phase DNA synthesis.

Oligonucleotide Synthesis. Automated DNA syn-
thesis used standard S-cyanoethyl nucleoside phosphora-
midites on either a 10 or a 1 umol scale using either
DMAP/Ac;0 or NMI (N-methylimidazole)/AcsO for cap-
ping. It was crucial, especially in the case of the 10 umol
scale syntheses, to ensure that all the resin received the
iodine treatment. Three different ODNs were synthe-
sized by the “trityl on” method, in which the dimethox-
ytrityl (DMT) protecting group is retained on the last
nucleoside. The ODNs wereas follows: a 20mer comple-
mentary to the splice donor site of the HIV envelope
mRNA, d(5’-GCGTACTCACCAGTCGCCGC-3, HIV1), a
20mer complementary to the HIV tar mRNA, d(5'-
TCCCAGGCTCAGATCTGGCT-3’, TAR), and a 27mer
complementary to the rev mRNA, d(5-TCGTCGCTGT-
GTCCGCTTCTTCCTGCC-3’, REV). After the comple-
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tion of ODN synthesis, the resins were transferred to a
two-way sintered glass reaction vessel and thoroughly
washed with DCM and dried. The ODN—peptide con-
jugates were simultaneously cleaved and deprotected by
treatment of the resin with concentrated aqueous am-
monia at 55 °C for 6 h, or 50 °C for 16 h. Rotary
evaporation of the resultant solution afforded a clear
residue which was dissolved in sterile water (5 mL) before
being subjected to analytical HPLC.

Analysis and Purification of Conjugates by RP-
HPLC. Purification of the conjugates by RP-HPLC
employed buffers A (0.1 M triethylammonium acetate
(TEAA), pH 7.0, freshly prepared from a 1 M stock
solution and filtered prior to use) and B (acetonitrile). A
linear gradient of 10%-60% B over 30 min was used. A
small amount of the crude “trityl on” ODN—peptide
product and the corresponding detritylated material
(after treatment with acetic acid) were subjected to
analytical HPLC to evaluate the efficiency of DNA
synthesis. Successful syntheses were marked by the
appearance of a dominant product peak in the chromato-
gram of the “trityl on” product with the appropriate
retention time (retention time of 25.2 min, 52% CH3;CN
for the gp41b—HIV1 conjugate). To confirm that this
peak was the desired, full length product, aliquots of the
“trityl on” sample (sufficient for analytical HPLC, 0.1—
0.3 ODg6o units) were treated with glacial acetic acid (100
uL). After 20 min, RP-HPLC of this detritylated sample
mixture gives rise to an HPLC profile in which the
predominant peak has shifted to an earlier retention time
(24.7 min for the gp41b—HIV1 conjugate).

Following a preparative HPLC run, analytical HPLC
of the fractions collected was performed to evaluate
homogeneity. The appropriate fractions were pooled
(typically in 20—30 mL) and detritylated by treatment
with an equal volume of acetic acid for 30 min, after
which time the solvent was evaporated in vacuo. The
residue were redissolved in water. Analytical RP-HPLC
of the detritylated conjugate was then routinely used to
evaluate homogeneity. Following the HPLC purification,
the triethylammonium counterions are exchanged for
sodium ions by dialysis against NaCl (0.1 M, at least
three changes) and then against water (at least another
three changes).

Thermal Denaturation Studies. Thermal denatur-
ation experiments of an equimolar mixture of the purified
gp41b—HIV1 conjugate and its complementary 20mer
target ODN (2 uM in 1.5 mL of a buffer consisting of 0.7
mM MgCl; and 1 mM Tris'HCI, pH 7.5) was performed
on the Cary 1 UV—vis spectrophotometer equipped with
a multicell holder and a temperature controller (Varian,
Melbourne, Australia). The rate of increase of the
temperature was 2 °C/min, from 10 °C to 80 °C, and the
temperature was sampled every 0.1 °C from a tempera-
ture probe in a cell adjacent to the sample cell. All Ty,
values were calculated from the first derivative of the
melting curve and represent the average (+ standard
deviation) of triplicate analysis.

Ion Spray Mass Spectrometry. Aliquots of the
samples (5—20 ug) were lyophilized and sent for mass
spectral analysis. The samples run at Fisons Instru-
ments (Fisons plc, UK) were dissolved in water (40 uL)
and aliquots (10 L) were diluted with acetonitrile (10
uL) and 0.3% NH;. The samples were analyzed on a
Fisons Quattro LC MS/MS instrument running in the
negative ion mode, scanning over the m/z range of 930—
1430. The samples sent to Perkin-Elmer SCIEX Instru-
ments (Toronto, Canada) were run on the PE-SCIEX
instrument, using an 1 mm x 15 ¢cm C18 HPLC column.
Buffer A was 2 mM ammonium formate (adjusted to pH
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Table 1. Oligonucleotide and Peptide Sequences of Conjugates Made by the Total Synthesis Method. The gp41b and
gp4lc Peptide Sequences Correspond to the First 17 and First 11 Residues of the gp41 Envelope Protein of HIV,

Respectively
conjugate oligonucleotide peptide
HIV1-—gp41b GCGTACTCACCAGTCGCCGC AVGAIGALFLGFLGAAG
REV—gp41b TCGTCGCTGTGTCCGCTTCTTCCTGCC AVGAIGALFLGFLGAAG
TAR~-gp41b TCCCAGGCTCAGATCTGGCT AVGAIGALFLGFLGAAG
HIV1-gp4dlc GCGTACTCACCAGTCGCCGC ALFLGFLGAAG
Table 2. Amino Acid Analyses of gp41b Peptidyl Resin (I) and Purified Conjugates (2—5). The Expected Amino Acid
Values Are in Brackets
peptide/conjugate amino acid analyses results
(1) gp41b peptidyl resin Gly 4.93 (5), Ala 5.05 (5), Val 0.85 (1), 11e0.99 (1), Leu 3.19 (3), Phe 2.01 (2),

(2) HIV1—gp41b
(3) REV—gp41b
(4) TAR—gp41b
(5) HIV1—gp4lc

= 8 with ammonium hydroxide), buffer B acetonitrile
with 2 mM ammonium formate, running a gradient of
0—100% acetonitrile over 20 min, using a flow rate of 40
uL/min,

RESULTS

ODN-peptide conjugates containing several different
peptides and ODNs were prepared by the total synthesis
method. Firstly, a 17-residue hydrophobic fusion peptide
(AVGAIGALFLGFLGAAG, gp41b) was used. This rep-
resents residues 1—17 of the HIV gp41l protein from
isolate WMJ1, after changing residue 8 from a methion-
ine to a leucine. This amino acid change is found in the
LAV-laisolate. Slepushkin et al. (23) demonstrated that
a 16 amino acid long peptide derived from isolate LAV-
la and equivalent to gp41b (the only difference being the
absence of the alanine residue found in position four of
the WMJ1 isolate) was capable of causing liposome lysis.
The same study also showed that the minimum require-
ment for lipid destabilization, as determined by changes
in bilayer lipid membrane conductivity, was the 11-
residue peptide ALFLGFLGAAG (gp41c, LAV-1a isolate),
although a minimum of 15 residues was necessary for
liposome lysis, suggesting that the membranotropic
activity of gp41l was length dependant. Other studies
show that synthetic peptides similar to gp41lb, but
derived from isolate LLAV-la and containing an extra
seven residues at the C-terminus, are also capable of
perturbing and inducing dye leakage from artificial lipid
vesicles (17, 22). The gp4lc peptide corresponds to a
truncated version of gp41lb, missing the six N-terminal
residues.

The target sequence for the antisense inhibition was
determined by reports in the literature, which demon-
strated that several target sites were effective. The
oligonucleotides synthesized were complementary to
three different sites in the HIV mRNA: a 20mer comple-
mentary to the splice donor site of the HIV env mRNA
(HIV1) (31), a 20mer complementary to the tar HIV
mRNA (TAR) (32, 33), and a 27mer complementary to
the rev HIV mRNA (REV) (34, 35) (Table 1).

Peptide Synthesis. Continuous-flow solid phase
peptide synthesis (SPPS) using Fmoc chemistry was used
for the synthesis of the gp41 fusion peptides. Controlled
pore glass (CPG) was first aminated with (3-aminopro-
pyDtriethoxysilane (Scheme 1). Two residues of amino-
hexanoic acid (¢Ahx) were then coupled to this amino-
propyl-CPG (AP-CPQ) using Fmoc—cAhx-OH by in situ
activation of the amino acid using PyBOP ((benzotriazol-
1-yloxy)trispyrrolidinophosphonium hexafluorophosphate).
Following deprotection of the terminal Fmoc group, the
amino terminus was reacted with the p-nitrophenyl ester

Gly 4.19 (5), Ala 4.88 (5), Val 0.92 (1), [1e0.89 (1), Leu 3.08 (3), Phe 2.02 (2)
Gly 5.07 (5), Ala 4.85 (5), Val 0.95 (1), Ile 1.0(1), Leu 3.09 (3), Phe 2.03 (2)
Gly 6.04 (5), Ala 4.88 (5), Val 0.95 (1), Ile 0.95(1), Leu 3.12 (3), Phe 2.10 (2)
Gly 3.63 (3), Ala 2.85 (3), Leu 3.07 (3), Phe 2.08 (2)

Scheme 1, Preparation of the CPG Resin for Peptide
Synthesis

HO=$ (EtO,)Si(CH,);NH,

HO-Si

1. FmoceAhx, PyBop, HOBt
2. 20% piperidine/DMF
3. FmoceAhx, PyBop, HOBt

H
Fmoc-eAhx, -N
1

of O-pixyl-4-hydroxybutyric acid (2, Scheme 2). After
removal of the pixyl protecting group, the first amino
acid, Fmoc-Gly, was introduced as the symmetrical
anhydride, preactivated with diisopropylcarbodiimide
(DIC), with DMAP as the acylation catalyst. Standard
Fmoc peptide chemistry employing a 3-fold molar excess
of the pentafluorophenyl (Pfp) active esters of the amino
acids was used for the remainder of the synthesis. Amino
acid analysis (AAA) of the crude peptidyl resin from the
synthesis of gp41b gave the expected ratios (Table 2).
These results demonstrated the feasibility and efficiency
of peptide synthesis on the CPG solid support derivatized
with ¢Ahx spacers.

Synthesis and Purification of Conjugates Con-
taining the gp41b Fusion Peptide, After the comple-
tion of peptide assembly, any residual amino groups were
acetylated and the terminus was converted to a protected
aliphatic hydroxy group as above (Scheme 2). The
derivatized peptidyl resin was then used directly in
automated DNA synthesis utilizing the standard 3-cyano-
ethyl phosphoramidite chemistry (Scheme 3). The 20mer
ODN GCGTACTCACCAGTCGCCGC (HIV1) was syn-
thesized. The cleavage of the peptide—solid phase ester
bond to liberate the ODN—peptide conjugate (HIV1—
gp41b), as well as removal of the protecting groups from
adenine, guanine, and cytosine, was afforded by treat-
ment of the resin with aqueous concentrated ammonia.

Reversed phase HPLC (RP-HPLC) analysis of the
“trityl on” crude product, in which the dimethoxytrityl
(DMT) protecting group is retained on the last nucleotide
of the ODN, gave the chromatographic profile shown in
Figure 1, in which the dominant peak (elution time of
25.20 min) contains the full length ODN—peptide hybrid.
The crude products were purified by RP-HPLC. Follow-
ing detritylation of the purified conjugate by acetic acid,
analytical HPLC of this detritylated product showed that
it consisted of highly pure ODN—peptide conjugate with
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Scheme 2. Peptide Synthesis on the CPG Resin®
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aKey: (a) 20% piperidine/DMF; (b) 3% DCA/CHCl;; (c)
(Fmoc—AA);0, DMAP; (d) 20% piperidine/DMF; (¢) Fmoc—AA—
OPfp, HOBt; () repeat steps d and e “n” times; (g) 2, HOBt.

an elution time of 24.78 min. The shift to an earlier
retention time indicates removal of the lipophilic DMT
group. Typical final overall yields for the purified,
detritylated, and dialyzed full-length HIV1—gp41b ODN—
peptide conjugate were 2.5 mg (11%, from 3 x 1 umol
scale syntheses) and 7.6 mg (10%, from a 10 gmol scale
synthesis), based on the resin substitution prior to DNA
synthesis.

Peptide—ODN conjugates containing the ODNs TC-
CCAGGCTCAGATCTGGCT (TAR) and TCGTCGCTGT-
GTCCGCTTCTTCCTGCC-3 (REV) were also synthe-
sized and purified in the same way (Table 1). Analytical
HPLC profiles of the crude trityl-on conjugates, as well
as after purification and detritylation of TAR—gp41b
(Figure 2a,b) and REV—gp41b (Figure 3a,b) demon-
strated again a clean chromatographic profile, with the
dominant peak eluting at 31.90 min for TAR—gp41b and
28.35 min for REV—gp41b. The differential retention
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Scheme 3. DNA Synthesis and Deprotection®
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e Key: (a) 3% DCA/CHClg; (b) 4, tetrazole; (¢) Ac:O, DMAP,

(d) I, Hy0; (e) repeat steps a—d “m” times; (f) concd NHj, rt, 6
h; (g) concd NHs, 50 °C, 16 h.

characteristic of the detritylated, purified conjugates was
observed (a retention time of 27.68 min and 27.47 min
for the detritylated TAR—gp41lb and REV—gpd1b, re-
spectively). The purified REV—gp41b conjugate, despite
being eight nucleotides longer than TAR—gp41b, showed
similar chromatographic retention. This suggested that
the hydrophobicity of the peptide was the dominant factor
in the chromatographic fractionation of the ODN—peptide
conjugates. The final yield of gp41b—REV was 1.7 and
5.7 mg (6%, from 3 x 1 and 1 x 10 umol scale syntheses,
respectively) and of the gp41b—TAR 2.3 mg (10%, from
3 x 1 umol scale syntheses).

The Synthesis and Purification of Conjugates
Containing the gp41c Fusion Peptide. A conjugate
containing the gp4lc peptide and the HIV1 ODN was
synthesized in the same manner. The HPLC elution
profile of the crude HIV1—gp41c conjugate (trityl on) is
shown in Figure 4, with the main peak (37.28 min)
representing 60% of the total product. This main product
was isolated and detritylated as before. As expected,
analytical RP-HPLC of the detritylated product saw a
shift in retention time to 33.87 min. The final yield after
purification was 2.5 and 10.3 mg (12% and 14%, from 3
x 1 and 1 x 10 umol scale syntheses, respectively).

Characterization of the ODN—Peptide Conju-
gates. Amino acid analyses (AAA) of the purified HIV1—
gp41b, REV—gp41b, TAR—gp41b and HIV1—gp41lc con-
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Figure 1. HPLC chromatogram of the crude HIV1—gp4lb
conjugate, trityl-on (A) and the purified conjugate, trityl-off (B).
Chromatographic conditions: column, Synchropak RP-C4; buffer
A, TEAA (0.1 M, pH 7.0); buffer B, acetonitrile; gradient, 10—
60% B over 30 min.

jugates show the expected amino acid compositions
(Table 2). A finding worth noting is the high glycine
value observed. This appears to be associated with acid
hydrolysis of samples containing ODNs. There are
several observations to support this. Firstly, AAA of the
peptidyl resin prior to DNA synthesis gave the expected
amino acid ratio (Table 2). Secondly, AAA of peptide—
ODN conjugates in which the peptides were devoid of any
glycine residues also gave a high glycine value (results
not shown), and AAA of normal, unmodified oligonucle-
otides also gave some glycine by AAA. This observation
was also documented by the studies of Juby et al. (36).
The molecular weights of the conjugates, determined
from ion spray mass spectrometry, were as expected (see
below and Table 3).

The electrophoregrams from capillary electrophoresis
(CE) of the purified conjugates (Figure 5) indicate that
the HPLC purified conjugates were homogeneous.
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Figure 2. HPLC chromatogram of the crude TAR—gp4lb
conjugate, trityl-on (A) and the purified conjugate, trityl-off (B).
Chromatographic conditions: column, Synchropak RP-C4; buffer
A, TEAA (0.1 M, pH 7.0); buffer B, acetonitrile; gradient, 10—
60% B over 30 min.

The purified conjugates were 5-end labeled with y-32P-
[ATP] and fractionated by 20% PAGE (Figure 6). The
purified conjugates, HIV1—gp41b (lane B), REV—gp41b
(lane C), TAR—gp41b (lane D), and HIV1—gp4lc (lane
E) have lower electrophoretic mobilities than the normal
HIV1 ODN (lane A), and the mobility is roughly in
accordance with the calculated MW of the conjugates.

Characterization of the ODN—-Peptide Conju-
gates by Ion Spray Mass Spectrometry. The analy-
ses of ODNs by mass spectrometric methods has, until
recently, been hampered by the inability of the instru-
mentation to resolve the multiple sodium adducts of the
molecular ions. In a recent report, Robles et al. used fast
atom bombardment mass spectrometry (FAB-MS) to
characterize a much smaller nucleopeptide (MW = 1433)
(37). However, because the severity of the adduct forma-
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Figure 3. HPLC chromatogram of the crude REV—gp41b
conjugate, trityl-on (A) and the purified conjugate, trityl-off (B).
Chromatographic conditions: column, Synchropak RP-C4; buffer
A, TEAA (0.1 M, pH 7.0); buffer B, acetonitrile; gradient, 10—
60% B over 30 min.

tion is correlated to the length of the ODN, FAB-MS
imposes limits on the quality and accuracy of the spectra
of ODNSs longer than 13mer (38). Recent developments,
such as electrospray ionization and matrix-assisted laser
desorption mass spectrometry, have improved the ioniza-
tion procedure and have allowed the facile and routine
characterization of oligonucleotides up to a 77mer (39).
The nucleopeptide of Robles et al. was also analyzed by
ion spray mass spectrometry (37). The purified ODN—
peptide conjugates described in the present work are
several times larger than those of Robles et al. Using
negative ion mode detection, conjugates HIV1—gp41b,
REV—gp41b, TAR~gp41b, and HIV1—gp41c gave domi-
nant molecular ions, as summarized in Table 3. The
molecular ion agrees with the calculated MW of the
conjugates (Table 3). Figure 7 is a representative
spectrum, obtained from the purified HIV1—gp41b con-
jugate, with the sodium adducts of the molecular ion
clearly visible. These results point to the feasibility of
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Figure 4. HPLC chromatogram of the crude HIV1—gp4lc
conjugate, trityl-on (A) and the purified conjugate, trityl-off (B).
Chromatographic conditions: column, Synchropak RP-C4, buffer
A, TEAA (0.1 M, pH 7.0); buffer B, acetonitrile; gradient, 10—
50% B over 50 min.

Table 3. Dominant Molecular Ion of Purified
Conjugates (+Standard Deviation) Obtained from Ion
Spray Mass Spectrometry®

conjugate molecular ion caled
HIV1i—gp4lb 7689.56 £+ 0.77 (PE) 7691.79
7690.4 (PE)
7691.5 (F)
REV—gp41b 9787.67 =+ 1.01 (PE) 9789.13
TAR—gp41b 7719.12 £ 0.95 (PE) 7721.83
HIVi—gpdlc 7221.98 £ 1.21 (F) 7223.70

2 They were run on either the Fisons (F) or PE-SCIEX (PE)
ingtruments. Other ions, corresponding to sodium adducts, were
also seen. The values for the HIV1—gp4lb conjugates were
obtained from the products of three different syntheses. The
calculated molecular weights represent the average mass of the
molecular ion.

ion spray mass spectrometry for the routine character-
ization of ODN—peptide conjugates of a size that would
be useful in antisense or probe applications.

Overall, these results not only suggest that the peptide
was stable to conditions of DNA synthesis and ODN
deprotection but that DNA synthesis on the peptidyl—
resin proceeded efficiently with minimal side reactions.
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Figure 5. Capillary electrophoresis of purified and detritylated
conjugates: HIV1—gp41b (A), TAR—gp41b (B), REV—gp41b, (C),
HIV=gp4lc (D).

Thermal Denaturation Studies of the HIV1-
gp41b Conjugate. To determine whether the peptide
moiety at the 3’-terminus of the 20mer HIV1 oligonucle-
otide has any effect on the hybridization efficiency of the
antisense ODN—peptide conjugate for its complementary
strand, melting temperature analysis was employed.

Melting temperature (T},) experiments of the duplex
consisting of the HIV1—gp41b conjugate and its unmodi-
fied complementary ODN of identical length show a Tm
of 73.2 £ 0.1 °C. This value was not substantially
different from the T'm value of a duplex consisting of the
two unmodified ODNs (T}, of 72.1 + 0.5 °C). Figure 8
shows the T\, curve of the duplex containing the conju-
gate (curve A) and that of the unmodified duplex (curve
B). These results indicate that the 3'-linked peptide
moiety does not interfere with the hybridization efficiency
of the ODN.

Soukchareun et al.
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Figure 6. Polyacrylamide gel electrophoresis (20% acrylamide/
urea) of 5’-end labeled purified unmodified oligonucleotide and
conjugates. Normal HIV1 oligonucleotide (panel A), HIV1—
gp41b (panel B), REV—gp41b (panel C), TAR—gp41b (panel D),
HIV1—gp4lc (panel E).
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Figure 7. Mass spectrum of the purified HIV1—gp41b conju-
gate.
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Figure 8. The melting temperature (T),) curves of duplexes

consisting of the HIV1—gp41b conjugate and its 20mer unmodi-

fied complementary oligonucleotide (curve A) and that of two
unmodified complementary oligonucleotides (curve B).

DISCUSSION

The potential of antisense ODNs as a new class of
therapeutic agents lies in the predictability and specific-
ity of the complementary binding between the intracel-
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lular target RNA and the exogenously applied antisense
ODN by Watson—Crick interactions (Z, 2). The main
focus of the development of antisense ODNs as thera-
peutic agents for the control of various infectious diseases
(2, 31—-35) and for the curtailment or reversal of neo-
plastic growth (2, 5, 6) involves chemically modifying
ODNs with the aim of enhancing nuclease stability and
intracellular uptake without compromising the hybrid-
ization efficiency, binding specificity, or the ability to
activate RNase H. Phosphorothioate oligonucleotides,
the most studied of all modified antisense ODNs, fulfill
many of these criteria. However, non-sequence-specific
inhibitory effects (7, 35) as well as degradation to
phosphorothioate nucleotides that subsequently act as
substrates for cellular DNA polymerases (11, 12) may
undermine their potential to be developed as therapeutic
agents.

Modifications of antisense ODNs in which the 5’- or
3’-terminus of oligonucleotides are ligated to a peptide
or protein have been the focus of considerable attention.
Zuckerman and Schultz (40) described the ligation of a
3’-S-thiopyridyl modified ODN to a cysteine-derivatized
staphylococcal nuclease segment to generate a hybrid
construct in which the binding specificity of the ODN
allowed targeted enzymic cleavage of RNA by the pen-
dant staphylococcal nuclease. The disulfide bond be-
tween the protein and the ODN is, however, labile in the
presence of reducing agents. Brunnel et al. (41) con-
structed an antisense ODN conjugated to asialorosomu-
coid (AsOR)—polylysine complex in which target cell
specificity and cellular uptake were associated with
receptor-mediated endocytosis of the asialoglycoprotein
receptor. Specific antisense inhibition was observed by
the AsOR—polylysine antisense ODN conjugates at 3 uM.
The protein and the ODN are held together by an
electrostatic interaction between the lysine residues and
the DNA, the stability of which was not evaluated. There
are a wide variety of commercially available heterobi-
functional reagents that allow the chemical ligation of
two protein analogues with tailored reactivities. How-
ever, in such reaction schemes, the nonspecific coupling
of the multiple potential reactive sites on the proteins
often means that the reaction products contain a mixture
of structurally heterogenous species, and purification to
obtain homogeneous products is inherently difficult.

Although the methods of solid phase peptide and DNA
synthesis have advanced to the stage where both have
reached a high level of automation, there are few
established protocols for the chemical ligation of synthetic
peptides and ODNs to produce stable, well-characterized,
and structurally discrete entities. The ligation of two
macromolecules in an unambiguous manner to produce
a hybrid molecule has, with a few exceptions (36, 42),
been limited to solution-phase block coupling procedures
in which the two reactants are derivatized with mutually
reactive functional groups. Eritja et al. (43) described
the conjugation of a maleimide-functionalized peptide to
a thiol-derivatized antisense ODN in which the SV40
large T antigen nuclear transport peptide was designed
to impart intracellular targeting. The use of maleimide—
thiol coupling chemistry for the synthesis of ODN-—
enzyme conjugate hybridization probes has also been
described (44). In a slightly modified procedure, Tung
et al. (45) described the coupling between a maleimide-
derivatized ODN with the thiol functionality of a cysteine
residue in a peptide. Most of these studies have de-
scribed small scale reactions in which characterization
of the products was, at best, limited to amino acid
analysis and polyacrylamide gel electrophoresis. The
application of the ODN—peptide conjugates in a clinical
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gituation, however, requires more rigorous conjugate
characterization procedures. Characterization of the
ODN-—peptide conjugates by ion spray mass spectrometry
described in this paper is one such advance. The majority
of studies suggest that 3’-exonuclease digestion is the
predominant mechanism of ODN degradation in cell
culture medium (16). Unlike the molecules reported by
Eritja et al. (43) and Tung et al. (45), hybrid molecules
made by the total synthesis method offer the added
benefit of protecting the ODN at the 3’-end and may
represent a more viable option for the development of
antisense ODNs as therapeutic agents.

Thermal denaturation studies of the HIV1—gpdlb
conjugate indicate that the 3’-peptide moiety does not
adversely affect the hybridization efficiency of the ODN.
This finding is in agreement with other studies using
terminally modified ODNs in which either 5’- (43) or 3'-
(40) pendant moieties were not found to hinder the
Watson—Crick interaction.

The preparation of hybrid conjugates by a method in
which the peptide and ODN are assembled consecutively
on a solid support represents an interesting problem since
the conditions required to deprotect each component may
not necessarily be compatible with the presence of the
other component. For example, the obligatory ODN
deprotection in aqueous ammonia has been implicated
in the partial hydrolysis of peptide bonds (43), and the
acidic conditions necessary for deprotection of the amino
acid side chains are known to cause depurination of the
ODN (46). We have previously reported methods for the
total synthesis of oligonucleotide—peptide conjugates by
a total synthesis method (24). This methodology, previ-
ously applied to the preparation of small amounts of
material for use as probes and primers, has been used
in this instance for the preparation of milligram amounts
of conjugates for antisense studies. The purified conju-
gates made by this method have been extensively char-
acterized. Collectively, the results indicate that the
preformed peptide was stable to the conditions of ODN
assembly and deprotection, suggesting that the chemistry
of both Fmoc solid phase peptide synthesis (SPPS) and
that of solid phase DNA synthesis employed in this study
were sufficiently mild to support the consecutive synthe-
sis of a peptide and an ODN and that the ODN depro-
tection conditions did not have an adverse effect on the
peptide. Preliminary results from experiments designed
to test whether the ammonia treatment results in any
amino acid racemization indicate that no racemization
is taking place (49). In this work, the peptides synthe-
sized did not contain amino acids that required side chain
protection. When such amino acids are present, the
acidolytic treatment may degrade the ODN, the extent
of this degradation being dependent on the sequence of
both the ODN and the peptide (47). We are presently
developing peptide synthesis methods in which amino
acid side chain deprotection does not require acidic
conditions, in order to develop more general methods for
the preparation of ODN-—peptide conjugates. A recent
communication from de la Torre et al. has described
some work on this subject, although the only character-
ization data presented was PAGE (42). These workers
found the use of CPG for peptide synthesis with side
chain Fmoc- and Fm-protected amino acids not to be
efficient. This is in contrast to the current work, in which
we achieved good yields of well-characterized material.
This indicates that the efficiency of peptide synthesis on
CPG may be dependent on the sequence and the nature
of the side-chain protecting groups. Furthermore, these
workers reported low phosphoramidite coupling yields on
DNA synthesis using the standard protocols—we have not
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had that problem, as indicated by the trityl tests, the
HPLC profiles, and the final yield of purified product.

The solid phase preparation of conjugates by the total
synthesis method offers a number of advantages over
alternative solution phase block coupling methods, in
which preformed peptides and ODNs are conjugated in
solution. Facile conjugate preparation by the total
synthesis method offers a method whereby assembly of
the ODN—peptide conjugate can be achieved totally on
the solid phase, without the requirement for the separate
synthesis, functionalization, and purification of the re-
actants followed by a coupling reaction and the final
subsequent purification of the conjugate. In addition to
being more time-consuming, a further disadvantage of
such schemes is the unavoidable loss of material in each
step of the coupling procedure.

The solution phase block coupling method is also being
used in our laboratory for the conjugation of the gp41
peptides to ODNs (48). Repeated attempts to prepare
the conjugates by a block coupling procedure in which a
thiol-derivatized oligonucleotide is coupled in solution to
a maleimide-derivatized peptide (43) were fraught with
difficulties, mainly due to the insolubility of the hydro-
phobic gp41 peptide in aqueous solvents. Attempts at
solubilizing the peptide in various organic solvents prior
to the conjugation were not successful (results not
shown). Therefore, conjugate preparation by the total
synthesis method circumvents one of the major problems
associated with the classical block conjugation schemes—
the limited solubility of certain peptides in solution.

In conclusion, we have developed methods for the ready
synthesis of oligonucleotide—peptide hybrid molecules
containing fusion peptides derived from the gp41 glyco-
protein of HIV. These were characterized by a number
of techniques, including ion spray mass spectrometry.
The hybridization abilities of these conjugates were found
to be very similar to those of the unmodified molecules.
These are currently being tested as antisense inhibitors
of HIV.
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A novel 2’-deoxyuridine analogue with syn-norspermidine at the 5-position, 5-[4-[N,N-bis(3-amino-
propylaminolbutyl]-2’-deoxyuridine (1), has been synthesized from 5-iodo-2’-deoxyuridine. This
nucleoside 1 was incorporated into heptadecadeoxynucleotides 5’-d[1{MT)s]-3" and 5-[(TM)41(MT),]-
3’ (M = 5-methyl-2’-deoxycytidine). The triamine group stabilized duplex and triplex formation of
the heptadecadeoxynucleotides with a complementary strand and a target duplex, respectively. The
oligonucleotides containing 1 were more resistant to nuclease P1 and snake venom phosphodiesterase
than an unmodified heptadecadeoxynucleotide, 5-d[T(MT);]-3".

INTRODUCTION

Many types of oligonucleotides having amino tethers
at the base, sugar, or phosphate group have been
developed and used to attach additional reporter groups
and other functional groups (I1-5). One of the most
interesting uses of these oligomers is to prevent nucle-
olytic hydrolysis by endo- and/or exo-nucleases (6—8).
Bacteriophage ¢W-14 DNA, in place of thymine, contains
up to 50% a-putrescinylthymine, which is known to be
more resistant to nucleolytic enzymes such as DNase I
and venom phosphodiesterase than unmodified DNAs (9,
10). This modification also causes a higher melting
temperature than expected from the GC content (11—
13). Polyamines such as putrescine, spermidine, and
spermine, which are present in many types of cells, are
thought to stabilize higher-ordered structures of nucleic
acids (14, 15). Polyamines also bind strongly to DNAs
(16) and stabilize duplex (17, 18) and triplex (19—23)
DNAs, although their precise binding modes are not
known. The enhanced thermal stability has been ex-
plained to be due to reduction of the anionic electrostatic
repulsion between phosphate moieties by cationic poly-
amines. Therefore, oligodeoxynucleotides bearing poly-
amines would exert both properties such as stabilization
of duplex and triplex formations and resistance to nu-
cleases. However, melting temperatures of short syn-
thetic oligodeoxynucleotides containing o-putrescinyl-
thymine were reported to be rather lower than expected
from the results in the W-14 DNA, although they had
nuclease resistance properties (24). In an effort to find

* Author to whom correspondence and reprint requests should
be addressed.

T Part 134: lino, T., Yoshimura, Y., and Matsuda, A. (1994)
Synthesis of 2’-C-alkynyl-2’-deoxy-1-3-D-arabinofuranosylpyri-
midines via radical deoxygenation of tert-propargyl alcohols in
the sugar moiety. Tetrahedron 50, 10397—10406.

*Present address: Department of Chemistry, Faculty of
Science, Tokyo Metropolitan University, Minamiohsawa, Ha-
chioji, Tokyo 192-03, Japan.

® Abstract published in Advance ACS Abstracts, December
1, 1994.

1 Abbreviations used: DMAP, 4-(dimethylamino)pyridine;
DMTr, dimethoxytrityl; EDTA, ethylenediaminetetraacetic acid;
TBAF, tetrabutylammonium fluoride; TBDMS, tert-butyldim-
ethylsilyl; TEAA, triethylammonium acetate; Tr, trityl.

1043-1802/95/2906-0054$09.00/0

an oligodeoxynucleotide having both duplex/triplex sta-
bilization and nuclease resistance properties, we report
here the synthesis of 5-[4-[N,N-bis(3-aminopropyl)amino]-
butyl]-2’-deoxyuridine (1) (Figure 1) and heptadecadeoxy-
nucleotides (heptadecamers) 5-d[1(MT)s]-3’ (I) and 5'-
di(TM),1(MT)]-3" (II) (M = 5-methyl-2’-deoxycytidine)
containing 1. Thermal stability of the duplex and triplex
formations and stability of these oligomers to nucleolytic
digestion were also studied.

RESULTS AND DISCUSSION

Synthesis. The modified 2’-deoxyuridine analogue
carrying syn-norspermidine at the end of a butyl tether
attached at the 5-position was synthesized starting from
commercially available 5-iodo-2’-deoxyuridine. First, a
3-formylpropyl group was constructed at the 5-position
of the uracil moiety, and then syn-norspermidine was
conjugated with the formyl group (Figure 2).

A coupling reaction of 3’,5’-di-O-benzoyl-5-iodo-2’-deox-
yuridine (2) with 4-(terz-butyldimethylsiloxy)butyne in
the presence of (Ph3P);PdCl; and Cul in Et;N (25) gave
a 4-siloxy-1-butyn-1-yl derivative 3 in 79% yield along
with a small amount of a fluorescent cyclic product 4.
When DMF was used as a solvent or when 3-butyn-1-ol
was used as a terminal alkyne, undesired cyclic deriva-
tives were obtained as the main products. Rabins et al.
(25) reported that the cyclic products were produced by
reactions between the preformed 5-alkynyl substituent
and the 4-carbonyl group with Cul. However, the reac-
tion in the absence of Cul gave no desired coupling
product. Hydrogenation of the alkynyl moiety gave 5-(4-
tert-butyldimethylsiloxybutyl) derivative 5 quantitatively.
The TBS group attached at the terminal hydroxyl group
was more stable than those attached at the hydroxyl
groups of the sugar moiety in nucleosides; thus, 3 equiv
of TBAF and 3 days of reaction were necessary for
deprotection. A newly generated hydroxyl group of 6 was
oxidized by the Swern method to give the formyl deriva-
tive 7. Attempts to deblock the benzoyl group in 7 with
NaOMe before the conjugation with syn-norspermidine
were unsuccessful due to decomposition of the product.
Dimethyl acetal or 1,3-diphenylimidazolidine derivatives
were prepared from 7 for protection of the formyl group
but were found to be unstable during silica gel column
chromatography. Therefore, we first tried conversion of

© 1995 American Chemical Society
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HoN

HO
I 5'-d[1(MT)g]-3"
II 5'-d[(T™),1(MT),]1-3"

III 5'-4[T(MT)g]-3"
v 5'~-d [TGGA (AG) gGGT] -3

v 5'-A[AGT(CT)oCCTIT T
3'~A[TCA(GA)gGGAl ¢ T

Figure 1. List of oligonucleotides synthesized. 1 = 5-[4-[N,N-
bis(8-aminopropyl)aminolbutyl]-2’-deoxyuridine. M = 5-methyl-
2’-deoxycytidine.

7 to the amine derivative and then preparation of a fully
protected nucleoside 3’-phosphoramidite unit.

Although an admixture of 7 with N*,N7-ditrityl-syn-
norspermidine, which was readily obtained from syn-
norspermidine with TrCl, in MeOH/THF did not give a
detectable Schiff base on TLC analyses, on addition of
NaBHCN (26) to the mixture at pH 6—7, the reaction
proceeded smoothly to give 8 in 63% yield. However, at
pH 8—9, the reaction proceeded rather slowly and the
alcohol derivative 6 was obtained as a main product by
addition of a large excess of NaBH3;CN. Treatment of 8
with NaOMe followed by 80% aqueous acetic acid gave
1 as a hygroscopic foam in good yield (Figure 3). Then 1
was converted into bis(trifluorcacetamido) derivative 10,
which was purified by silica gel column chromatography.
Treatment of 10 with DMTrCl in pyridine (27) did not
give the desired product 11 but recovered 10. However,
we found that using an excess of DMTrCl in a mixture
of pyridine and DMF (1:1) gave 11 in 49% yield along
with 81% recovery of 10. Although phosphitylation of
11 by the reported procedure (27) using 2-cyanoethyl
N,N-diisopropylchlorophosphoramidite in CH2Cl; in the
presence of diisopropylethylamine did not give 12, in CHs-
CN the reaction proceeded to give 12 as an oil in 53%
yield, which was lyophilized from anhydrous dioxane
before DNA synthesis. Thus, the 5-bulky substituent
influenced the reactivities of the 5’- as well as the 3’-
hydroxyls, and further improvement of the yields of 11
and 12 are under investigation in our laboratory.

The heptadecamers I and II (Figure 1) were synthe-
sized on a DNA synthesizer using 12. An average
coupling yield of 12 was 72% using a 0.12 M solution of
12 in CH3CN and 1800 s for the coupling time. Starting
from 1 umol of thymidine linked to controlled pore glass,
12 OD units (at 254 nm) of I and 6 OD units of I, which
showed single peaks by HPLC analysis on a C-18 silica
gel column (an example is shown in Figure 4a), were
obtained after purification. Also, purity of the hepta-
decamers was examined by electrophoresis. After being
labeled at the 5’-end with 32P (28), the heptadecamers I,
I1, and III were analyzed by polyacrylamide gel electro-
phoresis under denaturing conditions (28). Although
each heptadecamer showed single spots as shown in
Figure 5, I and II carrying syn-norspermidine showed
reduced mobility compared with the control hepta-
decamer III. In the modified heptadecamers, I carrying
the triamine at the 5-end moved more slowly than II
carrying the triamine in its center.
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To confirm the existence of 1 in the heptadecamers, I
was completely hydrolyzed to the corresponding nucleo-
sides by a mixture of snake venom phosphodiesterase and
alkaline phosphatase, and then the nucleoside composi-
tion was analyzed by HPLC (Figure 4b). The peak
corresponding to 1, confirmed by coelution with an
authentic sample, was observed and the composition of
the nucleosides calculated from areas of the peaks was
1:7.8:8.3 (1.T:M), which was close to the theoretical value
of 1:8:8.

Duplex and Triplex Formations by the Hepta-
decamers. Duplex and triplex formations of the hep-
tadecamers with the complementary strand IV and the
target duplex V were studied by thermal denaturation.
One transition was observed in a melting profile of each
duplex. On the other hand, two transitions were ob-
served in a melting profile of each triplex: the transitions
with higher Tys due to the melting of the target duplex
V (88 °C) and the transitions with lower Tpns cor-
responded to the dissociation of the third strands from
the triplexes. Tys are shown in Figure 6a,b. Attachment
of syn-norspermidine to the heptadecamers stabilized
duplex and triplex formation.

Ty of I-IV and II-IV duplexes were higher than the
control duplex III-IV in all solutions examined (Figure
6a). Addition of 3 uM syn-norspermidine to a solution of
the control duplex in 5 mM NaCl, 10 mM Na cacodylate
(pH 7.0) increased the T, of the control duplex to 48 °C
(Figure 6a, lowest bar). However, T8 of I-IV (51 °C) and
II-IV (49 °C) under the same conditions in the absence
of additional syn-norspermidine were still higher than
48 °C. The result indicated that the attachment of the
triamine to the oligodeoxynucleotides stabilized duplex
formations. In the modified heptadecamers, I carrying
the triamine at the 5-end formed a more stable duplex
than II carrying the triamine in its center. Probably the
triamine attached at the 5’-end is in a better location for
binding to the sugar—phosphate backbone of the duplex
than the triamine attached in the center of II.

According to the expectation that the duplex-stabiliza-
tion effect of the positive charges on the triamine might
be more conspicuous as salt concentrations of the solu-
tions become lower, we measured T',s of the duplexes in
buffer with several salt concentrations (Figure 6a).
Actually, a difference (5°) in the T'\ys of I-IV duplex and
the control duplex III-IV in the solution with the lowest
NaCl concentration (5 mM) was larger than the differ-
ences (3°) in Tys of the duplexes in the solutions with
higher NaCl concentrations (10 or 20 mM NaCl). How-
ever, no striking increase of the difference in T\ys of the
duplexes at lower salt concentrations was observed,
probably since the number of the positive charges in the
oligomers was smaller than the number of the negative
charges at the sugar—phosphate backbone so that re-
maining negative charges still repelled each other.
Complete neutralization of negative charges of the phos-
phates by increases of the positive charges of the
polyamines could efficiently stabilize duplex formation
in solutions with low salt concentrations (29). While
bacteriophage $W-14 DNA showed greater thermal sta-
bility than unmodified DNA, an increase in the number
of a-putrescinylthymine in short synthetic oligothymid-
ylates rather destabilized the corresponding duplexes
(24). However, oligonucleotides bearing 5-w-aminohexy-
luracil, in which the total number of atoms in the side
chain is the same as that in o-putrescinylthymine, did
not destabilize the duplex formation; even an increase
in the number in one oligomer did not greatly destabilize
it (29). These results showed that increases in the
number of the cationic species would not stabilize the
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Figure 4. Key: (a) a profile for HPLC analysis of I with a C-18
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analysis of a nucleoside mixture obtained by complete hydrolysis
of I with the C-18 column with a linear gradient of CH3CN from
0% to 10% (20 min) in 0.1 M TEAA buffer (pH 6.8).

duplex formation. In contrast to these reports, our
results indicated thermal stabilization effects by attach-
ment of syn-norspermidine. Furthermore, contrary to the
case of 5-w-aminohexyluracil, incorporation of 5-w-ami-
nohexyleytosine in oligodeoxynucleotides stabilized the
duplex formation (29). Therefore, considerations of the

1 2 3

- B

Figure 5. Profile for polyacrylamide gel electrophoresis of the
heptadecamers. After they were labeled with 3P at the 5-end,
I (lane 1), II (lane 2), and III (lane 3) were analyzed by
electrophoresis on 20% polyacrylamide gel containing 8 M urea
(26). Densities of radioactivity of the gel were read by a Bio-
imaging Analyzer (Bas 2000, Fyji, Co., Ltd.). B and X indicate
bromophenol blue and xylene cyanole, respectively.

distal position of the cationic species and sequences would
be important for designing more stable duplex formation
by such amino groups.

Also, triplex formation was stabilized by this modifica-
tion (Figure 6b). Addition of 3 uM syn-norspermidine to
the solution containing III-V triplex in 50 mM NaCl, 10
mM Na phosphate increased the T, to 32 °C (Figure 6b,
lowest bar). The T, of I-V triplex (34 °C) in the absence
of additional syn-norspermidine was higher but the Tm
of II-V triplex (31 °C) was slightly lower than 32 °C. It
was expected that triplexes would be more efficiently
stabilized by positive charges than duplexes since nega-
tive charges are more concentrated in triplexes than in
duplexes. However, striking stabilization of the triplexes
by positive charges of the triamine was not observed in
this experiment. Our results contrast with those recently
reported by Tung et al. (30). They observed that tetra-
mines attached at the 5-end of oligonucleotides efficiently
stabilized triplex formations but did not stabilize duplex
formations. Also, Thomas and Thomas (19) reported that
ability for triplex stabilization by polyamines was de-
pendent on the length of the alkyl groups between
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Figure 6. (a) Tms of the duplexes consist of the heptadecamers
and the complementary strand IV in solutions containing 10
mM Na phosphate and appropriate concentrations of NaCl (pH
7.0): open bars, III-IV; filled bars, I-IV; hatched bars, II-IV.
(b) Tms of the triplexes consist of the heptadecamers and the
target duplex V in solutions containing 10 mM Na phosphate
and appropriate concentrations of NaCl (pH 7.0): open bars,
II1-V; filled bars, I-V; hatched bars, II-V.

amines. Consequently, stabilization of duplex and triplex
formations of nucleic acids by the polyamines is influ-
enced by the lengths and structures of polyamines or
positions at which the polyamines attached to the oligo-
nucleotides. Another possible explanation is that the
triplexes of this sequence were already stabilized by
positive charges in M*:G:C triads (27); thus, additional
positive charges did not further stabilize them, obviously.
Other types of triplexes containing no positive charge in
the structures such as triplexes containing only T:A:T
triads, triplexes containing neutral pseudoisocytidine:G:C
triads (31), and triplexes containing Pu:Pu:Py type triads
(32), which are expected to be more important for
biological application of triplexes, could be efficiently
stabilized by attachment of polyamines.

Partial Digestion of the Heptadecamers with
Snake Venom Phosphodiesterase and Nuclease P1.
As mentioned above, DNAs containing a-putrescinylthy-
midine are more resistant to nucleases than unmodified
DNAs (9, 10). Therefore, stability of the heptadecamer
carrying syn-norspermidine to nucleolitic digestion was
examined. The heptadecamer II carrying the triamine
in its center was labeled at the 5-end with 32P (28) and
incubated with an appropriate nuclease, and then the
reactions were analyzed by polyacrylamide gel electro-
phoresis under denaturing conditions (28) (Figure 7).
Owing to a difference in the rates of hydrolysis between
5-TpM-3’ linkages and 5-MpT-3’ linkages, spots for
newly generated oligomers containing an M residue at
the 3’-end were faint but spots for oligomers containing
a T residue at the 3’-end were bold. Although the control
III was hydrolyzed randomly by venom phosphodi-
esterase, a 3’-exonuclease, after 8 h, II was hydrolyzed
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only at the 3’-side from 1 (Figure 7a). The phosphodi-
ester linkage at the 3’-side of 1 was resistant to the
nuclease. Also, the phosphodiester linkages around 1
were more resistant to nuclease P1, an endonuclease,
than the phosphodiester linkages beside thymidine (Fig-
ure 7b).

As discussed above, the duplexes and the triplexes
formed by the heptadecamers carrying the triamine were
more stable than the control duplex and the control
triplex, respectively. Furthermore, the modified hepta-
decamers were more resistant to nucleases than the
control heptadecamer. These properties of the oligo-
nucleotides carrying the polyamine would be useful for
biological application of oligonucleotide analogues. How-
ever, stability of duplex and triplex formation and stabil-
ity of the oligonucleotide analogues to nucleases should
be increased for practical uses. For completion of this
goal, longer amines should be attached to the oligonucle-
otides or the numbers of polyamines attached to the
oligonucleotides should be increased. These studies are
actively under way in our laboratory and will be reported
shortly.

EXPERIMENTAL PROCEDURES

General Experimental Data. TLC was done on
Merck Kieselgel F254 precoated plates (Merck, Ger-
many). The silica gel used for column chromatography
was YMC gel 60A (70—230 mesh) (YMC Co., Ltd., Japan).
Melting points were measured on a Yanagimoto MP-3
micromelting point apparatus (Yanagimoto, Japan) and
are uncorrected. Fast atom bombardment mass spec-
trometry (FAB-MS) was done on a Jeol JMS-HX110
(JEOL) at an ionizing voltage of 70 eV. The 'H NMR
spectra were recorded on a Jeol JNM-GX 270 (270 MHz)
spectrometer (JEQOL) with tetramethylsilane as an in-
ternal standard. Chemical shifts are reported in parts
per million (8), and signals are expressed as s (singlet),
d (doublet), t (triplet), m (multiplet), or br (broad). All
exchangeable protons were detected by disappearance on
the addition of D;O. UV absorption spectra were re-
corded with a Shimadzu UV-240 spectrophotometer
(Shimadzu Co., Japan).

4-(tert-Butyldimethylsiloxy)butyne. A CH;Cl; so-
lution (6 mL) containing 3-butyn-1-ol (4 mL, 52.9 mmol)
was added to a CH,Cl; solution (25 mL) containing
TBDMSCI1 (9.6 g, 63.5 mmol), EtsN (8.9 mL, 63.5 mmol),
and DMAP (11 mg, 0.09 mmol) in an ice bath, and the
mixture was stirred at room temperature. After 21 h,
the reaction mixture was washed with water (60 mL),
and then the H,O layer was back-extracted with CH,-
Cl;. The organic layers were combined and successively
washed with H,O and then brine, dried (Na;SO,), and
concentrated. The residue was distilled under reduced
pressure (14 mmHg, bp 69 °C) to give the desired product
as an oil (8.46 g, 87%): 'H-NMR (CDCly) 3.75 (t, 2 H,
CH;0, J;4 = 2.8 Hz), 2.40 (dt, 2 H, C=CCH,, J.13=17.1
Hz), 1.96 (t, 1 H, HC=C, J;3 = 7.1 Hz), 0.90 [m, 9 H,
SiC(CH3);], 0.08 [m, 6 H, Si(CHj3)sl.

3',6’-Di-0O-benzoyl-5-[4-(tert-butyldimethylsiloxy)-
butynyl]-2’-deoxyuridine (3) and 6-[2-(fert-Butyldi-
methylsiloxy)ethyl]-3-(3,5-di-O-benzoyl-g-D-erythro-
pentofuranosyl)furanol2,3-d]pyrimidin-2-one (4). An
Et;N solution (700 mL) containing 1 (8.7 g, 15.5 mmol),
4-(tert-butyldimethylsiloxy)butyne (4.3 g, 23.3 mmol),
Cul, (260 mg, 1.4 mmol), and (PPh3);PdCl; (260 mg, 0.37
mmol) was heated at 60 °C under an Ar atmosphere.
After 2 h, the solvent was evaporated, the residue was
dissolved in EtOAc, and the solution was washed with
aqueous 5% EDTA (pH 4) (twice) and then Hy0, dried
(NasS0,), and concentrated. The residue was chromato-
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Figure 7. Polyacrylamide gel electrophoresis of oligonucleotides hydrolyzed by nucleases: (a) II (lanes 1—5) and III (lanes 6—10)
were incubated with venom phosphodiesterase at 37 °C for 0 h (lanes 1 and 6), 1 h (lanes 2 and 7), 2 h (lanes 3 and 8), 4 h (lanes
4 and 9), and 8 h (lanes 5 and 10). (b) II (lanes 1—6) and III (lanes 7—12) were incubated with nuclease P1 at 10 °C for 0 h (lanes
1 and 7), 1 h (lanes 2 and 8), 2 h (lanes 3 and 9), and 3 h (lanes 4 and 10), and then at 30 °C for an additional 10 min (lanes 5 and
11), and 20 min (lanes 6 and 12). See the Experimental Procedures for conditions.

graphed on a silica gel column (5.3 x 35 em) with 17—
25% EtOAc in hexane as eluents. Concentration of the
fractions gave a residue which was dissolved in a mixture
of hexane and EtOAc to give 3 as white crystals (7.6 g,
79%): mp 131-132 °C; FAB-MS m/z 619 (M* + 1); UV
Amax (MeOH) 284 nm; 'H-NMR (CDCl;) 8.27 (br s, 1 H,
3-NH), 8.07-8.03 (m, 4 H, Bz), 7.78 (s, 1 H, H-6), 7.65—
7.45(m, 6 H, Bz),6.39(dd, 1 H, H-1", Jy 2, = 5.5, Jy 21, =
8.8 Hz), 5.61 (m, 1 H, H-3"), 4.80 (dd, 1 H, H-5a, Jgem =
12.1, Jy 5. = 3.8 Hz), 4.67 (dd, 1 H, H-5'b, Jy 50, = 3.3
Hz), 4.58 (ddd, 1 H, H-4"), 3.65 (t, 2 H, —CH;08S1), 2.77
(ddd, 1 H, H-2'a, Jg,, = 14.3, Jo,3 = 1.7 Hz), 2.47 (m, 2
H, C=CCHy), 2.31 (ddd, 1 H, H-2'b, J1, 5 = 6.6 Hz), 0.88
[s, 9 H, SiC(CH3)3], 0.04 [s, 6 H, Si(CH3);]. Anal. Caled
for C33HgsN20gSi: C, 64.06; H, 6.19; N, 4.53. Found: C,
63.90; H, 6.14; N, 4.54.

Compound 4 (0.89 g, 9.3%, as a foam) was obtained as
a side product: FAB-MS m/z 619 (M* + 1); 'H-NMR
(CDCl,) 8.22 (br s, 1 H, H-4), 8.19—7.94 (m, 4 H, Bz),
7.88-17.36 (m, 6 H, Bz), 6.47 (dd, 1 H, H-1’, Jy 2, = 6.0,
Jrap = 7.7 Hz), 5.96 (s, 1 H, H-5), 5.64 (m, 1 H, H-3"),
4.89-4.67 (m, 3 H, H-4" and H-5"), 3.89 (t, 2 H, —CH,-
0Si), 3.21 (ddd, 1 H, H-2'a, Jyen, = 14.6, J2a3 = 2.2 Hz),
2.82 (t, 2 H, 4-CHy), 2.29 (ddd, 1 H, H-2'D, Jop s = 7.7
Hz), 0.86 [s, 9 H, SiC(CH;)s], 0.02 [s, 6 H, Si(CH3).].

3',5"-Di-0-benzoyl-5-[4-(tert-butyldimethylsiloxy)-
butyl]-2’-deoxyuridine (5). A suspension of 3 (6.6 g,
10.7 mmol) and 10% Pd/C (560 mg) in EtOH (150 mL)
was shaken under an H; atmosphere (40 psi) for 1 h. The
reaction mixture was filtered by a layer of Celite on a
filter paper, and the Celite was washed with EtOH and
then EtOAc. The organic layers were combined and
concentrated to give 5 (6.6 g, 99%, as a foam): FAB-MS
m/z 623 (M*+ 1); UV dyax (MeOH) 266 nm; 'H-NMR
(CDCl;) 8.14 (br s, 1 H, 3-NH), 8.08—8.02 (m, 4 H, Bz),
7.66—17.58 (m, 2 H, Bz), 7.51—7.45 (m, 4 H, Bz), 7.23 (s,
1 H, H-6), 6.44 (dd, 1 H, H-1", Jy 2, = 5.5, Jy21, = 8.8

Hz), 5.65 (m, 1 H, H-3'), 4.78 (dd, 1 H, H-5'a, Jj, = 12.1
Hz), 4.67 (dd, 1 H, H-5'b, J¢ 51 = 3.9 Hz), 4.54 (ddd, 1 H,
H-4"), 3.51 (m, 2 H, —CH,08i), 2.72 (ddd, 1 H, H-2"a, Jgem
=14.3, Jy, 3 = 1.1 Hz), 2.35 (ddd, 1 H, H-2'b, Jo1, 3 = 6.6
Hz), 2.06 (m, 2 H, 5-CH,—), 1.36 (m, 4 H, —CH,CH,—),
0.88 [s, 9 H, SiC(CH3);], 0.03 [s, 6 H, Si(CHj);].
3',6'-Di-0O-benzoyl-5-(4-hydroxybutyl)-2"-deoxyuri-
dine (6). A THF solution containing TBAF (1 M, 31.8
mL, 31.8 mmol) was added to a THF solution (70 mL)
containing 5 (6.6 g, 10.6 mmol) in an ice bath, and the
mixture was stirred at room temperature for 3 days. The
solvent was concentrated, the residue was dissolved in
CHClI;, and then the solution was washed with H,O
(twice), dried (Na;SQ,), and concentrated. The residue
was chromatographed on a silica gel column (5.3 x 35
cm) with 50—86% EtOAc in hexane as eluents. Concen-
tration of the fractions gave a residue that was dissolved
in acetone to give 6 as white crystals (4.4 g, 81%): mp
132—132.5 °C; FAB-MS m/z 508 (M*); UV Adax (MeOH)
266 nm; 'H-NMR (CDCl;) 8.37 (s, 1 H, 3-NH), 8.05 (m, 4
H, Bz), 7.63 (m, 2 H, Bz), 7.49 (m, 4 H, Bz), 7.26 (s, 1 H,
H-6),6.45(dd, 1 H, H-1", Jy 2, =5.5, JJy- 21, = 8.8 Hz), 5.65
(m, 1 H, H-3"), 4.80 (dd, 1 H, H-5'a, J;m = 12.1, Jy5a =
3.3 Hz), 4.67 (dd, 1 H, H-5', Jy 51, = 4.2 Hz), 4.55 (m, 1
H, H-4"), 3.57 (m, 2 H, —-CH,0H), 2.74 (ddd, 1 H, H-2'a,
Jgem = 14.3, J2a3 = 1.7 Hz), 2.34 (ddd