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ABSTRACT: A study was undertaken to evaluate the feasibility of synthesizing
six sialic acid-PAMAM glycodendrimers using unprotected sialic acid in as few as
1—4 steps using two different reaction pathways, and to assess the sulfated
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derivatives for anti-HIV activity. The syntheses were accomplished through X RO 0
either the direct attachment of the sialic acid carboxyl group to amine- x=4,8,16
terminated PAMAM (a divergent-like approach) using BOP coupling, or by vs.

first reacting sialic acid with a polar bifunctional spacer molecule, attaching the OR OR

sugar-linker to carboxy-terminated PAMAM (a convergent-like approach), and RO%H H \oamam
again using BOP-mediated coupling reactions. It was hypothesized that the latter AcHN & é/\o);\/

approach would be the most successful method, as any steric congestion X ° 9
between the sialic acid and the PAMAM would be minimized using an
intervening polar linker. However, the divergent-like synthesis proved to be
the superior method, resulting in 11.4%, 14%, and 28% of the fully substituted
generations 0, 1, and 2 sialic acid-PAMAM conjugates, respectively, as compared to 6.4% of only the generation —0.5 sialic acid-
linker-PAMAM conjugate for the convergent-like method. Upon sulfation of the four glycodendrimers, binding capabilities to the
recombinant HIV protein, gp120, were assessed using an ELISA assay. Compounds that showed promising binding characteristics
were then further assessed for inhibition of HIV-1 infection using a well-characterized luciferase reporter gene neutralization assay.
The generation 2 sulfated sialic acid-PAMAM glycodendrimer, sulfo-6, bearing 16 sialic acids with 11 sulfate groups incorporated at
4.03% sulfur content by weight, was found to inhibit all four HIV-1 strains tested in the low micromolar range.

x=4, 8,16
R=H or SO5"

B INTRODUCTION

By the close of 2009, there were an estimated 33.3 million
people worldwide infected with HIV. This included 2.6 million
newly infected, and 1.8 million deaths." This is a 3-fold increase
compared to 1990 HAART (highly active antiretroviral
therapy) slows the progression of HIV to AIDS, and lengthens
and improves the quality of life for those infected. There are now
4 million people worldwide on HAART, with 73% of those in
Africa. However, three times as many people need treatment in
resource-limited nations that are not receiving it.>*

In addition to millions still needing HAART treatment, the
utility of antiretroviral drugs is further limited by viral resistance
and toxicity issues.>® Moreover, there still exists no safe, effective
vaccine or prophylactic drug approved for preventing the acqui-
sition of HIV. The introduction of potent and cost-effective
therapies able to not only treat HIV, but also prevent the
transmission of the virus is of the utmost importance. This is
particularly critical in regions of the world such as sub-Saharan
Africa, where 67% of the world’s HIV infected individuals
reside.”” Here, an estimated 80% of people infected are not
aware of their own HIV status, and 90% of individuals do not
know their partner’s status.®
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Sulfated polysaccharides have long been recognized as having
potent anti-HIV activity. Several naturally occurring sulfated
polysaccharides, such as heparin sulfate (HS) and dextran sulfate
(DS), inhibit the binding of HIV to CD4 positive cells in vitro in
the ug/mL or uM range (Figure 1).%7'° The inhibition of HIV
by polyanionic polysaccharides has been actively studied. There
are regions in the HIV surface glycoprotein gp120 containing
multiple basic amino acids, namely, the principle neutralizing
domain (V3 loop, amino acids 303—338), the C-terminal region
(amino acids 495—516), and a conserved region involved in
chemokine coreceptor binding (discontinuous amino acids in
regions 117—123, 207, 419—444)."''* These regions have
been shown to interact with polyanions such as HS and DS,
which prevent binding to complementary antibodies.'*'* Sur-
face plasmon resonance (SPR) studies revealed strong poly-
anion-gp120 binding with immobilized HS and monomeric
gp120, yielding an affinity constant of 220 nM. These studies
also determined that an average of 4.4 gp120 molecules bind each

Received:  June 23,2011
Revised: August 10, 2011
Published: August 22, 2011

2186 dx.doi.org/10.1021/bc200331v | Bioconjugate Chem. 2011, 22, 2186-2197



Bioconjugate Chemistry

TECHNICAL NOTE

o)
RO O
ROA=T= :

Dextran sulfate 0
R=H, SO5

Figure 1. Structures of polyanionic polysaccharides possessing anti-
HIV activity.

chain of heparin, indicating that hi§her avidity binding would be
possible in a multivalent sense.'>”'” Mechanistically, it has been
proposed that HIV binds to cell surfaces electrostatically between
the polybasic V3 loop and host cell surface heparan sulfate
proteoglycans (HSPG).'® Another group suggested that a se-
quential process occurs, whereby first HSPG binds through a
high-affinity, selective interaction with the V3 loop on gp120,
followed by a second, lower-affinity interaction between such
polyanions and the conserved chemokine coreceptor region.' It
has also been noted that the binding between gpl120 and
polyanions occurs without disrupting the gp120-CD4 interac-
tion, further strengthening the argument that the Polybasic
regions of gp120 bind to the chemokine coreceptors.'”'>'*

HS and DS, while having strong affinity to the basic regions of
gp120, are also anticoagulants, making it difficult to achieve
therapeutic anti-HIV levels of the drugs without compromising
blood clotting time.'” Additionally, in phase I/II clinical trials,
DS was found to be poorly absorbed orally, and when given
intravenously, resulted in toxic side effects such as reversible
thrombocytopenia and alopecia and did not yield a therapeutic
effect based on HIV marker levels such as p24.”>*' However, a
later study of DS found good oral absorption of DS into the
bloodstream indicating that DS has therapeutic potential and
merits further study.”

A wide variety of other polysaccharides isolated from native
sources, and either naturally or synthetically sulfated, have been
found to have in vitro anti-HIV activity. Included are polysac-
charides isolated from bacteria such as E. coli KS, marine plants
such as algae, marine invertebrate animals such as tunicates and
sponges, and land plants such as lichen.*® These sulfated homo-
and heteropolysaccharides contain numerous simple monosac-
charide building blocks such as glucuronic acid, N-acetylglucos-
amine, galactose, mannuronic acid, and L-fucose, to name a few.
Most of these polysaccharides have anti-HIV activities in the
ug/mL range, all suffer from polydispersity of structure, and
some have toxicity issues similar to DS and HS.**

Sulfated polysaccharides, while potent in vitro inhibitors of
HIV, have not yet proven to be effective drug candidates for HIV
due to their inherent polydispersity, as well as toxicity issues. We
hypothesize that, if several shorter chains of the sulfated sugars
are anchored to a carrier molecule, anti-HIV activity can be
maintained, while toxicity and polydispersity of structure can be
decreased or eliminated. A carrier molecule that can be utilized in
this fashion is a dendrimer.

Dendrimers are a unique class of multivalent polymers, first
reported by Tomalia and co-workers in 1985.>* They are globular
in shape and consist of a wide variety of architectures, with
diverse sizes and chemical composition. Dendrimers are built in
series with varying numbers of branches, which gives rise to a
group of related molecules known as generations (G). With each
branching reaction comes an increase in the number of branches,
and subsequently, the next highest generation. Dendrimers can
be synthesized in one of two ways, either divergently or
convergently. Divergent synthesis involves building the dendri-
mer from the core outward, while a convergent strategy entails
first building blocks of the molecule separately, then attaching
them to a minimal core structure in the final step. Dendrimers
have been used in many medical applications ranging from drug
delivery to uses as immunodiagnostic reagents, MRI contrast
reagents, gene delivery vectors, immunostimulation agents/
adjuvants, or drug delivery vehicles.”®*° Dendrimer research
is important due to the diversity of structures that can be
devised and their utility in numerous biological applications. It
is important to understand the toxicity, solubility, and other
properties of dendrimers, to ensure that they can be safely used in
the development of new therapeutics. PAMAM (poly(amido
amine))-based dendrimers have been well-evaluated both in vitro
and in vivo. In the in vivo studies in mice and rats, it has been
found that PAMAM is cytotoxic in a size-dependent fashion, with
larger generations being more toxic.”' Other properties affecting
toxicity are charge (anionic PAMAM is less toxic than cationic)
and surface modification with other groups, such as PEG
(polyethylene glycol) or sugars.>* PEGylation/glycosylation of
PAMAM yields dendrimers with much lower toxicity profiles.®'

When dendrimers are glycosylated, they are known as glyco-
dendrimers, a class of compounds first reported by Roy in
1993.%* Glycodendrimers built on a variety of dendrimer
scaffolds such as PAMAM have found numerous uses in medi-
cine due to the multivalent effect. Monovalent carbohydrates
typically have weak millimolar binding constants in protein—
carbohydrate recognition.** However, binding affinities achieved
by the multivalent effect are orders of magnitude improved over a
one molecule—one receptor binding event.>>® In nature, the
multivalent effect is observed in many interactions, for example,
in the viral infection by influenza where the viral trimeric hem-
agglutinin protein recognizes multiple copies of the carbohydrate
sialic acid on the host cell.*” A variety of sialic acid glycoden-
drimers were formulated as multivalent inhibitors of the binding
between hemagglutinin and the host cell. The degree of inhibi-
tion achieved by these glycodendrimers was 32—50 000-fold
higher than from monovalent sialic acid.*” Glycodendrimers,
therefore, present an alluring prospect for other medical applica-
tions because they increase the valency of a biologically active
carbohydrate and improve the bindin§ constants between the
carbohydrate and the target protein.”®>’

Scientists have begun to explore glycodendrimers as anti-HIV
agents. Many of these are glycosphingolipid (GSL) mimics, as it
is known that GSLs can be utilized by HIV-1 as alternate host cell
receptors in the infection process.*” The first account by
Schengrund reported the synthesis of sulfated galactosyl cera-
mide (SGalCer)-coated polypropyleneimine (PPI) dendrimers,
directed at preventing infection in CD4-negative cells.*"** In
their studies, they determined that gp120 bound to their
glycodendrimers in the nM range, as compared to the known
polysaccharide HIV inhibitor DS, which bound in the pM range.
Cytotoxicity of the glycodendrimers at up to 3 mg/mL was not
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observed. Since this initial report, there have been a few more
examples of potential anti-HIV glycodendrimers. Two other
GalCer-based dendrimers were reported by Castillon and co-
workers and Blanzat, Turrin, and co-workers.*** One had a
polyglycerol (PG) dendrimer core, and had lower activity than
the Schengrund glycodendrimers.*>** The other GalCer glyco-
dendrimers were based on a phosphonic acid core, and deter-
mined to have sub-4M ICss in a cell-based HIV assay (ICs is
the concentration that reduces HIV infection by 50%). However,
these suffered from high cytotoxicities.***> Another report was of
a polylysine-sulfated cellobiose system.***” This glycodendrimer
was found to have an ECg, (effective concentration for 50%
effect) of 3.2 ug/mL, comparable to the NRTI (nucleoside
reverse transcriptase inhibitor) ddC (2'-3'-dideoxycytidine),
and was also determined to have low cytotoxicity. Additionally,
a mannose-based PG glycodendrimer was reported that targeted
the dendritic cell lectin DC-SIGN.*® The ICsj activity of this
glycodendrimer was ¢M, similar to the others. Finally, Schen-
grund and co-workers recently reported two types of glyco-
dendrimers based on the PPI core, terminating in either of
the glycosphingolipid derived sugar headgroups, 3'-sialyllactose
(GM3) or globotriose (Gb3).* The GM; and Gb, glycoden-
drimers were assessed for anti-HIV-1 activity in T-cells and
primary peripheral blood mononuclear cells (PMBCs), and
yielded ICsq values ranging from 0.1 to 7.4 ug/ mL.*°

‘While the above results are encouraging, the search for easy to
make, cost-effective, and potent new anti-HIV therapeutics
remains a significant goal for the scientific/medical community
in light of the high rate of infection continuing to this day, the
longer life spans of infected individuals, and the therapeutic
failures occurring due to drug toxicity and resistance. All of these
factors contribute to fewer therapeutic strategies available to a
patient the longer they have been infected. Additionally, if new
anti-HIV therapeutics can be designed in such a way that they are
simple and cost-effective to produce, it will be easier to imple-
ment therapy in resource-limited regions of the world, where the
bulk of HIV infections are occurring.

Along these lines, we endeavored to create an initial trial set of
6 compounds based on the commercially available dendrimer
core, PAMAM (G = —0.5, 0, 0.5, 1, 1.5, and 2), and the
unprotected sugar, sialic acid (10, Scheme 2). This could be
accomplished by one of two pathways, a one-step divergent-like
pathway (Scheme 4), whereby sialic acid was directly coupled to
PAMAM, or a four-step convergent-like approach, where an
intermediary linker (8, Scheme 1) was first reacted with sialic
acid, then the sugar—linker conjugate coupled to PAMAM
Scheme 3). The first approach was anticipated to be the most
difficult as the sialic acid carboxyl group is sterically congested
and might not be accessible enough to the also sterically crowded
multiple reaction centers in PAMAM. These potential pitfalls led
us to develop the second pathway, where a long linear hydro-
philic linker was first attached to sialic acid, followed by reaction
of the sugar—linker to PAMAM. This was thought to be the best
approach, as the steric consequences suffered by both reaction
partners would be greatly minimized in the presence of the
hydrophilic linker. Whichever pathway produced the desired
glycodendrimer conjugates with the best yields would then be
utilized in further syntheses.

As for the individual sugar and dendrimer choices, there were
many factors to consider. PAMAM was chosen primarily because
of its availability and also because there was an abundance of data
available on the cellular toxicities of PAMAM-based molecules
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Figure 2. Sulfated colominic acid.

(vide supra). Sialic acid was chosen for a few key reasons as well.
First, it contains a carboxyl group attached to the anomeric carbon,
making it easy to append it to either an amino-bearing linker or to an
amino-terminated PAMAM using standard solution-phase peptide
coupling methodologies, all without having the sugar protected.
Second, some preliminary anti-HIV data have been reported for a
sialic acid-based polysaccharide, colominic acid, in the sulfated form.
Colominic acid is an a-2—8-linked polymer of sialic acid (Figure 2).
Yang and co-workers found ECs values as low as 0.06 pg/mL for
the larger molecular weight, more highly sulfated derivatives of
colominic acid (MW ranging from 8 to 16 kDa, sulfation 8—12%) in
MT-4 and C8166 cell lines infected with HIV in the presence of
these molecules.'® Their assay control, DS, yielded ECs, values of
0.5 and 2.51 ug/mL in the same cell lines, respectively. Finally, by
using the base sugar from a polymer with known anti-HIV activity,
we would be able to quickly ascertain if utilizing PAMAM as a
scaffold for the multivalent presentation of sulfated sugars to the
target protein, gp120, was as/more effective in binding to gp120/
inhibiting HIV infection than the known sulfated linear polysaccha-
ride standard, DS.

Once synthesized, all of the sulfated sialic acid-PAMAM
glycodendrimers could be assessed for anti-HIV-1 activity by two
separate, yet complementary assays. The first assay, a fast ELISA
(enzyme-linked immunosorbent assay) developed in our lab, could
be used to screen for the presence of gp120 binding. If activity was
found, a second, more sensitive luciferase reporter gene assay could
then be utilized to determine how well the sulfoglycodendrimers
were able to inhibit HIV-1 infection of TZM-bl cells.

B EXPERIMENTAL PROCEDURES

General Materials and Methods. All nuclear magnetic reso-
nance (NMR) spectroscopy was performed on a Bruker Avance IIT
500 MHz NMR spectrometer with either D,O or CDCl; solvents
purchased from Acros. To simplify the analysis of the '"H NMR
spectra for compounds 1—6, the integrations were normalized for
1/4 of total protons, the equivalent of 1 branch of the full
glycodendrimer. For "C analysis, 3-(trimethylsilyl) tetradeutero
sodium propionate (TSP) from Wilmad was used as a zero point
reference, and all spectra were proton decoupled. MALDI mass
spectral analysis was conducted on a Kratos/Shimadzu Axima-CFR
MALDI-TOF (University of the Pacific) and a Bruker Reflex III
MALDI-TOF (The Ohio State University). High-resolution ESI
mass spectral analysis was conducted on an IonSpec Fourier trans-
form mass spectrometer (University of Arizona). Flash chromatog-
raphy was performed using flash silica gel (32—63 uM) from
Dynamic Adsorbents Inc. Dialysis purification was performed using
Spectra/por Biotech Cellulose Ester dialysis membrane from
Spectrum Laboratories Inc. Reverse-phase high-pressure liquid
chromatography (RP-HPLC) was conducted on a Hewlett-Packard
TI-series 1050 using a Grace Prevail C-18 S y 250 X 10 mm
column. Fast-paced liquid chromatography (FPLC) was performed
with a Pharmacia pump P-500 with a LC Controller LCC-500 Plus.
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The column used in conjunction with the FPLC was a Bio-Gel P-10
2.5 cm X 120 cm column.

The reagents used came from a variety of sources and were used
without further purification: All poly(amidoamine) (PAMAM)
dendrimers were purchased from Aldrich. Benzotriazol-1-yloxytris-
(dimethylamino)phosphonium hexafluorophosphate (BOP) was
from Nova Biochem. N,N-Diethylisopropyl amine (DIPEA) was
purchased from Alfa Aesar. Trifluoroacetic acid (TFA), triethylamine
(TEA), ammonium bicarbonate, and N,N-dimethylformamide
(DMF) were from EMD. Di-tert-butyl dicarbonate ((Boc),0) was
purchased from Acros. 1,8-Diaminotriethyleneglycol was obtained
from Huntsman. N-Acetylneuraminic acid (sialic acid) was pur-
chased from Nacalai Tesque. 500 kDa dextran sulfate was purchased
from Sigma-Aldrich.

Note on Characterization. All labels on protons in the 'H
NMR data correspond to assignments given on the spectra. The
spectra can be found in the Supporting Information section.

Nomenclature Note. All glycodendrimers are named as fol-
lows: The number of end points, tetramer, octamer, or 16-mer,
followed by glyco-. If a linker is present between PAMAM and sialic
acid, the abbreviation DATEG (1,8-diaminotriethyleneglycol)
appears. The name terminates in PAMAM dendrimer.

{2-[2-(2-Amino-ethoxy)-ethoxy]-ethyl}-carbamic Acid tert-
Butyl Ester (8). 1,8-Diaminotriethyleneglycol 7 (5.0 g, 33.8 mmol)
was weighed into a flame-dried 500 mL round-bottomed flask.
Methanol (135 mL) was added, followed by TEA (340 mg, 3.4
mmol), then (Boc),O (7.38 g 33.8 mmol). The reaction was
heated to 35 °C and stirred overnight. The solvents were evaporated
under reduced pressure and the crude residue was purified by flash
chromatography using 1:1 methanol/chloroform, giving 8 as a
viscous golden oil (4.25 g 17.1 mmol, 51% yield). "H NMR
(D,0): & 141 (s, 9H, Hy), 2.79 (t, 2H, ] = 5.4 Hz, Hy), 325
(t, 2H, ] = 5.4 Hz, Hp), 3.57 (q, 4H, ] = 5.0 Hz, 9.7 Hz, Hq), 3.66
(s, 4H, Hy). "*C NMR (D,O, TSP internal std): O 30.4, 42.6, 72.1,
722,749, 161.

N-Acetylneuraminic Acid {2-[2-(2-Amino-ethoxy)-ethoxy]-
ethyl}-amide (11). Sialic acid (10, 100 mg, 0.32 mmol) was
weighed into a flame-dried 25 mL round-bottomed flask, dissolved
into DMF (2 mL) and placed under nitrogen. BOP (210 mg, 0.48
mmol) was added to the solution as a solid. In a separate flask, the
linker 8 (87 mg, 0.35 mmol) was dissolved in DMF (1 mL).
DIPEA (170 mg, 1.28 mmol) was then added. This mixture was
next added to the sialic acid solution. The reaction was heated to
35 °C and stirred for 24 h. The solvent was evaporated under
reduced pressure. The crude was dissolved in 1:2 dichloro-
methane/TFA (12 mL) and stirred for 2 h before the solvents
were evaporated under reduced pressure. The crude material was
purified with RP-HPLC using a gradient of deionized water/0.1%
trifluoroacetic acid and acetonitrile/0.1% trifluoroacetic acid giving
11, as a gummy white solid (155 mg, 0.35 mmol, 88% yield). 'H
NMR (D,0): 6 1.67 (t, 1H, J = 12.2 Hz, Hy), 2.03 (s, 3H, Hc),
2.31(dd, 1H, ] = 4.7 Hz, 13 Hz, H,), 3.19 (t, 3H, ] = 4.8 Hz, Hp),
343 (m, 2H, Hy), 3.55—3.73 (M, 11H, Hg p15qr), 382 (dd, 1H,
J=2.6Hz,11.9Hz, Hg), 3.89 (t, 1H, J = 10.3 Hz, H;), 4.05 (m, 2H,
Hpr). *C NMR (D,0, TSP internal std): 0 22.3,39.0, 39.3, 39.8,
52.4, 63.4, 66.6, 67.0, 68.4, 68.9, 69.7, 69.8, 70.4, 70.7, 96.0, 173,
175. High-resolution electrospray mass spectrometry (HR-ESI+:
[M + H]" (C7H34,N;30,) caled m/z = 440.2239. Found m/z =
440.2238.

General Procedure for the Synthesis of Glyco-DATEG-
PAMAM Dendrimers. PAMAM G = —0.5, 0.5, and 1.5 (1 equiv)
were transferred to a 10 mL round-bottomed flask, G = —0.5 as a

solid, and 0.5 and 1.5 as a 20% wt solution in methanol. The
methanol was evaporated from G = 0.5 and 1.5 in vacuo. Next,
DIPEA (2.5 equiv/arm) was added, and flushed with nitrogen.
DIPEA (2.5 equiv/arm) was added, followed by BOP (1.2 equiv/
arm). The sugar linker 11 (1.1 equiv/arm) was placed into a
second 10 mL round-bottomed flask and dissolved in DMF
(1 mL). The two solutions were mixed together, heated to
35 °C, and stirred under nitrogen for 1, 7, and 14 days, respectively.
The solvents were evaporated under reduced pressure and the
crude product was dialyzed with 500 MWCO tubing in a 1 L flask
against nanopure water. The water was changed once every hour
for four hours, and allowed to stir overnight at 4 °C . The
remaining crude material was then lyophilized. The dialyzed crude
material was then purified using RP-HPLC with a linear gradient
between water/0.1% trifluoroacetic acid and acetonitrile/0.1%
trifluoroacetic acid. Fractions containing the product were col-
lected, grouped, and further purified using a 2.5 X 120 cm Bio-Gel
P-10 in 0.03 M ammonium bicarbonate. A 6.4% yield of only
compound 1 was achieved by this method.

General Procedure for the Synthesis of GlycoPAMAM
Dendrimers. Sialic acid (10, 1.1 equiv/arm) was weighed into
a flame-dried 10 mL round-bottomed flask, flushed with nitrogen,
then dissolved into DMF (4 mL). BOP (1.5 equiv/arm) was then
added as a solid. PAMAM G =0, 1, or 2 (20% wt in methanol)
(1 equiv) was next weighed into a separate 10 mL round-
bottomed flask and the methanol was evaporated under
reduced pressure. DMF (1.5—2.0 mL) and DIPEA (2.5 equiv/arm)
were added to the flask with PAMAM. The PAMAM solution
was then added to the sialic acid solution, heated to 35 °C, and
the reaction was stirred for 1, 7, or 14 days, respectively,
under nitrogen. The crude reaction product was dialyzed with
500 MWCO tubing against nanopure water. The water was
changed once an hour for four hours, then left stirring over-
night at 4 °C. The crude material was then purified using RP-
HPLC with a linear gradient between water/0.1% trifluoroa-
cetic acid and acetonitrile/0.1% trifluoroacetic acid providing
compounds 2, 4, and 6 in 11.4%, 14%, and 28% yields,
respectively.

General Sulfation Procedure. Nonselective sulfation of the
glycodendrimers was carried out according to the procedure of
Kunou et al.*” Briefly, the glycodendrimers were sulfated under a
nitrogen atmosphere at 0 °C, using a 3:1 ratio of SO;—pyridine
complex to hydroxyl groups per sugar unit. 10 mg of each
glycodendrimer and the appropriate mass of SO3;—pyrindine
complex were each dissolved in 1.25 mL of dry DMF under N,.
The sulfating solution was added dropwise into the glycoden-
drimer solutions and the reaction mixtures were stirred for 1 h at
0 °C under N,. The reactions were terminated by the addition of
0.5 mL ice—cold water and the pH values of the reaction
mixtures were adjusted to above 9 with 2 M NaOH. The reaction
mixtures were next added dropwise to 50 mL of ice—cold
acetone and left to precipitate at —20 °C for 24 h. The
precipitates were collected by centrifugation, then decantation
of the acetone. The precipitates were dissolved in small volumes
of water and purified via dialysis (either 500 or 1000 MWCO
tubing was used, Spectra/Por) against purified DI water at 4 °C.
The sulfated glycodendrimers were then obtained as fine white
solids by lypohilization. Finally, the sulfated glycodendrimers
were evaluated by Columbia Analytics in Tucson, AZ, to
determine the % sulfur for each. From this information, the
approximate number of sulfate groups incorporated into each
glycodendrimer was determined. For sulfo-1, 2, 4, and 6, the %S
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incorporated into each glycodendrimer was 11.22%, 15.32%,
2.02%, and 4.03%, respectively.

General procedure for the competitive ELISA with bioti-
nylated recombinant gp120. A competitive ELISA was devel-
oped to determine the inhibitive binding properties of the
sulfated glycodendrimers against the HIV-1 monoclonal anti-
body peroxidase-labeled murine mAb1101-P gp120 HIV-1
(Immunodiagnostics), to biotin-labeled rgp120 HIV-1 IIIB (b-
rgp120, Immunodiagnostics). Dextran sulfate (500 kDa) was
used as a positive assay control, and buffer was used as a negative
assay control. Competition between the b-rgp120 and the mAb
was evidenced by a decrease in the overall absorbance at 450 nm.
To run the assay, a 1:5000 dilution of b-rgp120 was prepared in
PBS and 100 uL of this dilution was transferred to the wells of
Reacti-Bind NeutrAvidin-coated strip plates (Thermo Scien-
tific). The plates were incubated for 1 h at 25 °C while shaking
at medium speed in a Jitterbug Plate Incubator Shaker (Boekel).
The plates were washed three times with PBS containing 0.05%
(v/v) Tween 20. 200 uL of PBS containing 1% (w/v) BSA was
added to each well to block nonspecific binding sites and the
plates were incubated for 1 h at 25 °C while shaking at medium
speed. While blocking, a 1:1000 dilution of the mAb 1101-P, and
0.2—400 ug/mL dilutions of the sulfated glycodendrimers were
prepared in PBS-Tween 20 containing 0.1% (w/v) BSA. The
plates were washed three times, and then the wells were treated in
duplicate with 50 uL of the sulfated glycodendrimer dilutions
plus 50 uL of the mAb1101-P dilution and incubated for 1 h at
25 °C while shaking at medium speed. The plates were washed
three times. The wells were treated with 100 4L of SureBlue
peroxidase substrate (KPL) and the kinetic reaction absorbances
were read for 10 min at 655 nm on a BioRad model 550 plate
reader. The kinetic reaction was stopped by the addition of 100
uL of 1 M HCI to each well. The end point absorbances were
read at 450 nm. The duplicate end point readings were averaged
and plotted against the log of the concentration (g/L) in a
nonlinear regression analysis using GraphPad Prism 4 software.
From this, ICs, (inhibitory concentration to achieve 50% of the
effect, in this case 50% less binding between b-rgp120 and the
mAb) values in ug/mL and R* values were determined. A
minimum of two assays were completed for each glycodendrimer
or standard.

HIV Neutralization Luciferase Reporter Gene Assay. In-
hibition of HIV infectivity by the sulfated glycodendrimers was
assessed in a formally optimized, validated, and GCLP (good
clinical laboratory practice)-compliant infectivity reduction
assay according to the method of Montefiori et al. and con-
ducted at Duke University in the GCLP-certified Primate
Central Immunology Laboratory.>>*" The solid glycodendri-
mer samples and dextran sulfate were prepared for analysis as
follows: They were first dissolved in PBS and sterile-filtered to
give 1 mg/mL concentrations. The 1 mg/mL stock solutions
were serially diluted 1:3 in concentrations ranging from 50 to
0.02 ng/mL. The HIV-1 strains utilized in the assay included
Q23.17 (Clade A), MN.3 (Clade B), MW965.26 (Clade C), and
TV1.21 (Clade C). The cells assayed for infection were TZM-bl
cells expressing CXCR4, and engineered to express the human
cell receptors CD4 and CCRS, in addition to the enzymes,
firefly luciferase and Escherichia coli f-galactosidase. An addi-
tional positive control, HIVIG-C, a purified IgG pooled from
HIV" donors from South Africa, was prepared from a stock 12.5
mg/mL solution and used in the assays in 1:3 dilutions ranging
from 625 to 0.29 ug/mL.

B RESULTS AND DISCUSSION

The purpose of this work was to examine the ease of
synthesizing glycodendrimers of various generations using both
convergent-like and divergent-like synthetic strategies, and to
perform some preliminary assessments for potential HIV-1
activity. With the sole exception of the preparation of compound
8, no protecting group chemistry was used in this study. Because
protecting group strategies require two additional steps per
group, and result in lower overall yields, eliminating these steps
saves time, and precludes the need for numerous purification
steps. To achieve this, a synthetic route was devised where the
reactions were conducted in a polar solvent to ease solubility
issues, the reagents would not target the unprotected hydroxyls,
and the chemistry utilized was efficient enough to allow for the
desired conversion to the fully substituted products could be
readily achieved. Whichever strategy proved superior would then
allow for the creation of a variety of glycodendrimers of various
sizes and sugar compositions more quickly. To test the con-
vergent-like strategy for the synthesis of dendrimers, sialic acid
was coupled to a hydrophilic linker, 8, which was then attached to
PAMAM, both utilizing amide linkages. As linker 8 was amine
terminated, the half generations of carboxylic acid-terminated
PAMAM (G = —0.5, 0.5, and 1.5) were employed in these cases.
For the divergent-like strategy, the carboxyl group of sialic acid
was coupled directly to the terminal amine of PAMAM G = 0,
1, and 2.

Glycodendrimer Synthesis. Generations —0.5, 0.5, and 1.5
were coupled to the sugar—linker complex through a convergent
synthetic method. To achieve this, the linker (1,8-diaminotriethy-
leneglycol, 7) was singly protected with di-tert-butyldicarbonate
((Boc),0). As both ends of the linker are chemically equivalent,
this reaction afforded three products: unreacted starting material
(7), the monoprotected linker (8), and the diprotected linker (9).
Monoprotected linker (8) was isolated by normal phase flash
chromatography using 1:1 chloroform and methanol, giving the
desired product (8) in a 51% yield (Scheme 1).

The monoprotected linker (8) was next coupled to sialic acid
(10) using benzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate (BOP) coupling conditions. After overnight
reaction at 35 °C, the Boc protecting group was removed in 1:2
dichloromethane/trifluoroacetic acid (TFA) (Scheme 2).

Compound 11 was purified by reverse-phase high-pressure liquid
chromatography (RP-HPLC), giving the desired product in 88%
overall yield for two steps. Next, the sugar—linker (11) was attached
to PAMAM generations —0.5, 0.5, or 1.5 via an amide coupling
using BOP and DIPEA (N,N-diisopropylethylamine) in DMF at
35 °C, under nitrogen for 1, 7, or 14 days, respectively, producing
glycodendrimers 1 and 3 (Scheme 3).>> Glycodendrimer 5, un-
fortunately, was not isolated.

To make compounds 2, 4, and 6 using a divergent-like
approach, sialic acid (10) was mixed with the appropriate
PAMAM and allowed to react using BOP coupling conditions
at 35 °C under nitrogen gas for 1, 7, or 14 days. This produced
glycodendrimers 2, 4, and 6 (Scheme 4).

Glycodendrimer Characterization. One of the primary goals of
the research presented herein was to develop an efficient synthetic
strategy to evaluate convergent and divergent-like synthetic methods
to determine which method was simpler/more efficient for the
synthesis of sialic acid-coupled glycodendrimers as that could serve as
effective and potent anti-HIV-1 agents. An additional goal involved
the minimization/elimination of the polydispersity inherent to the
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Scheme 1. Monoprotection of Diaminotriethylene Glycol (8)
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polysaccharides known to have anti-HIV activity. If successful, this
would result in structurally well-defined glycodendrimers, and allow
for a greater understanding of which features are the most critical for
anti-HIV-1 activity. This was viewed as an important aspect of
the study as many of the previous reports yielded incompletely
substituted glycodendrimers (vide supra). O34 1 the current
study, the divergent-like approach consisted of only a single step
between sialic acid and the appropriate amine-terminated PAMAM
via a BOP coupling (Scheme 4). This synthesis was anticipated to be
difficult, as the carboxyl group on sialic acid is sterically hindered.
That, along with a large, bulky dendrimer, and the simultaneous
occurrence of multiple reactions in the coupling step, was expected to
present a great synthetic challenge and result in understandably low
yields. The convergent-like synthesis, on the other hand, was expected
to be much more facile as an intermediary polar primary amine-
terminated linker was first attached to sialic acid in a 1:1 reaction,
which was then coupled to carboxy-terminated PAMAM dendri-
mers (Scheme 3). This strategy was expected to be advantageous,

Scheme 3. Amide Coupling of Sugar—Linker PAMAM
Generations —0.5, 0.5, and 1.5
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Scheme 4. Amide Coupling of Sialic Acid (10) to PAMAM
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as the steric issues between sialic acid and PAMAM would be
minimized by the presence of a long polar spacer molecule. It was
thus anticipated that the coupling between the sialic acid-linker
(11) and various PAMAM cores would result in greater yields than
the divergent-like approach.

It was therefore a surprise to find that the divergent-like synthetic
method, where sialic acid was directly coupled to PAMAM,
produced the desired fully substituted products in higher yields
than the convergent-like approach. For the divergent-like reactions,
compounds 2, 4, and 6 were all isolated and completely character-
ized via "H NMR, ">C NMR, and MALDI-MS in modest yields of
11.4%, 14%, and 28%, respectively. The yields were likely low due to
the steric issues previously mentioned.

For the convergent-like method, however, the addition of the
diaminotriethylene glycol linker was expected to aid the reactions
by reducing steric hindrance, yet resulted in minimal/no product
isolation. Compound 1 was only isolated/characterized in 6.4%
yield. For compound 3, the impurity of the sample and the low
quantities produced precluded the ability to obtain confirmatory
"H or C data; only MALDI MS analysis was possible. The
calculated molecular weight for 3 is 4462 Da; however, MALDI
MS showed small peaks for (M+H) m/z = 4467, (M—H,0)
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Scheme 5. Nonselective Sulfation of Glycodendrimer Products
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m/z = 4448, and (M—2H,0) m/z = 4428, along with impurity
peaks (M-compd 11-H,0) m/z = 4027 and (M-2 compd 11)
m/z =3619. Compound 3 has more than 180 carbon atoms, so it
is likely there are at least two ">C atoms adding weight beyond
the calculated molecular mass. Compound $ was neither isolated
nor confirmed, even after multiple attempts at synthesizing and
purifying this molecule. We hypothesize that the linker may have
been too conformationally flexible, allowing the linker to fold
back on itself and participate in intramolecular hydrogen bond-
ing with the polar face of the sialic acid. It is believed that this
would result in reduced/absent reactivity of the sugar—linker
to PAMAM.

These results clearly indicate that, for our system, the diver-
gent-like synthesis was the superior method as fully substituted
sialic acid glycodendrimers resulted. Yield improvements for the
divergent-like approach are currently being sought in the labora-
tory through substitution of the solvent and/or coupling reagent.
It is thought that a better combination can be found for this
system that will behave more favorably with the polarity/
solubility issues of the reactants, and result in improved yields,
all while maintaining the ability to use unprotected sugars.

Assessment of anti-HIV Activity. The second major goal of
the work presented herein involved the evaluation of sulfated
derivatives of the glycodendrimers for possible anti-HIV activity.
Once all of the glycodendrimers (1, 2, 4, and 6) were successfully
isolated and characterized, they were sulfated and purified
according to the method of Kunou et al. (Scheme 5).% As this
method is not selective as to the location or number of sulfates
incorporated on the sugar hydroxyl groups, and the molecules
had been completely characterized after their initial synthesis,
further NMR and mass spectral analysis was not conducted.
Instead, elemental analysis for % sulfur (%S) was completed.
Using the %S for each glycodendrimer, the average number of
sulfate groups incorporated into each glycodendrimer was cal-
culated. The %S for sulfated compounds sulfo-1, 2, 4, and 6 were
11.22%, 15.32%, 2.02%, and 4.03%, respectively, which translated
to an average number of sulfate groups incorporated of 10, 13,
2—3, and 11, respectively. The nonregiospecific sulfation meth-
od was utilized, rather than a more selective method, as these
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require additional protection/deprotection steps to incorporate
the sulfate group on a specific hydroxyl group. As this was a
preliminary study to elucidate a synthetic path that would yield
glycodendrimers with anti-HIV-1 activity in the fewest possible
steps, it was decided that achieving a completely monomole-
cular compound at this stage of the project in terms of both
the number of sugars and sulfate groups incorporated was of
lesser importance than achieving a fully substituted glycoden-
drimer product. This will, however, continue to be a goal in
future work.

To evaluate whether or not the sulfated glycodendrimers had
the capability of binding to the target HIV-1 protein, gp120, a
simple in-house competitive binding ELISA assay was developed.
This assay was utilized as an initial screen to quickly assess
whether or not the sulfated glycodendrimers had the ability to
bind to b-rgp120 (biotinylated recombinant gp120) and thereby
inhibit the binding between b-rgp120 and an HRP (horseradish
peroxidase)-labeled monoclonal antibody specific to the V3 loop
of gp120. Briefly, b-rgp120 was incubated with NeutrAvidin-
coated plates. NeutrAvidin is a proprietary biotin-binding protein
capable of binding with high avidity to biotin-containing mol-
ecules and adhering them more/less permanently to the surface
of the plate. This was done to ensure that gp120, with a high
carbohydrate composition (~50% by weight), did not wash off of
the plate. After blocking the open sites with bovine serum
albumin (BSA), the competitive binding step was initiated where
both the HRP-labeled monoclonal antibody specific to the V3-
loop of gp120 and either the serially diluted sulfated glycoden-
drimer or assay controls were incubated with the anchored
gp120. After the prescribed incubation period and rinsing, the
HRP substrate was added, and the reaction was monitored for
10 min at 655 nm, to observe linearity of the kinetics. The
reaction was then stopped with the addition of HCl and the plate
read again at 450 nm to ascertain the end point absorbances.

All of the sulfated glycodendrimers (sulfo-1, 2, 4, 6) were
initially evaluated by the ELISA. Each compound was assayed in
duplicate wells a minimum of two times, and all results were
compared to the positive assay control, 500 kDa dextran sulfate
(Figure 1), containing 17% sulfur (2.3 sulfates/ sugar).53 Dextran
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Table 1. Summary of Pertinent Structural and HIV Assay Data for Sulfated Glycodendrimers and Positive Assay Controls,

Dextran Sulfate, and Antibody HIVIG-C

approxx MW avg # ELISA
compound (g/mol) % sulfur sulfates ICSOd
Sulfo-1 2821 11.22 10 (2.5/sugar) >71 uM
Sulfo-2 2707 1532 13 (3.25/sugar) >74uM
Sulfo-4 3992 2.02 2t03(0.25—0.38/sugar)  >S0uM
Sulfo-6 8777 4.03 11 (0.69/sugar) >23 uM”
Dextran 500000 17 2.3/sugar 1.6 nM

Sulfate

HIVIG-C 150000 NA* NA* NA?

Q23.17 MN.3 MW965.26 TVI1.21
(Clade A) IC5,°  (Clade B) IC5,°  (Clade C) IC5,°  (Clade C) ICs("
NA* NA* NA* NA*
NA* NA* NA* NA*
>12.5 uM* >12.5 uM* >12.5 uM* >12.5 uM*
5.1 uM 24uM L6uM 40uM
8.2nM 4.4nM 2.8nM 2.6nM
98.7 nM 35.3nM 8.7nM 0.34 uM

“NA = Not applicable/no assay was conducted. " Reduction in the absorbance at 450 nm by Sulfo-6 was only observed at the highest compound
concentrations tested and did not reach the cutoff level of a 50% reduction in absorbance at 450 nm. “ Reduction in the luciferase signal by Sulfo-4 was
only observed at the highest compound concentrations tested and did not reach the 50% neutralization cutoff. “Values are the sample concentration
(uM) at which the absorbance at 450 nm was reduced by 50% compared to the control wells (no test sample). Sample concentrations ranged from 0.1 to
200 ug/mL in the assay wells. ° Values are the sample concentration (M) at which relative luminescence units (RLUs) were reduced 50% compared to
virus control wells (no test sample). Sample concentrations ranged from 0.02 to S0 sg/mL for the sulfoglycodendrimers and DS, and 0.29—625 ug/mL

for HIVIG-C.

sulfate consistently results in an average IC, (inhibitory con-
centration for a 50% reduction in gp120 binding) of 1.6 nM
with an R* value of 0.99 for the nonlinear regression fit for
dose—response analysis (Table 1). Sulfo-1, 2, and 4 did not fit
nonlinear regression dose—response curves, evidenced by low R*
values (data not shown). For Sulfo-6, higher concentrations of
this molecule led to a noticeable decline in the absorbance at
450 nm, indicating that some binding to gp120 was achieved;
however, a 50% inhibition of antibody binding to b-rgp120 was
not achieved. It was hypothesized that lack of quantitative results
by the ELISA may have had more to do with the lower sensitivity
limits of the ELISA, rather than whether or not the compounds
actually had anti-HIV activity, and we are in the process of
optimizing the ELISA assay to improve its sensitivity. The
decision was therefore made to evaluate the two higher-order
sulfated glycodendrimers (sulfo-4 and 6) directly for anti-HIV
activity using the luciferase reporter gene assay because it is a
more sensitive assay. Sulfo-1 and sulfo-2 were not evaluated
further, because we had recently determined that other sulfated
glycodendrimers of similar size did not yield anti-HIV-1 activity
in the luciferase assay (data not shown).

The luciferase reporter gene assay used in this analysis was first
developed by Shaw and co-workers, then further optimized and
validated by Montefiori and colleagues.’>>"** This assay evalu-
ates a single round of infection of a modified TZM-bl cell line,
derived from HeLa. TZM-bl cells express the HIV-1 coreceptor,
CXCR4, and have been engineered to express coreceptor CCRS
and receptor CD4, in addition to the integrated reporter genes
for firefly luciferase and the 3-galactosidase gene from Escherichia
coli. The pseudoviruses utilized (Q23.17 (Clade A), MN.3
(Clade B), MW965.26 (Clade C), and TV1.21 (Clade C)) are
infectious, but are not able to replicate to yield viable virions and
are thus limited to one round of infection. Upon infection of the
TZM-bl cells, the tat gene carried by the pseudovirus is expressed
and the resultant Tat protein trans-activates the luciferase
reporter gene. Development of the assay involves quantifying
the luminescence resulting from the enzyme activity of luciferase,
which is directly proportional to the number of infection events
by the pseudoviruses. Addition of an agent with anti-HIV activity
results in a decrease in the luminescence signal. Both sulfo-4 and
6 were analyzed in the TZM-bl luciferase reporter gene assay, in
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addition to the positive control, dextran sulfate. The ICs values
(Table 1) are the sample concentration at which the relative
luminescence units were reduced by 50% compared to virus
control wells (no test sample). HIV inhibitory activity was
detected for Sulfo-6, with ICs, values for all viruses tested in
the low micromolar range. Reduction in luciferase signal by
Sulfo-4 was only observed at the highest compound concentra-
tions tested and did not reach the 50% neutralization cutoff. The
positive controls, dextran sulfate and HIVIG-C, were both potent
inhibitors as expected, yielding nM inhibition in all four HIV-1
strains, except TV1.21 for HIVIG-C, which was M.

As with all in vitro assays, the results obtained are constrained
by the system used. Experiments in other laboratories have
shown that HIV neutralization assays in the TZM-bl cell system
may be less sensitive than assays in other cells, such as T cell lines
and PHA-stimulated PBMCs,* and that viruses produced in
293T cells are more sensitive to neutralizing antibodies than the
same virus produced in PBMCs.>> We have also observed that an
assay based on the T cell line A3RS can be 10- to 100-fold more
sensitive in the detection of neutralizing antibodies than the
TZM-bl assay, but only for viruses with a tier 2 (less-sensitive)
neutralization phenotype (unpublished data).® The viruses
assayed here for inhibition by sulfo-4 and sulfo-6 are all tier 1
(more neutralization sensitive) and are equally sensitive to
neutralizing antibodies when assayed in TZM-bl and A3RS cells.
However, it is possible that neutralization by sulfated polysac-
charides may behave differently in these two assay systems than
neutralization by antibodies, and the results here may under-
estimate the potential of these two compounds to inhibit HIV in
an optimal in vitro assay. Like Louder et al, we have also found
that a virus produced in 293T cells is more sensitive to
neutralization by antibodies than the same virus grown in
activated human PBMCs. The viruses used herein were pseudo-
viruses produced in 293T cells. In humans, the infecting HIV
would likely have been produced by lymphoid or monocytoid
cells. If HIV inhibition by sulfated polysaccharides follows the
trend observed with neutralization by antibodies, the results here
may overestimate the inhibition of HIV by sulfo-4 and sulfo-6 in
an infected individual. Clearly, further studies are needed to
understand the true utility of these and similar compounds in
protection from HIV infection in vivo, but the results presented
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Figure 3. HIV-1 luciferase reporter gene assay results for % neutralization of four different HIV-1 strains (Q23.17, MN.3, MW965.26, and TV1.21) in
TZM-bl cells by glycodendrimers sulfo-4 and sulfo-6 with positive controls, dextran sulfate and HIVIG-C.

here provide encouragement for continuing to evaluate this
strategy (Figure 3).

The combined data from both the ELISA and luciferase
reporter gene assay suggest a few conclusions regarding the
potential of these molecules as anti-HIV molecules. First, the
assays were found to be complementary to one another: the
luciferase assay confirmed the anti-HIV activity of sulfo-6 that
was suggested by the ELISA result. This supports our strategy for
screening glycodendrimer compounds: the ELISA serves as a simple
screen for whether or not a sulfated glycodendrimer has the ability to
bind the target gp120 protein, while the luciferase assay measures
how well the sulfated glycodendrimers prevent the infection of the
TZM-bl cells. Second, the activity of sulfo-6 is superior to that of
sulfo-4. Sulfo-4 contains 2.02% sulfur, 8 sugar residues and a MW of
approximately 4000 Da. It cannot be determined from the data
gathered whether the poor activity observed for sulfo-4 was due to
the small size, the low % sulfur, or as a result of both factors. Further
study of these effects is required. Therefore, all future sulfoglyco-
dendrimers envisioned will need to be equal/larger than sulfo-6, and
have a minimum of 4% sulfur (by wt). It is hypothesized that, as the
sulfoglycodendrimers increase in size/sulfur content, both assays
will be better able to quantitate the HIV-1 activity, as the sulfogly-
codendrimers will be more adept at binding to gp120 multivalently,
and potentially serve as effective anti-HIV-1 agents. This is sup-
ported by a report by Subramaniam and co-workers, where it was
reported that the native trimeric spike of gp120 has a width of
15 nm.”” Compared with the known diameters of unsubstituted
PAMAM G = 1 and 2, which are 1.9 and 2.6 nm, respectively, it can
be theorized that the glycodendrimers reported herein can interact
with/bind to at least one gp120 monomer apiece.>® It is also
supported by reports in the literature illustrating a variety of
(glyco)dendrimer-based molecules with anti-HIV activity (uM—
nM), with molecular weights ranging from 12400 to 24581
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Da %% As we have now reported a sulfoglycodendrimer
(sulfo-6) with a MW of 8777 Da and 4.03% sulfur with ©M activity
across all HIV-1 strains evaluated, we are satisfied that the ELISA/
luciferase assay combination will provide adequate sensitivity for
future molecules evaluated, as these will all be larger in size and
contain a minimum of 4% sulfate (by wt). Finally, in taking the sialic
acid monosaccharide, presenting it multivalently on PAMAM, and
sulfating it, we were able to observe modest M activity (ICs, values
ranging from 1.6 to 5.1 #M). These values compared well to the
ECso value of 04 uM for an 8000 Da sulfated colominic acid
derivative containing 6% sulfur, as reported by Yang et al."” This
indicates that the strategy of taking smaller pieces of a polysaccharide
of known anti-HIV properties and presenting them in a multivalent
sense on a dendrimer scaffold can yield structurally well-defined
sulfoglycodendrimers with good anti-HIV activity. This approach
may also result in derivatives with reduced or absent toxicity issues as
compared to the sulfated polydisperse polysaccharides from which
they are derived. This latter issue will be addressed in future studies.

B CONCLUSIONS

In summary, an initial series of 6 sulfoglycodendrimers were
sought, synthesized by either a divergent-like or convergent-like
approach, as potential anti-HIV agents. The syntheses were
planned with the fewest steps possible and no sugar protecting
group chemistry, to find the fastest and most facile way to make
sulfoglycodendrimers in the best yields possible. While it was
initially believed that the four-step convergent-like approach
would be the best reaction sequence, as the steric issues of both
sialic acid and PAMAM were minimized through the addition of
an intermediary hydrophilic linker, only 1 was produced, and in
poor yield. This contrasts with the one-step divergent-like path-
way, which at the outset was not expected to work well, given that
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both the sialic acid and PAMAM structures were sterically
congested. Surprisingly, this path led to the production of all
three desired glycodendrimers, 2, 4, and 6, in modest yields, and
all in one step. Glycodendrimers 1, 2, 4, and 6 were all fully
substituted with respect to the number of sugars attached to the
reactive groups terminating the various generations of PA-
MAM, thereby eliminating the polydispersity of structure
found in the parent polysaccharide colominic acid. While
the chemical sulfation process was not regioselective, it was
viewed to be of lesser importance at the current time than
finding the appropriate synthetic method and determining the
general minimum structural requirements necessary for these
molecules to have anti-HIV-1 activity. This was achieved in
sulfo-6. The synthesis of a completely monomolecular pro-
duct in terms of the number of both sugars and sulfates
incorporated remains a future goal.

In addition to finding an appropriate synthesis for the
glycodendrimers, a simple binding screen and well-character-
ized confirmatory functional assay were utilized to rapidly
determine their potential anti-HIV activity. Upon evaluation
of the sulfoglycodendrimers, sulfo-1, 2, 4, and 6, the in-house
ELISA screening assay suggested that only sulfo-6 bound to
b-rgp120. This was confirmed using the more sensitive luci-
ferase reporter gene neutralization assay, which detected uM
activity for sulfo-6. Thus, we have shown that a simple
monosaccharide building block derived from a known anti-
HIV sulfated polysaccharide can yield molecules possessing
anti-HIV-1 activity when appended to a multivalent scaffold,
even though they are smaller in size than the parent poly-
saccharide.

B ASSOCIATED CONTENT

© Ssupporting Information. Full synthetic and characteri-
zation details of the sialic acid-PAMAM glycodendrimers and
NMR spectra are provided. This material is available free of
charge via the Internet at http://pubs.acs.org.
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