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Sulfoglycodendrimer Therapeutics for HIV-1 and
SARS-CoV-2
Lauren Wells, Cory Vierra, Janee’ Hardman, Yanxiao Han, Dustin Dimas,
Lucia N. Gwarada-Phillips, Rachel Blackeye, Daryl K. Eggers, Celia C. LaBranche,
Petr Král,* and Katherine D. McReynolds*

Hexavalent sulfoglycodendrimers (SGDs) are synthesized as mimics of host
cell heparan sulfate proteoglycans (HSPGs) to inhibit the early stages in viral
binding/entry of HIV-1 and SARS-CoV-2. Using an HIV neutralization assay,
the most promising of the seven candidates are found to have
sub-micromolar anti-HIV activities. Molecular dynamics simulations are
separately implemented to investigate how/where the SGDs interacted with
both pathogens. The simulations revealed that the SGDs: 1) develop
multivalent binding with polybasic regions within and outside of the V3 loop
on glycoprotein 120 (gp120) for HIV-1, and consecutively bind with multiple
gp120 subunits, and 2) interact with basic amino acids in both the
angiotensin-converting enzyme 2 (ACE2) and HSPG binding regions of the
Receptor Binding Domain (RBD) from SARS-CoV-2. These results illustrate
the considerable potential of SGDs as inhibitors in viral binding/entry of both
HIV-1 and SARS-CoV-2 pathogens, leading the way for further development of
this class of molecules as broad-spectrum antiviral agents.

1. Introduction

Pathogens capable of causing pandemics have been present
throughout recorded human history. Millions of lives have
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been lost due to the rapid emergence of
pathogens in major modern pandemics,
such as the 1918 “Spanish” Flu (H1N1
influenza virus, 40 million deaths), Ac-
quired Immunodeficiency Syndrome
(AIDS) caused by the Human Immunode-
ficiency Virus (HIV), and now, COVID-19
(coronavirus disease-2019) caused by the
coronavirus, SARS-CoV-2 (severe acute
respiratory syndrome coronavirus 2). Cur-
rently, there are approximately 38 million
people living with HIV/AIDS, 1.7 million
new infections in 2019, and 32.7 million
lives lost since the first reported case in
1981.[1] For the rapidly emerging pandemic
involving the coronavirus, SARS-CoV-2,
over 100 million cases of COVID-19 have
occurred, with over two million deaths
reported since December of 2019.[2]

In addition to the pursuit of effec-
tive vaccines against such pathogens as

HIV-1 and SARS-CoV-2, it is important to have effective broad-
spectrum antiviral drugs capable of minimizing transmission to
those uninfected and easing/shortening disease symptoms. For
influenza, oseltamivir and zanamivir, better known as Tamiflu
and Relenza, can be prescribed when someone is in the early
symptomatic stage of infection as a means to diminish symp-
toms, shorten the duration, and minimize the risk of death. This
is particularly useful when one considers that the flu vaccine is
only 40–60% effective and that only 45% of adults were vacci-
nated in the 2018–19 flu season.[3] For HIV-1, pre-exposure pro-
phylaxis (PrEP) has been developed for high-risk populations,
as a way to minimize the sexual transmission of the virus, and
consists of a single pill daily of Truvada, containing a combina-
tion of the drugs emtricitabine and tenofovir. However, this pre-
ventative method has not been widely adopted, and there have
also been several reports of breakthrough infections.[4] For SARS-
CoV-2, there are two vaccines by Pfizer and Moderna that re-
cently gained emergency use approval from the FDA. However,
beyond the vaccines, there are currently only two drugs approved
for critical COVID-19 cases, the antiviral drug, remdesivir, and
the corticosteroid, dexamethasone. We still have a long way to
go to get the COVID-19 pandemic under control. Herd immu-
nity will take time to develop, and even with widespread vac-
cination people will still get infected with COVID-19, as even
the current vaccines are not 100% effective. Presently, there are
still rising levels of infections, hospitalizations, and death among
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patients. Clearly, we need to further explore the antiviral drug
landscape in the hopes of finding reliable ways to reduce the in-
fection rates of HIV-1 and SARS-CoV-2, such that the pandemics
can be controlled.
The early stages of viral binding and entry for both HIV-1 and

coronaviruses, including SARS-CoV-2, bear similarities, from the
presentation of a trimeric spike on both viral surfaces (glycopro-
teins gp41/gp120 and the S (spike) glycoprotein, respectively), to
the recognition and binding of these viral spikes to ubiquitous
cell surface structures, heparan sulfate proteoglycans (HSPGs).[5]

Epithelial cells, which dominate both the genitourinary tract and
respiratory system, bear HSPGs which can be utilized by the
viruses for initial attachment to the host cells, leading to viral fu-
sion and infection. These binding events are mediated through
electrostatic interactions between the polyanionic sulfate groups
on the sugars coating the HSPGs and the solvent accessible poly-
basic amino acids on the surface of the viral spikes. In HIV-1, the
dominant polybasic region is the variable V3 loop in gp120, char-
acterized by the close proximity of multiple basic amino acids.
This high density of positive charges is essential for viral infec-
tivity and is conserved even though the V3 loop displays an in-
creased level of mutation in different isolates.[6] For SARS-CoV-
2, preliminary data indicate the polybasic amino acids are con-
tained within the receptor binding domain (RBD) of the Spike
protein.[7] For both HIV-1 and SARS-CoV-2, the binding interac-
tions between the trimeric viral spikes and the host cell HSPGs
have the potential of being multivalent, whereby multiple viral
proteins/spikes can come into contact withmultiple complemen-
tary host cell surfaces such as the HSPGs. Multivalent binding
is commonly utilized in nature to increase binding affinity. This
is particularly relevant when it comes to improving the binding
strength of carbohydrates, which are typically very weak (mm–µm
dissociation constants) in 1:1 interactions, but can be improved
by orders of magnitude (nm–pm) if the sugars are clustered on a
surface or synthetic scaffold.[8]

Considering the similarities in the trimeric viral surface pro-
teins of HIV Env and the SARS-CoV-2 Spike, along with the
mode of viral binding to the host cell surface HSPGs, we be-
lieve it is possible to develop antiviral agents that encompass
properties that can be used to prevent the binding of both
viruses to the host cell HSPGs. Inhibition of multiple pathogens
by HSPG-mimicking dendrimers/glycodendrimers has been re-
cently reviewed.[9] These include surface-sulfated carbosilane
dendrimers with demonstrated activities against HIV-1 and
HSV-2 by the Muñoz-Fernández group, and VivaGel®, which is
a lysine-core naphthalene disulfonic acid derivatized dendrimer
developed by Starpharma in Australia. Starpharma has licensed
VivaGel® for use in limited countries for the treatment of bacte-
rial vaginosis and as a condom formulation to prevent the trans-
mission of sexually-transmitted pathogens, however, it is not ap-
proved for use in the United States.[10] Further work is needed
to develop broad-spectrum antiviral agents capable of reining in
the transmission and morbidity/mortality associated with both
HIV-1 and SARS-CoV-2, as these two viruses are responsible for
pandemics currently gripping the world.
In the current study, multivalent sulfoglycodendrimers

(SGDs) were designed to prevent the binding of the gp41/gp120
trimeric spike of HIV-1 to the HSPGs on the host cell surface.
These molecules are made polyanionic through the incorpo-

ration of multiple sulfated sugars on a multivalent dendrimer
core structure. We previously showed that a large hexadecav-
alent sialic acid-terminated SGD, Sulfo-6, was able to bind to
the V3 loop of gp120 and prevent HIV-1 infection through an
HIV neutralization luciferase reporter gene assay.[11] Sulfo-6
achieved an average IC50 (inhibitory concentration for 50%
inhibition) value in the neutralization assay of 3.3 µm (over all
4 pseudoviruses tested), at a molecular weight of 8777 g mol−1

and 4.03% sulfur (0.68 sulfates/sugar). In the present study,
this strategy was further developed to yield more potent SGDs
against HIV-1. To achieve this goal, we altered our synthetic
strategy to reach the target compounds more efficiently and
with significantly improved yields, while using common sugars.
Here we hypothesized that we could obtain better biological
activity in our next series of SGDs through decorating the
surface of a smaller hexavalent dendrimer core with clusters
of oligosaccharides, rather than using larger cores with single
sugars appended. We also evaluated whether the type of sugars
or glycosidic linkages incorporated were critical for the resultant
biological activity. Here we utilized seven common sugars:
cellobiose, N-acetylglucosamine (GlcNAc), gentiobiose, lactose,
maltose, maltotriose, and melibiose.
The anti-HIV activity of the seven SGDs was assessed us-

ing a combination of techniques including: enzyme-linked im-
munosorbent assay (ELISA), microscale thermophoresis (MST),
an HIV neutralization assay, and molecular dynamics calcula-
tions (MD). Additionally, in light of the emergent pandemic
caused by SARS-CoV-2, two of our most promising anti-HIV
SGDs were evaluated by MD to generate preliminary binding
characteristics between the glycodendrimers and the open con-
figuration of the RBD on the S spike. This allowed us to de-
termine if the target SGDs have the potential to display antivi-
ral activity against both SARS-CoV-2 and HIV-1. In this report,
we demonstrate the potential of SGDs to serve as broadly ac-
tive antiviral agents against pandemic-causing viruses. For HIV-
1, these molecules can serve as topical microbicides and prevent
the sexual transmission of the virus. There are currently no FDA-
approved topical microbicides. For SARS-CoV-2, the potential ex-
ists for the application of SGDs through the nose or mouth to
reduce the symptoms, morbidity, and mortality associated with
COVID-19.

2. Results and Discussion

2.1. Synthesis

The synthesis of the desired SGDs is illustrated in Figure 1A.
To begin, a water-soluble hexavalent poly(ether-amide) carboxy-
terminated dendrimer was synthesized starting with 1,[12] which
was first tosylated, yielding 2[13] in 95% isolated yield. Compound
2 was next combined in excess with tris(2-aminoethyl)amine
(3) refluxing under basic conditions, providing the carboxyl-
terminated hexavalent dendrimer, 4, in a 75% two-step yield af-
ter deprotection. Core 4 was subsequently amide-coupled with
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluo-
roborate (TBTU) overnight at room temperature with seven dif-
ferent sugar linker molecules (Boc-deprotected, 5–11), prepared
using a microwave-mediated oxime-forming reaction we re-
ported previously,[14] providing the target glycodendrimers (GDs,
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Figure 1. A) Synthesis of seven SGDs containing common mono, di, and trisaccharides. a) TsCl, pyridine, CH2Cl2, overnight, room temperature. b)
K2CO3, acetonitrile, reflux, 48 h. c) TFA, CH2Cl2, room temperature, 2 h. d) TBTU, DIPEA, DMSO, pH = 9, overnight. e) SO3-pyridine, DMF, 0 °C, 1 h.
B) Summary of structural data for Compounds 12d,e–18d,e.
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12d–18d) is in good to excellent yields after purification (46–85%
isolated yields, Figure 1B). The sugar termini on GDs 12d–18d
were finally sulfated, giving the seven target SGDs, 12e–18e (48–
84% isolated yields, with % sulfur ranging from 7.0–13.4%, or
0.8–1.8 sulfate groups, per sugar, Figure 1B), after purification.

2.2. Anti-HIV Activity

To assess the potential anti-HIV activity, we undertook a 3-
pronged assay approach. Our first assay is a simple competi-
tive binding ELISA using a Ni+2-coated assay plate and binding
(His)6-tagged recombinant gp120 (rgp120) (Figure 2). The com-
petition binding step utilized a constant amount of horseradish
peroxidase (HRP) tagged V3 loop specific monoclonal antibody
and varying amounts of SGD or the positive assay control, dex-
tran sulfate (DS) (0.1–400 µg mL−1). The endpoint absorbances
were used to generate dose-response curves and determine the
IC50 values. The IC50 values were used to determine whether or
not the SGD had a binding affinity to the V3-loop of rgp120. Here
we found that six of the seven SGDs were positive with IC50 val-
ues ranging from 3.5–129.3µm, with the Lactose-SGD, 15e, the
best performer, and the Gentiobiose-SGD, 14e, the weakest. The
GlcNAc-derivative (13e) was negative. We believe that GlcNAc
was not positive because, with only a monosaccharide on the sur-
face of the dendrimer core, it does not possess a large enough
surface area/size to interact effectively with the V3 loop of gp120.
This matches what we observed with our earlier SGDs. With a
molecular mass of 3484 g mol−1, it is 13% smaller than our oc-
tavalent SGD that was shown to be only weakly positive in our
inhibition of infectivity assay, and is 22% larger than the tetrava-
lent SGD that was negative for any anti-HIV activity.[11a]

Moving forwardwith the six gp120-positive binding SGDs plus
our positive control DS, we next assessed the solution binding
properties using MST (Figure 3).[15] These measurements al-
lowed us to calculate quantitative dissociation constants (Kd) for
binding to the monomeric rgp120. Here we performed an initial
MST scan for each SGD at the two concentration extremes, 0 and
50 000 nmol, of the SGD. From this initial screen, it was deter-
mined that the gentiobiose-SGD, 14e, did not show a significant
difference in the twoMST signals, so it was not evaluated further
byMST. This was anticipated given the weak binding noted in the
ELISA. The remaining 5 SGDs, 12e, 15e–18e all gave significant
dose response curves, yielding the Kd values shown in Figure 2.
Similar to what was observed in the ELISA, the lactose SGD, 15e,
gave the lowest Kd value of 0.6 µm. The order of binding from
strongest to weakest SGDs was: Lactose(15e), Maltotriose(17e),
Cellobiose(12e), Maltose(16e), Melibiose(18e).
The final assay used to assess the anti-HIV activity for all

seven SGDs was an HIV neutralization luciferase reporter gene
assay.[11] This assay utilizes 4 HIV pseudoviruses (Q23.17, MN.3,
MW965.26, and TV1.21) representing HIV clades A, B, C, and C,
respectively, and TZM-bl cells displaying the HIV receptor CD4,
and coreceptors, CXCR4 and CCR5, on the surface. The pseu-
doviruses are replication-defective, allowing only a single round
of infection. For detection of infection events, the TZM-bl cells
have been modified to contain the firefly luciferase gene that
is under the control of an HIV promoter. In this assay, when
a positive infection event occurs, the luciferase protein is pro-
duced, resulting in a chemiluminescent response. This response

is inversely proportional to the activity of the inhibitors that are
added into the assay in a dose-response fashion. The more po-
tent the inhibitor, the lower the resultant chemiluminescent sig-
nal. Much like what was observed for the ELISA, the GlcNAc-
SGD, 13e, did not possess any measurable activity, while the
Lactose-SGD, 15e, was again the strongest inhibitor (Figure 2).
The six active SGDs all possessedmicromolar to sub-micromolar
(µm) activities, which is in line with the Kd values obtained by
MST. This instills confidence that the observed antiviral activities
against the pseudoviruses were due to binding between the SGDs
and gp120. These activities compare well with those reported for
other anti-HIV-1 dendrimers/glycodendrimers. Our compound
15e (5219 g mol−1) possessed a range of IC50 values (over 4 pseu-
dovirus HIV-1 strains) of 0.34–0.42 µm. The sulfated carbosi-
lane dendrimer, G2-S16 (3717 g mol−1) gave a range of EC50 val-
ues 6.2–31 nm across 3 different HIV-1 strains.[16] For VivaGel®

(SPL-7013, 16 582g mol−1), a range of EC50 values of 0.05–0.26
µm was obtained for 11 different strains of HIV-1.[17] For a glyco-
dendrimer comparison, a 5th generation sulfated GalCer glyco-
dendrimer with a polypropyleneimine core (18 261 g mol−1, with
44 of 64 sites occupied by Gal) was reported by Schengrund and
coworkers to have EC50 values ranging from 0.6–100 nm across 4
different viral strains.[18] It should be noted, however, that as the
strains and assay methods utilized were not the same for the dif-
ferent inhibitors, a more direct comparison of inhibitor activities
is not possible.
Beyond the anti-HIV activities, it was important to assess the

cytotoxicity of the SGDs to ensure that they were not toxic to
the cells. Using the same TZM-bl cells, it was determined that
none of the SGDs caused cell death in the concentration range
tested (up to a maximum of either 25 or 50 µg mL−1), while
our assay positive control, DS, was significantly cytotoxic, caus-
ing a 45% reduction in the cell population at a concentration
of 50 nm (Figure 2, last column). DS is known to have potent
in vitro anti-HIV activity, but with significant cytotoxicity and
poor bioavailability.[19] While the maximum compound concen-
trations assayed here are relatively low, our most potent inhibitor
(15e, with sub-micromolar IC50 values) was completely non-
cytotoxic at a concentration >tenfold that of the IC50s against all
four HIV strains. Additional evaluation of cytotoxicity at higher
concentrations will be needed to determine whether other com-
pounds achieve a reasonable therapeutic index.

2.3. MD Simulations of SGD Binding Interactions with Trimeric
HIV-1 gp120

To better understand how and where specifically the SGDs in-
teract with the HIV-1 gp120 protein, we set out to evaluate the
binding interactions of the four most active SGDs based on the
inhibition of infectivity results (12e, 15e, 17e, and 18e). The av-
erage number of sulfates incorporated was 1.6/sugar (cellobiose,
12e), 1.8/sugar (lactose, 15e), 1.0/sugar (maltotriose, 17e), and
1.2/sugar (melibiose, 18e), which varies slightly from the exper-
imental number. The DS was used as a positive control, while
the four non-sulfated GDs were negative controls. All of the
systems were immersed in 150 mm NaCl solutions. Figure 4
shows the two most favorable binding configurations of each
SGD to the gp120 trimer (HIV spike proteins). All four of these
SGDs are able to bind to the gp120 trimer in a multivalent
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Figure 2. Summary of all biological data for SGDs, Compounds 12e–18e. General notations: NA, Assay not conducted. Colors: Green-Significant activity,
Gray-No significant activity, Yellow-Positive assay controls. aELISA assays report the average IC50 value obtained for a minimum of two assays for each
compound and evaluated concentrations of 0–400µg mL−1 in duplicate wells. bMST Kd values were obtained from triplicate measurements of serial
dilutions (0.01–50 000 nmol) of the SGDs evaluated. cEach sample concentration was tested in duplicate. For SGDs 12e–18e, the presence of a greater
than (>) sign indicates that no reduction in the luciferase signal was observed at any concentration tested (0.02–50 µg mL−1) compared to no test
sample. For DS and CHO1-31, sample concentrations ranged from 0.01–25 µg mL−1. dFor the cytotoxicity assessment, 12e–18e and DS were tested
for reduction of relative luminescence units (RLU) after 48 h as compared to a no compound control. The concentrations presented are as follows:
0–50 µg mL−1 for 14e, 16e and 17e and 0–25 µg mL−1 for 12e, 13e, 15e, 18e, and DS, respectively. No measurable toxicity was observed for 12e–18e
as evidenced by the > sign in front of the highest concentration tested, while for DS, a 45% drop in the living cell population was observed at 50 nm
concentration, as measured by the presence of ATP.
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Figure 3. MST summary. Left panel: Diagram illustrating the general MST experiment process. At the top, a quartz capillary loaded with sample is heated
with a laser focused on a narrow region of the capillary tube. Upper left quadrant: The initial random distribution of fluorescently-tagged protein in the
bound and unbound states with the glycodendrimer at equilibrium. Upper right quadrant: Once the laser is turned on, the temperature gradient will
cause the bound and unbound proteins to migrate out of the heated area at different rates. Lower left quadrant: This depicts the heated region of the
capillary after the differential migration of the bound/unbound proteins. Lower right quadrant: The molecules return to a random distribution in the
capillary after the laser is turned off. Right panel: MST results for selected SGDs plus positive control DS. The labeled-gp120 concentration is 200 nm
for all trials, and the y-axis represents the MST responses at the 5 s mark after heating.

manner, where the different functional groups of the SGDs inter-
act with gp120 in a correlated manner by the Coulombic and van
der Waals (vdW) coupling.[20] In this multivalent coupling, dif-
ferent branches of SGDs can simultaneously interact with one
or two gp120 monomers, as shown in Figures 4B, Figure S40,
Supporting Information, for the Lactose-SGD (15e) compound.
On the other hand, the neutral GDs (non-sulfated, 12d, 15d, 17d,
and 18d) are significantly less active in their binding with gp120
(Figures S41 and S42, Supporting Information).
The interacting amino acids were divided into three categories:

positively charged, hydrophobic, and polar (polar uncharged and
negatively charged). The percentage of each type of interaction
with the four SGDs is shown in Figure 4E, obtained from the
number of interaction times for each type of amino acid over the
last 20 ns period (500 frames), divided by the overall contact times
of all amino acids. Figures S43 and S44, Supporting Information,
show the contact times of amino acids of the V3 loop interacting
with different SGD/GDs. The contact time is defined as the num-
ber of frames out of the last 500where the interaction or contact is
apparent. Arg and Ile are frequent interacting amino acids, exem-
plifying the charged and hydrophobic classes of interactions with
SGD/GDs. The interacting residues were selected either from the
V3 loop or from the whole protein, as shown in Figure 4E. Be-
cause the V3 loop is a hyperbasic region on gp120, it is not sur-
prising that charged interactions with the V3 loop are more than
10% higher than what was observed for the entire gp120 protein.
The percentage of hydrophobic interactions are comparable for
both Cellobiose and Lactose-SGDs (12e, 15e) in the two sets of
analysis, and the percentage of polar interactions is complemen-
tary to that of the positively charged interactions in the two SGDs.

In our earlier studies of sulfonated gold NPs coupled with
Human Papilloma Virus (HPV) capsids, we found that the
free energy per one charged interaction (−6 kcal mol−1) is 12
times larger than that per one typical hydrophobic group (alkyl,
−0.5 kcal mol−1).[20d] Coulombic coupling should also dominate
the binding of SGDs and gp120. Furthermore, the ranking of
SGDs in order of their charged interaction contribution (Fig-
ure 4E, left) matches their binding affinities obtained from MST
experiments: 15e > 17e > 12e > 18e. However, the ranking
of SGDs sorted by sulfation level (15e > 12e > 17e > 18e) is
slightly different from that of the experimental binding affinity
(MST). The spatial orientations of hydroxy groups, the number
of sugar units, and the linkage between sugar units are all con-
tributing in a delicate manner to the overall strength of SGDs
and gp120 binding. Lactose, with three hydroxy groups on one
side of the ring structure and a 𝛽-1→4 glycosidic linkage, could
provide a more polar face, leading to stronger binding of 15e
to gp120 (Figure S45, Supporting Information). We conclude
that the sulfation level, number of sugars, orientations of po-
lar groups, and overall arrangement of sugars in SGDs deter-
mine the strength of their multivalent interactions with target
substrates.[20a–d,21]

2.4. MD Simulations of SGD Binding Interactions with
Monomeric SARS-CoV-2-S Spike

Due to the emergence of the COVID-19 pandemic caused by the
SARS-CoV-2 virus, and the similarities shared between HIV-1
and coronaviruses in interacting with the ubiquitous cell surface
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Figure 4. Different SGDs attached to one gp120 trimer: A) Cellobiose-SGD (12e); B) Lactose-SGD (15e); C) Maltotriose-SGD (17e); D) Melibiose-
SGD (18e). Only two SGDs with the most favorable binding configurations are shown in each case. Proteins are shown as a white surface, SGDs are
represented in atomistic details, and the gp120 residues interacting with SGDs (within 3 Å) are shown in licorice. The coloring scheme: V3 loop–purple;
SGD atoms: C–cyan, O–red, S–yellow, N–blue, H–omitted; basic residue–blue, acidic residue–red, polar residue–green, nonpolar residue–white. Water
and ions are omitted for better visualization. E) Percentage of different interactions contributing to the SGD-gp120 binding (left bar: quantified over the
whole protein; right bar: quantified only with V3 loop. Polar–white: interaction with polar amino acids; hydrophobic–red: interaction with hydrophobic
amino acids; charge–blue: interaction with positively charged amino acids.

proteoglycan, HSPG,[7] we selected two of our best performing
SGDs, Cellobiose 12e, and Lactose 15e, to determine how they
interact with the RBD of SARS-CoV-2. Specifically, the type and
locations of amino acids contacting the SGDs were identified.
Cellobiose and Lactose GDs (12d and 15d) were selected as con-
trols. As the basic amino acids concentrated in the middle part
of RBD on the front side (HSPG binding),[7] and the host cell
receptor (ACE2) binding region resides on the top of RBD,[7c,22]

the four compounds were initially placed near the top and mid-
dle regions of RBD, respectively. Two trials were conducted for
each molecule. Our simulations show that the SGDs 12e and
15e can target either the top or the middle region of RBD sep-
arately, but not simultaneously (Figure 5A,B, and Figures S48
and S49, Supporting Information), while the GDs 12d and 15d
only bind the top part of RBD due to the lack of sulfate groups
(Table S2, Figures S49 and S50, Supporting Information). The
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Figure 5. Lactose SGD (15e) binding with RBD of SARS-CoV-2. A) Two views (90° rotation) of 15e binding with the ACE2 binding region. B) Two views
(90° rotation) of 15e binding with the purported HSPG binding region. Coloring scheme: SGD: C-cyan, O-red, S-yellow, N-blue, H-omitted, SARS-CoV-2
interacting amino acids: Arg-pink, Lys-grey. Water and ions are omitted for better visualization. C) Percentage of different interactions contributing to the
binding to the RBD of SARS-CoV-2 averaged over all the binding modes. Polar–white: interaction with polar amino acids; hydrophobic–red: interaction
with hydrophobic amino acids; charge–blue: interaction with positively charged amino acids. C-cellobiose (12e); L-lactose (15e). D) Free energy of binding
for GDs (12d, 15d) and SGDs (12e, 15e) with RBD of SARS-CoV-2 (two trials for each system). Top: refers to the initial placement of the GD/SGD near
the ACE2 binding region. Mid: Refers to the initial placement of the GD/SGD near the HSPG binding region.

two most favorable binding modes of 15e, targeting either the
top or the middle region of RBD, are shown in Figure 5A and B,
where the interacting Arg and Lys residues are highlighted. Most
of the branches of 15e interact with the basic amino acids near
the top of RBD. Branches of 15e could span the top region of
RBD, which is facilitated by the charged interaction between the
sulfate groups and basic amino acids, as shown in the side view
of Figure 5A. Analogous to the gp120 systems, multiple ligands
in SGDs develop multivalent binding to RBD. Moreover, 15e ex-
hibits a stronger Coulombic coupling (percentage of charged in-
teraction) and overall affinity to RBD than 12d, 12e, and 15d. (Fig-
ure 5C,D). As in the gp120 systems, charged interactions origi-
nating from sulfated groups largely dominate the SGDs’ bind-
ing to RBD, the binding affinity of 15e with the highest sulfation
level (3.6/branch) was expected to be larger than the others. Im-
portantly, the SGDs and GDs with multiple binding modes to
RBD were not designed to be specific inhibitors.[7c] The flexibil-
ity of the branches of the dendrimers facilitates multivalent bind-
ing to the RBD, which causes different conformational changes
to the RBD (Figure 5A, B and Figures S47–S53, Supporting In-
formation). The SGDs could serve as broad-spectrum antivirals

against HIV, SARS-CoV-2, and other viruses utilizing HSPG as a
receptor.
In order to design compounds targeting both the top and

middle part of RBD simultaneously, the hybrid octavalent GDs
(HGDs) were designed as conceptional compounds with both
sulfated and non-sulfated ligands (Figure S51, Supporting Infor-
mation). Figure S52, Supporting Information, shows the simu-
lation for Cellobiose-HGD (C-HGD) with RBD and Figure S53,
Supporting Information, is for Lactose-HGD (L-HGD)with RBD.
The sulfation level is the same in C/L-HGD (3.0/branch). Al-
though the octavalent HGDs havemore ligand branches than the
hexavalent SGDs, only four of their branches are sulfated, while
all six branches are sulfated in SGD. Figure S55, Supporting In-
formation, (C/L-HGD) and Figure 5C (15e) show that the percent-
ages of charged interactions are comparable in the cases of 15e,
C-HGD, and L-HGD due to the compensation of non-sulfated
ligands in HGDs. As discussed in the gp120 systems, charged
interactions dominate the binding, the overall binding affinities
of C/L-HGD are expected to be comparable to 15e (Figure S56,
Supporting Information, and Figure 4D, respectively). Although
the HGDs could not provide significantly higher binding affinity
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than 15e, they can target both the top and middle parts of RBD
simultaneously. HGDs could be promising inhibitors that target
both the specific binding of ACE2 to the top of RBD and non-
specific binding of HSPG to the middle of RBD.

3. Conclusion

Many viruses such as HIV-1 and the emerging SARS-CoV-2 uti-
lize HSPGs in the initial stages of viral binding and infection.
Herein we present the synthesis, biological and computational
evaluation of a series of SGDs that, through these studies, show
the significant potential of SGDs as broad-spectrum antiviral
agents against both HIV-1 and SARS-CoV-2. The synthetic SGDs
were designed as molecular mimics of HSPGs to prevent inter-
actions between susceptible host cells and the virus and thwart
infection. This could lead to early interventions for patients with
known exposure to the virus, or to a decrease in the viral load
and minimization of symptoms and illness duration for those
displaying symptoms.
The biological evaluation of the SGDs against HIV-1 revealed

a hierarchy of activities and the structural trends related to these
activities. The clear winner across all biological assays was the
Lactose-SGD (15e), with a molecular weight of 5219 g mol−1, and
the highest sulfate/sugar ratio (1.8), with an average IC50 of 0.37
µm from theHIV neutralization assay. Compared to our previous
report,[11a] this represents a decrease in size of 41% compared to
our best inhibitor, Sulfo-6, with a tenfold improvement in the av-
erage IC50 value. Cellobiose-SGD (12e), Maltotriose-SGD (17e),
and Melibiose (18e) were the next most active with sulfate/sugar
ratios of 1.7, 1.5, and 1.4, respectively. At the bottom of the activity
list were GlcNAc-SGD (13e) and Gentiobiose-SGD (14e). The low
levels of biological activities seen here were likely due to the small
overall size of the SGD, themonosaccharide substitution present
for (13e), and a low sulfation ratio for 14e (0.8 sulfates/sugar). In
general, the higher the% sulfation, the better the performance in
the biological assays, across the board. However, in cases where
similar levels of sulfation were present, more subtle structural
features such as the number of sugars, identity of the sugar
(glucose vs galactose), or the orientation of the glycosidic bond
(𝛼-1→4, 𝛼-1→6, 𝛽-1→4, 𝛽-1→6) appeared to influence the activity,
which may explain why the ELISA, HIV neutralization and MST
results differed for the SGDs with mid-range activities. However,
this may also be a result of the differences in how the biological
activities are measured in the techniques themselves. Interest-
ingly, for the three SGDs with equivalent sulfation ratios, 13e,
16e, and 17e, the activity trend increases with increasing num-
bers of sugar terminal groups: monosaccharide, disaccharide,
and trisaccharide, respectively. Another observation is that the
Melibiose-SGD (18e), outperformed theMaltose-SGD (16e), even
though they had similar sulfate/sugar ratios (1.4 and 1.5, respec-
tively), again pointing to the subtler structural differences (galac-
tose vs glucose on the non-reducing end and 𝛼-1→6 vs 𝛼-1→4
linkages, respectively).
From the MD simulations, we were able to observe more

closely how the SGDs interacted with specific regions of both
the trimeric gp120 in HIV-1 and the RBD of the Spike protein
for SARS-CoV-2. This helps us to better understand the find-
ings of the biological studies and guide further development of
SGDs as broad-spectrum antiviral agents. The different binding

affinities (Kd) preserved by the SGDs are significantly driven by
the sulfate/sugar ratios. Sulfate groups can increase the binding
strength of SGD towards gp120 by Coulombic interaction, but
it is the combination of different types of interactions that lead
to the various efficiency of binding. Multivalency plays an impor-
tant role in the strengthening of binding between protein-protein
or inhibitor-protein interactions.[20d,21,23] Here, the oxime-linked
hexavalent scaffold provides the first level contribution to mul-
tivalency with additional contributions from the disaccharide or
trisaccharide terminus. Orientations of hydroxyl groups and link-
age between units are delicate factors determining the multiva-
lency of the designed SGDs. For the HIV-V3 loop, the galactose
terminus and 𝛽-1→4 linkage were found to be the most critical
factors for the higher binding affinities. An optimization of the
spatial structure of the SGD can be done by adjusting the num-
ber of sugar units, polar group orientation, and the glycosidic
linkage, which is also essential for designing improved SGDs.
In future studies, SGDs should be evaluated against SARS-CoV-
2 using both MST and a SARS-CoV-2 neutralization assay. This
can lead to the development of more potent inhibitors.

4. Experimental Section
General Methods: All chemicals were purchased from commercial

sources and used without further purification. All solvents used were pur-
chased dry (Dri-Solv) and utilized as is. Size exclusion chromatography
(SEC) was carried out on a 2.5 × 120 cm Biogel P-10 column with 0.03 m
NH4HCO3 running buffer on a Bio-Rad Biologic Duo Flow Chromatogra-
phy system with a Quadtech detector, with monitoring at 214 and 225 nm.
NMR data analysis and interpretation are addressed in the Supporting In-
formation section.

(CO2H)6-Core (Compound 4): To a flame-dried round-bottomed flask,
K2CO3 (331 mg, 2.4 mmol) was weighed. After placing the flask under
N2 (g), 10 mL of acetonitrile was added. Next, tris(2-aminoethyl)amine
(Compound 3, 51.2 µL, 0.342 mmol) was added, followed by Compound 2
(825 mg, 2.4 mmol). The flask was fitted with a chilled condenser, and the
reaction mixture was refluxed at 85 °C in an oil bath for 48 h. After 48 h, the
flask was removed from the oil bath and the solution was filtered through
Celite and rinsed with CHCl3. The solution was evaporated under reduced
pressure to yield a clear yellow oil. This oil was next dissolved in CHCl3 and
washed three times with 5% (w/v) NaHCO3. The organic layer was washed
with brine, then dried over anhydrous Na2SO4. Once dry, the organic layer
was gravity filtered then evaporated under reduced pressure. The crude
material was carried directly to deprotection in a 1:1mixture of TFA:CH2Cl2
(5 mL each), which was stirred at room temperature under N2(g) for two
hours, then evaporated under reduced pressure. The resultant oil was dis-
solved in 0.3m NH4HCO3 to neutralize the solution to approximately pH
6. The aqueous solution was washed with CHCl3, then lyophilized. The
crude, clear tan oil was finally purified by SEC, and the pooled fractions
containing the desired product were lyophilized to yield a pale tan puffy
solid, Compound 4 (217 mg, 75%). 1H NMR (500 MHz, D2O): 𝛿 3.83 (t,
4H, J = 4.3 Hz), 3.73 (t, 4H, J = 5.8 Hz), 3.47 (t, 4H, J = 4.3 Hz), 3.37
(t, 2H, J = 6.7 Hz), 2.97 (t, 2H, J = 6.9 Hz), and 2.48 (t, 4H, J = 5.8 Hz).
13C NMR (125 MHz, D2O, with an internal MeOH standard): 𝛿 178.97,
67.50, 63.97, 52.91, 50.95, 47.18, and 36.59. High resolution electrospray
mass spectrometry (HR-ESI+-MS) [M+Na]+ (C36H66N4NaO18) calc m/z
= 865.4270. Found m/z = 865.4262.

General Procedure for the Deprotection of the Sugar-Linkers (5–11): Boc-
protected Compounds 5–11[14] (1 equiv.) were weighed into an oven dried
flask and placed under nitrogen. Next, a mixture of TFA and CH2Cl2 was
added and the reaction mixture was stirred at room temperature for 2 h
before being evaporated under reduced pressure. The residue was resus-
pended in water/0.03m NH4HCO3 and lyophilized.
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Compound 5: Starting with the Boc-protected derivative (117.5 mg,
0.211 mmol),[14] and 1.5 mL each of CH2Cl2, and TFA were combined.
Compound 5, a white, puffy amorphous solid resulted (103.4 mg (TFA
salt), 0.181 mmol, 86%). 1H NMR (500 MHz, D2O):𝛿 7.70 (d, 0.3H, J =
5.4 Hz, E isomer), 7.01 (d, 0.1H, J = 5.6 Hz, Z isomer), 5.23 (d, 0.2H,
J = 3.8 Hz), 4.67 (d, 0.2H, J = 8.0 Hz), 4.60 (t, 0.3H, J = 6.7 Hz), 4.56 (d,
0.3H, J = 7.9 Hz), 4.51 (d, 0.7H, J = 7.9 Hz), 4.31 (d, 0.2H, J = 9.2 Hz),
4.24 (m, 1.4H), 4.00–3.87 (m, 3.8H), 3.84–3.71 (m, 4.4H), 3.68 (m, 2.4H),
3.65–3.57 (m, 1.7H), 3.50 (m, 1.8H), 3.43 (m, 1.5H), 3.36–3.27 (m, 1.3H),
3.12 (t, 2H, J = 7.1 Hz), and 1.97 (m, 2H). 13C NMR (125 MHz, D2O
with internalMeOHstd.): 𝛿 153.24, 152.23, 103.19, 102.86, 102.84, 102.80,
96.06, 92.12, 90.29, 80.58, 79.08, 78.94, 78.74, 78.42, 76.31, 76.25, 76.10,
75.87, 75.81, 75.59, 75.09, 74.60, 74.20, 73.68, 73.63, 73.57, 73.47, 73.38,
72.92, 71.84, 71.64, 71.54, 71.41, 71.38, 70.66, 70.40, 69.78, 69.69, 69.64,
69.60, 69.32, 69.07, 68.81, 68.74, 68.68, 68.65, 68.33, 66.62, 62.36, 62.18,
60.91, 60.78, 60.45, 60.36, 60.24, 37.96, and 26.79.

Compound 6: Starting with the Boc-protected derivative (52.8 mg,
0.121 mmol),[14] and 4.0 mL of CH2Cl2 and 1.5 mL of TFA were com-
bined. Compound 6, a white, puffy amorphous solid resulted (54.6 mg,
0.121 mmol, quantitative). 1H NMR (500 MHz, D2O):𝛿 7.55 (d, 0.2H,
J = 6.2 Hz, E isomer), 6.86 (d, 0.1H, J = 6.6 Hz, Z isomer), 4.71 (t, 0.3H,
J = 7.2 Hz), 4.36 (d, 0.2H, J = 9.8 Hz), 4.31 (m, 0.3H), 4.26 (m, 1H), 4.10
(m, 0.4H), 3.85 (m, 1.2H), 3.79 (m, 2.3H), 3.69 (m, 2.7H), 3.64 (m, 0.8H),
3.56 (m, 0.5H), 3.13 (p, 2H, J = 6.5, 12.2 Hz), 2.08 (m, 2H), and 1.98
(m, 2H). 13C NMR (125 MHz, D2O with internal MeOH std.): 𝛿 174.78,
174.53, 174.17, 150.07, 149.74, 94.98, 90.89, 88.79, 77.21, 75.99, 74.93,
74.02, 73.95, 73.24, 73.18, 72.70, 71.60, 71.26, 70.93, 70.73, 70.08, 69.90,
69.71, 69.42, 69.31, 69.05, 68.88, 68.84, 68.78, 68.59, 68.49, 68.42, 68.37,
68.18, 67.99, 62.87, 62.75, 60.85, 60.79, 60.63, 60.38, 56.75, 54.15, 52.01,
51.70, 37.71, 37.55, 26.53, 22.21, 22.01, 21.94, and 21.14.

Compound 7: Starting with the Boc-protected derivative (319.4 mg,
0.572 mmol),[14] 4.5mL of CH2Cl2, and 1.5mL of TFA were combined.
Compound 7, an off-white, puffy amorphous solid resulted (327 mg (TFA
salt), 0.572 mmol, quantitative). 1H NMR (500 MHz, D2O):𝛿 7.58 (d,
0.6H, J = 6.5 Hz, E isomer), 6.92 (d, 0.1H, J = 6.3 Hz, Z isomer), 4.96 (t,
0.2H, J = 6.3 Hz), 4.49 (m, 1H), 4.42 (t, 0.6H, J = 6.7 Hz), 4.42 (m, 1.6H),
4.13 (m, 1H), 3.97–3.84 (m, 3H), 3.81–3.65 (m, 7H), 3.48 (m, 2.4H), 3.39
(m, 1H), 3.31 (m, 1H), 3.11 (t, 2H, J = 6.9 Hz), and 1.95 (p, 2H, J = 6.2,
13.0 Hz). 13C NMR (125 MHz, D2O with internal MeOH std.): 𝛿 152.47,
151.52, 102.95, 102.86, 102.69, 90.29, 76.72, 76.12, 75.92, 75.67, 73.31,
73.24, 73.13, 73.04, 72.69, 71.40, 70.89, 70.25, 69.76, 69.72, 69.64, 69.40,
69.27, 69.00, 68.77, 68.56, 68.41, 68.36, 66.33, 60.75, 37.82, 37.71, 37.65,
and 26.51.

Compound 8: Starting with the Boc-protected derivative (289.4 mg,
0.519 mmol),[14] 4.5mL of CH2Cl2, and 1.5mL of TFA were combined.
Compound 8, a yellowish, amorphous solid resulted (297 mg (TFA salt),
0.519 mmol, quantitative). 1H NMR (500 MHz, D2O):𝛿 7.68 (d, 0.5H, J
= 5.4 Hz, E isomer), 6.99 (d, 0.1H, J = 5.4 Hz, Z isomer), 4.58 (t, 0.5H,
J = 5.9 Hz), 4.48 (d, 0.5H, J = 7.8 Hz), 4.43 (d, 0.3H, J = 7.8 Hz), 4.29
(d, 0.2H, J = 9.3 Hz), 4.26 (d, 0.3H, J = 2.8 Hz), 4.23 (m, 1H), 3.96–
3.87 (m, 4H), 3.83 (m, 1H), 3.82–3.62 (m, 10H), 3.53 (m, 1.5H), 3.09 (t,
2H, J = 6.4 Hz), and 1.94 (p, 2H, J = 6.1, 12.9 Hz). 13C NMR (125 MHz,
D2O with internal MeOH std.): 𝛿 152.38, 103.72, 103.31, 103.20, 96.05,
90.29, 78.62, 78.51, 78.44, 76.32, 75.66, 75.39, 75.10, 74.67, 74.11, 73.56,
72.89, 72.82, 71.72, 71.45, 71.39, 71.33, 71.26, 69.72, 69.51, 69.06, 68.86,
68.82, 68.69, 68.64, 64.16, 62.33, 61.36, 61.21, 60.47, 60.39, 38.05, 37.97,
and 26.77.

Compound 9: Starting with the Boc-protected derivative (293.3 mg,
0.526 mmol),[14] 4.5mL of CH2Cl2, and 1.5mL of TFA were combined.
Compound 9, yellowish amorphous solid resulted (300.7 mg (TFA salt),
0.526 mmol, quantitative). 1H NMR (500 MHz, D2O):𝛿 7.60 (d, 0.5H, J =
5.9 Hz, E isomer), 6.96 (d, 0.1H, J = 5.6 Hz, Z isomer), 5.41 (d, 0.4H, J =
3.7Hz), 5.13 (two doublets, 0.6H, J= 3.9Hz for both), 4.97 (m, 0.1H), 4.53
(t, 0.4H, J = 5.5 Hz), 4.28 (m, 1.5H), 4.13 (app t, 0.2H, J = 5.2 Hz), 4.01–
3.91 (m, 2.2H), 3.88–3.64 (m, 11.4H), 3.59 (m, 1.8H), 3.42 (m, 1.3H),
3.11 (br app t, 2H, J = 6.4 Hz), and 1.96 (app t, 2H, J = 6.4 Hz).13C NMR
(125 MHz, D2O with internal MeOH std.): 𝛿 152.05, 100.72, 99.86, 90.30,
81.39, 80.47, 77.51, 76.84, 76.06, 73.79, 73.57, 73.37, 73.14, 73.06, 72.98,

72.94, 72.78, 72.35, 71.95, 69.68, 69.65, 69.62, 69.55, 69.32, 69.05, 68.80,
68.68, 68.64, 62.58, 62.37, 61.13, 60.79, 60.62, 38.05, 37.95, and 26.77.

Compound 10: Starting with the Boc-protected derivative (382.9 mg,
0.531 mmol),[14] 4.5mL of CH2Cl2, and 1.5mL of TFA were combined.
Compound 10, a yellowish amorphous solid resulted (390 mg (TFA salt),
0.531 mmol, quantitative). 1H NMR (500 MHz, D2O):𝛿 7.61 (d, 0.4H, J =
6.0 Hz, E isomer), 6.97 (d, 0.1H, J = 5.6 Hz, Z isomer), 5.41 (m, 1.3H),
5.15 (d, 0.1H, J = 4.0 Hz), 5.12 (d, 0.4H, J = 4.0 Hz), 4.54 (t, 0.5H, J =
5.4 Hz), 4.30 (d, 0.4H, J = 9.3 Hz), 4.25 (m, 1H), 4.00 (m, 2.3H), 3.94 (m,
1.2H), 3.91–3.76 (m, 8.2H), 3.75–3.65 (m, 6.4H), 3.64–3.58 (m, 3H), 3.42
(m, 1.3H), 3.12 (t, 2H, J = 6.3 Hz), and 1.96 (p, 2H, J = 5.9, 12.8 Hz). 13C
NMR (125 MHz, D2O with internal MeOH std.): 𝛿 153.38, 151.83, 100.37,
100.00, 99.95, 90.18, 81.28, 80.42, 77.29, 77.11, 75.88, 73.46, 73.36, 73.05,
72.85, 72.73, 72.35, 72.22, 71.93, 71.59, 71.37, 71.16, 69.47, 69.15, 68.90,
68.64, 68.51, 62.38, 60.90, 60.63, 60.46, 37.92, 37.82, and 26.61.

Compound 11: Starting with the Boc-protected derivative (275.9 mg,
0.494 mmol),[14] 4.5mL of CH2Cl2, and 1.5mL of TFA were combined.
Compound 11, an amorphous off-white solid resulted (282.6 mg (TFA
salt), 0.494 mmol, quantitative). 1H NMR (500 MHz, D2O):𝛿 7.57 (d,
0.5H, J = 6.5 Hz), 6.92 (d, 0.1H, J = 6.4 Hz), 4.96 (app d, 1H, J = 3.5 Hz),
4.64 (d. 0.1H, J = 8.0 Hz), 4.40 (t, 0.5H, J = 6.8 Hz), 4.27 (m, 0.3H), 4.22
(m, 1H), 3.97–3.80 (m, 7H), 3.73 (m, 4H), 3.65 (m, 4H), 3.09 (t, 2H, J =
6.8 Hz), and 1.93 (p, 2H, J = 6.1, 13.1 Hz). 13C NMR (125 MHz, D2O with
internal MeOH std.): 𝛿 152.82, 151.74, 98.49, 98.35, 98.30, 98.27, 98.25,
92.36. 90.69, 77.13, 76.08, 75.86, 74.49, 74.26, 73.51, 73.18, 73.15, 72.83,
71.70, 71.61, 71.08, 70.95, 70.63, 70.43, 70.29, 70.24, 69.92, 69.74, 69.67,
69.61, 69.57, 69.46, 69.44, 69.09, 68.89, 68.78, 68.69, 68.64, 68.60, 68.54,
68.49, 68.38, 68.15, 66.66, 66.07, 65.94, 61.33, 61.27, 60.52, 37.96, 37.86,
37.79, 37.71, 26.68, and 26.64.

General Procedure for the Formation of (Sugar)6-GDs (12d–18d): Com-
pound 4 was first prepared as a 100mg mL−1 solution in methanol. Fol-
lowing this, the volume providing 1.0 equiv. was transferred to an oven-
dried pear-shaped flask and evaporated under reduced pressure. Similarly,
the sugar-linkers (5–11) was prepared as a 100mg mL−1 solution in wa-
ter. The volume providing an excess (6.6–6.8 equiv.) of 5–11 was trans-
ferred to the flask containing 4, and the solution was next freeze-dried
overnight. Next, 14.4 equiv. of TBTU was added to the flask, which was
then placed under N2(g). Following this, 1–2 mL of DriSolv dimethyl sul-
foxide (DMSO) was added. Finally, the pH was adjusted to ≈9–10 with
DIPEA (N,N-diisopropylethylamine). The reaction mixture was stirred at
room temperature for 24–30 h, before water was added and the solution
was repeatedly freeze-dried to remove the DMSO. The resultant crude oil
was purified first by dialysis against water in 2000 molecular weight cut-off
(MWCO) dialysis tubing (Spectrum). The water was changed 3 times over
3.5 h, then the solution inside the dialysis tubing was freeze-dried. Finally,
the oily solids were purified by FPLC. The resultant peaks were pooled sep-
arately, freeze-dried, and the GDs (12d–18d) were identified by NMR and
confirmed by Matrix-Assisted Laser Desorption Ionization (MALDI) mass
spectrometry.

(Cellobiose)6-GD (Compound 12d): Compound 4 (14.9 mg,
0.0177mmol), 5 (68.8mg, 0.120mmol), TBTU (81.8mg, 0.255mmol), DI-
PEA (pH≈9–10), and DMSO (1 mL) were utilized. 52.1 mg (0.0150 mmol,
85%) of a white fluffy solid resulted after purification. 1H NMR (500 MHz,
D2O):𝛿 7.68 (d, 1H, J = 5.5 Hz, E isomer), 7.00 (d, 0.2H, J = 5.5 Hz, Z
isomer), 4.58 (t, 1H, J = 6.1 Hz), 4.54 (d, 1H, J = 7.9 Hz), 4.50 (d, 1H,
J = 7.9 Hz), 4.30 (d, 0.6H, J = 9.2 Hz), 4.23 (app t, 2.4H, J = 4.0 Hz),
3.98–3.85 (m, 7.5H), 3.76–3.68 (m, 13H), 3.64–3.56 (m, 11H), 3.49 (m,
2.6H), 3.41 (m, 3.5H), 3.33 (t, 2H, J = 8.8 Hz), 3.26 (t, 4H, J = 6.7 Hz),
2.75 (br s, 5H), 2.65 (br app d, 5H), 2.51 (t, 4H, J = 5.8 Hz), and 1.79
(app t, 4H, J = 6.6 Hz). 13C NMR (125 MHz, D2O with internal MeOH
std.): 𝛿 173.92, 152.04, 102.69, 90.27, 78.60, 78.38, 76.16, 75.97, 75.75,
75.68, 75.44, 73.50, 73.33, 72.79, 72.55, 71.61, 71.30, 69.62, 69.50, 68.90,
68.74, 68.61, 68.55, 68.49, 68.23, 66.94, 66.73, 62.25, 62.07, 60.75, 60.64,
60.28, 53.13, 51.41, 51.04, 36.58, 36.33, and 28.50. MALDI-MS [M+H]+
(C138H259N16O84) calc m/z = 3484.64815. Found m/z = 3484.64774.

(GlcNAc)6-GD (Compound 13d): Compound 4 (14.4 mg,
0.0171mmol), 6 (52.4mg, 0.116mmol), TBTU (79.9mg, 0.246mmol), DI-
PEA (pH≈9–10), and DMSO (1 mL) were utilized. 21.5 mg (0.0078 mmol,

Adv. Therap. 2021, 2000210 © 2021 Wiley-VCH GmbH2000210 (10 of 14)

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

46%) of an off-white solid resulted after purification. 1H NMR (500 MHz,
D2O): 𝛿 7.51 (d, 0.8H, J = 6.2 Hz, E isomer), 6.83 (d, 0.2H, J = 6.6 Hz,
Z isomer), 5.10 (t, 0.2H, J = 6.8 Hz), 4.68 (t, 0.7H, J = 7.0 Hz), 4.33 (m,
0.8H), 4.26 (m, 0.7H), 4.21 (m, 2.4H), 4.10 (m, 0.4H), 4.06 (m, 0.8H),
3.81 (m, 1.7H), 3.73 (m, 10H), 3.63–3.53 (m, 12H), 3.24 (m, 4H), 2.73
(br s, 4.6H), 2.64 (br app d, 5H), 2.48 (t, 4H, J = 5.8 Hz), 2.12 (s, 0.7H),
2.03 (m, 4H), and 1.77 (app q, 4H, J = 7.0, 13.9 Hz). 13C NMR (125 MHz,
D2O with internal MeOH std.): 𝛿 173.90, 150.63, 149.76, 74.87, 73.88,
72.82, 71.62, 71.10, 70.24, 69.48, 68.73, 68.61, 68.43 68.26, 66.95, 63.04,
60.56, 53.13, 52.08, 51.44, 51.07, 36.58, 36.34, 28.53, 22.30, and 22.16.
MALDI-MS [M+H]+ (C114H217N22O54) calc m/z = 2758.49037. Found
m/z = 2758.49734.

(Gentiobiose)6-GD (Compound 14d): Compound 4 (15.0 mg,
0.0178mmol), 7 (69.0mg, 0.121mmol), TBTU (82.4mg, 0.256mmol), DI-
PEA (pH≈9–10), and DMSO (1 mL) were utilized. 36.9 mg (0.0106 mmol,
60%) of a yellowish amorphous solid resulted after purification. 1H NMR
(500 MHz, D2O): 𝛿 7.58 (d, 0.9H, J = 6.4 Hz, E isomer), 6.94 (d, 0.2H, J
= 6.2 Hz, Z isomer), 4.99 (t, 0.2H), 4.50 (d, 2H, J = 8.0 Hz), 4.42 (t, 1.2H,
J = 6.8 Hz), 4.25 (m, 3H), 4.15 (m, 1.3H), 3.97–3.91 (m 5H), 3.80–367
(m, 14H), 3.59 (br app t, 10H, J = 5.7 Hz), 3.52–3.45 (m, 5H), 2.41 (t,
2.4H, J = 9.4 Hz), 3.32 (t, 2H, J = 8.9 Hz), 3.26 (t, 4.4H, J = 6.5 Hz),
2.75–2.65 (m, 9.4H), 2.51 (br app s, 5H), and 1.79 (br app t, J = 6.4 Hz).
13C NMR (125 MHz, D2O with internal MeOH std.): 𝛿 173.98, 152.72,
151.64, 103.08, 90.61, 76.13, 75.88, 75.79, 73.44, 73.38, 73.34, 72.90,
71.68, 71.11, 70.47, 70.05, 69.98, 69.92, 69.82, 69.64, 68.93, 68.79, 68.67,
68.59, 68.51, 68.33, 67.01, 60.97, 53.21, 51.51, 51.14, 36.65, 36.41, and
28.56. MALDI-MS [M+H]+ (C138H259N16O84) calc m/z = 3484.64815.
Found m/z = 3488.937.

(Lactose)6-GD (Compound 15d): Compound 4 (11.0 mg,
0.0131mmol), 8 (50.8mg, 0.089mmol), TBTU (60.4mg, 0.188mmol), DI-
PEA (pH≈9–10), and DMSO (1 mL) were utilized. 31.3 mg (0.0090 mmol,
69%) of an off-white fluffy solid resulted after purification. 1H NMR
(500 MHz, D2O): 𝛿 7.68 (d, 0.7H, J = 5.6 Hz, E isomer), 7.00 (d, 0.1H,
J = 6.0 Hz, Z isomer), 4.59 (t, 0.8H, J = 6.1 Hz), 4.54 (d, 0.2H, J =
7.8 Hz), 4.50 (d, 0.8H, J = 7.8Hz), 4.45 (d, 0.5H, J = 7.8Hz), 4.31 (d,
0.4H, J = 9.2 Hz), 4.24 (m, 2H), 4.15 (m, 0.5H), 4.09–3.86 (m, 7H),
3.82–3.63 (m, 18.6H), 3.61–3.53 (m, 11.7H), 3.26 (t, 4H, J = 6.6 Hz),
2.74 (br s, 5H), 2.64 (br app d, 5H), 2.51 (t, 4H, J = 5.5 Hz), and 1.79
(app t, 4H, J = 6.3 Hz). 13C NMR (125 MHz, D2O with internal MeOH
std.): 𝛿 174.03, 152.27, 103.31, 103.17, 90.37, 78.56, 78.37, 76.27, 75.61,
75.48, 75.32, 73.60, 73.33, 72.88, 72.81, 71.71, 71.56, 71.42, 71.30, 71.21,
70.63, 69.63, 69.53, 69.41, 69.01, 68.82, 68.76, 68.70, 68.64, 68.59, 68.52,
68.34, 67.04, 66.83, 66.72, 62.34, 62.14, 61.29, 61.13, 61.05, 60.65, 60.42,
53.22, 51.52, 51.16, 36.67, 36.42, 28.61, and 28.58. MALDI-MS [M+H]+
(C138H259N16O84) calc m/z = 3484.64815. Found m/z = 3484.6450.

(Maltose)6-GD (Compound 16d): Compound 4 (17.5 mg,
0.0208mmol), 9 (82.3mg, 0.144mmol), TBTU (97.1mg, 0.302mmol), DI-
PEA (pH≈9–10), and DMSO (2 mL) were utilized. 58.5 mg (0.0168 mmol,
81%) of a white fluffy solid resulted after purification. 1H NMR (500 MHz,
D2O): 𝛿 7.57 (d, 0.6H, J = 6.0 Hz, E isomer), 6.94 (d, 0.1H, J = 5.6 Hz,
Z isomer) 5.37 (d, 0.6H, J = 3.7 Hz), 5.09 (m, 0.8H), 4.50 (t, 0.6H, J =
5.7 Hz), 4.24 (m, 2.4H), 3.96 (m, 1.5H), 3.90 (m, 2H), 3.85–3.80 (m, 4H),
3.79–3.66 (m, 17H), 3.64–3.54 (m, 14H), 3.39 (m, 2.3H), 3.24 (br t, 4H,
J = 6.7 Hz), 2.77 (br app d, 9H), 2.49 (br app s, 4H), and 1.77 (br app t,
4H, J = 6.3 Hz). 13C NMR (125 MHz, D2O with internal MeOH std.): 𝛿
174.00, 160.58, 151. 99, 100.88, 100.73, 99.97, 90.42, 80.54, 77.49, 76.09,
73.65, 73.38, 73.27, 73.18, 73.09, 73.00, 72.97, 72.78, 72.55, 72.44, 71.98,
71.75, 69.68, 69.63, 69.55, 69.04, 68.88, 68.76, 68.63, 68.57, 68.01, 67.10,
65.97, 62.61, 61,12, 60.80, 60.68, 53.44, 53.16, 51.21, 36.74, 36.43, and
28.67. MALDI-MS [M+H]+ (C138H259N16O84) calc m/z = 3484.64815.
Found m/z = 3488.011.

(Maltotriose)6-GD (Compound 17d): Compound 4 (17.5 mg,
0.0208 mmol), 10 (99.1 mg, 0.135 mmol), TBTU (96.1 mg, 0.299 mmol),
DIPEA (pH≈9–10), and DMSO (2 mL) were utilized. 45.8 mg
(0.0103 mmol, 49%) of a white fluffy solid resulted after purifica-
tion. 1H NMR (500 MHz, D2O): 𝛿 7.61 (d, 1H, J = 6 Hz, E isomer),
6.98 (d, 0.2H, J = 5.5 Hz, Z isomer), 5.41 (dd, 2.3H, J = 3.8, 9.2 Hz),
5.14 (d, 1.2H, J = 4.0 Hz), 4.54 (t, 1H, J = 5.5 Hz), 4.32–4.25 (m, 3H),

4.02–3.98 (m, 4.4H), 3.95 (m, 2.2H), 3.90–3.84 (m, 7.6H), 3.82–3.66 (m,
21H), 3.65–3.58 (m, 13H), 3.43 (t, 2H, J = 9.4 Hz), 3.28 (m, 4H), 2.78
(br app s, 4H), 2.68 (br app d, 4H), 2.52 (t, 4H, J = 5.7 Hz), and 1.81
(app t, 4H, J = 6.5 Hz). 13C NMR (125 MHz, D2O with internal MeOH
std.): 𝛿 173.90, 151.92, 100.44, 100.03, 99.97, 99.79, 90.33, 80.52, 77.36,
77.19, 77.09, 77.03, 75.97, 73.57, 73.44, 73.29, 73.11, 72.92, 72.84, 72.46,
72.35, 71.97, 71.68, 71.42, 71.21, 69.60, 69.53, 69.49, 68.95, 68.80, 68.68,
68.55, 67.75, 67.03, 65.92, 62.48, 60.69, 53.03, 36.66, 36.32, and 28.55.
MALDI-MS [M+H]+ (C174H319N16O114) calc m/z = 4456.96543. Found
m/z = 4463.499.

(Melibiose)6-GD (Compound 18d): Compound 4 (13.8 mg,
0.0164 mmol), 11 (63.7 mg, 0.111 mmol), TBTU (75.8 mg, 0.236 mmol),
DIPEA (pH≈9–10), and DMSO (1 mL) were utilized. 32.7 mg
(0.0094 mmol, 57%) of an off-white fluffy solid resulted after purifi-
cation. 1H NMR (500 MHz, D2O): 𝛿 7.59 (d, 1H, J = 6.5, Hz, E isomer),
6.94 (d, 0.2H, J = 6.3 Hz, Z isomer), 4.98 (app d, 2H, J = 3.6 Hz), 4.42
(t, 1H, J = 6.7 Hz), 4.29 (m, 0.3H), 4.24 (br m, 3.2H), 3.99 (m, 5H),
3.95–3.87 (m, 5.5H), 3.83 (m, 2.4H), 3.75 (m, 12.4H), 3.68 (m, 3.6H),
3.59 (m, 9.3H), 3.26 (t, 4H, J = 6.6 Hz), 2.77 (br app s, 4.5H), 2.66 (br app
d, 4.5H), 2.51 (t, 4H, J = 5.5 Hz), and 1.80 (app t, 4H, J = 6.5 Hz). 13C
NMR (125 MHz, D2O with internal MeOH std.): 𝛿 174.00, 161.81, 152.85,
151.76, 98.58, 77.17, 75.97, 73.63, 73.26, 72.93, 71.17, 71.05, 70.58,
70.51, 70.39, 70.01, 69.78, 69.67, 69.54, 69.48, 68.94, 68.79, 68.73,68.68,
68.52, 68.28, 67.02, 66.82, 66.62, 61.37, 61.32, 53.19, 51.46, 51.09, 36.66,
36.41, and 28.55. MALDI-MS [M+H]+ (C138H259N16O84) calc m/z =
3484.64815. Found m/z = 3484.64550.

General Procedure for the Formation of Sulfo-(Sugar)6-SGDs (12e–18e):
The sulfation reactions were carried out as reported previously.[11a] Briefly,
1 equiv. of each GD (12d–18d) was weighed into an oven-dried flask and
dissolved in 2.5–3.0 mL of DriSolv DMF (N,N-dimethylformamide). Next,
the flask was placed under N2(g) and a large excess (126 equiv.) of sulfur
trioxide pyridine complex was added dropwise to the reactionmixture. The
reactions were terminated by adding 1.0mL of ice-cold water and adjusting
the pH to above 9.0 with 2mNaOH. The solution was then added dropwise
to ice-cold acetone and left to precipitate at −20 °C for 24 h. The precipi-
tate was collected by centrifugation, re-dissolved in a minimum amount of
water, and then dialyzed against water in 2000 MWCO tubing. FPLC was
utilized as a final purification step. The resultant peaks were pooled sepa-
rately and freeze-dried. The SGDs (12e–18e) were characterized by NMR
and the % sulfur determined by elemental analysis. Using the carbon and
nitrogen content from theMS data for the GDs, the %S, the molecular for-
mula, the total number of sulfate groups and the number of sulfates/sugar
residue were determined for the SGDs.

(Cellobiose)6-SGD (Compound 12e): Compound 12d (17.6 mg,
0.0051 mmol) and SO3-pyr (101.1 mg, 0.637 mmol), and DMF (2.5 mL)
were combined as described. After purification, 17.4 mg (0.0034 mmol,
67%) of a yellowish amorphous solid was obtained. Elemental analy-
sis revealed 12.56% sulfur, with an approximate molecular formula of
C138H238N16S20O144, and molecular weight of 5061 g mol−1. 1H NMR
(500 MHz, D2O): 𝛿 4.54 (m, 5H), 4.25 (m, 12H), 3.99 (br app t, 1H), 3.81
(m, 17H), 3.61 (br s, 5H), 3.44 (br s, 5H), 3.35 (br s, 3H), 3.24 (br app t,
5H), 2.97 (m, 3H), 2.56 (br s, 4H), and 1.80 (br s, 4H).

(GlcNAc)6-SGD (Compound 13e): Compound 13d (29.8 mg,
0.0108 mmol) and SO3-pyr (123.8 mg, 0.778 mmol), and DMF (2.5 mL)
were combined as described. After purification, 18.0 mg (0.0052 mmol,
48%) of a yellowish amorphous solid was obtained. Elemental analy-
sis revealed 8.66% sulfur, with an approximate molecular formula of
C114H207N22S9O81, and molecular weight of 3484 g mol−1. 1H NMR
(500 MHz, D2O): 𝛿 7.63 (br app d, 0.3H), 7.54 (br s, 0.3H), 5.18 (br s,
0.1H), 5.10 (br m, 0.3H), 4.97 (br s, 0.1H), 4.90 (br s, 0.1H), 4.65 (br app
d, 0.3H), 4.58 (m, 0.4H), 4.46 (m, 1H), 4.35–4.17 (m, 5H), 4.07 (br app
d, 1H), 3.85–3.74 (m, 14H), 3.62 (br app s, 5H), 3.45 (br app d, 7H), 3.27
(br app d, 5H), 3.03 (br s, 3H), 2.95 (d, 1H, J = 5.3 Hz), 2.54 (br app s,
5H), 2.02 (s, 3H, NHAc), and 1.79 (br app t, 4H, J = 5.9 Hz).

(Gentiobiose)6-SGD (Compound 14e): Compound 14d (10.4 mg,
0.0030 mmol) and SO3-pyr (60.3mg, 0.379 mmol), and DMF (2.5 mL)
were combined as described. After purification, 10.5 mg (0.0025 mmol,
82%) of a fluffy white solid was obtained. Elemental analysis revealed 7.0%
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sulfur, with an approximate molecular formula of C138H248N16S10O114,
and molecular weight of 4260 g mol−1.1H NMR (500 MHz, D2O): 𝛿 4.61
(m, 2.5H), 4.46 (m, 2.3H), 4.22 (m, 9H), 3.92 (m, 4H), 3.74 (br app d,
15H), 3.60 (br s, 6H), 3.26 (br app d, 6H), 2.93 (br s, 3H), 2.54 (br s, 5H),
and 1.80 (br s, 4H).

(Lactose)6-SGD (Compound 15e): Compound 15d (18.1 mg,
0.0052 mmol) and SO3-pyr (104.2 mg, 0.655 mmol), and DMF (2.5 mL)
were combined as described. After purification, 17.4 mg (0.0033 mmol,
64%) of a yellowish amorphous solid was obtained. Elemental analysis
revealed 13.41% sulfur, with an approximate molecular formula of
C138H236N16S22O150, and molecular weight of 5219 g mol−1. 1H NMR
(500 MHz, D2O): 𝛿 7.81 (m, 0.4H), 7.72 (m, 0.6H), 5.29 (m, 0.3H), 5.20
(br m, 0.6H), 5.11 (br app d, 0.4H), 5.02 (br m, 0.7H), 4.57 (m, 2H),
4.46–4.15 (m, 15H), 3.99 (m, 2H), 3.87–3.73 (m, 15H), 3.63 (br app d,
5H, J = 5.4 Hz), 3.52 (br s, 4H), 3.41 (br s, 2H), 3.29 (br s, 4H) 3.01 (m,
3H), 2.57 (br s, 4H), and 1.81 (br app t, 4H, J = 6.3 Hz).

(Maltose)6-SGD (Compound 16e): Compound 16d (14.9 mg,
0.0043 mmol) and SO3-pyr (86.6 mg, 0.542 mmol), and DMF
(2.5 mL) were combined as described. After purification, 13.4 mg
(0.0027 mmol, 65%) of a fluffy white solid was obtained. Elemental
analysis revealed 11.8% sulfur, with an approximate molecular formula of
C138H240N16S18O138, and molecular weight of 4911 g mol−1. 1H NMR
(500 MHz, D2O): 𝛿 4.61 (m, 1H), 4.44–4.17 (m, 18H), 3.87–3.74 (m,
16H), 3.61 (br m, 5H), 3.53 (br s, 4H), 3.44 (br s, 2H), 3.29 (br app d, 4H,
J = 6.8 Hz), 3.06 (br s, 2H), 2.56 (br s, 4H), and 1.81 (br s, 4H).

(Maltotriose)6-SGD (Compound 17e): Compound 17d (20.5 mg,
0.0046 mmol) and SO3-pyr (133.7mg, 0.0.840 mmol), and DMF
(2.5 mL) were combined as described. After purification, 22.3 mg
(0.0034 mmol, 74%) of a fluffy white solid was obtained. Elemental anal-
ysis revealed 13.0% sulfur, with an approximate molecular formula of
C174H291N16S27O195, and molecular weight of 6583 g mol−1. 1H NMR
(500 MHz, D2O): 𝛿 4.58 (m, 1.5H), 4.41–4.16 (m, 20H), 4.05 (m, 3H),
3.81 (m, 18H), 3.57 (m, 10H), 3.44 (br app s, 3H), 3.27 (br app d, 4H, J =
7.7 Hz), 3.06 (br s, 2H), 2.57 (br s, 4H), and 1.80 (br s, 4H).

(Melibiose)6-SGD (Compound 18e): Compound 18d (19.2 mg,
0.0055 mmol) and SO3-pyr (110.6 mg, 0.695 mmol), and DMF (2.5 mL)
were combined as described. After purification, 22.2 mg (0.0046 mmol,
84%) of a yellowish amorphous solid was obtained. Elemental analy-
sis revealed 11.23% sulfur, with an approximate molecular formula of
C138H241N16S17O135, and molecular weight of 4826 g mol−1. 1H NMR
(500 MHz, D2O): 𝛿 7.73–7.56 (m, 1H), 5.35 (br m, 1.4H), 5.10 (s, 0.6H),
5.00 (d, 0.2H, J = 3.8 Hz), 4.93 (t, 0.4H, J = 7.7 Hz), 4.67 (m, 1H), 4.58
(m, 2H), 4.45 (m, 2.3H), 4.29–4.19 (m, 8H), 4.03 (m, 3H), 3.87–3.73 (m,
16H), 3.59 (m, 10H), 3.42 (br s, 3H), 3.27 (br app d, 4H, J = 6.9 Hz), 3.07
(br m, 2H), 2.56 (br s, 4H), and 1.80 (br s, 4H).

ELISA Assay: A competitive format ELISA was developed using Ni+2

coated 96 well strip plates and HIV-1 AC10.29 gp120 Avi-His Recombinant
Protein (Cat. #13 055, NIH AIDS Reagent Program). This protein contains
a (His)6 tag at the C-terminal end. Initially, the assay plate was washed 3
× 300 µL with PBS x 0.05% (v/v) Tween-20 (PBST). Next, the gp120 was
diluted 1:1000 in PBS buffer and 100 µL was added to each well. The plate
was covered and incubated at 4 °C in the dark overnight. Next, the plate
was incubated for 1 additional hour at 25 °C in a Jitterbug shaker incuba-
tor (mix setting of 5) to ensure maximum capture of the gp120 protein.
After the incubation, the plate was washed 3 × 250 µL with PBST. Serial
dilutions of each SGD or the positive control (DS) were prepared in PBS
(0.2–800 µg mL−1). 50 µL/well of each dilution was added in duplicate
wells. There were also 2 wells/analyte of 0 µg mL−1 and 2 wells/analyte of
a negative control (no added antibody), these wells received 50 µL/well of
PBS in place of an SGD dilution. Next, 50 µL/well of a 1:1000 dilution of
HRP-labeled anti-V3 loop monoclonal antibody (mAb, Cat. #1101-P, Im-
munodx) was added to all wells except the negative control, which received
50 µL/well of PBS. This resulted in a 1:2 dilution of both the SGDs (0.1–
400 µg mL−1) and the HRP-mAb (1:2000 final dilution) The plate was cov-
ered and incubated for 1 h at 25 °C, with a shake setting of 5, followed by an-
other wash step as before. The plate was developed by added 100 µL/well
of Sureblue TMB and reading the plate 1x/minute at 655 nm in a BioRad
model 680 microplate reader for 15 min (step read, mix low), upon which,

100 µL/well of 1mHCl was added to stop the color development. The plate
was read once more at 450 nm (fast read) to provide the endpoint ab-
sorbance values. These readings were normalized through subtraction of
the average absorbance of the negative control wells, then transferred to
GraphPad Prism 9.0 where a non-linear dose-response curve was gener-
ated and an IC50 value calculated. Each IC50 value was generated from a
minimum of two replicates of the assay.

MST Assay: All MST experiments were conducted on a Monolith
NT.115 instrument fromNanoTemper using 40% excitation power and the
medium IR intensity setting. Samples were dissolved or diluted in 10 mm
sodium phosphate buffer, pH 7. (His)6-gp120 (HIV-1 AC10.29 gp120 Avi-
His Recombinant Protein, Cat. #13 055, NIH AIDS Reagent Program)
was modified with the Monolith NT His-Tag Labeling Kit RED-tris-NTA
from NanoTemper (cat. no. L008). Because the Avi-His tag was at the
C-terminus region of rgp120, attachment of the fluorescent NT-647 dye
should not interfere with the direct binding of SGDs. The labeled gp120
(200 nm) was incubated with 50 000 to 0.01 nmol SGD, as obtained by
serial dilution. DS (500 000 g mol−1) was used as a positive binding con-
trol. Once incubated for an additional five minutes after mixing, each so-
lution was loaded in standard MST quartz capillary tubes and placed in
the instrument to examine the thermophoresis response at 25 °C. Binding
results were plotted and quantified with the MO. Affinity Analysis software
(v2.2.7) was provided by NanoTemper. This software allowed the user to fit
the data to a dissociation constant (Kd), assuming the thermophoresis re-
sponse of the bound and unbound species were significantly different. The
optimum “hot region” was selected as the 4–5 s window by the software.

HIV-1 Neutralization Luciferase Reporter Gene Assay: The HIV-1 neu-
tralization assays were performed using TZM-bl cells, according to the
method Montefiori et al. at Duke University in the Good Clinical Labo-
ratory Practice (GCLP)-compliant Laboratory for AIDS Vaccine Research
and Development.[11b] Briefly, HIV inhibition was measured in 96-well cul-
ture plates by using Tat-regulated luciferase (Luc) reporter gene expres-
sion to quantify reductions in virus infection in TZM-bl cells. Assays were
performed with HIV-1 Env-pseudotyped viruses Q23.17 (Clade A), MN.3
(Clade B), MW965.26 (Clade C), and TV1.21 (Clade C). The positive con-
trols used in the neutralization assays were 500 kDa DS and the IgG an-
tibody CH01-31, as reported previously.[11] Samples of the SGDs and DS
were prepared as follows: SGDs were dissolved in PBS, sterile-filtered to
give 1 mg mL−1 concentrated stock solutions, then serially diluted to give
concentrations ranging either from 0.02 to 50 µg mL−1 or 0.02–25 µg
mL−1. Diluted SGDs were pre-incubated with the virus (≈150 000 rela-
tive light unit equivalents) for 1 h at 37 °C before the addition of TZM-bl
cells. Following an additional 48 h incubation, cells were lysed and Luc ac-
tivity was determined using a microtiter plate luminometer and BriteLite
Plus Reagent (Perkin Elmer). Neutralization titers were the SGD concen-
tration at which relative luminescence units (RLU) were reduced by 50%
compared to RLU in virus control wells after subtraction of background
RLU in cell control wells.

Cytotoxicity Assay: The cytotoxicity profiles of the SGDs were per-
formed using the CellTiter-Glo Luminescent Cell Viability Assay, by
Promega.[24] The cell viability assay was performed in a 96-well plate.
SGDs were prepared in 150 µg mL−1 stock solutions, then serially diluted
to concentrations ranging from 0.02–50 µg mL−1 or 0.02–25 µg mL−1.
Solid CellTiter-Glo Substrate was reconstituted in CellTiter-Glo Buffer to
form the CellTiter-Glo Reagent at room temperature. The TZM-bl cell cul-
tures (100 µL per well) were incubated at 37 °C for 24 h in the presence
of various concentrations of SGDs (from 0.02–50 µg mL−1). CellTiter-Glo
Reagent was then added at 100 µL to each well. The plate was mixed us-
ing an orbital shaker for 2 min to induce cell lysis, then incubated at room
temperature for 10 min to stabilize the luminescent signal. The lumines-
cent signal was measured using a microtiter plate luminometer, and the
percent of viable cells was determined using the protocol provided by the
manufacturer.

MD Simulations (HIV Trimeric gp120): In order to check the experi-
mentally observed binding between SGDs and gp120, these systems were
modeled by atomistic molecular dynamics simulations using NAMD.[25]

In the simulations, the gp120 protein complex used was a trimer based
on PDB code 5V8M.[26] Its V3 loop, a principle neutralizing domain
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with amino acids 303–338, is known to bind with a host cell surface via
HSPGs.[11a] Four oxime-linked hexavalent SGDs displaying high inhibitory
activities in in vitro inhibition of infectivity assays were selected to simulate
the interaction with gp120. Having the same dendritic core, the four glyco-
dendrimers differed by their terminal groups, which included: cellobiose,
lactose, maltotriose, and melibiose. The sulfated (SGDs: 12e, 15e, 17e,
and 18e) and non-sulfated states (GD: 12d, 15e, 17e, and 18e) of the four
molecules were also considered, which gave eight simulated systems. The
sulfate groups were mostly added to C6 of each sugar unit, according to
the average number of sulfates per sugar. Here, the average number of
sulfates was 1.6/sugar (cellobiose, 12e), 1.8/sugar (lactose, 15e), 1/sugar
(maltotriose, 17e), and 1.3/sugar (melibiose, 18e). The DS was used as
a positive control, while the four GDs work as negative controls. All the
systems were immersed in 150 mm NaCl solutions.

MD Simulations (SARS-CoV-2 Monomeric RBD): Since the new coro-
navirus, SARS-CoV-2, also has an HSPG binding site, Lactose SGD and
GDs (15d and 15e) and Cellobiose SGD and GD (12d and 12e) were se-
lected to test their binding with the RBD (PDB:[22]6M17) of SARS-CoV-2.
The four GDs were separately placed around the top and middle part of
RBD with two trials for each case. The top region was the binding site of
ACE2, which was the cellular receptor of SARS-CoV-2,[22] and the middle
part contained the exposed basic regions which could be the binding site
for HSPG. In addition, two types of hybrid compounds with an octavalent
core functionalized by half SGD and half GD were also designed to exam-
ine the binding strength.

Simulation Methods: All the systems were immersed in 150 mm NaCl
solutions. Different GDswere named by their sugar functional groups. The
simulations were performed for 100–200 ns for gp120 systems and 70–
100 ns for SARS-CoV-2 systems, with a slight difference due to the com-
puter power and time needed to reach equilibrium. The gp120 and RBD
of SARS-CoV-2 proteins were described by a CHARMM36[27] force field,
while GDs were described by a CHARMM general force field.[28] The Par-
ticle Mesh Ewald (PME)[29] method was used for the evaluation of long-
range Coulombic interactions. The time step was set to 2.0 fs. The sim-
ulations were performed by NAMD[25] in the NPT ensemble (p = 1 bar
and T = 300 K), using the Langevin dynamics (𝛾Lang = 1 ps−1). After 2000
steps of minimization, ions and water molecules were equilibrated for 2 ns
around protein and GDs, which were restrained using harmonic forces
with a spring constant of 1 kcal (mol Å2) −1. The last frames of restrained
equilibration were used to start simulations of free GDs and partially con-
strained protein (the part on the bottom). The trajectories and snapshots
were visualized by VMD.[30] The MM-GBSA free energy[31] of binding be-
tween compounds and protein targets were evaluated by NAMD[25] in a
generalized Born Implicit Solvent (150 mm). The averagedMM-GBSA free
energy was taken from the last 20 ns (500 frames) of each simulation.

Statistics: For each of the in vitro assays, the statistical treatment of
the data is as described below.

ELISA: ELISA data were collected in duplicate for each concentration of
the SGD tested, and each assay was replicated a minimum of twice per
compound. For the analysis, the endpoint absorbances at 450 nm were
first corrected by subtracting the average of the duplicate blank wells, and
second, the duplicate data points were averaged. The averaged data points
for each concentration of SGD (0–0.4 g L−1) were then imported into
GraphPad Prism 9.0 software and subjected to a sigmoidal dose-response
least squares fit. The 0 g L−1 data point was set to a concentration of 1 ×
10−8 g L−1 so it could be included in the analysis. The program plots the
data as the Absorbance at 450 nm versus the log of the SGD concentration
(g L−1). The R2 value for each assay was used to determine the goodness
of fit for a given SGD. SGDs that provided R2 values >0.9 were retained
and reported. Any SGD giving reproducible R2 values <0.9 were reported
as having an IC50 value of >[highest conc.]. This assay was utilized as a
semi-quantitative screening assay, to determine whether further biologi-
cal testing should be undertaken (go/no go), so no statistical analysis was
conducted.

MST: MST data were collected in triplicate for each ligand tested and
analyzedwith the software provided by the instrumentmanufacturer (Nan-
oTemper Technologies, MO. Affinity Analysis v2.2.7). For all samples, the
initial fluorescence prior to heating was normalized to 1.0 unit = 1000 ‰

(per mille). The drop in fluorescence at a set time point after heating was
plotted on the y-axis of the binding curve and denoted FNorm [‰]. Error
bars for the data points in the MST binding curves were calculated as the
standard deviation, but were omitted in Figure 3 for clarity. See Figure S39,
panel C, Supporting Information, for typical result with error bars included.
The error in each Kd value, as reported in the third column of Figure 2, was
obtained from the confidence in the binding fit to an ideal interaction of
1:1 binding stoichiometry and was calculated by the NanoTemper analysis
software.

HIV-1 Neutralization Luciferase Reporter Gene Assay: The HIV-1 neu-
tralization luciferase reporter gene assay has been formally optimized
and validated.[32] Each analyte concentration was tested in duplicate.
As this was a biological assay with inherent variability, the analyzed
compounds were judged as having antiviral activity if the “with anti-
body/compound” results were more than threefold different from the
“without antibody/compound” result. The assays on early-stage com-
pounds were conducted only once due to resource constraints, so no sta-
tistical analysis was carried out.

Cytotoxicity Assay: This assay was conducted according to the instruc-
tions provided by Promega.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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