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ABSTRACT: Multivalent lectin-glycan interactions (MLGIs) are widespread and vital for biology, making them attractive ther-
apeutic targets. Unfortunately, the structural and biophysical mechanisms of several key MLGIs remain poorly understood,
limiting our ability to design spatially matched glycoconjugates as potent therapeutics against targeting MLGIs. A synthetic
pseudo-dimannose (psDiMan) ligand has been shown to selectively bind to a dendritic cell surface tetrameric lectin, DC-SIGN,
over some other multimeric lectins sharing monovalent mannose specificity but having distinct cellular functions. Herein, we
display psDiMan polyvalently onto gold nanoparticles (GNP-psDiMan) to probe how scaffold size and glycan valency control
their multivalent binding properties with DC-SIGN. We reveal that GNP-psDiMan binds strongly, with sub-nM Kaus, to DC-SIGN
and their binding affinity is enhanced with the increasing GNP scaffold size. Interestingly, there is a minimal, GNP size-de-
pendent, glycan density threshold for forming strong MLGIs with DC-SIGN. Moreover, we have developed a new fluorescence
quenching method for probing MLGI thermodynamics by quantifying MLGI affinities under varying temperatures in combi-
nation with the Van’t Hoff analysis. We reveal that DC-SIGN binding with GNP-psDiMans is enthalpy driven, with the standard
binding enthalpy changes (AH%) of ~ -100 k] /mol, matching well to those measured by isothermal titration calorimetry. Such
AHCvalues are ~4 folds that of the corresponding monovalent psDiMan-DC-SIGN binding, implying that all 4 binding sites in
DC-SIGN are engaged in binding to GNP-psDiMan. Dynamic light scattering studies further show that DC-SIGN binds glycans
from the same GNP-psDiMan. Finally, using particles pseudotyped with the Ebola virus glycoprotein, we show that GNP-
psDiMans potently inhibit DC-SIGN-dependent augmentation of Ebola virus cellular entry with sub-nM level ECso values. In-
terestingly, such ECso values are comparable to their DC-SIGN binding affinities measured by fluorescence quenching in solu-
tion. These results indicate that GNP based fluorescence quenching is a versatile method to reveal MLGI thermodynamics and
binding determinants of high affinity MLGI interactions, and to predict GNP-glycan antiviral properties.

Introduction

Multivalent lectin-glycan interactions (MLGIs) are wide-
spread and vital for many important biological events, such
as infection, cell-cell communication, and the regulation of
immune response.l*® For example, pathogens often employ
specific glycan patterns to target host cell lectin receptors
(or vice versa) to initiate contact and infection, while im-
mune cells often employ lectins to recognize specific patho-
gen-associated glycan patterns to differentiate pathogens
and to instruct immune responses.*1° Therefore, it is unsur-
prising that constructing glycan structures to target specific
MLGIs has been a very active and attractive therapeutic ap-
proach against a wide range of viral infections, cancer, and
other immune dysregulation diseases.!-5 11-18 Strategies em-
ployed often include the design of monovalent glycans

against specific structures of individual carbohydrate-
recognition-domains (CRDs) and displaying glycans multi-
/poly- valently onto various nanoscale scaffolds.!-2 1126 This
is mainly because most monovalent glycan-CRD interac-
tions are too weak to produce high enough therapeutical ef-
fects. Displaying multiple glycans on a suitable scaffold to
create a perfect spatial and orientation match to the target
lectin’s multiple CRDs will greatly enhance not only their
binding affinity but also specificity.1 2> The latter is of great
importance for potential applications in vivo due to the
overlapping glycan specificity, at the monovalent levels, of
various multimeric lectins.*

A wide variety of nanostructures, e.g, polymers, den-
drimers, liposomes, polymersomes, proteins, and inorganic
nanoparticles, have been employed as scaffolds to construct
multi-/poly- valent glycoconjugates to enhance their MLGI
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affinity and specificity with target lectins.1-3.11-17.19-28 The bi-
ophysical parameters of binding to target lectins are mainly
evaluated by conventional biophysical techniques, such as
surface plasmon resonance (SPR), 2° and isothermal titra-
tion calorimetry (ITC). 30-31 While these traditional biophys-
ical methods are powerful in obtaining quantitative binding
affinity, kinetic, and thermodynamic data, they cannot pro-
vide key structural information, e.g., binding site organiza-
tion, binding mode, and inter-binding site distances etc.,
which are of critical importance for designing spatial
matched glycoconjugates against a particular MLGI for ther-
apeutic interventions. In addition, each of these techniques
also suffers from their own limitations. For example, while
ITC can provide accurate measure of binding enthalpy
changes (AHs), it cannot provide accurate binding affinities
for very strong interactions with low- to sub- nM Kgs. 3233
Whereas SPR measures binding interactions happening on
surfaces, which is a very different environment from that
happening in solution. As a result, the binding kinetic and
thermodynamic data obtained in SPR may not reflect what
happens in solution.? Moreover, most previous studies
have employed nanoparticles only as passive scaffolds to
display polyvalent glycans to enhance MLGI affinity and/or
specificity,1-3 12-13 however, the unique, size-dependent op-
tical properties of nanoparticles, which are fundamental
and critically important for nanomaterials, were not ex-
ploited as readout signals for MLGI affinity quantitation.

To address the above stated limitations, we have recently
demonstrated that small nanoparticles (e.g., ~4 nm CdSe/
ZnS quantum dots, QDs,20 2728 and a ~5 nm gold nanoparti-
cle, GNP,'4) densely glycosylated with fragments of the nat-
ural high mannose structures are powerful probes for
MLGIs. By harnessing the unique, size-dependent strong flu-
orescence (for QDs), or fluorescence quenching (for GNPs)
properties, we have developed a robust, sensitive method
for MLGI affinity quantitation based on the Forster reso-
nance energy transfer (FRET, with QD) or fluorescence
quenching (with GNP).14 20 We have further dissected the
exact binding modes of the target MLGIs by analyzing the
hydrodynamic size and capturing binding induced nanopar-
ticle-lectin assemblies under their native dispersion state
by exploiting the nanoparticle’s size and high contrast un-
der transmission electron microscopy (TEM) imaging.!4 20
Using a pair of critically important, closely related tetram-
eric lectin viral receptors, DC-SIGN3* and DC-SIGNRS35, as
model lectins, we have revealed that each DC-SIGN binds
simultaneously to one nanoparticle-glycan via all four of its
CRDs, giving rise to isolated nanoparticle-lectin assemblies
and strong affinities (low to sub-nM Kas). In contrast, DC-
SIGNR crosslinks with multiple nanoparticle-glycans, re-
sulting in extended large-scale nanoparticle-lectin assem-
blies and markedly weaker affinities in binding to nanopar-
ticle-glycans than DC-SIGN.'# 20 Moreover, we have found
that nanoparticle-glycans only potently and robustly block
DC-SIGN-, but not DC-SIGNR-, mediated augmentation of
Ebola virus cell entry, and thus demonstrating the critical
role of the MLGI binding mode in the ability of glycoconju-
gates to block viral infections.

Despite these advances, how nanoparticle scaffold size as
well as glycan type and density control MLGI affinity and

other key biophysical parameters remains to be explored.
Here, a synthetic glycomimetic, a pseudo-a-1,2-mannobi-
oside (psDiMan) that shows a different binding mode on
DC-SIGN CRD from the natural high mannose fragment
counterpart, o-manno-a-1,2-biose (DiMan),36-38 has been
displayed polyvalently onto two different sized GNP scaf-
folds (e.g., ~5 and ~13 nm in diameter, abbreviated as G5-
psDiMan and G13-psDiMan, respectively) under systemati-
cally varying densities. psDiMan is designed by replacing
the reducing end mannose of DiMan with a cyclohexanediol
scaffold locked in a diaxial conformation by two carbometh-
oxy groups (Figure 1).3° The cyclohexane framework was
found to offer specific hydrophobic interactions with
Val351 in DC-SIGN, resulting in moderate selectivity to-
wards DC-SIGN CRD over that of langerin, despite their
sharing glycan specificity.3® We have quantified Gx-
psDiMan-DC-SIGN (x=5 or 13) binding affinities, via GNP’s
strong fluorescence quenching properties,*%-43 and demon-
strated that there is a minimal, GNP size-dependent, glycan
density threshold in order to form strong MLGI with DC-
SIGN. We have then applied the Van't Hoff analysis of their
temperature dependent MLGI affinities and revealed that
DC-SIGN binding with Gx-psDiMan (for both x =5and 13) is
enthalpy driven and the binding thermodynamic parame-
ters derived from fluorescence quenching match well to
those obtained from ITC. Moreover, we have found that
their MLGI enthalpy changes (AHs) are ~4 times that of
monovalent binding, suggesting that all 4 CRDs in each DC-
SIGN are engaged in binding. Finally, by employing particles
pseudotyped with the glycoprotein (GP) of Ebola virus
(EBOV,p), we have investigated the ability of Gx-psDiMan to
block DC-SIGN-promoted cell entry of EBOV-GPpp.1% 20 We
reveal that Gx-psDiMan can potently block viral entry to
host cells, and their antiviral potencies are positively corre-
lated to their DC-SIGN binding affinity measured by fluores-
cence quenching. Together, these results have established
Gx-psDiMan as a powerful new biophysical probe for MLGI
affinity enhancing mechanisms, which can also serve as po-
tent antiviral agents.

Results and Discussion

1. Preparation and characterisation of essential materi-
als.

1.1 Design and synthesis of LA-EGn-based ligands. A li-
poic acid-tetra(ethylene glycol) based multifunctional gly-
can ligand, LA-EGs-psDiMan, was designed (Scheme 1). It
contains three functional domains, a LA group for strong an-
choring on the GNP surface by forming two strong Au-S
bonds;!* 44 a flexible tetra(ethylene glycol) linker to afford
the terminal glycan with some flexibility and impose high
water solubility, stability, and resisting non-specific interac-
tions;*54¢ and a terminal pseudo-a-1,2-mannobioside
(psDiMan) for specific DC-SIGN binding. 3¢ Besides, a LA-EG2
ligand containing an EGz-OH terminal group, abbreviated as
LA-EG2-EG2-OH, was also designed as an inert spacer ligand
to tailor the GNP surface glycan density (see Fig. 1). Self-as-
sembled monolayers terminated with oligo(ethylene gly-
col) groups are well-known for their ability to resist non-
specific adsorptions and interactions of biomolecules.*5 47
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Both ligands contain the same LA based GNP surface an-
choring group with the same overall EG linker length, there-
fore, they should have the same GNP anchoring and surface
display properties. This allows us to readily tune GNP sur-
face glycan density by simply varying the glycan: spacer lig-
and ratio (but with a fixed total ligand: GNP ratio) used in
the GNP-glycan preparation.
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Fig. 1. (A) Schematic shows of Gx-psDiMan with varying gly-
can density and GNP scaffold size. The chemical structures
of the psDiMan and spacer ligands are also shown. (B) A
schematic show of the principle of the GNP-based fluores-
cence quenching assay. Upon binding, the Atto-643 fluores-
cence is efficiently quenched by GNP in proximity via nano
surface energy transfer (NSET).

The LA-EGs-psDiMan glycan and LA-EG2-EGz-OH spacer lig-
ands were synthesized via the route shown schematically in
Scheme 1. Briefly, lipoic acid was first coupled to the com-
mercial H2N-EGn-C=CH (n = 2 or 4) via dicyclohexylcarbodi-
imide/4-N,N-dimethylaminopyridine mediated amide cou-
pling to give LA-EGn-C=CH in good yields, e.g., 72% for n =
2, and 85% for n = 4.1 48 psDiMan appending an a-(CHz)2-
N3 linker in the pseudo-anomeric position (psDiMan-Cz-N3)
was synthesized as described previously.#® Finally, LA-EGn-
C=CH was coupled to psDiMan-(CHz)2-N3 (n = 4) or HO-EGa-
N3 (n = 2) via the copper-catalyzed click reaction in the pres-
ence of CuSO4, sodium ascorbate (for reducing Cu?* to Cu*)
and tris(benzyltriazolylmethyl)amine (for stabilizing the
formed Cu* catalyst) and purified by size exclusion chroma-
tography using a Biogel P2 column via our established pro-
tocols!* 48 to give the desired LA-EG4-psDiMan or LA-EGz-
EG2-OH ligand in ~80% or 85% yields, respectively. Their
chemical structures were confirmed by 'H/13C NMR and LC-
MS spectra (supporting Information, SI, Figs. S1 and S2).

1.2. Preparation and characterisation of Gx-psDiMan.
Two different sized GNPs, with diameters of ~5 and ~13 nm
(denoted as G5 and G13), respectively, were prepared by
citrate reduction of H[AuCls] in the absence (for G13) or
presence of a small amount of tannic acid (for G5) by follow-
ing the literature methods,’%-52 and their core sizes were
confirmed by TEM (SI, Fig. $3). They were then incubated
with the LA-EGs-psDiMan ligand in an aqueous solution un-
der a total ligand: GNP molar ratio of 1000 and 3000 for G5
and G13, respectively, to prepare the desired Gx-psDiMan
conjugates (x = 5 or 13). We have found previously that
treating G5 with 1000 molar equivalent of LA-EGn-glycan
ligand produced highly stable and densely glycosylated G5-
glycans.'* Here, a higher ligand: GNP molar ratio of 3000:1,
about 2.4 times the ligand ratio required to coat G13 with a
self-assembled monolayer of LA-EGn-ligand was used, en-
suring that the G13 was fully coated with the desired glycan
ligands (see SI, section 2.3). To investigate how GNP sur-
face glycan density affect their MLGI properties with DC-
DIGN, the GNPs were further incubated with mixed the LA-
EGs-psDiMan and LA-EG2-EGz-OH ligands of varying ratios
(but under a fixed total ligand: GNP ratio as above). In this
way, a serial of Gx-psDiMan conjugates with the psDiMan
content being systematically varied from 0, 6.3, 12.5, 25, 50,
75 to 100% were prepared (see Table 1). Each LA-based
ligand can form 2 Au-S bonds on binding onto the GNP sur-
face, with a total bond enthalpy comparable to a typical co-
valent C-C single bond (~90 vs. ~83 kcal.mol1).53 As aresult,
the LA-based ligands are expected to be non-mobile after
self-assembly on the GNP surface. Thus, the LA-glycan and
LA-spacer ligands should be randomly distributed on GNP
surface without phase separation.

Scheme 1. Synthetic route to the LA-EG4-psDiMan and LA-
EG2-EG2-OH ligands.
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Table 1. Summary of key parameters of Gx-psDiMan conjugates under different glycan densities. D» = hydrodynamic diame-
ter (mean * %2 FWHM); N = glycan valency per GNP (assuming identical GNP binding properties for LA-EG4-psDiMan and LA-
EG2-EG2-OH); X = average inter-glycan distance. Apparent Ks and n values were obtained from fitting the QE -concentration
plots by equation 2 with fixed QEmax% = 100 (R? > 0.995 for all fits); “-“ indicates binding curves not fitted, due to binding
being too weak; multivalent binding enhancement factor, 3 = Kamom /K4, where K4 = 1.1 mM, obtained from ITC (see SI, Fig.

S9).

b powanon poom N etvon S T oy
0 129+ 2.4 0 - - - - -
6.3 9.3+ 2.4 30+3 3.4 +0.2 - - - -
12.5 9.6 + 2.1 60+ 5 2.5+0.1 - - - -

G5 |25 11.8+2.5 119+ 11 2.2+0.1 2.74 +£0.24 |0.47 £0.02 400,000 3,400
50 11.8+2.4 238+ 22 1.53 £ 0.07 1.38+0.26 [0.54+0.04 (800,000 3,300
75 129+ 2.2 357 + 32 1.37 £ 0.06 0.68+0.07 [0.46+0.07 (1,600,000 4,500
100 11.4+23 476 + 43 1.05 £ 0.05 0.22+0.05 [0.37+0.02 5,000,000 10,500
0 16.7 + 3.2 0 - - - - -
6.3 18.1+ 2.8 124 +12 3.3+0.2 11.5+0.4 0.74 +0.02 (96,000 770
12.5 19.5+3.3 245 + 23 2.5+0.1 0.55+0.03 [0.54+0.02 2,000,000 8,200

G13 |25 18.1+2.9 491 + 47 1.6 +0.1 0.30+0.02 [0.57+0.03 3,700,000 7,500
50 18.9 + 3.7 982 + 93 1.21 +0.06 0.13+0.02 [0.55+0.04 8,500,000 8,700
75 18.2 £ 3.0 1472 + 140 (0.95 + 0.04 0.15+0.02 1(0.47+0.02 16,700,000 4,500
100 18.4 + 3.6 1963 + 186 |0.83 + 0.04 0.21+0.02 (0.59+0.02 5,200,000 2,700

The successful preparation of Gx-psDiMan conjugates was
supported by a small increase of the hydrodynamic diame-
ters (Dns) compared to the parent, citrate stabilized Gxs and
the formation of monodispersed particles in water with nar-
row size distributions of hydrodynamic diameters (Dxs, see
Table 1 and SI, Fig. S4). The resulting Gx-psDiMan conju-
gates were found to be highly stable, no visible changes of
solution color or precipitation were observed after storage
for > 6 months. No changes in UV-vis absorption spectra af-
ter dispersion to a standard DC-SIGN binding buffer (20 mM
HEPES, 100 mM NaCl, 10 mM CacClz, pH7.8). The concentra-
tions of Gx-psDiMan were estimated from their maximal ab-
sorbance at ~515 (for G5) and ~520 nm (for G13) using an
extinction coefficient of 6.3 x10° (for G5) and 2.32 x 108 M1
cm? (for G13), respectively.14 51

The glycan valency on Gx surface was estimated from the
difference in glycan ligand amount between that added and
that remained unbound in the post-incubation supernatant
via a phenol-sulfuric acid carbohydrate quantifying method
as described previously (SI, Fig. $5),1420.54 and the results
were summarized in Table 1. By using the hydrodynamic
diameter and glycan valency of Gx-psDiMan conjugates un-
der different glycan content, the average glycan footprint,
deflection angle, and inter-glycan distance were estimated
via the method reported by the Mirkin group,® and summa-
rized in Table 1 and SI, Table S1. A systematically increas-
ing glycan footprint, deflection angle, and inter-glycan dis-
tance were obtained with the decreasing glycan content on
the Gx surface. Interestingly, the average inter-glycan dis-
tances for G5-psDiMan100% (~1.05 nm) and G13-psDiMan
(50-100%, ~0.8-1.2 nm) are comparable to the majority of
inter-glycan sequon distances (~0.7-1.3 nm) found on
gp160,5¢ the HIV surface heavily glycosylated trimeric gly-
coprotein, which mediates specific DC-SIGN binding and vi-
ral infection.

1.3. Protein production and labelling with Atto-643. DC-
SIGN forms stable homotetramers on cell surface, mediated
by the neck region coiled-coil formation. We and others
have demonstrated previously that DC-SIGN extracellular
domain faithfully maintains the tetramer structure and
MLGI properties of the full-length protein.?”. 57 Hence, DC-
SIGN extracellular segment (named as DC-SIGN hereafter)
was used to study its MLGI properties with Gx-psDiMan in
solution. To facilitate sensitive fluorescence based binding
detection, the recombinant DC-SIGN mutant DC-SIGN-
Q274C was expressed in E. coli and purified using Se-
pharose-Mannose affinity chromatography as described
previously.'*27 The purified proteins were site specifically
labelled with a maleimide modified Atto-643 dye (named as
labelled DC-SIGN) through the Michael addition between
thiol and maleimide as described previously.* 20 This label-
ling site is close to, but not sits in the CRD’s glycan binding
pocket,3” and thus dye-labelling does not affect CRD’s glycan
binding properties as confirmed previously.1#20.28 Atto-643
was chosen here due to its high fluorescence quantum yield,
excellent photostability, and strong hydrophilicity, thereby
minimizing any potential interfere with the CRD structure
and glycan binding properties. Moreover, its fluorescence
emission peaks at the far-red region of the visible spectrum
(e.g., Aex = 630 nm, Aem ~660 nm), which can minimize the
potential interference with fluorescence readout arising
from the GNP’s inner filter effect. The success of protein
production and Atto-643 labelling were confirmed from
their respective high resolution mass spectra (HRMS),
where an increase of molecular mass of 935 was observed.
Using the molecular mass peak areas of the labelled and un-
labeled proteins, a labelling efficiency of ~92% per protein
monomer was obtained (SI, Fig. $6).
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The recombinant wild-type DC-SIGN (no dye labeling) was
also expressed and purified, to investigate DC-SIGN binding
to Gx-psDiMan using dynamic light scattering (DLS) and
ITC. Protein concentration was determined from its UV ab-
sorbance at 280 nm using an extinction coefficient of 2.82 x
105 M1 cm! (tetramer) as reported previously.20.27

2. Quantifying Gx-psDiMan-DC-SIGN MLGI affinity and
thermodynamics via GNP based fluorescent quenching.
To investigate how GNP size and glycan density affect their
MLGI with DC-SIGN, we quantified their binding affinities
using GNP’s strong fluorescence quenching properties.40-42
Here, varying concentrations of labelled DC-SIGN and Gx-
psDiMan were mixed under a fixed mole ratio of 1:1 in a
binding buffer (20 mM HEPES, 100 mM NaCl, 10 mM CacCl,
pH 7.8) containing large excess of a non-target serum pro-
tein, bovine serum albumin (BSA, 1 mg/mL), which serves
to minimize any nonspecific interactions.!* It can also re-
duce nonspecific adsorption of proteins and/or Gx-
psDiMans on surfaces, which can be a major source of ex-
perimental errors for assays performed at low concentra-
tions (10 nM or below).5® Moreover, serum proteins are of
high abundance in vivo, therefore, this also makes the bind-
ing environments resemble more closely to real biological
situations. The Gx-psDiMan and labelled DC-SIGN samples
were incubated for 20 min at room temperature before
their fluorescence spectra (from 650 to 800 nm) were rec-
orded under a fixed Aex of 630 nm. Labelled DC-SIGN only
samples (without Gx-psDiMan) were also recorded under
identical conditions, which serve as controls to determine
the quenching efficiency (QE) at each concentration (C) via
equation (1):14
0E% = IFy — IF
°T IR,

X 100% 1)

Where [Fo and IF are the integrated fluorescence of labelled
DC-SIGN in the absence and presence of 1 molar equivalent
of Gx-psDiMan, respectively. GNP can efficiently quench a
wide range of fluorophores via a nano surface energy trans-
fer (NSET) mechanism (QE is proportional to the inverse 4t
power of separation distance, d, i.e., QE = 1/[1 + (d/do)*],*?
where dp is the separation distance giving 50% quenching).
Fluorescence quenching via the NSET mechanism is more
effective and covers a greater distance range than organic
quenchers based on the Forster resonance energy transfer
(FRET, where QE is proportional to the inverse 6t power of
dye-quencher distance, R, QE = 1/[1 + (R/R¢)¢ ) mecha-
nism.*1-42 Moreover, a GNP has been shown to quench fluo-
rescence by up to 99.97% in a closed DNA hairpin struc-
ture.*® Therefore, it is safe to assume that the measured
QE% here represents the percentage of lectins that are
bound to Gx-psDiMan. Thus, the apparent binding equilib-
rium dissociation constant (K4) can be derived from the QE-
C relationship by fitting with the Hill’s equation (2): 14

QEmax X Cn

E =
¢ Kl +C™

(2)

Where QEmax, K4, C, and n are the maximum QE (fixed at
100%), apparent binding equilibrium dissociation constant,
protein concentration, and Hill coefficient, respectively.
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Fig. 2. (A) Fluorescence spectra of Atto-643 labelled DC-
SIGN (varying concentrations) in the absence (solid lines)
or presence (broken lines) of 1 molar equivalent of G13-
psDiMan100%. (B) Integrated fluorescence intensity (IF) -
concentration (C) plots for labelled DC-SIGN in the absence
(black dots, with linear fit, R? = 0.995) and presence (red
dots) of G13-psDiMan. (C, D) Plots of QE% vs. C for labelled
DC-SIGN binding with 1 molar equivalent of G5-psDiMan
(€) or G13-psDiMan (D) under a variety of glycan densities
fitted by the Hill's equation (eq. 2).

The representative fluorescence spectra of labelled DC-
SIGN before and after mixing with G13-psDiMan (100% gly-
can density) at 1:1 molar ratio under different Cs were
shown in Fig. 2A (fluorescence spectra showing the binding
of G5-psDiMan with labelled DC-SIGN were given in the SI,
Fig. $8). It is apparent that labelled DC-SIGN fluorescence
was greatly reduced in the presence of G13-psDiMan (or
G5-psDiMan, SI. Fig. $8), especially at elevated concentra-
tions. A plot of the integrated fluorescence (IF) vs. C (Fig.
2B) further revealed that, in the absence of G13-psDiMan,
the fluorescence of labelled DC-SIGN alone increased line-
arly (R? >0.995) with the increasing C; while the presence of
G13-psDiMan significantly and progressively quenched
protein fluorescence, leading to the IF-C relationship to de-
viated more and more from linear (Fig. 2B). This result is
fully consistent with that expected from that an increasing
proportion of DC-SIGN are bound to G13-psDiMan and get
quenched. The resulting QE - C relationships for DC-SIGN
binding with G5-psDiMan and G13-psDiMan (with a variety
of psDiMan contents) were obtained and fitted by the Hill’s
equation (eq. 2) as shown in Figs. 2C and 2D, respectively.
The detailed fitting parameters were summarized in Table
1. The relationships of the apparent Ks, MLGI enhancement
factor (B3, where 3 = Kqm°n° /K4, and Kqm°r° = 1.1 mM obtained
from ITC, see SI, Fig. S9) and per psDiMan normalized en-
hancement factor (8/N, where N is the psDiMan valency on
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each GNP) as a function of psDiMan content (%) were
shown in Fig. 3A, 3A and 3C, respectively.
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Fig. 3. (A) Apparent binding Kas for DC-SIGN binding with
Gx-psDiMan (x = 5, yellow; x = 13, blue) as a function of sur-
face psDiMan content%; (B) plots of multivalent affinity en-
hancement factor () or (C) per psDiMan normalized affin-
ity enhancement factor ($/N) for G5-psDiMan (blue) or
G13- psDiMan (yellow) binding with labelled DC-SIGN as a
functional of surface psDiMan content% obtained by fluo-
rescence quenching assay (DC-SIGN affinities for G5-
psDiMan at psDiMan contents of <12.5% were too weak to
be measured accurately).

Based on the results of Fig. 3 and Table 1, four conclusions
can be drawn. (1) There is a minimal, GNP size dependent,
psDiMan content on its surface in order to form strong DC-
SIGN binding (i.e., sub- to low- nM Kas). The thresholds are
25% and 12.5% for G5 and G13 (denoted as G5-
psDiMan25% and G13-psDiMan12.5%), respectively. (2)
Above this threshold, DC-SIGN binding affinity increased
gradually with the increasing psDiMan content on G5 till
reaching 100%. While that for G13-psDiMan, the trend was
less clear: it gave the strongest DC-SIGN affinity with 50%
psDiMan content (although the differences with those of 75
and 100% psDiMan are small and close to the assay detec-
tion limit), and further increasing or reducing psDiMan con-
tent led to slightly reduced affinity. (3) The highest DC-SIGN
affinity was obtained with G13-psDiMan50%, which gave
an impressively strong apparent binding K4 of ~0.13 nM.

This affinity represents a massive, 8.5 million fold MLGI af-
finity enhancement (8 = Kqmono/K4M6T) over that of the cor-
responding monovalent psDiMan-DC-SIGN binding (Kamom,
determined as 1.1 mM by ITC, see SI, Fig. S9) and per glycan
normalized enhancement factor, /N, of ~8,700. This MLGI
affinity is significantly stronger, by ~28 fold, than that of G5
coated with 100% LA-EGz-EGz-DiMan (e.g., apparent Kas ~
3.8 nM),!* its equivalent DC-SIGN natural DiMan ligand of
the same overall EG linker length, despite the fact that its
monovalent affinity is slightly weaker than that of the latter
(e.g., Kqmono 1.1 mM vs. 0.9 mM,5° both obtained from ITC, SI,
Fig. S9). This result shows that displaying psDiMan poly-
valently on a GNP surface is more effective in enhancing its
MLGI affinity with DC-SIGN than that with DiMan, a natural
glycan ligand for DC-SIGN, presumably due to their different
binding motifs on DC-SIGN CRD.36 60 Therefore, we cannot
directly use the relative strength of lectin-glycan monova-
lent affinity to predict their relative MLGI strengths involv-
ing polyvalent glycoconjugates. (4) The per psDiMan nor-
malized enhancement factor, /N, as a function of GNP sur-
face psDiMan contents was found to depend strongly on the
GNP size. For G5-psDiMan, its /N generally increased with
the increasing psDiMan content and reached the maximum
at 100% psDiMan; under which it gave a highly impressive
B/N value of ~10000. While for G13-psDiMan, its /N
broadly plateaued at ~8000 for psDiMan content between
12.5% and 50%, and further increasing the psDiMan con-
tent led to a markedly reduced /N value (Fig. 3C). This re-
sult reveals a key role of surface curvature of glycoconju-
gate in their ability to form strong MLGI with DC-SIGN.

The difference in psDiMan density threshold for G5 and G13
-psDiMan to achieve strong MLGI with DC-SIGN can be ra-
tionalized from the assumption that strong MLGIs are only
formed when all four CRDs in DC-SIGN are engaged in bind-
ing. While the detailed crystal structure of DC-SIGN te-
tramer remains unknown, results from our group as well as
others indicate that all 4 binding sites in DC-SIGN point up-
wardly in the same direction, allowing them to bind simul-
taneously to multiple glycans on the same Gx surface.1#20.27
This was also confirmed from the hydrodynamic diameter
(Dn) measurement of Gx-psDiMan100% + DC-SIGN samples
under a variety of DC-SIGN: Gx-psDiMan molar ratios, which
revealed only a single Dn species for both G5- and G13-
psDiMan binding with DC-SIGN. Their Dxs initially increased
with the increasing DC-SIGN: Gx ratio, and then plateaued at
a ratio of ~6:1 or ~32:1 for G5- or G13- psDiMan, respec-
tively. This result indicates an increasing number of DC-
SIGN molecules are bound to each Gx-psDiMan before sur-
face binding saturation. Moreover, the saturated Dns were
found to be monodisperse and comparable to that expected
for a central Gx-psDiMan particle coated with a monolayer
of DC-SIGN molecules (~50-60 nm), implying that DC-SIGN
must have bound to the central Gx-psDiMan particle with all
four CRDs (SI, Section 7, Figs. S11-S13). Given that the ter-
minal psDiMans are displayed on the Gx surface via a flexi-
ble EG4 linker, it is reasonable to assume that any psDiMan
groups within the projected footprint of each CRD on the Gx
surface (~7 nm?, based on a spherical CRD structure of ~3
nm in diameter),?” could adapt and bind to that CRD. There-
fore, any Gx-psDiMan conjugates with a glycan footprint
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smaller than 7 nm? are expected to be able to bind to all four
CRDs in DC-SIGN, giving rise to strong MLGI affinity. This re-
sult matches well to the drastic decrease of DC-SIGN MLGI
affinity observed for G13-psDiMan as psDiMan content de-
creased from 12.5% to 6.3% (ie., average glycan footprint
increased from ~4.9 to 9.4 nm?, see SI, Table S1). The latter
psDiMan content is below the threshold required to allow

all four CRDs in DC-SIGN to engage in binding. For G5-
psDiMan, a higher glycan content threshold is required to
form tetravalent binding, presumably because of its larger
surface curvature, giving rise to a glycan deflection angel
being twice as big as that of its G13-psDiMan counterpart
(e.g, 29.7 £ 1.3 ° vs. 14.6 +* 0.7° for G5- vs. G13-
psDiMan12.5%, see SI, Table S1).
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Fig. 4. The QE%-C relationships for DC-SIGN binding with G5-psDiMan100% (A) or G13-psDiMan100% (E) under three dif-
ferent temperatures fitted by Hill's equation, and the corresponding Van’t Hoff plots (InKa vs. 1/T plots) for DC-SIGN binding
with G5-psDiMan (B) or G13-psDiMan (F). ITC titration curves for DC-SIGN binding with G5-psDiMan100% (C) or G13-
psDiMan100% (G) and their respective fitting curves (D, H).

3. Probing MLGI thermodynamics by GNP fluorescence
quenching and comparing those obtained with ITC.

To extend the capacity of GNP fluorescence quenching assay
in probing the binding thermodynamics of high affinity
MLGIs, we also measured the binding Kas between G5- or
G13- psDiMan100% and labelled DC-SIGN under 3 different
temperatures. Both of their quenching efficiencies (QEs)
were found to decrease with the increasing temperature, in-
dicating weakened interactions (larger Kas values). We then
applied the Van't Hoff analysis to derive their binding ther-
modynamics by combining the two Gibbs free energy equa-
tions (eqs. 3 and 4).28 The changes of the standard binding
enthalpy (AH?) and entropy (AS®) were obtained by taking
a linear fit of the resulting In(K4) against the reciprocal of
temperature, 1/T, via equation 5 (Fig. 4). The results ob-
tained from the fittings were summarized in Table 2.

AG® = RTInK, 3)

AG® = AH® — TAS® “4)
iy 2 AHOL4s° ;
n(K) = — 7 - — ®)

Where R is the ideal gas constant, 8.314 ] K- mol-..

In addition, we also measured the binding AH%s between Gx-
psDiMan and wild type DC-SIGN by isothermal titration cal-
orimetry (ITC). These were performed by titrating concen-
trated DC-SIGN (30 uM) into concentrated Gx-psDiMan so-
lution (e.g., 300 nM for x = 5, and 100 nM for x = 13) in the
ITC cell to measure binding induced heat changes (see SI,
section 6) and the results were summarized in Table 2. It
should be noted that ITC cannot provide accurate measure-
ment of the binding AG? (hence Ka) directly for very strong
interactions (e.g., sub- to low- nM Kas),3t 33 although its
measurement of AH® values is accurate.

As shown in Table 2, the binding AH? values obtained from
the GNP fluorescent quenching assay agreed very well with
those obtained by ITC, thereby confirming that our GNP
based fluorescence quenching can be used as a reliable
method to probe MLGI thermodynamic parameters. Specif-
ically, both G5- and G13- psDiMan100% binding with DC-
SIGN were found to be enthalpy driven, with comparable
negative AH% of ~-95 K].mol! (Table 2, Fig. 4). Interest-
ingly, their multivalent binding AHs are about 4 time of that
of psDiMan-DC-SIGN monovalent binding obtained from
ITC (e.g, -23.4 k].mol'%, see SI, Fig. $9), indicating that all 4
CRDs in DC-SIGN are engaged in Gx-psDiMan binding. This
is also fully consistent with the DLS results described in the
earlier section, where the saturated Dxs of Gx-psDiMan-DC-
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Table 2. Summary of the standard binding thermodynamic parameters (T = 298 K) between Gx-psDiMan and DC-SIGN ob-
tained via the GNP fluorescence quenching assay in comparison with the AHO values obtained by ITC. Errors represent the

fitting errors.

GNP Fluorescence quenching assay ITC
Gx-psDiMan AHC (k].mol1) AS° (J.K-L.mol 1) AGO (k].mol1) AHO (k].mol1)
G5-psDiMan100% -96.4 £ 2.6 -158+9 -49.3+2.7 -928+1.6
G13-psDiMan100% -93.0+3.2 -125+11 -55.7+3.3 -99.9+ 1.7

SIGN complexes match those expected for single Gx-
psDiMan particles bound with a single layer of DC-SIGN
molecules (SI, Figs. S12 & S13), indicating that DC-SIGN
binds tetravalently using 4 CRDs to a single Gx-psDiMan.

ITC studies on DC-SIGN binding to Gx-psDiMan50% gave
similar binding AHC values (e.g., -99.4 + 2.7 and -93.6% 1.5
kJ/mol for x = 5 and 13, respectively, see SI, Fig. $10) to
those of Gx-psDiMan100%, indicating the same tetravalent
binding mode. These results are fully consistent with the
glycan content dependent DC-SIGN binding affinity studies
described in the earlier section (Fig. 2, Table 1). Since the
psDiMan contents in both Gx-psDiMan- 50% and 100% are
higher than the minimal glycan density threshold, all 4 bind-
ing sites in each DC-SIGN molecule should be able to engage
in binding with psDiMan groups from the same Gx-psDiMan
particle to yield the maximal binding valency.

4. GNP-psDiMan inhibition of DC-SIGN-promoted
EBOVy;, cell entry.

To investigate whether the binding between DC-SIGN and
Gx-psDiMan in solution faithfully replicates binding at the
cell surface, we further investigated the ability of GNP-
psDiMan to block DC-SIGN-promoted cellular entry of par-
ticles pseudotyped with the Ebola virus glycoprotein
(EBOVyp). The specific binding between DC-SIGN and the
Ebola virus glycoprotein (EBOV-GP) promotes viral attach-
ment and entry into host cells, which ultimately leads to in-
fection. Binding of high affinity Gx-psDiMan to cell surface
DC-SIGN should prevent binding of EBOV-GP to DC-SIGN,
thereby blocking virus cellular entry and infection.13-14 21
Compared to other antiviral strategies, the use of entry in-
hibitors to block viral infection can be advantageous, since
this can minimize virus developing resistance.!3-14 21 Here,
HEK293T cells transfected to express full length DC-SIGN
and EBOV,, were employed to evaluate the antiviral prop-
erties of Gx-psDiMan (x = 5, 13) with 50% or 100% psDiMan
content as described previously.'* 20 The antiviral experi-
ments were performed in DMEM medium supplemented
with 10% feta bovine serum (FBS) as described previ-
ously.’* 20 The raw inhibition data (luciferase activities) for
each experiments together with negative controls were
given in S, Fig. S14. The normalized inhibition data (after
correction of the background from control viral particles
encoding no EBOV-GP gene) were fitted by a modified inhi-
bition model as shown in eq. 6:1448

NI=1/[1+ (C/ECso0)"] (6)

Where NI, C, ECso and n are the normalized infection, Gx-
psDiMan concentration, concentration giving 50% apparent

inhibition, and inhibition coefficient (with n >, = and < 1 in-
dicating positive-, non-, and negative- inhibiting cooperativ-
ity, respectively).*® Whilst ECso is a key indicator and widely
used to assess the potency of antivirals, the inhibition coef-
ficient “n” is much less mentioned in literature. However,
“n” is also of great importance for antivirals: it indicates how
quickly an inhibitor can achieve complete inhibition by in-
creasing concentration. For example, three inhibitors have
the same ECso but different “n” values, the theoretical con-
centration required to inhibit 99% infection would be 9801,
99, and 9.9 times that of the ECso value for n = 0.5, 1 and 2,
respectively.*® Therefore, antivirals displaying “n” = 1 (with
n=1Dbeing the most widely observed in literature) are much
more effective inhibitors than those having n < 1, allowing
for complete inhibition to be achieved at reasonable con-
centrations.

As shown in Table 3, both G5- and G13- psDiMan50% and
100% potently blocked cell surface DC-SIGN-promoted cell
entry of EBOVyp. Their ECso values were determined as 0.43
+0.17,0.06 £ 0.03, 0.49 + 0.13 and 0.18 * 0.04 nM, respec-
tively. Such impressively low ECsp values place them among
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Fig. 5. Normalized infection (after background correction of
the control particle encoding no EBOV-GP gene) vs. concen-
tration plot for G5-psDiMan (A) or G13-psDiMan (B) against
DC-SIGN augmented, EBOV-GP driven entry into HEK293
cells fitted by Eq. 6. The fitting parameters were provided in
Table 3.
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Table 3. Summary of the fitting parameters (ECso, n, and R?)
for Gx-psDiMan inhibition of DC-SIGN-augmented cell entry
of virus particles pseudotyped with EBOV-GP.

Gx-psDiMan ECso (nM) n R?
G5- 0.43+0.17 0.49+0.07 | 0.960
psDiMan50%

G5- 0.06 £ 0.03 0.53+0.09 | 0.915
psDiMan100%

G13- 0.49 +£0.13 22+0.7 0.978
psDiMan50%

G13- 0.18 £ 0.04 1.27+0.26 | 0.981
psDiMan100%

the most potent glycoconjugate inhibitors against DC-SIGN-
augmented cell entry of EBOVpp.2 12 14 18, 20 Moreover, a
higher surface psDiMan content (e.g., Gx-psDiMan50% vs.
Gx-psDiMan 100%) was found to increase the antiviral po-
tency of both G5- and G13- psDiMan. These results broadly
agree with their relative DC-SIGN binding affinities meas-
ured in solution by GNP based fluorescence quenching. In-
terestingly, both G5-psDiMan50% and 100% displayed neg-
ative inhibition cooperativity (n = ~0.5) while their G13
counterparts appeared to exhibit no or even positive coop-
erativity (n = 1, after considering their relatively large fit-
ting errors). Thus, a lower ECsp value for G5-psDiMan100%
compared to that for G13-psDiMan100% (e.g., 0.06+ 0.03 vs.
0.18 + 0.04 nM) does not necessarily mean that the former
is amore effective antiviral than the latter. In fact, 3 nM G13-
psDiMan100% completely blocked DC-SIGN-promoted
EBOVy,;, cell entry (luciferase activity < background signal of
the control particle encoding no EBOV-GP gene), while its
G5- counterpart only blocked ~80% of viral entry under the
same concentration. The same trend was also observed for
G5- and G13- psDiMan50%. This result highlighted the im-

“, n

portance of “n” in determining the efficiency of antivirals:
where both ECsp and “n” values much be considered to-
gether to obtain the true efficacy of antivirals. Further, it in-
dicates that a large scaffold size is beneficial to antiviral
properties of glycoconjugates based entry inhibitors.18 In-
terestingly, the antiviral property of G5-psDiMan is differ-
ent from that of G5-DiMan (G5 coated with LA-EG2-EGo-
DiMan, a natural DiMan ligand for DC-SIGN with the same
overall EG linker length). The former inhibition displayed
negative cooperativity (n = ~0.5) while the latter displayed
non cooperativity (n = 1).1# Such differences are likely due
to the different binding motifs between DiMan and psDiMan
in binding to DC-SIGN CRDs. Crystal structures of psDiMan-
DC-SIGN CRD complex revealed that psDiMan uses specific
binding to the primary Ca?* site via its mannose residue and
the cyclohexane framework of the modified mannose form
multiple contacts with Val351.3¢ The restricted binding
mode for psDiMan thus may require it to be presented at a
specific orientation in order to maximize its binding con-
tacts with DC-SIGN CRD. Whereas DiMan can coordinate the
Ca?* site with both Man residues, resulting in multiple bind-

ing modes which makes it more adaptable to CRD orienta-
tion. 37.60 Since each LA based dithiol ligand forms 2 Au-S
bonds on the GNP surface with an estimated total bonding
enthalpy of ~90 kcal.mol-!, matching that of a typical single
C-C covalent bond.* 53 As a result, the psDiMan ligands on
the GNP surface should not be mobile, apart from the flexi-
bility offered by the EGu linker. Here, the EG4 linker may not
be able to provide enough flexibility to fully compensate the
psDiMan orientation on curved GNP surfaces, allowing us to
observe the different viral inhibition properties between
G5-psDiMan and G5-DiMan.

Conclusion

In summary, by exploiting the versatile gold-thiol chemis-
try, tunable size, and powerful fluorescence quenching
properties of GNPs,40-42 we have developed the glycomi-
metic functionalized gold nanoparticles, Gx-psDiMan, as a
powerful new biophysical probe for MLGIs. We have ob-
served that the minimal psDiMan content threshold on GNP
surface to form strong MLGI with DC-SIGN in solution is de-
pendent upon the GNP scaffold size, which can be rational-
ized by the CRD’s footprint. We have developed a new GNP
based fluorescence quenching method to quantify MLGI
binding thermodynamics by combining temperature-de-
pendent affinity measurement and Van’t Hoff analysis. We
have revealed that Gx-psDiMan-DC-SIGN binding is en-
thalpy driven, with a binding AH® of ~-95 k].mol!, ~four
times that of psDiMan-DC-SIGN monovalent binding, imply-
ing that all four binding sites in each DC-SIGN are engaged
in binding with Gx-psDiMan. Importantly, this binding AH°
value matches well to that measured from ITC, thus verify-
ing the credibility of our GNP based fluorescence quenching
method in probing MLGI thermodynamics. We have further
demonstrated that Gx-psDiMan can potently block cell sur-
face DC-SIGN augmented EBOV-GP driven virus cellular en-
try with sub-nM to mid-pM level of ECso values. Such low
ECso values place them among the most potent glycoconju-
gate inhibitors against DC-SIGN mediated virus entry into
host cells.12-14.18, 20 Moreover, we have observed that GNP
scaffold size is critical towards the antiviral properties of
glycan-nanoparticles. The smaller G5-psDiMan shows neg-
ative inhibition cooperativity (n = ~0.5), but the larger G13-
psDiMan exhibits positive inhibition cooperativity (n > 1).
As a result, the latter has achieved complete inhibition at a
lower concentration than the former, despite of a higher
ECso value (ie., 0.18 = 0.04 vs. 0.06 = 0.03 nM). This result
highlights the critical role of inhibition coefficient “n” in de-
termining the efficiency and viability of glycoconjugate
based antiviral entry inhibitors.

Experimental Section

Ligand Synthesis and characterization.

LA-EGn-C=CH linker molecules (n = 2, and 4) were synthe-
sized by the standard dicyclohexylcarbodiimide/4-N,N-di-
methylaminopyridine mediated amide coupling between li-
poic acid and H2N-EGm-C=CH (purchased commercially) in
dry CH2Clz in good yields, e.g. 72% for n = 2, and 85% for n
= 4, as reported previously.'# 48 psDiMan appending an a-
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(CH2)2-N3  linker in the pseudo-anomeric position
(psDiMan-Cz-N3) was synthesized as described previ-
ously.*® The LA-EGn-C=CH linker was then coupled to 1 mo-
lar equivalent of psDiMan-(CHz)2-N3 (for n = 4) or commer-
cial HO-EG2-N3 (for n = 2) via the copper-catalyzed click re-
action in the presence of catalytic amount of CuSO4 (0.05
molar equivalent), sodium ascorbate (for reducing Cu?* to
Cu*) and tris(benzyltriazolylmethyl)amine (for stabilizing
the Cu* catalyst),!? using our established protocols.* *8 The
crude products were purified by size exclusion chromatog-
raphy via Biogel P2 column using 20 mM ammonium for-
mate aqueous solution as an eluent, giving the desired LA-
EGs-psDiMan and LA-EG2-EG2-OH ligands in ~72% and
~85% yields, respectively. Their *H/*3C NMR and LC-MS
spectra were shown in SI, Figs. S1 and S2.

LA-EG4-psDiMan: 'H NMR (D,0, 500 MHz): § = 8.14 (s, 1H,
triazole-H), 4.97 (d, 1H, J=1.8 Hz), 4.73 (d, 2H, J=7.2 Hz),
4.66 (s, 1H), 4.03 - 3.94 (m, 3H), 3.91 - 3.85 (m, 2H), 3.81
(dd, 1H, J=9.1, 3.4 Hz), 3.76 - 3.70 (m, 10H), 3.70 (s, 6H),
3.70 - 3.69 (m, 3H), 3.69 - 3.65 (m, 2H), 3.65 - 3.51 (m, 5H),
3.39 (t, 2H, J=5.2 Hz), 3.28 - 3.15 (m, 2H), 2.86 (ddd, 1H,
J=13.0, 11.5, 3.7 Hz), 2.54 - 2.40 (m, 2H), 2.26 (t, 2H, J=7.3
Hz), 2.10 - 1.92 (m, 3H), 1.75 (tdd, 2H, J=13.6, 4.8, 2.2 Hz),
1.69 - 1.57 (m, 3H), 1.53 - 1.46 (m, 1H), 1.42 (q, 2H, J=7.8
Hz) ppm. 3C NMR (D0, 125 MHz): § = 177.4, 177.1, 176.9
(3xC=0),125.6,98.5,73.7,73.4,70.8,70.4 (2),69.7,69.6 (2),
69.5, 69.4, 68.9, 66.7, 66.5, 63.1, 61.0, 56.5, 52.5, 50.5, 40.2,
38.9, 38.8, 38.7, 38.0, 35.4, 33.7, 27.8, 26.7, 26.5, 25.0, ppm.
LC-MS: calculated m/z for C37He3N4016S2 (M+H)* 883.37;
found 883.59.

LA-EG,-EG;-OH: 'H NMR (D20, 500 MHz): § = 8.01 (s, 1H, tria-
zole-H), 4.62 (s, 2H), 4.57 (t, 2H, J=5.0 Hz), 3.91 (t, 2H, J=5.1 Hz),
3.66 —3.63 (m, 2H), 3.63 — 3.56 (M, 7H), 3.56 — 3.51 (m, 4H), 3.48
—3.46 (m, 2H), 3.30 (t, 2H, J=5.3 Hz), 3.27 (5, 1H), 3.18 — 3.06 (m,
2H), 2.39 (dq, 1H, J=12.3, 6.1 Hz), 2.16 (t, 2H, J=7.2 Hz), 1.89
(dg, 1H, J=13.6, 6.8 Hz), 1.64 (dtd, 1H, J=13.6, 7.9, 5.5 Hz), 1.57
— 1.47 (m, 3H), 1.31 (p, 2H, J=7.4 Hz) ppm. 3C NMR (D:0, 125
MHz): 6 =176.9 (C=0), 143.9, 125.5, 71.7, 69.7, 69.4, 69.3, 69.0,
68.9, 68.7, 63.1, 60.3, 56.5, 50.0, 40.2, 38.9, 38.0, 35.4, 33.7, 27.7,
25.0 ppm. LC-MS: calculated m/z for C2:H3gN4OsS2 (M+H)*
507.23; found 507.04.

Preparation of Gx-psDiMan conjugates. 5 nm GNPs (G5s)
were synthesized in house using citrate reduction of HAuCls in
the presence of a small amount of tannic acid by following a lit-
erature method.52 13 nm GNPs (G13s) were synthesized by the
standard citrate reduction method as reported previously.5°
For G5-psDiMan conjugation, citrate stabilized G5 was pre-con-
centrated via centrifugation by 4000 rpm, 20 min using a 10
kDa MWCO filter. The concentrated G5 aqueous solution was
then added to a ligand mixture of LA-EG4-psDiMan and LA-EGz-
EG2-OH (with LA-EGs-psDiMan content varying from 100, 75,
50, 25, 12.5, 6.3 and 0%) under a fixed total ligand: G5 molar
ratio of 1000:1 and incubated at room temperature for 48 h
with shaking to make G5-psDiMan via self-assembly. Any un-
bound ligands were then removed by washing the G5-psDiMan
conjugates with deionized water using a 10 kDa cut-off MWCO
filter via centrifugation by 10,000 xg, 5 min for 3 times. The
washing and flow through liquids were collected and combined
to determine the amount of unbound LA-EGs-psDiMan ligand
to calculate GNP surface glycan valency.14

For G13-psDiMan conjugation, citrate stabilized G13 was
added to the mixed LA-EG4-psDiMan and LA-EGz-EG2-OH lig-
ands (varying ratios as above) under a fixed total ligand: G13
molar ratio of 3000: 1 in a glass vial. The mixture was sonicated
for 2 min, then incubated for a further 48 h at room tempera-
ture to complete G13-psDiMan conjugation. After that, the G13-
psDiMan conjugates were transferred to Eppendorf tubes pre-
treated by 0.2% Tween 20, centrifuged at 17000 g, 30 min and
washed with deionized water 3 times. The supernatant and
washing liquids were collected to measure the amount of un-
bound LA-EG4-psDiMan ligands to calculate their glycan va-
lency. The Gx-psDiMan conjugates were dispersed in pure wa-
ter and their concentrations were calculated from their SPR
peak absorbance at ~515 and ~520 nm using a molar extinc-
tion coefficient of 6.3 x 10 ¢ M-lcm-! and 2.32 x 108 M-1cm! for
G5 and G13,14 respectively.

Binding studies via GNP fluorescence quenching assay.
To quantify the binding affinities between DC-SIGN and Gx-
psDiMan of varying psDiMan content (0 - 100%), Atto-643
labeled DC-SIGN (varying concentrations) was mixed with
1 molar equivalent of Gx-psDiMan in a binding buffer (20
mM HEPES, 100 mM NacCl, 2 mM CaClz, pH 7.8) containing 1
mg/mL of BSA, and then incubated for 20 min at room tem-
perature. The protein concentration ranged from 0.1, 0.2,
05,1,2,4,8to 16 nM for x =5, or 0.1, 0.2, 0.4, 0.8, 1.6, 3.2
to 6.4 nM for x = 13, respectively. Fluorescence emission
spectra were recoded over a range of 650-800 nm using a
fixed Aex of 630 nm. Fluorescence spectra of labeled DC-
SIGN at the above concentrations without Gx-psDiMan were
also recorded under the identical conditions. The fluores-
cence spectra from 650 to 800 nm were integrated and used
to calculate the quenching efficiency (QE) at each concen-
tration (C) using eq. 1. The obtained QE - C plots were fitted
by the Hill’s equation (eq. 2) to derive their apparent bind-
ing Kas.

For binding thermodynamic studies, DC-SIGN binding Kas
with both G5- and G13- psDiMan conjugates were measured
under three different temperatures using the same method
as described above. Then, the obtained In(Ka) values were
plotted against (1/T) and fitted by the linear function to ob-
tain the slope and intercept, which correspond to the AH°/R
and -AS°/R, respectively, for the DC-SIGN-Gx-psDiMan bind-
ing. The error bars represent the standing

Isothermal titration calorimetry (ITC) assay. Wild-type DC-
SIGN was dialysed overnight against the binding buffer (20
mM HEPES, 100 mM NacCl, 2 mM CaClz, pH 7.8) at 4 °C. The
post-dialysis buffer was stored at 4 °C for subsequent exper-
iments, including preparation of all samples, control titra-
tions, and rinsing the syringe and cell between each meas-
urement.

For the monovalent psDiMan binding study, the psDiMan
was dissolved in the binding buffer to obtain a final concen-
tration of 50 mM. DC-SIGN was concentrated by centrifugal
ultrafiltration (10 kDa MWCO filter), to obtain a final con-
centration of 15 uM. Isothermal titration calorimetry was
performed using a MicroCal iTC200, with the psDiMan solu-
tion loaded into the syringe, and DC-SIGN loaded into the
calorimeter cell. Titrations were conducted at 25 °C with an
initial 0.5 pL injection, followed by nineteen 2 pL injections.
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A control experiment involving titration of psDiMan into
the binding buffer (Figure S9(B)) was also recorded to
measure the heat of dilution, which was then subtracted
from the psDiMan-DC-SIGN binding titration to obtain the
binding enthalpy change between psDiMan and DC-SIGN as
shown in Figure S9(A). The standard MicroCal one set of
sites model was used for fitting the plot of enthalpy changes,
during which N (number of binding sites) was fixed at 4 as
there are 4 CRDs on each DC-SIGN. The following binding
thermodynamic parameters were obtained: K¢ = 1.1 + 0.3
mM, AHe = -23.4 + 2.7 k] mol!, AG® = -17.0 k] mol* and AS®
=-21.5]K1mol.

For the Gx-psDiMan binding studies, the G5-psDiMan
(100% and 50%) buffer was exchanged 3 times with the
post-dialysis binding buffer using a 10 kDa cut-off centrifu-
gal concentrator to obtain a final concentration of 300 nM.
The G13-psDiMan buffer was similarly exchanged with the
post-dialysis buffer using a 30 kDa cut-off centrifugal con-
centrator to obtain a final concentration of 100 nM. The DC-
SIGN concentration used here was 30 pM. The DC-SIGN so-
lution was loaded into the syringe, and Gx-psDiMan solution
was loaded into the calorimeter cell. A titration of DC-SIGN
into buffer was performed as a control titration. Enthalpy
changes of Gx-psDiMan binding to DC-SIGN were obtained
by subtracting the average of the last 4-8 data points of the
control titration which have similar heat changes to correct
the effect of heat dilution. The titration curve was fitted with
the same method described above to obtain AH° values.

Virus Inhibition. The inhibition effects of Gx-psDiMan (50%
and 100%) on 293T cell entry of particles pseudotyped with
the Ebola virus glycoprotein (EBOVyp) were assessed using our
established procedures.!4 20 Briefly, 293T cells seeded in 96-
well plates were transfected with plasmids encoding DC-SIGN
or control transfected with empty plasmid (pcDNA). The cells
were washed at 16 h post transfection and further cultivated at
37 °C, 5% COz in Dulbecco’s modified eagle medium (DMEM)
containing 10% fetal bovine serum (FBS). At 48 h post trans-
fection, the cells were exposed to twice the final concentration
of Gx-psDiMan inhibitor in OptiMEM-medium for 30 min in a
total volume of 50 pL. Thereafter, the resulting cells were inoc-
ulated with 50 pL of preparations of vesicular stomatitis virus
(VSV) vector particles encoding the luciferase gene and bearing
either EBOV-GP (which can use DC-SIGN/R for augmentation of
host cell entry) or the VSV glycoprotein (VSV-G), which cannot
use DC-SIGN for augmentation of host cell entry). Under these
conditions, binding of Gx-psDiMan particles to 293T cell sur-
face DC-SIGN receptors can block EBOV-GP interactions with
these lectin receptors, resulting in reduced transduction effi-
ciency of the virus particles and hence reducing the cellular lu-
ciferase activity. At 16-20 h post infection luciferase activities
in cell lysates were determined using a commercially available
kit (PJK), following the manufacturer’s instructions, as de-
scribed in our previous publication.14 20
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