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Abstract: Here we report that negatively charged polysulfates
can bind to the spike protein of SARS-CoV-2 via electrostatic
interactions. Using a plaque reduction assay, we compare
inhibition of SARS-CoV-2 by heparin, pentosan sulfate, linear
polyglycerol sulfate (LPGS) and hyperbranched polyglycerol
sulfate (HPGS). Highly sulfated LPGS is the optimal inhibitor,
with an ICs, of 67 ugmL™" (approx. 1.6 um). This synthetic
polysulfate exhibits more than 60-fold higher virus inhibitory
activity than heparin (ICsy: 4084 ugmL™"), along with much
lower anticoagulant activity. Furthermore, in molecular dy-
namics simulations, we verified that LPGS can bind more
strongly to the spike protein than heparin, and that LPGS can
interact even more with the spike protein of the new N501Y and
E484K variants. Our study demonstrates that the entry of
SARS-CoV-2 into host cells can be blocked via electrostatic
interactions, therefore LPGS can serve as a blueprint for the
design of novel viral inhibitors of SARS-CoV-2.

Introduction

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) poses an ongoing major health problem

worldwide.! Understanding virus attachment and entry into
cells is critical for the development of inhibitors. In a number
of viruses, electrostatic interactions are essential for the
virion’s adherence to the cell surface.’¥ The importance of
this process in viral infection has recently been discussed by
Cagno et al.,” who gathered experimental evidence in a large
number of viruses (see Table 1 of ref. [2]). Figure 1 schemati-
cally displays the first steps of virus entry into cells. Virions
first attach to the syndecans and glypicans, which are the most
important heparan sulfate proteoglycans (HSPGs) located on
the cell surface.’! Each HSPG consists of a protein and
a highly charged glycosaminoglycan (GAG) chain. The
negatively charged heparan sulfate (HS) moieties of the
HSPG interact with basic patches of the viral capsid proteins.
As depicted in Figure 1, viruses exploit this nonspecific
electrostatic interaction to increase their concentration at
the cell surface and to be transferred to a more specific
receptor, that is, the angiotensin-converting enzyme 2
(ACE2).

Recent studies have furnished evidence that electrostatic
interactions are important for the infection of cells by SARS-
CoV-2."1 Tn particular, Kim etal. performed a series of
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Table 1: Overview of the tested polysulfates.
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Sample Hydrodynamic size C-potential 1Csp 1Csp 1Cs
[nm]® [mV] [ngmL [um] [mwm -SO,7]

LPG S 04" 6.7+3.3 —26.1+0.7 66.9432.0 1.6+0.8 0.4+0.2
LPG 05047 6.5+3.8 —18.3+06 679.7+£175.7 22.745.9 40+1.0
LPG¢Sos n.dd —29.140.7 >10000 - -
HPG10S001 51423 —249+35 1909.0 +342.3 95.44+17.2 11.342.0
HPGs00S0.85 143+7.7 —212423 658.5+492.5 0.7+£0.5 3.9+429
HPG 16005082 3484122 ~17.0+1.8 >10000 - -
Heparin 10.9+5.3 —312+19 4084.04+396.3 272.3+26.4 2.2+06
Pentosan sulfate n.dH —29.8+23 1310.04292.8 - 21405

[a] Degree of sulfation determined via elemental analysis. [b] Via DLS. [c] Plaque reduction assay. [d] Not detectable.
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Figure 1. Left: binding of SARS-CoV-2 to surface-exposed heparan
sulfate facilitates virus entry; right: competitive binding to soluble
synthetic polyglycerol sulfates shields the viral surface and therefore
finally reduces infectivity.

systematic surface plasmon resonance (SPR) studies on the
binding of the SARS-CoV-2 spike protein to heparin.”! This
research revealed binding constants as low as 40 pm that could
be attributed to electrostatic interactions. Moreover, Kwon
et al. found that addition of soluble HS inhibits SARS-CoV-2
cell infectivity, highlighting the importance of HS for the
entry of the virus into host cells.”! Recent work of Clausen
et al. showed that the receptor binding domain (RBD) of
SARS-CoV-2 exhibits a patch of positive charges on its
surface that is considerably larger than in the corresponding
RBD of SARS-CoV."! Other recent research demonstrated
that the attachment of the spike protein to the HSPG is the
first step for virus entry into host cells, as shown in Figure 1.1
In a second step, the attached virion interacts with ACE2, the
actual receptor for the entry of SARS-CoV-2.!! The
essential role of electrostatic interactions in virus entry
provides the principle mode of action for highly charged
anionic inhibitors. Heparin was studied intensively in this
regard.'2l Moreover, synthetic virus inhibitors based on
highly charged anionic dendrimers have been investigated
intensively.'>%!

The work presented here follows our hypothesis that
charge—charge interactions are of central importance to
inhibit the entry of SARS-CoV-2 into cells. As discussed
recently,"11!  charge—charge interactions mainly act
through counterion release:'**" patches of positive charge
on the surface of proteins can become multivalent counter-
ions of highly negatively charged polyelectrolytes such as

heparin, thus releasing a concomitant number of counterions
condensed to the polyelectrolyte into the bulk phase.['®!”]
Thus, positively charged patches could be a target for the
design of viral-entry inhibitors. Considering that these
positively charged residues are located in close vicinity of
the ACE2 binding site of the spike protein,” it is envisioned
that inhibitors bound to the positively charged patches can
interrupt ACE2 binding, leading to virus entry inhibition.”"

A systematic study of the interactions of the SARS-CoV-2
virion with the cell surface requires a detailed investigation of
the local interaction of HS with the spike proteins. This
problem has become even more urgent considering the new
variants of the virus that began to appear in late 2020. It seems
that these strains can exhibit a much higher infectivity.*” The
N501Y variant is reported to be more infectious than the wild-
type virus, and a virus carrying this mutation was adapted to
infect mice, which cannot be infected by wild-type SARS-
CoV-2.l The E484K substitution is reported to enable the
virus to escape from neutralizing antibodies.”” Docking
studies and MD simulations require only the more easily
retrieved data from the spike protein, offering a powerful and
accessible tool for assessing these mutations through quanti-
tative computer simulations.

In this study, we systemically assess the potential of
different polysulfates as entry inhibitors against SARS-CoV-
2. Our work combines experimental studies supported by MD
simulations: i) Using a plaque reduction assay, we determine
the ICs, of various highly sulfated polyelectrolytes.?**! We
compare two natural polysulfates, namely heparin and
pentosan sulfate, with highly sulfated polyglycerols, which
present a new class of synthetic inhibitors. By comparing
linear polyglycerol sulfate (LPGS) to hyperbranched poly-
glycerol sulfate (HPGS) at full sulfation, we investigate the
influence of molecular weight on inhibitory interaction, as
well as the role of architecture in this interaction. ii) MD
simulations are used to investigate the binding of mutated
spike proteins to LPGS. Here we explore the details of the
interaction of HS with the spike protein in order to rationalize
our experimental results on inhibition. Moreover, we inves-
tigate the consequences of the N501Y and E484K mutations
in the spike protein for the virus binding to HS. These
investigations aim for a fully quantitative understanding of
the inhibition of SARS-CoV-2 by polyanions, and further
study potential changes of this inhibition that may be caused
by novel mutations of the virus’s genome.
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Results and Discussion

Electrostatic interactions of SARS-CoV-2 with host cells.
Previous studies have revealed the essential role of electro-
static interactions for SARS-CoV-2 infection. In the RBD of
SARS-CoV-2, five positively charged amino acids are local-
ized next to the ACE2 binding site: R346, R355, K444, R466,
and R509. These amino acids form a positively charged patch
located at the exterior of the RBD (shown blue in Figure 2b),
which is reported to improve the virus binding affinity to the
ACE2 receptor.”*?! For the new E484K variant, the K484
adds another positive charge to the RBD and is therefore
expected to further strengthen viral binding to HS.”*! Recent
studies have shown that the positively charged patch contrib-
utes to virus binding to cell-surface HS by facilitating virus
docking on the cell surface.”! Based on the finding that
cleavage of cell-surface HS inhibits SARS-CoV-2 infection,
a two-step process of SARS-CoV-2 was proposed as shown in
Figure 1."¥ The binding to HS was reported to facilitate the
“opening” of the RBD for the binding with ACE2."

The presence of electrostatic interactions with cell-surface
HS inspired us to test the polysulfates shown in Figure 2 ¢ for
SARS-CoV-2 inhibition. Heparin is used to prevent blood
clotting that is induced by COVID-19.7% Evidence has
shown that ACE2 binding can be disrupted by heparin, which
reveals the potential of heparin as a SARS-CoV-2 inhibitor.!!
For virus inhibition, the strong anticoagulant activity of
heparin may raise the risk of bleeding for the patients.”!]
Heparin-mimetic polymers with higher virus inhibitory activ-
ity and lower anticoagulant activity than heparin are there-
fore needed for COVID treatment at an earlier stage.

Our group has developed several synthetic polyglycerol
sulfates (LPGS and HPGS) as heparin-mimetic polymers in
the past years.”>* With similar charge density, the polygly-
cerol sulfates exhibit lower anticoagulant activity than
heparin.”? Here we studied and compared their activities
for the inhibition of SARS-CoV-2 with heparin, in an attempt
to provide a blueprint for future inhibitor design. The details
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Figure 2. a) Crystal structure of the SARS-CoV-2 spike protein RBD
(PDB ID: 6M0))?" with a few important cationic residues that interact
with polyanionic ligands. b) The electrostatic potential map of RBD.
c) Schematic illustrations of polyglycerol sulfates in linear and hyper-
branched architectures, and of the natural polysulfates, respectively.
The negatively charged groups are marked red.

of synthesis are shown in the Supporting Information. The
final product is named as LPG,,S,,, for 94 % sulfated LPG
with an approx. 20 kDa precursor.

Inhibition of SARS-CoV-2. The inhibition of virus binding
was studied by plaque reduction assays with authentic SARS-
CoV-2  (SARS-CoV2M;  BetaCoV/Germany/BavPatl/
2020).5% In our study, SARS-CoV-2 was pre-treated with
the inhibitors and then incubated with Vero E6 cells to assess
virus binding. The cells were washed with phosphate-buffered
saline (PBS) to remove unbound virions. Afterwards, the cells
were cultured for 48 hours with overlay medium for plaque
formation as shown in Figure S3, Supporting Information.
Since binding and entry are prerequisite for plaque formation,
a plaque reduction assay is an informative way to measure
inhibition of virus binding and entry.

Figure 3a and Table 1 show dose-dependent virus inhibi-
tion activities for the different samples. We first compared
virus inhibition between the synthetic polysulfates, the
natural polysulfates heparin and pentosan sulfate. As ex-
pected, heparin and pentosan sulfate inhibit infection,
although the observed inhibitory activity is rather low. The
half-maximal inhibition concentrations (ICs,) for heparin and
pentosan sulfate are 4084.0 +396.3 and 1310 +292.8 pygmL ™,
respectively. It should also be noted that heparin can
completely inhibit blood clotting at levels as low as 5 pgmL".
LPGySo: shows an ICs, of 66.9432.0 ugmL™" (approx.
1.6 um) and thus a much higher virus inhibitory activity than
heparin and pentosan sulfate.

We also compared the performance of LPG,S with
different degrees of sulfation (94% and 47 %) with respect
to virus inhibition. Here, increasing the degree of sulfation
increases the inhibitory activity of LPGS to a remarkable
extent: LPG,S with 47 % sulfation shows an ICs, of 679.7 +
175.7 gmL™", which is 10-fold higher than the ICs, of almost
fully sulfated LPG,,S. It is surprising that a two-fold increase
in sulfation caused a ten-fold improvement in the inhibitory
potential. Similar charge-dependent virus inhibition activity
has been reported by Clausen et al. in the study of heparin for
SARS-CoV-2 inhibition.”! This strong influence of sulfation
on inhibition highlights the importance of the charge density
of the inhibitor for virus binding.

To further illustrate the structural factors that affect the
virus inhibitory activity, we compared LPGS and HPGS at
different molecular weights. We compared the activities of
highly sulfated inhibitors (>80%). For LPGS, only the
polysulfates with a starting polymer of 20 kDa inhibit the
viruses effectively. LPGS with lower molecular weight shows
no virus inhibition, highlighting the importance of inhibitor
size for binding the spike protein.

Comparing the activity between LPGS and HPGS with
the same molecular weight, it can be concluded that LPGS
can inhibit SARS-CoV-2 infection more effectively than the
hyperbranched polymer. LPG,(S; 4, shows the best inhibitory
activity among the polysulfates that we tested. Interestingly,
LPG,,Sy4;, which has approx. 137 sulfated groups per
molecule, exhibits a two-fold higher virus inhibitory activity
than HPG,,Syo; (approx. 123 sulfated groups per molecule).
These two compounds are comparable in size. Zeta potential
analysis show that HPG,,S, carries even more negative
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Figure 3. a) Plaque reduction ratios for the samples at different inhibitor doses. Values are expressed as mean 4 SD, n=4. Mw shown here refers
to the LPG and HPGS precursors. b) CLSM image for the virus binding to Vero E6 cells in presence of LPGS. Scale bar: 10 um. c) Analysis of
virus binding to Vero E6 cells from CLSM images for the number of virions per cells. More detailed images are shown in Figure S4, Supporting
Information. d) Immunofluorescent images revealing the infected cells in the post-infection inhibition assay. The cell nuclei are stained blue, while
the infected cells are stained green by antibodies against the nucleocapsid protein (N) of SARS-CoV-2. Scale bar: 50 pm. More images are shown
in Figure S6, Supporting Information. e) Ratios of infected cells in each group. “LPGS” in (b)—(e) refers to LPG,Sy 4. Values are expressed as

mean £SD, n=4. **p <0.01 from Student t-test.

charges than LPG,S;,. This comparison indicates that
molecular architecture is the key parameter for the binding
and inhibition of SARS-CoV-2, and in our case, LPGS is
a more effective compound than HPGS.

For HPGS, we saw maximum inhibition for the 500 kDa
molecular weight compound. HPGSs with higher (2600 kDa)
and lower (10 kDa) molecular weights show only poor virus
inhibition, highlighting the importance of molecular weight
for virus binding and inhibition. Even though HPG;y,Syss
exhibits a lower ICs, in molar concentration than LPG,(S 4,
LPGySyo, has a lower ICs, in mass concentration. When
normalized to the number of sulfate groups, the ICs, for
LPG,Sg0s is 10-fold lower than HPGyySygs (0.4 mm and
3.9 mMm for LPG,Syes and HPGyySygs, respectively). There-
fore, it is concluded that LPG,,S 4 is better than HPGsS g5
as a SARS-CoV-2 inhibitor.

The structure of HPGS in an aqueous solution can be
approximated by a sphere with negative surface charges.'
LPGS is a linear polymer that can attain multiple conforma-
tions and may span larger distances, and can hence conform to
larger basic patches on the surface of proteins. Due to its
greater backbone flexibility, LPGS can adapt its conforma-

tion more easily to the positively charged pockets, resulting in
strong binding. HPGS, on the other hand, is a rather rigid
spherical structure and cannot adapt its conformation to the
binding pocket. Similar results have been obtained in the
study of influenza virus and herpes simplex virus inhibitors,
where the linear constructs performed much better than
hyperbranched constructs at the same molecular weight.?>3]

A virucidal assay reveals that SARS-CoV-2 is not
inhibited irreversibly by LPG,,S,, and heparin (Figure S5,
Supporting Information). Upon dilution, the virions are
released from the binding, which supports our claim that
the LPG,S¢, inhibits SARS-CoV-2 by electrostatic inter-
actions with the spike protein. It is envisioned that a combi-
nation with hydrophobic aliphatic chains could result in
a virucidal polymer,®¥! as demonstrated in one of our recent
studies.’™!

Competition with host cell for viral binding. After
identification of LPG,Sy,, as the most potent inhibitor, we
used this compound for further investigations, where we will
refer to it simply as LPGS in the following discussions. To
demonstrate that polysulfates can compete with cells for viral
binding, we acquired fluorescent images of virions binding to

Angew. Chem. Int. Ed. 2021, 60, 15870—15878 (© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH www.angewandte.org
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Figure 3b,c. Without the inhibitor, the viruses bind to cells
notably (Figure 3b). LPGS effectively blocks SARS-CoV-2
binding to Vero E6 cells. Automatic image analysis by ImageJ
(Figure 3c¢) reveals that LPGS causes a > 87.5 % inhibition of
virus binding. These results confirm the finding of the plaque
reduction assays that LPGS can outperform the cell surface
for viral binding and can therefore work as a binding decoy to
inhibit SARS-CoV-2.

Post-infection study. To demonstrate the therapeutic
potential of LPGS, a post-infection study was carried out.
Herein, the cells were first infected by SARS-CoV-2 at MOI
of 0.01 for 1h and then cultured in the medium containing
LPGS and heparin for 24 h. Finally, the cells were stained by
antibodies against the virus as shown in Figure 3d,e and
Figure S6, Supporting Information. At a certain dosage,
LPGS and heparin reduce the transmission of SARS-CoV-2,
because they block the entry of progeny virions into the cells.
LPGS shows higher activity than heparin in this test, which is
in qualitative agreement with the plaque reduction assays.
After all, the fact that LPGS can inhibit viral infection, even
when used after the first cycle of infection, supports its
potential as therapeutic option of COVID-19. However,
a comprehensive preclinical evaluation is still required for
future studies.

Binding with RBD of SARS-CoV-2. In order to confirm
direct interaction of the inhibitors LPGS and HPGS with the
spike protein, we conducted affinity measurements against
the RBD using microscale thermophoresis (MST) (Figure 4a
and Table 2). In initial titration experiments against human
ACE2, we determined a dissociation constant (K,) of 359 nm.
For the synthetic polysulfates LPGS and HPGS, we detected
K, values of 5 um and 141 pm towards the RBD of SARS-
CoV-2. Heparin showed an affinity of 191 um. In comparison
to the difference in ICy, values for LPGS and heparin, similar
K, values for these ligands suggest that the occupation of the
HS binding site of the RBD is the inhibitory mechanism. A
three times lower affinity of HPGS compared to the ICs
value can be explained by an additional steric contribution of
the rather inflexible HPGS sphere.

It should be noted that LPGS binds to the RBD in close
vicinity to the ACE2 binding site. Even though some
positively charged amino acids were noticed at the ACE2
binding site, our simulation shows that LPGS binds mostly to
the highly positively charged pockets on the side of the RBD,
that is, HS binding site (Figure 4b and Figure S7, Supporting
Information).

With LPGS established as the best ligand among the
polysulfates tested here, analysis on compound-RBD binding

Table 2: Summary of dissociation constants (Ky) are shown, together
with the confidence values (+), indicating with 68 % certainty the range
in which Kj falls.

Sample Ky

ACE2 359449 nm
HPG10Sg.01 141.9+33.3 um
LPG20S0.47 5.2+3.6 um
Heparin 191.5+£57.7 um

o~ Heparin
- LPGS

-~ HPGS o “
134, 10+

08Ul 13+ 41:

AFnorm (%o)

— T T T T T
10° 10 102 10° 10¢ 105 10¢ 107
Ligand [nM]

b ACE2 0.4 pL 134+

134 10+ P

(I’?"’ 2000 2500 3000 3500 4000 4500 5000
m/z

Figure 4. a) Affinity measurements of RBD of wild-type SARS-CoV-2
with LPGS, HPGS, heparin and ACE2 using MST. Each data point
represents mean values with N >4 experiments, and the error bars
show the standard deviation. Data points were fitted according to the
mass-action law function to obtain K, values (see Table 1). The
differences in the slopes of the dose-response curves depend on
changes of the hydration shell areas and effective charges, but do not
affect the determinations of K -values from the inflection points of the
curves. b) Crystal structure of RBD bound with ACE2 (PDB ID: 6MO}).
ACE2 is shown in secondary structure representation (red), while RBD
is shown in surface representation (green). The amino acid residues of
RBD (R346, A348, A352, N354, R355, K356, R357, S359, Y396, K444,
N450, R466, 1468) found in MD simulations to form contacts with the
polysulfates are highlighted in VDW representation (blue), denoting
the putative HS-binding site. More detailed images are shown in
Figure S7, Supporting Information. c¢) Mass spectra of 4.0 uL RBD
solution mixed with 0, 0.4, 0.8, and 1.2 pL heparin (light traces) or
LPGS (dark trace). The charge states are marked with a single dot for
the RBD monomer and with a double dot for the RBD dimer, while the
calculated m/z for the 10-13 4 charge states of the 34 kDa RBD are
marked with orange lines.

was further conducted using native mass spectrometry,
a common technique to study non-covalent complexes of
proteins.”* Figure 4c shows the results of the mass spec-
trometry experiments with different amounts of heparin or
LPGS added to the RBD solution.

The mass spectrum of the pure RBD exhibits two distinct
groups of peaks: the first group in the 2500-3600 m/z range
corresponds to the protein monomer in the 10-13 + charge
states, while the group in the 3600-4600 m/z range corre-
sponds to the RBD dimer in the 16-17 + charge states. The
dimer signals generally exhibit a much lower intensity relative
to the region assigned to the RBD monomer (Figure 4c,
bottom spectrum). Furthermore, all peaks are broad and
poorly resolved, which suggests heterogeneity that is most
probably the result of post-translational modification. The
molecular weight of the pure RBD was calculated to be
approx. 34 kDa.

As compared to the pure RBD protein, the addition of
unfractionated heparin to the RBD solution did not lead to
a substantially different mass spectrum. In a previous native
mass spectrometry study, heparin-RBD binding was ob-
served, though not with unfractionated heparin as used here,
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but rather with a much less heterogeneous, isolated 20mer.”"
However, when we added LPGS to the RBD solution, the
overall intensity in the 3600-4600 m/z region increased
substantially with increasing LPGS:RBD ratios (Figure 4c;
dark blue, green, and red traces). Given that the addition of
LPGS solution lowered the absolute concentration of RBD in
the sample, the increased signal intensity in the 36004600 m/
z region is unlikely the result of increased RBD dimerization.
Furthermore, we obtained one large and poorly resolved
signal, instead of several at least partially resolved peaks as
expected for oligomers. This suggests a high molecular
heterogeneity in the species assigned to the same spectral
region. The mean molecular weights of LPGS and RBD are
approx. 40 kDa and 34 kDa, respectively, and both are highly
heterogeneous in weight. The increasing signal intensity in the
3600-4600 m/z region with increasing RBD:LPGS ratios
therefore likely arises from the binding of the RBD to LPGS
molecules.

MD simulations for investigating interactions of LPGS
and heparin with wild-type RBD. To test the hypothesis that
polysulfates inhibit viral infection by electrostatics-mediated
binding to the SARS-CoV-2 spike protein, we performed all-
atom MD simulations of the RBD of the spike protein and
LPGS/heparin in explicit water (see Figure 5 and Methods in
Supporting Information for further details). We found that
both LPGS and heparin form complexes with RBD (Fig-
ure Sa,b), the former being completely bound to RBD,
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whereas a part of the latter is free in solution. The plot of
the number of contacts per amino acid residue reveals that
both anionic polymers primarily interact with the cationic
residues of RBD: namely R355, K356, R357, and R466
(Figure 5c). Further, we found for LPGS that the total
number of contacts with RBD per polymer’s molecular
weight is 1.6 times the value for heparin (Figure 5c inset).
Normalized to the charge unit, the contact number for LPGS
is 3.2 times that of heparin. The absolute value of the total
protein—polymer interaction energy is also larger for LPGS as
compared to heparin (Figure Se). This stronger binding of
LPGS to RBD correlates well with its superior virus
inhibition efficacy as observed experimentally. It should,
however, be noted that because of the well-known limitations
of atomistic simulations, shorter LPGS (undecamer) and
heparin (pentamer) were used in simulations compared to the
experimental plaque reduction assays (293 and 24 repeating
units for LPGS and heparin, respectively). Nevertheless, the
simulated systems allow meaningful comparison with the
experiments when interpreted in terms of the binding strength
per monomer.

To understand this surprising, stronger binding affinity of
LPGS despite its smaller linear charge density relative to
heparin, we characterized the flexibility of both polymers in
terms of their end-to-end distances (R) and persistence
lengths (P). As shown in Figure 5d, the R distribution for
LPGS is wider than that for heparin, implying a higher
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Figure 5. Simulation setup for studying interactions of the RBD of wild-type SARS-CoV-2 with a single a) LPGS undecamer and b) heparin
pentamer. The protein is shown in secondary structure representation (tan), whereas polymers are shown in ball and stick representation with
each atom type colored differently (hydrogen in white, carbon in cyan, oxygen in red, and sulfur in yellow). Water molecules and ions are omitted
for clarity. To the right, snapshots after 500 ns of MD simulations are shown for a) RBD-LPGS and b) RBD-heparin complexes. c) The number of
contacts LPGS and heparin forms with each residue of wild-type RBD averaged over the last 100 ns simulation time. d) End-to-end distance
distributions for LPGS and heparin free in aqueous solutions, which reveal the different flexibility of the polymers. Relevant parameters of the
polymers are given in the inset; see text for details. e) Comparison of interaction energies for the different polymers and RBD variants. The
electrostatic (Elec.) and van der Waals (VDW) contributions to the total interaction energy for each protein—polymer complex are given. f) The
number of contacts LPGS forms with each residue of the different RBD mutants. To the left, snapshots after 500 ns of MD simulations are
provided, representing the complex formation of LPGS with each RBD mutant.
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flexibility of LPGS. From the mean values of R and contour
length (L) of the polymers, we estimated P of LPGS to be
3 times smaller than that of heparin (see Figure 5d, inset for
all the values and see Supporting Information for the
calculation details). The higher flexibility of LPGS helps
adjust its conformation to the heterogeneous surface top-
ography of RBD, which in turn leads to its enhanced binding.
Therefore, in the future design of polymers that bind to
SARS-CoV-2 spike protein, both the backbone flexibility and
the charge density of polymers should be simultaneously
optimized for effective binding to spike proteins.

MD simulations of interactions of LPGS with RBD
mutants. The successful comparison between experimental
and simulated results for wild-type RBD-LPGS interactions
encouraged us to indirectly test the effectiveness of LPGS in
inhibiting SARS-CoV-2 mutants via simulations, specifically
those exhibiting the E484K and N501Y mutations in the
RBD.” We found that LPGS forms complexes with both
RBD mutants (Figure 5 f). As in the case of wild-type RBD,
LPGS interacts mostly with the mutants’ cationic residues, as
indicated in the per-residue contacts plot (Figure 5 f). From
the total number of contacts (Figure 5 f, inset) and interaction
energies (Figure 5¢), we found that LPGS binds to N501Y
RBD as effectively as to wild-type RBD, but more tightly to
E484K RBD, which is consistent with the presence of an extra
cationic residue on this mutant surface. The results of our MD
simulations thus suggest that LPGS could also work success-
fully in inhibiting SARS-CoV-2 mutants.

Biosafety evaluations. To further exclude the side effects
of cellular toxicity for virus inhibition, we tested the inhibitors
with three different cell lines, including Vero E6, A549, and
human bronchial epithelial (HBE) cells. As shown in Fig-
ure S8, Supporting Information, LPGS did not show any
cellular toxicity up to a dose of 10 mgmL ™!, revealing a half-
maximal cytotoxicity concentration (CCs,) value higher than
10 mgmL~". Selectivity index was calculated by comparing
1C5y with CCs,. LPGS yielded a selectivity index higher than
150, affirming the potential of LPGS for preclinical testing.

Furthermore, the anticoagulation activity of LPGS was
investigated by activated partial thromboplastin time (aPTT),
as shown in Figure S9, Supporting Information. With similar
charge density, LPGS shows much lower anticoagulation
activity than heparin. At a concentration of 5 pugmL™',
heparin leads to complete anticoagulation of plasma, while
a concentration of 25 ugmL™" of LPGS is required to yield
a similar effect. This variance is caused by different core
structures. Heparin can bind specifically and strongly to
antithrombin and inhibit blood coagulation.**?! Earlier
studies of heparin-mimicking polymers indicated an impor-
tant role of saccharide units in anticoagulation activities.[*>*!
Glycerol-based polymers therefore have a weaker antico-
agulant effect than heparin.

Conclusion
In this study we investigated the inhibition of SARS-CoV-

2 by polysulfates of different sources (natural and synthetic),
different architectures (linear and hyperbranched), different
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molecular weights (7 kDa to 2.6 MDa) and different degrees
of sulfation (approx. 100% and 50%) by authentic SARS-
CoV-2 plaque reduction assays. Using MD simulations, we
demonstrated that the positively charged patch near the RBD
of SARS-CoV-2 is responsible for the binding of the spike
protein to the HSPG located on the cell surface. The optimal
inhibitor, LPG,Sys,;, showed an ICs, of 67 £32 uygmL™! in
a plaque reduction assay. Its inhibitory activity is roughly 61-
fold higher than heparin’s.

We also showed that architecture, molecular weight,
molecular flexibility, and sulfation can influence SARS-
CoV-2 binding and inhibition. For future design of SARS-
CoV-2 inhibitors, these factors should be carefully considered
and evaluated for the rational design. With the MD simu-
lations, we were further able to demonstrate that LPGS can
bind to the RBD of virus variants, and conclude that LPGS
might inhibit infection by variants carrying the E484K and
N501Y mutations. Further experiments are needed to eluci-
date the structural details in RBD variations and their impact
on infectivity and inhibitor binding.

The key information from our study is that synthetic
polysulfates can inhibit SARS-CoV-2 by electrostatic inter-
action. Our MST and MS analyses, along with MD simula-
tions, show a strong interaction with the spike protein. In our
view, the application of polysulfates in the fight against
SARS-CoV-2 can be diverse. Both the development of a novel
pharmaceutical for SARS-CoV-2 inhibition and a virus-
clearing surface coating may be possible. For a pharmaceutical
application, even though we have shown the in vitro activity
of LPGS, the biosafety and effectiveness need a more detailed
investigation and evaluation in an animal model. In our
previous studies, it has been demonstrated that HPGS is safe
for mice, but LPGS has not yet been systemically studied.™

There is a growing need for antiviral surfaces. It is
envisioned that LPGS coating could help to reduce the
transmission of SARS-CoV-2 via surfaces. To transfer LPGS
onto a surface, layer-by-layer assembly via electrostatic
interactions can be considered; this process has shown good
practicality in the modification of biomedical devices.[*!
Another potential method is mussel-inspired coatings. Our
group has developed a mussel-inspired polyglycerol coating
that can be applied to diverse surfaces.*’”*! LPGS can be
similarly modified to be a universal coating material.
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