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Abstract: Infection of host cells by SARS-CoV-2 begins with
recognition by the virus S (spike) protein of cell surface heparan
sulfate (HS), tethering the virus to the extracellular matrix environment,
and causing the subunit S1-RBD to undergo a conformational change
into the ‘open’ conformation. These two events promote the binding
of S1-RBD to the angiotensin converting enzyme 2 (ACE2) receptor,
a preliminary step toward viral-cell membrane fusion. Combining
ligand-based NMR spectroscopy with molecular = dynamics,
oligosaccharide analogues were used to explore the interactions
between S1-RBD of SARS CoV-2 and HS, revealing several low-
specificity binding modes and previously unidentified potential sites
for the binding of extended HS polysaccharide chains. The evidence
for multiple binding modes also suggest that highly specific inhibitors
will not be optimal against protein S but, rather, diverse HS-based
structures, characterized by high affinity and including multi-valent
compounds, may be required.

Introduction

The severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2, a betacoronavirust™ 2l spread rapidly from the Wuhan

region of China to Europe in early 2020 and worldwide soon after,
and was responsible for the highly contagious coronavirus
disease (COVID-19). COVID-19 is characterized by a broad
spectrum of severity, initially affecting the respiratory tract, where
it is known to cause interstitial pneumonia and acute respiratory
distress syndrome (ARDS). In addition, COVID-19 can induce
hyper-inflammation which, combined with hypoxia, immobilisation,
and diffuse intravascular coagulation (DIC), renders patients
susceptible to both venous and arterial thromboembolic disease
3. 4 symptoms that can extend in many patients beyond the
infection giving rise to ‘Long Covid’ . The efficacy of vaccines
administered since 2021 is not complete and variants of different
immunogenicity arise regularly. Thus, improved understanding of
the molecular aspects of the early stage of the infection is
fundamental to enabling the design of new antiviral drugs
including inhibitors for both disease treatment and prophylaxis.

Infection is initiated by the interaction of the virus glycoprotein S
(spike protein) with its cell surface receptor systems. The major,
but by no means sole, system consists of the angiotensin
converting enzyme 2 (ACE2) receptor and the polysaccharide
heparan sulfate (HS) co-receptor. The S protein is a homotrimer,
whose structure is divided in two subunits, S1 and S2, and it is
the former that contains the receptor-binding domain (S1-RBD),
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corresponding to the subunit of the S protein that specifically
binds ACE2. S1-RBD is by default in the ‘down’ conformation
where the ACE2 recognition interface is hidden in the S1,
preventing its interaction with this receptor, & 7 and avoiding its
contact with the immune system. Binding to the HS co-receptor
drives the conformational change of S1-RBD to the ‘up’
conformation, which exposes the ACE2 recognition interface of
the S1 RBD, enabling it to bind ACE2. 12 The involvement of HS
as a co-receptor mirrors other coronaviruses, including murine
coronavirus 3 and human coronavirus CoV-NL63 4 and has
parallels with the many HS-dependent growth factors, which have
an analogous dual receptor system. 14

Since the first demonstration of binding and conformational
change induced in S1-RBD by heparin, 1% a considerable effort
has gone into defining the molecular ‘keys’ underpinning this
interaction. Heparin, a proxy for HS was observed to promote the
‘down’ to ‘up’ conformational change in the S1-RBD and cell
infectivity by SARS-CoV-2, 12 11 while, progress has been made
in identifying potential HS binding sites on S1-RBD &7 18 and
potential saccharide structures in HS that engage the S protein
[18-24] These results, while hinting at apparent high specificity and
selectivity of S1 RBD for HS, more likely represent a
correspondence between high charge and binding, a property that
is commonly observed among HS-protein interactions, when
heparin is used as an experimental proxy. Thus, there remains a
considerable gap in our understanding of the atomic basis of the
interaction of S1-RBD and, indeed, S1 with HS, despite this
interaction providing an opportunity for the development of
treatments and prophylaxis.

In the present study we have used a combination of saturation
transfer difference NMR (STD NMR) and synthetic models:
hexasaccharide = MeO-(4)-a-L-ldoA2S(1—4)  a-D-GIcNS,6S
(1—4) B-D-GIcA(1—4) a-D-GIcNS,6S (1—4) a-L-IdoA2S a-D-
GIcNS,6S(1)-OMe: (1), pentasaccharide, a-D-GIcNS,6S (1—4) B-
D-GIcA (1—4) a-D-GIcNS,3S,6S (1—4) a-L-IdoA2S (1—4) a-D-
GIcNS,6S a(1)-OMe: (2), and nonasaccharide B-D-GIcA (1—4) a-
D-GIcNS,6S (1—4) B-D-GIcA (1—4) a-D-GIcNS,3S,6S (1—4) a-
L-IdoA2S (1—4) a-D-GIcNS,6S (1—4) a-L-IdoA2S (1—4) a-D-
GIcNS,6S (1—4) B-D-GlcA-pPhNO; (3), whose sequences are
depicted in {Scheme 1}, to probe interaction of sugars with the
S1-RBD (Wuhan strain). Ligand-based NMR spectroscopy, which
provides experimental evidence for the location of interactions
within molecules and changes in their conformation on binding,
was combined with theoretical methods to enable a model of the
interaction to be constructed and tested against the experimental
measurements. The results support the idea that the interaction
between HS and S1-RBD is characterised by low specificity and
probable low selectivity, highlighting the role of extracellular HS
as the initial, dynamic contact that enables subsequent binding of
the S protein to the ACE2 receptor. This knowledge has
implications for our understanding of the natural history of the
disease and will influence strategies for the design of potential
inhibitors of SARS-CoV-2 viral binding.

Results

The interaction between the target host cell and SARS-CoV-2 is
mediated by the glycoprotein S (spike), possessing an inverted-
conical shape, externally decorating the viral membrane 2528 and
provides the virus capsid with its characteristic ‘crown’
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morphology. The S1 subunit is characterized by a triangular
section (C3 axial symmetry), that protrudes from the virus capsid,
allowing it to bind the host cell. The S2 subunit includes part of
the cylindrical stem connecting the distal S1 to its intra-membrane
domain and drives the fusion process between the viral and
cellular membranes ?71. The S1 subunit includes the N-terminal
domain of the S protein and the receptor binding domain (S1-
RBD), the latter presenting a -sandwich structure decorated with
loops and corresponding to the ‘forefront’ of the coronavirus. The
S1-RBD is characterized by a hinge providing a degree of
freedom that allows it to lift from the plane of the S1 trimer,
assuming an ‘up’ instead of a ‘down’ conformation (Figure 1). 29
Here, the interactions were first characterized by *H NMR
saturation transferred difference spectra (*H-STD NMR) using (1),
(2), and (3) as ligand probes, and by comparing NOEs and
transferred NOEs (trNOEs) using (1). A hybrid docking and
molecular dynamics (MD) simulation procedure was first
employed to define the binding site on the S1-RBD surface. In a
second step, 3D models of saccharide-S1-RBD complexes were
constructed and validated, comparing simulated complete
relaxation and conformational energy matrix analysis
(CORCEMA) and experimental intra-residue and inter-glycosidic
trNOEs. For the interaction of hexasaccharide (1), at least two
geometries, characterized by distinct modes of ligand-receptor
binding, were required to interpret the experimentally observed
trNOEs. Analogously, theoretical methods supported by *H-STD
NMR indicated that pentasaccharide (2) also binds S1-RBD in
both modes, while only a limited portion of nonasaccharide (3)
contiguously binds S1-RBD, suggesting a recognition site on the
surface of S1-RBD of fewer than six sugar residues.
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Scheme 1. Hexasaccharide (1), pentasaccharide (2), and nonasaccharide (3)
used as ligand probes. These sequence representations depict the sugar
residues in their most prevalent conformations in the unbound state; in the case
of L-ldoA2S residues, this can be either *C4 or 2So depending on the sulfation
degree of the neighbouring glucosamines (see text).

NMR characterization of oligosaccharides (1), (2) and (3). The
NMR spectrum of (1) was first recorded in solution to enable
comparison with protein-bound forms. The proton spectrum of (1)
is shown in Figure 2 (black line) with assignments (Table S2a),
and spectra (Figure S3a). NMR characterization of heparin
pentasaccharide (2) has been published. B% 31 The
nonasaccharide (3) follows the same NMR characterization as (1),
here summarized by the *H-*3C HSQC spectrum (Figure S3b).

Identification of the groups involved in interactions between
oligosaccharide (1), (2), (3) and S1-RBD by NMR spectroscopy.

This article is protected by copyright. All rights reserved.
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Interaction between oligosaccharide ligand (1) and proteins can
be monitored qualitatively from changes to chemical shift and
linewidth *H NMR signals. Increasing linewidths and the absence
of altered chemical shifts are consistent with an equilibrium
regulated by intermediate rates of exchange between the free and
bound state (Figure 2). The estimated K for the interaction of (1)-
S1-RBD is 4.5 107 M (Materials and Methods).

The regions of (1) involved in binding were determined by *H-STD
NMR spectroscopy; the portion of the ligand showing the shortest
distances to the protein surface exhibiting the most intense NMR
signals. In oligosaccharide (1) the 1doA2S residue at the non-
reducing end (residue F) had the lowest 'H-STD NMR signals
indicating generally longer distances from the protein surface
compared to other residues, which showed high or medium
intensity STD NMR signals (70% to 100%), indicating their
proximity to the protein surface (Figures 3 a, b). As a comparison,
the binding epitope of (2) for its interaction with S1-RBD and the
corresponding partial *H-STD NMR spectrum (Figure 3 ¢ and d)
shows that, except for GICNS6S (residue E) and IdoA2S (residue
B), whose intensities are between 40 and 70%, all the residues of
(2) exhibit high intensity signals for H1 (70-100%). Moreover, the
STD NMR spectrum of (3) suggest that only an hexasaccharide
portion of this glycan is in close contact with the protein. In fact,
weaker STD NMR signals were observed for the anomeric
protons of the reducing IdoA2S- GIcNS,6S disaccharide (residues
B, A) as well as the non-reducing unsaturated GIcA (residue 1),
(Figure 3 e, f). The intensities of the’H-STD NMR spectra in
Figure 3 b, d and f are reported in Table S1. It is interesting to
observe that the small amount of trehalose (protein preservative),
present in all reference spectra (Figure 3, black line), is totally
absent in the corresponding STD spectra. This demonstrates the
effectiveness of the STD experiments in discriminating between
interacting (HS oligosaccharides) and non-interacting molecules.

Figure 1. Protein S reported in closed (a) and in open (b) states. The S1
subunit of the protein S are depicted in a ribbon representation; the three
monomers of the protein S are highlighted as blue, green, and grey ribbons. The
3D structures of the protein S in closed and open forms derive from cryo-EM
models, 6VXX 281 and 6VYB 8, respectively. The receptor binding domain (S1-
RBD) in the grey monomer is reported in the closed state (a) and in the open
state (b) respectively; for the latter, the higher resolution structure (X-ray model,
PDB ID 6M0J 1)) was superimposed on the sequence (333 to 526) of the model
6VYB (chain B, grey ribbon; final RMSD 0.72 A). The key residues R346, N354,
R355, K356, R357 and R466 of the S1-RBD (chain B) are highlighted in orange
ribbon in the closed state and by both orange ribbon and tubes in the open state,
respectively (see the zoomed-in view of the S1-RBD in panel (c).
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Figure 2. 'H NMR signal broadening indicates interactions between
hexasaccharide (1) and S1-RBD in the region 4.6 - 5.6 ppm, in which
signals predominantly from the anomeric (H1) positions of the sugar
residues fall, unimpeded by other signals. *H NMR spectra of (1) unbound
(upper, black) and in the presence of S1-RBD (lower, red) in a 7 to 1 ratio. *H
NMR spectra were acquired in D20.

Table 1. Summary of molecular docking/MD simulation for the estimated
binding energy of (1)-S1-RBD, examining sites I, Il, and Ill. 71 Each cluster
corresponds to a docking solution and is represented by the complex geometry
with the lowest binding energy. (ADT: autodock score function, 2™ column);
cluster population (3" column); estimated error on AGps®™ in brackets, last digit;
MD simulation relaxation times (4™ column); interval for the energy estimation
(5" column); selected docking solutions were submitted to MD simulation to
estimate the Poisson Boltzman free energy of binding AGps®™ (6™ column)

Cluster ADT Cluster MD Average  AGpghnd
Rank Lowest Population  simulation  time fa)
binding Relaxation interval
energy® timel®! b]
Site |
1 -2.50 3 80 [80,100] -30.6(3)
2 -1.70 2 36 [36, 56] -32.3(6)
3 -1.33 2 36 [36, 56] -30.6(4)
Site Il
1 0.26 2 36 (36, 56] -9.7(4)
2 1.12 7 58 [58, 78] -10.4(5)
Site 11l
1 0.10 4 40 [40, 60] -12.1(3)
2 1.23 3 52 [52,72] -6.7 (3)

[a] Energy is Kcal mol™. [b] Simulation time is in nanoseconds (ns).

Conformational comparison of hexasaccharide (1) in the unbound
and S1-RBD-bound states. Conformationally sensitive three-bond
proton-proton (3Ju.4) coupling constants confirmed the “C; chair
conformation of glucosamine and glucuronic acid residues (Table
S2b). In contrast, the conformation of the IdoA residue is in
equilibrium between “C,, 1C, and 2S, forms, the position of which
depends on the identity and sulfation status of the neighbouring
residues. The population of each conformer, estimated from the
3Ju.1 coupling constants; 3Jy1.12 and 3Jus.ps of the IdoA2S (residue

This article is protected by copyright. All rights reserved.
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F) were <1 Hz and 1.9 Hz, respectively, indicating the prevalence
of 1C4 conformers, in agreement with Ferro et al. B4 32, In contrast,
for IdoA2S (residue B), the complete set of Juy values indicated
an equilibrium between 1C, and 2Sy conformations of 63:37 (Table
S2b). These findings were confirmed by comparing the NOEs for
the free ligand and trNOEs with the bound ligand, providing
evidence of the interaction and forming a description of the intra-
residue and inter-glycosidic conformational changes upon binding
(Figure S4). The cross-relaxation rates vary considerably when
the ligand is bound to the protein, even though both NOEs and
trNOEs remain positive, with consequent large variation in the
cross-peak intensities upon interaction between ligand and
protein (Table S2c, S2d and S2e).

As expected from previous studies of protein-bound heparin
oligosaccharides, the conformation of GIcCNS6S (residues E, C
and A) and GIcA (residue D) of (1) bound to S1-RBD was “C4,*
confirmed by strong trNOEs between diaxial H3 and H5 protons
(not shown), and the fitting of theoretical and experimental trNOEs
(see below).

Since 1doA2S in 1C4 and 2S, conformations exhibits distinct H5—
H2 distances (4.0 and 2.4 A respectively), the ratio between the
magnitudes of experimental H5-H2 and H5-H4 NOEs qualitatively
provides the proportions of the two conformers. The weak H5-H2
NOE of I1doA2S (residue F) is compatible with almost pure C,4
conformation (H5-H2/H5-H4 ratio 0.1), while the stronger H5-H2
NOEs measured for IdoA2S (residue B) conforms to an
equilibrium between 1C, and 2S, conformations (H5-H2/H5-H4
ratio 0.4) (Table S2d), in agreement with %Juy measurements.
The line-broadening observed in the spectrum of (1)-S1-RBD
complex precluded the measurement of coupling constants and
therefore, the conformation of iduronic acid residues was
obtained by interpretation of the trNOEs. Unexpectedly, neither
IdoA2S residue (residues F and B) exhibited significant changes
in their average conformation, since H2-H5/H4-H5 trNOE ratios of
IdoA2S (residue F) and IdoA2S (residue B) remained unchanged
(Table S2d).

The oligosaccharide backbone conformation in unbound and
bound state with S1-RBD was described by the set of inter-
glycosidic NOEs and trNOEs (Table S2e). Although, the top rotor
dynamic of heparin oligosaccharides longer than four residues,
does introduce a dependency of the NOE cross relaxation rates
on the orientation of H-H vectors with the molecular axis, the
effect can be considered negligible in this case. The ratios
between the linewidth (half height width) of H1 signals in the
unbound and bound states of residues F to A are approximately
uniform (0.75, 0.80, 0.79, 0.78, 0.74, 0.65 respectively), indicating
only a weak anisotropic effect. Even though the comparison
between NOEs and trNOEs cannot be precisely correlated with a
change of distance upon binding, evidence of significant
conformational changes could be underlined. Docking and MD
simulation showed minor changes of the inter-glycosidic
geometries, presumably indicating an adaptation of the backbone
conformation to the surface of S1-RBD to optimize contacts. The
most significant change concerns the GIcA (residue D)-GIcNS6S
(residue C) glycosidic linkage, which is also observed
experimentally by the significant variation of H1-H6/ H1-H4 NOE
ratios that changes from 0.6 to 0.3 between the unbound and
bound states (Table S2e), other values remaining broadly
unchanged.
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Figure 3. Oligosaccharide (1) (2) and (3) interactions with S1-RBD
described by 'H-STD NMR spectra in D20. (a). Sequence representation of
(1) and regions interacting with S1-RBD. (b). Partial *H-STD NMR spectrum of
the (1)-S1-RBD complex (red) superimposed on the corresponding reference
spectrum (black). (c). Representation of the sequence and of the interacting
regions of (2) in the (2)-S1-RBD complex. (d). Partial *H-STD NMR spectrum of
the (2)-S1-RBD complex (red) superimposed on the corresponding reference
spectrum (black). (e) Representation of the sequence and the interacting
regions of (3) in the (3)-S1-RBD complex. (f). Partial *H-STD NMR spectrum of
the (3)-S1-RBD complex (red) superimposed on the corresponding reference
spectrum (black).

Molecular modelling of the binding mode of hexasaccharide (1)
with S1-RBD.

Analysis of the S1-RBD surface allowed detection of three
putative sites.*l Site | is defined by amino acid residues: R346,
N354, K356, R357, R355, K444 and R466, while sites Il and IlI
include K424, R454, R457, K458, K462, R466, and R403, R408,
K417, K444 respectively. Notably, site Il (distinct from site | and
I1) partially overlaps the ACE2 binding site and, while it may
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engage HS initially, it can probably be excluded from the S1-RBD
complex that recognizes ACE2 on the basis that S1-RBD binds
ACE2 in the presence of heparin or HS.?? In this study, these
putative binding sites were ranked by a hybrid docking/MD
simulation approach, using (1) as a ‘molecular probe’.

Molecular docking simulations were used in the first stage to
generate three principal solution sets (clusters) of geometries
(poses) of the (1)-S1-RBD complex, that were obtained
separately (independently) targeting site I, site Il, or site Ill. In a
second stage, the MD simulation allowed the geometry of these
clusters to be refined and their Poisson Boltzmann free energy of
binding (4AGpe®™, molecular mechanic Poisson Boltzmann
Surface Area approximation, MMPBSA) to be calculated. The
‘per-residue’ decomposition of the AGps”™ term allowed
quantification of the contribution of each residue to AGps®™. In the
third stage, selected geometries of the complex comprising (1)-
S1-RBD were validated by comparison between simulated and
experimental intra-residue and inter-glycosidic trNOEs. The
results of stage one and two are summarized in Table 1.

The selected docking solutions were ranked according to the
AutoDock score function (ADT), the cluster population (2" and 3
columns) and the binding free energy AGps”™ (6™ column). Table
1 suggests that (1) preferentially binds site | of S1-RBD in
comparison to sites Il and Ill, evident by comparison of the ADT
and the free energy of binding indicators. Table 1 also shows that,
while sites Il and Il present comparable binding energies, in terms
of the population of the docked complexes, (1) preferentially binds
site Il over site Ill. Below, the interactions of (1) with S1-RBD are
analysed in terms of sites I, Il and Il according to the docking/MD
simulation results, considering the most representative solutions
and the ‘per residue’ contribution to the free energy of binding.

Evidence for hexasaccharide (1) binding site | of the S1-RBD in
two binding modes.

Regarding interactions between (1) and site | of the S1-RBD,
three initial sets of docking solutions emerged, represented by
clusters 1, 2 and 3 (Table 1), that are characterized by
comparable (lowest) free energies of binding, and correspond to
the most favourable molecular recognition (Table 1, 6™ column).
The 3D structure analysis reveals that clusters 1 and 2 are nearly
superimposable (in terms of contacts and free energy of binding),
cluster 2 cannot be distinguished from cluster 1 (RMSD ((1))clustert
— ((1))custer2 = 3.2 A), so they will be treated together. Interestingly,
(1)-S1-RBD complexes that belong to cluster 1 and cluster 3
present opposite orientations of (1) in relation to S1-RBD, despite
their comparable binding energies. In cluster 1, hexasaccharide
(1) orients its non-reducing end towards the ACE2 binding site
(we term this binding mode A), while in cluster 3, it binds S1-RBD
in the opposite orientation (binding mode B).

The corresponding complexes (Figure 4) have also been
analysed in terms of their residue-wise free energy of binding
AGpgPM. While some key residues - R346, K355, R356, R357 -
contribute to the binding interaction in both modes A and B, mode
A presents a stronger contribution from R346 (-11 vs -6 Kcal mol
1) and weaker involvement of R466 (-2 vs -11 Kcal mol?).
Moreover, binding mode B shows more efficient contact through
N354 than mode A (-3 vs 1.3 Kcal mol?), while, mode B presents
stronger repulsive contributions at GIcA (residue D), GICNS6S
(residue C) and D398, than binding mode A (5.8, 4.3, and 3 Kcal
mol? vs 1.7, 2.9 and 1.9 Kcal mol?). Finally, in binding mode A,
S1-RBD interacts more efficiently with (1) through residues: N450,
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Y451, R454, R457, K458 and K462, located near site Il (Figure
4).

Further analysis of the unfavourable contributions of (1), shows
that GIcA (residue D) and GIcNS6ES (residue C) present strong
positive de-solvation energies (4Gsol) that, for some contacts, are
not counterbalanced by favourable (negative) electrostatic and/or
van der Waals terms (Table S3). At the molecular level, the
positive values of AGps®(i) at GIcA (residue D) and GICNS6S
(residue C) in binding mode A (1.7 and 2.9 Kcal mol?,
respectively) correlated with a de-solvation penalty when GIcA
approaches S1-RBD surface at the backbone of K355, and the N-
sulfo group of GIcNS6S becomes proximal to the hydrophobic
side chain of 1468 upon binding. In both contacts, the solvation
shell surrounding the ligand is locally lost upon binding. A similar
analysis can be applied when (1) interacts with the S1-RBD in
binding mode B. In this case, the carboxyl group of GIcA loses its
solvation shell, being oriented toward the surface of the S1-RBD
(near Ca of N354), without an electrostatic interaction to
compensate this loss of energy. Analogously, GICNS6S (residue
C) presents unfavourable contacts localized on its ring and on the
6-O-sulfate group (4Ges®™() = 3.0 and 2.0 Kcal mol?,
respectively); while only the N-sulfate group presents favourable
contacts with R355 and R466 (4Gpg”™(i) = -0.8). The contribution
of GICNS6S (residue C) to the free energy of binding is therefore
unfavourable (4Gps®"(GIcNS6S(C)) = 5.80 Kcal mol?) (Table
S3).

Hybrid docking-MD simulations and interpretation of trNOEs
suggest that hexasaccharide (1) binds S1-RBD (site 1) in two
binding modes.

The glycosidic conformation of (1) in the bound state with S1-RBD
considering both binding modes A and B, as predicted by the
hybrid docking-MD simulation, and summarized in Table 1, is
further described by Ramachandran plots (Figure 5) The
CORCEMA selected structures (black empty circles in Figure 5),
support the most populated states ¢i'yi sampled by MD simulation
of the complexes formed when (1) binds S1-RBD in modes A and
B. The agreement between the CORCEMA selected structure of
the (1)-S1-RBD complex and intra-residue and inter-glycosidic
trNOEs is summarized in Table S4 and S6, interestingly, this
agreement improves when both A and B modes have been
considered, as can be observed comparing the R-factor values.
Interestingly, the MD simulation predicts for IdoA2S (residue B) a
2Sy and 1C, conformation when (1) binds S1-RBD in mode A and
B, respectively, further supporting the improvement of the fitting
between experimental and theoretical trNOEs when the (1)-S1-
RBD complex involves both A and B modes (Table S4)

Hexasaccharide (1) binds site Il and Il of the S1-RBD less
efficiently than site I.

The 3D structure analysis of the S1-RBD shows that both sites Il
and Il present exposed positive patches, but their binding to (1)
is significantly weaker. Analysis of the molecular binding
interactions in the bound state with S1-RBD involving sites Il and
11l is reported in Figure S5 and Figure S6, respectively. As for
site |, the interaction between (1) and site |l of S1-RBD is
described by two possible complexes, labelled as clusters 1 and
2 of the corresponding docking simulation (Table 1). As for site |,
clusters 1 and 2 of site Il present opposite orientations of (1).
Docking solution cluster 1 is characterized by the non-reducing
end of (1) oriented toward the S1 trimer, while the opposite
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orientation is found in cluster 2, (Figure S5 b and d, respectively).
The per-residue analysis of the free energy of binding
corresponding to clusters 1 and 2, shows that the efficiency by
which (1) binds site Il of S1-RBD is lower than site |, despite the
orientation. The docking/MD simulation procedure applied to the
interaction of (1) with site 11l of S1-RBD, indicated putative binding
regions that partially interfere with the recognition site of ACE2
(Figure S6). The corresponding binding free energy (AGpg"™ = -
12.1(3)) is comparable with the poses that involve site Il, but is

(a) Binding mode A
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weaker than site | (Table 1). The histogram of AGps®™ (i) of this
complex shows that residues of site Ill contribute less strongly to
the interaction than to site | (comparing Figure S6 a with Figure
4 ¢ and d). A more detailed description of the favourable and
unfavourable contributions to the interaction of sites Il and Il is
summarized in Figure S5 and Figure S6.

Binding mode B (b)
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Figure 4. Analysis of the interactions between hexasaccharide (1) and the S1-RBD of SARS-CoV-2 (site I) in binding modes A and B. Binding mode ‘A’
is characterised by the oligosaccharide reducing end oriented toward the ACE2 site; mode ‘B’ by the oligosaccharide with its reducing end oriented
opposite the ACE2 site. (a). The 3D structure of the (1)-S1-RBD complex sampled by MD simulation (simulation time 81.58 ns) and binding the S1-RBD in mode
A. (b). The 3D structure of the (1)-S1-RBD complex sampled by MD simulation (simulation time 37.75 ns) and binding the S1-RBD in mode B. (c) and (d). The
histograms of the residue wise contribution to the Poisson Boltzmann free energy of binding 4Gps®™ (i) of the complex (1)-S1-RBD in binding modes A and B,
respectively. In panels a and b, the S1-RBD is represented by grey ribbon; amino acids of site | are underlined by cyan ribbon; (1) is represented by green, red and
blue tubes indicating carbon, oxygen and nitrogen atom, respectively. Selected contact distances are underlined by dashed segments; distances are reported in
Angstroms. In panels ¢ and d, the histograms are averaged at the production stage of the MD simulation trajectory (Table 1). Energies are in Kcal mol™ units.
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Figure 5. Conformational analysis of binding modes A and B, of hexasaccharide (1) to the S1-RBD. Ramachandran plots of the glycosidic dihedral angles
¢ilyi of (1) in bound state with S1-RBD (site I). Two possible orientations of (1) bound to the S1-RBD are represented, corresponding to binding modes A and B.
Binding mode A, is characterized by the non-reducing end of (1) oriented toward the ACE2 recognition site (panels a to e); binding mode B, in which (1) is opposite
to the ACE2 site (panels f to j). The glycosidic dihedral states are sampled by MD simulation in the production stage intervals: 80 to 100 ns (mode A) and 36 to 56
ns (mode B). A density colour map is superposed on each Ramachandran plot. The colour gradient (blue to red) is proportional to the density of the sampled states
¢ilyi, and qualitatively predicts the preferred conformation of each glycosidic linkage. The empty circles indicate the values of ¢ifyi for the three selected pairs of (1)-

S1-RBD complex which interpret the experimental trNOEs (Table S6).

These theoretical descriptions collectively suggest that sites Il
and Il of S1-RBD recognize and bind (1) less efficiently than site
|, despite comparable numbers of solvent accessible Lys and Arg
residues. The less homogeneous distribution of positively
charged patches present on the surface of sites Il and I,
frequently interrupted by negatively charged Asp, and/or Glu
residues, may explain this finding. Positively charged side chains
could be at least partially ‘neutralized’, if surrounded by the
carboxyl groups of Asp and Glu residues. The result is a decrease
in efficiency by which site | of S1-RBD binds (1). This is clearly
visible in Figure 4 a and b, in which the domain of positively
charged patches formed by R346, R355, K356, R357 and R466
is not interrupted by Asp or Glu residues and the nearest carboxyl
group belongs to E340, E516, outside of site I. This is not the case
for sites Il and Il (Figure S5 b and d, and Figure S6 b). In fact,
in site Il E465, D467 and E471 are distributed between the
positive patches of R466, K462, R454, R457 and K458,
weakening their binding to (1). Analogously, in site 11l D420 and
D405 are in proximity of R408 and R403, again disturbing the
ability of site Il to efficiently bind (1). Extrapolating the
hexasaccharide (1) into a hypothetical polysaccharide at binding
site | indicates that positively charged areas are encountered
(Figure 6 a), which are distinct from those more negatively
charged areas; containing Asp or Glu residues, unfavourable for
binding indicated in sites Il (Figure 6 b) and Il (Figure 6 c). This
implies that, in the polysaccharide case, site | is likely to be more
favoured than site Il or 111,

Hybrid docking-MD simulations and interpretation of *H-STD
NMR values show that pentasaccharide (2) also binds site | of S1-
RBD in two binding modes.

The interaction between (2) and S1-RBD (site 1) was further
investigated by the hybrid docking/MD simulation. As for
hexasaccharide (1), pentasaccharide (2) binds S1-RBD using two
distinct modes (Table S5). In docking solution cluster 1, the
saccharide (2) orients its non-reducing end toward the ACE2
binding site (mode A), while in cluster 2, it binds S1-RBD in the
opposite orientation (mode B).

The interaction involves the set of residues: R346, N354, R355,
K356, R357 and R466 that characterize site | of S1-RBD in
binding modes A and B, as for (1). A detailed analysis of this
interaction is reported in Figure S7 a and c. Interestingly, unlike
(1), (2) is predicted to bind S1-RBD preferentially in mode B,

supported (in silico) by AGpg®™ and by several unfavourable
contacts localized on the glucosamines (residues E, C and A)
when (2) binds S1-RBD in mode A (Table S5 and Figure S7 a).
The 'H-STD NMR signal of H6 in Figure S8 supports binding
mode B, where the H6 of GIcNS3S6S (residue C) is oriented to
the surface of S1-RBD within 4 A of the carbonyl group of R355
(Figure S9). Despite that, the coexistence of the 'H-STD NMR
signals of the HN and H6 of GIcCNS3S6S (residue C), that show
comparable intensity when (2) interacts with S1-RBD in water
(Figure S10 c), does not exclude the possibility that (2) bind S1-
RBD in both A and B modes, in this molecular recognition event.

Discussion and conclusions

Heparan sulfate, the anionic, high molecular weight linear
polysaccharide component of cell surfaces and extracellular
matrix associated proteoglycans is highly variable in structure. Its
expression tracks evolutionary development and complexity in
animals B°. One role is to maintain and regulate complex
mechanical and signalling networks through manifold protein
interactions- 3% 37 which exhibit varied structural selectivity for the
sugar. Claims of highly specific oligosaccharide sequences
binding proteins are often made. These usually depend on the
selection of highly charged species that were found using affinity
methods employing electrolyte elution. This biases the selection
in favour of charged species. This problem is often compounded
by the initial search for binding oligosaccharides being made from
oligosaccharide populations that contain only limited structural
diversity compared to the huge number that are potentially
available. [36]

Those attempts that have searched for HS saccharide binding
partners among diverse structures [84% have shown that each
protein recognises a subset of sugar structures to different extents
and, that these may overlap. Moreover, some binding structures
lack activity, e.g. in dual-receptor systems. ¥, while a single
saccharide may bind a protein in several distinct modes. Most of
the studies leading to this conclusion have involved mammalian
proteins but, few comparable investigations have been made of
the interactions of viral proteins with HS.

The nature and extent of this specificity lies at the heart of the
mechanism employed by viruses to achieve the species, tissue
and cell tropism required to ensure their propagation. Viruses, like
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other microbiological pathogens, have evolved to employ the
evolutionarily conserved HS, as an initial means of host cell
identification and attachment. The extent of specificity and
selectivity of HS structural features is a delicate balance for the
pathogen. Excessive specificity limits successful binding events,
hence, subsequent infection, while excessive laxity would entail
widespread binding, much of which could be unproductive.
Furthermore, multiple binding sites on a protein and/or high
affinity for HS could restrict protein diffusion. #8491 Thus, affinity
and avidity are tuned to enable a virus to access receptors near
the cell surface. Influenza virus achieves this by means of a
glycosidase, *4 but is absent from SARS-CoV-2. Instead, HS is
proposed to serve as the first attachment point for the S protein,
whereby virions can travel from the external to the internal layers
of the glycocalyx using this low affinity (potentially multivalent)
initial contact, until the specific S1-RBD-ACE2 is engaged at the
cell surface but, this proposal requires a mechanistic and
molecular basis.

Figure 6. Electrostatic potential maps of the S1-RBD surface with
hexasaccharide (1) in the bound state at site | (a), site Il (b), or site Il (c).
The gradient of electrostatic potential (units KT e?) increases from red
(negative) to blue (positive). The complex of (1) with the S1-RBD was sampled
by MD simulation at 81.58, 44, and 44 ns, and corresponds to the poses
reported in Figures 4a, S4b and S4b. Extrapolating the binding saccharide
further across the protein surface indicates that in site | (a), an area of positive
charge is encountered, containing residues R346 and K444, while in site II, an
area of negative charge is encountered (b).

For ligand probes (1) and (2), several modes of binding to site |
were explored, without a strong preference emerging.
Interestingly, the two modes involved opposite saccharide
orientation and revealed no detectable changes in the
conformation of L-IdoA2S residues, or of the glycosidic linkage
geometries that might enable tighter binding. More precisely,
experimental data supports involvement of the previously
identified amino acids, R346, N354, R355, K356, R357, R466,
and K444 (representing the core of site I) 19 120 as the principal
site for interaction, leaving the flexible loops of S1-RBD free to
engage ACE2 (Figure 7). The simulated intra-residue and inter-
glycosidic trNOEs of (1) in interaction with S1-RBD in average
agreed better with experiment when at least two (A and B) binding
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modes were considered. The longer glycan (3) enabled
estimation of the minimum GAG length that continuously binds
S1-RBD, agreeing with that of the shortest probes of this
investigation (Figure 3). This is the first time that in-silico HS-S1-
RBD binding models have been validated using experimental
NMR interaction data, suggesting that the HS-S1-RBD interaction
lacks high structural selectivity and binding specificity.

These results can be interpreted mechanistically; HS serving as
an initial virus binding target, providing a loosely bound tether,
attachment to which both constrains the virion and activates the
spike protein, thereby enhancing the possibility of initial contact
(and much more specific interaction) with ACE2.
Oligosaccharide probes identify the energetically most favoured
binding sites on the protein surface and the most significant
contributions to binding energy originate in charge-charge
interactions, extending over relatively long distances, and
enabling some topological obstacles on the protein surface to be
overcome. As in previous studies of interactions between
fibroblast growth factors and heparin/HS, 7 38 the amino acid
residues involved most likely represent a core binding region.

Figure 7. Hexasaccharide (1) bound to site |, modelled into a hypothetical
macromolecular complex does not interfere with molecular recognition
between S1-RBD and ACE2 and reveals contiguous areas consistent with
the binding of heparan sulfate polysaccharide. The macromolecular
complex superimposes (1)-S1-RBD complex sampled by MD simulation and
supported by trNOEs (Figure 4 a) on the S1-RBD subunit of the trimeric protein
S (PDB ID 6VYB), matching the Ca backbone between residues 333 and 526
(RMSD = 0.88 A). The ACE2-S1-RBD (PDB ID 6M0J) complex is represented
by yellow ribbon, superimposed on the S1-RBD of the trimeric S protein,
matching the Co backbone between residues 333 and 526 (RMSD = 0.67 A).
The electrostatic potential (in units KT e™) of the protein surface is represented
by colour gradient from red (negative) to blue (positive). (1) is drawn in orange,
blue, red, and yellow coloured tubes, indicating carbon, nitrogen, oxygen and
sulfur atoms, respectively. Extrapolation of the core binding region, identified by
docking of the (1), to longer HS chains from the top (S1-RBD) or bottom (S1) of
(1), encounters regions of positive charge (blue patches), likely to favour binding
of the polysaccharide.

Extending the hexasaccharide in site | from either end to form a
hypothetical polysaccharide encounters adjacent positive regions
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on the S1-RBD surface (Figure 6a) which, when incorporated into
a spike protein-RBD complex model, indicates contiguous areas
of positive charge (Figure 7) consistent with binding longer HS
chains across S1. Furthermore, HS binding does not interfere in
interactions between S1-RBD loops and ACE2.

The multiplicity of binding modes exhibited by several structures,
while indicating broad tissue recognition and enhancing initial viral
attachment, supports a dynamic interaction of S1-RBD with
cellular and extracellular matrix HS, which prevents the virus
becoming locally ‘trapped’ and unable to diffuse to cell surface
ACE2. This has implications for the design of potential inhibitors;
highly specific inhibitors would not be optimal against manifold low
specificity interactions and suggests that structurally diverse
compounds, characterised by high affinity towards S1 and
including multidentate inhibitors, should be considered. Moreover,
a highly specific inhibitor would provide selective pressure
favouring binding site mutations which, combined with extant
alternative HS binding areas on the S1-subunit surface, make it
relatively easy for the virus to mutate around. This is consonant
with reports that spike S1-RBD binds diverse HS-like
oligosaccharides 22, synthetic linear or branched polyanions, i.e.
polyglycerol sulfate, 3 and the inhibition of viral attachment to
cells by HS-like structures. 1317468 A further interesting class,
characterized by hybrid poly-anionic/hydrophobic structure, such
as pixatimod (PG545), interferes with the ACE2 binding site,
inhibiting SARS-CoV-2 on Vero E6 and human cells 7.,

Cell surface HS is vital to a broad range of fundamental biological
processes in the host, a fact that many pathogenic organisms
exploit, while the host is unable to evolve to evade this
fundamental dependency. Thus, SARS CoV-2 joins a growing list
of pathogens that exploits cell surface HS as initial, low-specificity
points of contact and attachment that enable the infectious
process to begin.

Experimental Section

Experimental details are reported in Supporting information sections.
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o

90° rotation

Hexasaccharide (1) bound to site | in binding mode A and B (orange and green tubes), shows that multiple binding modes between
heparan sulfate (HS) and S1 (electrostatic potential map on the surface) are allowed; the hypothetical macromolecular complex HS-
S1 does not interfere with the interaction involving S1-RBD and ACE2, supporting the co-receptor role of HS in the activation of the
SARS-CoV-2 S protein.

This article is protected by copyright. All rights reserved.

85801 SUOWILLOD 8A 81D 3|dedldde ) Aq peusenoh aJe sapolife YO ‘88N JO S3INI 0} Akeid1 8U1UO 8|1 L (SUoIpuod-pUe-swLBlwWoo A8 | im Arelq1feut|ugj/Ssdiy) SUO HIPLUOD pUe SwLe | 83883 [2202/0T/82] U0 Areiq18UIIUO AB|1M ‘88 L Ad 665202202 Weld/Z00T OT/I0p/LLi0d A3 |1m A euq 1 pul U0 adoine-Als weyo//sdny woiy papeojumoq ‘ef ‘59/€TeST



