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SUMMARY

The COVID-19 pandemic has prompted a rapid response in vaccine and drug development. Herein, we
modeled a complete membrane-embedded SARS-CoV-2 spike glycoprotein and used molecular dynamics
simulations with benzene probes designed to enhance discovery of cryptic pockets. This approach recapit-
ulated lipid and host metabolite binding sites previously characterized by cryo-electron microscopy,
revealing likely ligand entry routes, and uncovered a novel cryptic pocket with promising druggable proper-
ties located underneath the 617-628 loop. A full representation of glycan moieties was essential to accurately
describe pocket dynamics. A multi-conformational behavior of the 617-628 loop in simulations was validated
using hydrogen-deuterium exchange mass spectrometry experiments, supportive of opening and closing
dynamics. The pocket is the site of multiple mutations associated with increased transmissibility found in
SARS-CoV-2 variants of concern including Omicron. Collectively, this work highlights the utility of the ben-

zene mapping approach in uncovering potential druggable sites on the surface of SARS-CoV-2 targets.

INTRODUCTION

Therapidly spreading outbreak of COVID-19 caused by a novel co-
ronavirus, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (Gorbalenya et al., 2020), has triggered an unprec-
edented scale of global socioeconomic meltdown (Wu et al.,
2020). SARS-CoV-2 is a large enveloped single-stranded RNA vi-
rus with a helical nucleocapsid and with a characteristic crown-like
halo of viral envelope proteins. Central to the mechanism of infec-
tion is the spike (S) protein on the surface of the virion, which is the
primary target for vaccine and therapeutics development. The S
proteinis aclass | viral fusion protein trimer composed of two major
subunits: S1, which facilitates host cell recognition by interacting
with the human angiotensin converting enzyme 2 (ACE2), and
S2, which mediates membrane fusion and entry into the host
cell. To date, several structures of the prefusion S protein ectodo-
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main (ECD) and its receptor binding domain (RBD) bound to ACE2
have been resolved using cryo-electron microscopy (cryo-EM)
and X-ray crystallography (Cai et al., 2020; Lan et al., 2020; Walls
et al., 2020; Wrapp et al., 2020; Wrobel et al., 2020; Yan et al,,
2020). The S protein is a large trimeric protein made of various
functional domains, densely covered with glycans (Watanabe
et al., 2020), and it is structurally divided into two distinctive re-
gions: a club-shaped head and a flexible stalk (Figure 1A). The
two dominant conformations of the S protein chains involve the
RBD in an “up” state, which renders the S protein competent for
receptor binding, and a “down” state, which has inaccessible
ACE2-binding surfaces. The S protein is open if any of the three
chains are in an “up” conformation; otherwise, the S protein
cannot bind to the ACE2 and is therefore considered closed.
During the course of the pandemic, mutants with a D614G
substitution on the S protein rapidly outcompeted other strains.
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Figure 1. S protein bending dynamics during simulations without benzene

(A) Full-length model of the S glycoprotein with the protein shown in cartoon representation and colored pink (chain A), cyan (chain B), and green (chain C), with the
glycans and palmitoylated cysteine residues shown in stick representation and colored yellow and brown, respectively. The different subdomains are labeled as
RBD (receptor binding domain), NTD (N-terminal domain), HR1 (heptad repeat 1), CH (central helix), CD (connector domain), HR2 (heptad repeat 2), and TM
(transmembrane domain). Enlarged image shows loop 620-640 in red nearby the NTD, CTD1 (C-terminal domain 1), and CTD2 (C-terminal domain 2), with nearby
residues D614 and K854 shown in stick representation.

(B) (Left) A snapshot from the end of a simulation of S protein open conformation with dominant glycans. The protein and glycans are colored as in 1A, while the
lipid phosphorus atoms are shown in sphere representation and colored gray. (Right) Top, bending angle, ®, measured as the acute angle between the centers of
mass of the ECD (residue 27-1141), the hinge region (residue 1142-1156), and the HR2 domain (residue 1157-1207). Bottom, bending angle, ¥, measured as the
acute angle between the HR2 domain, the hinge region (residue 1208-1212), and the TM domain (residue 1213-1239). Black, dominant glycans; blue, mannose
glycans; red, no glycans.

(C) Snapshots of S protein at 10-ns intervals from a simulation, fitted onto the TM domain. The RBD is highlighted in surface representation. Glycan molecules are

omitted for clarity. See also Figures S1-S3.

The mutation is now an important feature of all SARS-CoV-2 var-
iants of concern, as it is linked to higher rates of transmission
compared with the D614 wild-type (WT) variant (Korber et al.,
2020). Disruption of the D614-K854 salt bridge and accompa-
nying structural changes in the S protein lead to better
conformational sampling of open states (Yurkovetskiy et al.,
2020). In addition, the point mutation stabilizes the S1:S2 com-
plex and thus prevents premature dissociation of the S1 domain,
allowing more S proteins to interact with the host receptor
(Zhang et al., 2021). The S1:S2 stabilization is linked to ordering
of a 620-640 loop, which wedges itself into a gap lined with hy-
drophobic residues located between an N-terminal domain
(NTD) and a C-terminal domain 1 (CTD1) (Figure 1A). In D614
WT, this loop is largely disordered. The same loop is linked to
multimerization events, where it extends and inserts into the
NTD of a neighboring S protein, effectively forming higher-order

structures consisting of two or three S protein components (Ban-
garu et al., 2020). Structural and biophysical studies, along with
molecular dynamics (MD) simulations, have shown that the S
protein is highly dynamic (Casalino et al., 2020; Ke et al., 2020;
Raghuvamsi et al., 2021; Turonova et al., 2020). Crucially,
several cryo-EM structures have uncovered cryptic pockets in
the RBD and NTD, which serve as potential druggable epitopes
(Bangaru et al., 2020; Carrique et al., 2020; Toelzer et al., 2020).
Linoleic acid (LA) was observed in the cryptic pocket of the RBD
from which it also forms stabilizing interactions with the RBDs of
neighboring chains (Toelzer et al., 2020). The presence of LA in
the binding pocket shifts the S protein equilibrium toward closed
conformations, which also has an effect on reduced ACE2
binding in vitro. Rational drug design approaches have been
directed toward the LA pocket with the aim of stabilizing receptor
binding-incompetent closed conformations (Ellis et al., 2021;
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Shoemark et al., 2021). It appears that the LA pocket also has
long-range effects on allosteric networks that include neigh-
boring chains, NTD, and distant S1/S2 cleavage sites (Oliveira
et al., 2022; Tan et al., 2022). The NTD contains a cryptic site
that binds a polysorbate (PS) detergent molecule if it is present
in vaccine formulation (Bangaru et al., 2020; Ma et al., 2021).
The same pocket can accommodate heme metabolites bili-
verdin and bilirubin, the presence of which change the NTD
epitope presentation and modulate the antibody response
(Rosa et al., 2021).

Long timescale MD simulations performed on exascale com-
puters have also discovered the existence of numerous cryptic
epitopes across the viral proteome (Zimmerman et al., 2021).
In recent years, simulations of therapeutically relevant proteins
with small organic probes have successfully been used to induce
energetically unfavorable opening of hydrophobic cryptic
pockets and subsequently identify novel druggable sites (Kuz-
manic et al., 2020; Sayyed-Ahmad and Gorfe, 2017; Tan and
Verma, 2020). In this work, we thus built a membrane-bound gly-
cosylated model of the S protein and simulated it in the presence
of a solution containing benzene probes, to enhance the sam-
pling of novel cryptic pockets that could potentially be targeted
by small molecules, peptides, or monoclonal antibodies. Our
study not only recapitulates cryptic pockets previously charac-
terized by cryo-EM, but also identifies a novel pocket with
promising druggable properties.

RESULTS

Spike model validation

We first built a full-length model of the S protein in the one-RBD-
up open conformation using available structural and glycomics
data (details in STAR methods). Three different glycosylation
patterns were generated: non-glycosylated S protein to repre-
sent the original state of the protein, oligomannose-type glycans
on all 22 glycosylation sites to represent the unprocessed glyco-
form, and the most dominant glycans species based on liquid
chromatography-mass spectrometry (LC-MS) glycomics data
(Watanabe et al., 2020) to represent the final glycoform. To un-
derstand the behavior of the S protein in its native environment,
the model was then simulated in a model of the endoplasmic re-
ticulum-Golgi intermediate compartment (ERGIC) membrane,
where coronaviruses are assembled (Klumperman et al., 1994;
Krijnse-Locker et al., 1994). The list of simulations is provided
in Table S1.

Interestingly, in all simulations, the S protein did not maintain
an upright conformation with respect to the plane of the mem-
brane. Instead, we observed a tilting motion of the ECD of up to
90°, facilitated by the two flexible hinges between the ECD and
HR2 domains as well as between the HR2 and transmembrane
(TM) domains (Figures 1B and 1C). The flexible bending motion
results in orientational freedom of the ECD, presumably yielding
a more expansive sampling of the RBD at the host cell surface.
This may potentially increase the probability of binding to the
ACE2 receptor and hence contribute toward efficient virus-
host cell recognition. Such structural dynamics are in good
agreement with a range of experimental data including from
hydrogen-deuterium exchange mass spectrometry (HDX-MS)
(Raghuvamsi et al., 2021), cryo-EM of recombinant S protein
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ECD (Wrapp et al., 2020), and cryo-electron tomography
(cryo-ET) of intact SARS-CoV-2 virions (Ke et al., 2020; Turo-
nova et al., 2020; Yao et al., 2020), as well as simulation studies
of independently built S protein models (Casalino et al., 2020;
Choi et al., 2021; Sikora et al., 2020). As expected, in simula-
tions of the S protein modeled with either the predominant
glycan species or oligomannose-type glycans, the glycans
showed a high degree of mobility resulting in a larger surface
area of the S protein being covered by them compared with
what is observed in static structures (Figure 2). The glycans
covered a larger percentage of the stalk surface compared
with the ECD, in agreement with previous simulations (Casalino
et al., 2020; Sikora et al., 2020). Collectively, the observed pro-
tein and glycan dynamics of our S glycoprotein models thus
correlate well with other independent experimental and compu-
tational studies.

Benzene mapping recapitulates known cryptic pockets
We next set out to uncover cryptic binding pockets on the sur-
face of the S glycoprotein that could potentially represent targets
for rational drug design. Hence, we performed a series of 200 ns
simulations of the membrane-embedded, full-length S protein
models with a 0.2 M concentration of benzene molecules
within the bulk solvent. The benzene parameters have been
modified to prevent accumulation within the hydrophobic lipid
environment (details in STAR methods) (Zuzic et al., 2020). This
was confirmed by the low percentage of benzene found in con-
tact with membrane lipids throughout the simulations, and a
similar progression of area per lipid and membrane thickness
compared with simulations without benzene, indicating that the
presence of benzene did not alter the membrane environment
(Figures S1A-S1C). The stable secondary structure of the
whole S protein was preserved in simulations with benzene,
and the backbone root-mean-square deviation (RMSD) of the
ECD was similar to control simulations, irrespective of glyco-
form, indicating that the overall assembly of the ECD was
unaffected by the presence of benzene (Figures S1D-S1E). It
should be noted that the trimeric coiled coils forming the HR2
domain partially disintegrated as benzene accumulated at its
interface (Figures S2A-S2C), likely because its trimeric interface
is primarily composed of an array of hydrophobic residues (Fig-
ure S2D). A recent NMR study showed that the HR2 domain ad-
heres transiently to the viral membrane during membrane fusion
(Chiliveri et al., 2021). The hydrophobic residues around which
benzene accumulated in our simulations, therefore, likely reflect
the lipid binding surface. To examine if this structural disintegra-
tion affects the ECD, we performed a set of control simulations in
the presence of 0.2 M benzene of the isolated ECD (without the
HR2 and TM domains present) modeled in the dominant glycans
state. The backbone RMSD progression and secondary struc-
tural preservation of the ECD from these control simulations
were very similar to those from the equivalent full-length S pro-
tein simulations (Figures S3A-S3B). This suggests that changes
in the structure of the HR2 domain caused by benzene aggrega-
tion do not have any detrimental structural impact upon the ECD.
Due to the structural deviation of the HR2 domain, as well as the
fact that the HR2 domain is more extensively covered by gly-
cans, we therefore only consider cryptic pockets mapped onto
the surface of the ECD of the S protein.
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Figure 2. S protein shielding by glycans dur-
ing simulations without benzene

(A) Snapshots of S protein ECD (top) and stalk (bot-
tom) colored cyan, pink, and green with glycans in
yellow at 10-ns intervals from a simulation of S pro-
tein with dominant glycans.

(B) Solvent-accessible surface area (SASA) of the
ECD (top) and the stalk (bottom). Black, dominant
glycans; blue, mannose glycans; red, no glycans.
Percentage of surface area buried by glycans is
shown on the right, average from the last 50 ns of the
simulations with the error bars showing standard
deviations along the trajectories. The radius of sol-
vent probe used for calculation was 0.14 nm.

protein, further corroborating that HR2
distortion does not impact the ECD (Fig-
ure S3C). We also detected pocket den-
sities near a proposed binding site for bac-
terial lipopolysaccharide (Petruk et al.,
2021), but because it is predominantly a
surface groove, we have omitted it from
further analysis (Figure S4).

PS pocket is stabilized in the
presence of glycans

A PS detergent molecule has been
observed to bind to the NTD when deter-
gent was present in the formulation of the
immunogen (Bangaru et al., 2020). The
hydrophobic tail was embedded in the
hydrophobic groove pointing toward the
neighboring chain, with the hydrophilic
head more accessible to the protein sur-
face. This site has also recently been shown
to bind heme metabolites, which inhibits
access to an antibody epitope on the NTD
(Rosa et al., 2021). The addition of benzene
to the simulation system successfully un-
covered the PS-binding pocket, even in

30

SASA (nm?)

The differences between water-only and benzene simulations
revealed multiple cryptic pockets on the surface of the S pro-
tein—two of which were previously known from structural
studies and have hence been used here as positive controls—
and one novel pocket located near the functionally interesting
loop encompassing residues 617-628 (Figure 3). Our control
ECD-only simulations revealed very similar apolar surface areas
for all three pockets compared with simulations of full-length S

30
the absence of PS (Figure 4A). The outline
of the mapped pocket was also in agree-
ment with the shape of the hydrophobic
portion of the ligand, as confirmed via
structural alignment (Figure 4B).
The upper edge of the PS pocket (resi-
L 1y dues 167-180) displayed opening and
closing motions that affected the volume
of the pocket cavity (Figures 4C and 4D).
Notably, pocket opening was greatly
affected by the presence of benzene
probes and glycans in the simulation system. PS pocket prop-
erties for dominant and mannose glycoforms in the presence of
benzene closely reflected the pockets with experimentally
bound PS and biliverdin ligands (SASAcp = 6.7 + 0.4 nm?;
SASAdom.gly,+bnz =65+19 nm2; SASAmann.eg,+bnz = 6.7 £
2.0 nm?; Figures 4A and 4C). In comparison, water-only simu-
lations failed to generate pocket densities that matched the
shape and properties of the ligand in question, with the pockets

Percentage area buried
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under those conditions exhibiting lower solvent accessibility
(SASALibnz = 4.0 £ 1.2 nm?).

The systems without glycans displayed greater opening
motions of the PS pocket upper edge (Figures 4C and 4D), sug-
gesting that the absence of glycans results in an anomalous
destabilization of the PS pocket. The fully open pocket confor-
mation was not sampled in glycosylated systems, implying that
it is unlikely to be a relevant NTD conformational state. This
example highlights the importance of explicit glycan consider-
ation when addressing cryptic pocket properties. Glycan-medi-
ated stabilization may be particularly important in the context of
benzene mapping, where the protein conformation is affected by
the presence of hydrophobic probes.

LA pocket simulations reveal a common route for

ligand entry

A second positive control verifying our method was the LA
binding site, which has been shown to exist in the RBD in multiple
cryo-EM structures (Bangaru et al., 2020; Carrique et al., 2020;
Toelzer et al., 2020), but was not present in the structural tem-
plates of our initial S models (Wrapp et al., 2020). We detected
increased pocket density in systems with benzene and across
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Figure 3. S protein cryptic pockets revealed
during simulations in the presence of ben-
zene

LA and PS pockets are named according to their
bound ligands (shown in licorice representation in
insets), as their binding sites have previously been
identified by cryo-EM (Bangaru et al., 2020; Carrique
et al., 2020; Toelzer et al., 2020). Multimerization
(MM) pocket is a surface groove that extends down
the interchain interface and underneath the 617-628
loop (labeled in inset). Pockets are shown as clusters
of gray (apolar) and red (polar) spheres. The three
chains of S protein are colored as in Figure 1. See
also Figure S4.

all glycoforms. The acyl tail of the LA ligand
was accommodated in its entirety in the
pocket density, consistent with the nature
of the hydrophobic benzene probe,
whereas the portion of the pocket outlining
the polar carboxylate group was not de-
tected in our simulations. It has been pro-
posed that the presence of LA in the RBD
shifts the dynamics of the S protein toward
the closed state, whereby all RBDs are in
the down configuration (Toelzer et al,
2020), allowing for the interactions of the
fatty acid headgroup with the neighboring
chain. As our system was modeled using
the S protein ECD in the open state, it is
conceivable that the arrangement of the
RBDs was not able to fully reproduce the
complete outline of the LA binding site
that also encompasses the fatty acid
carboxylate.

The LA pockets exhibited patterns of
solvent exposure that were dependent
on chain conformation (Figure 5A). Those located on the up-
pointing RBD are highly solvent-accessible because they are
not shielded by neighboring chains. On the other hand, the
pockets located on the down RBDs displayed hydrophobic sol-
vent-accessible surface area (SASA) values that were more
similar to the LA pockets in cryo-EM structures with bound li-
gands (SASAgp = 2.9 = 0.2 nm?; SASAgown +bnz = 4.3 =
1.60 nm?%; SASAp sonz = 6.4 = 2.47 nm?). Thus, the down-state
RBD is expected to be a better descriptor of an LA-binding
mode, even though benzene probes were unable to fully repro-
duce the LA-mediated stabilization of RBDs. Benzene inside
the pocket predominantly interacted with aromatic residues
Tyr365, Tyr369, and Phe377 (Figure 5B), whereas Tyr369 also
served as a first point of contact for benzene entering the
pocket (Figure S5). This entry site (consisting of Tyr369,
Ala372, and Phe374) is pertinent to benzene, but is also a likely
entry point for LA, as it is located on an exposed flexible loop
that allows for ligand ingress. Conversely, the LA pocket on
the upward-facing RBD exhibited exaggerated solvent accessi-
bility (Figure 5A) and multiple sites of ligand entry (Figures 5B
and S5). Taking into account the fact that the LA ligand induces
stabilization of the closed structure, this conformation is
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Figure 4. PS pocket properties and opening motions

(A) Apolar surface area of the PS pocket across different glycoforms and separated by solvent composition. The dashed line denotes the averaged pocket SASA
for cryo-EM structures with bound ligands (PDB: 7JJI [Bangaru et al., 2020], 7NTA, and 7NT9 [Rosa et al., 2021]). p value significance values were calculated
using Wilcoxon signed-rank test (**'p < 0.0001; **p < 0.001; **p < 0.01; *p < 0.05; ns > 0.05). “Dominant glycans,” “mannose glycans,” and “no glycans”
refers to systems in which the S protein has been modeled with either the most dominant glycan species (Watanabe et al., 2020), oligomannose-type glycans, or
without glycans present, respectively. The boxed segment displays the average proportion of polar versus apolar surface area of the PS pocket.

(B) Ligands bound within the PS pocket. PS and biliverdin binding modes are determined from cryo-EM experiments (PDB: 7JJI and 7NT9, respectively), while a
simulation snapshot is used to display benzene molecules in the PS pocket. The NTD is shown in blue ribbons and transparent surface representation; Co. atoms
of labeled residues are featured as yellow spheres; ligands are shown in licorice and colored by atom types.

(C) Distance measurements between the upper edge (residues 167-180) and lower edge (residues 187, 209-232) segments of the PS pocket. Distance distri-
butions described in violin plots include pooled values from both control (—bnz) and benzene (+bnz) simulations.

(D) The span of motion that describes the opening of the PS pocket. Individual snapshots are distinguished by different-colored Ca spheres. The wide con-
formations appear only in unglycosylated systems.
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Figure 5. LA pocket properties and benzene binding patterns

(A) Apolar surface area of the LA pocket across different glycoforms, solvent compositions and RBD conformations (up versus down-state). The dashed line
corresponds to the average apolar SASA for the cryo-EM structure in the presence of bound LA (PDB: 7JJI [Bangaru et al., 2020]). Plot descriptors are the same as
in Figure 4A.

(B) Number of per-residue benzene contacts averaged over the course of the simulation, with the error bars showing standard errors along the trajectories. The
most prominent contacts for the down-state are highlighted in gray on the plot and labeled on the corresponding structure. The RBD structure is shown in cartoon
representation: “up” in purple and “down” in green. LA pocket residues are shown as sticks and colored based on the number of benzene contacts. The down
conformation also contains benzene probes bound into the LA pocket, shown as orange spheres. The arrows denote likely routes of ligand entry: solvent-
exposed up conformation displays multiple entry pathways, whereas down conformation consistently reveals a single pathway flanked by Tyr369, Ala372, and
Phe374 residues. See also Figure S5.
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(A) S protein snapshot in surface representation with color-coded chains and an inset image showing a portion of the MM pocket packed underneath the 617-628
loop. Three benzene molecules (in orange) interact with the protein surface and occupy a predominantly hydrophobic binding pocket (spheres representing the

pocket are color coded as in Figure 3).

(B) Apolar surface areas of the MM pocket are shown as violin plots and labeled as in Figure 3. Similar to positive controls, the addition of benzene to the system

increases overall apolar component of the pocket in question.

(C) MM pocket shown in ribbon representation and colored according to average number of per-residue glycan contacts (calculated across both high-mannose
and dominant glycan systems). Glycans predominantly interacted with the 617-628 loop, whereas the pocket interior is not in contact with any glycan

component. See also Figures S6 and S7.

unlikely to be reflective of the stable LA-binding state. Howev-
er, since the simulated “up” pocket was open and accessible
for benzene entry, this suggests that the ligand may initially
bind to the upward-facing RBD, but stabilize only the down-
state conformation.

A novel cryptic pocket detected around 617-628 loop

Finally, we also detected a novel pocket with a partial cryptic
character located on the side of the S protein, which we term
the multimerization (MM) pocket (Figure 6A). The majority of
the pocket volume occupies a shallow surface groove in the
interchain region of the S protein, while the cryptic component
of the pocket is present in the smaller subsection located un-
derneath the 617-628 loop. Although this short loop is missing
from our cryo-EM structural template (Wrapp et al., 2020), it
was predicted to adopt a predominantly helical structure. In
addition, this loop has been shown to be helical in the thermo-
stable disulphide-stabilized S protein construct (Xiong et al.,

2020). In cryo-EM structures of S protein with the D614G sub-
stitution, this loop forms a helix due to a wider gap between the
NTD and CTD1, which correlates with the more open confor-
mation of the D614G S protein (Zhang et al., 2021). The hydro-
phobic contacts between this loop and a neighboring segment,
CTD2, stabilize the cleaved form of the S protein by preventing
premature S1 shedding. A cryo-EM structure of an S protein
dimer-of-trimer (Bangaru et al., 2020) shows that this loop is
involved in the formation of S protein multimers on the viral sur-
face via its insertion into the NTD of the neighboring S protein.
The cryo-EM map of the S dimer-of-trimer complex shows one
617-628 loop from each trimer interacting with the neighboring
NTD, thus establishing two symmetrical points of contact be-
tween the spikes. Interestingly, when involved in multimeriza-
tion, the loop is extended and exists as a random coil, instead
of the predicted helix.

Apolar pocket SASA depended on chain conformation (up
versus down) and glycosylation content (Figure 6B). In
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Figure 7. The dynamic properties of the 617-
632 peptide

HDX-MS mass spectrum of the peptide at labeled
time points (left) shows a bimodal profile with a mi-
nor higher exchange population, indicating a
conformational ensemble property in solution. In MD
simulations, the loop containing this peptide exhibits
a similar bimodal characteristic as assessed via
solvent-accessible surface area (SASA) and
conformational cluster analysis (right).

DISCUSSION

The observed conformational heterogene-
ity in loop behavior, both in experiment
and in simulation, may be of functional
importance for the S protein, particularly
in the context of controlling the S protein
open-closed equilibrium, preventing S1
from premature shedding upon proteolytic
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particular, the absence of glycans resulted in a greater solvent
exposure, which (similarly to the PS pocket) demonstrated the
importance of glycans in pocket stabilization. Glycan contact
mapping also revealed contacts predominantly located on the
outward-facing portion of the 617-628 loop (Figure 6C). The
conformations associated with the MM protein in a “no gly-
cans” system, albeit showing greater apolar SASA content,
are less likely to be representative of the S protein in a biolog-
ical context. Instead, it is apparent that reproducing accurate
MM pocket properties in modeling studies demands explicit
consideration of glycan moieties, as they interact with and
modulate MM pocket exposure.

We then examined the behavior of the loop via HDX-MS exper-
iments carried out at 37°C (details in STAR methods). The peptide
(residues 617-632) encompassing the loop exhibited qualitative
bimodality, with a major low exchanging deuterium exchange en-
velope and a minor higher exchanging envelope that reflects
either an intrinsic conformational ensemble behavior or intratrimer
conformational heterogeneity, with a major lower exchanging
population and minor, higher exchanging population in solution
(Figure 7) (Englander et al., 1996; Narang et al., 2020). This bimodal
distribution has been clearly observed in HDX-MS of Spike at 25
°C atalocus region spanning residues 626-636; Multiple peptides
displayed bimodal mass spectra, attributed to reversible unwind-
ing of the trimeric S protein (Costello et al., 2022).

We compared the loop dynamics observed via HDX-MS with
our simulated systems and observed a comparable multimodal-
ity in the behavior of the loop, or in this case, its associated pep-
tide. Solvent accessibility of the simulated peptide reflected a
similar pattern of behavior, with a large population of states
with lower solvent accessibility, and rarer occurrences of states
with a more accessible peptide surface. Cluster analysis likewise
shows that the peptide is in a helical state for ~90% of cumula-
tive simulation time, but occasionally rearranges itself into less
structured random coil states (Figure S6A).
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cleavage, and higher-order S protein com-
plex formation. Consistently, mutations in
the loop have been shown to reduce
infectivity and expression of SARS-CoV-2, indicating a potential
role for the loop in viral assembly (Bangaru et al., 2020). In our
simulations, the MM pocket behind the 617-628 loop interacted
with one, two, or rarely three benzene molecules at any given
time (Figures 6A and S6B). A multiple sequence alignment indi-
cates that the surface of the MM pocket is well-conserved
across different coronaviruses (Figures S7TA-S7B). Interestingly,
the pocket also contains residue D614, which, when mutated to
glycine, results in faster viral transmission, more efficient
infection and replication (Hou et al., 2020), and higher S protein
density on the viral surface (Zhang et al., 2020). The up-down
dynamics of the RBD in D614G S protein correlates with order-
disorder conformational changes of the 617-628 loop (Zhang
et al., 2021), suggesting that targeting the nearby MM pocket
could affect the propensity for RBD opening. Moreover, destabi-
lizing hydrophobic interactions between this loop and CTD2 may
promote S1 shedding and therefore reduce the stability of a
cleaved S protein trimer. In addition, the pocket is within close
proximity to residue A570, which is mutated to aspartate in the
SARS-CoV-2 Alpha (B.1.1.7) variant, as well as residue H655,
which is mutated to tyrosine in the SARS-CoV-2 Gamma (P.1)
and Omicron (B.1.1.529) variants; all three variants of concern
are associated with increased transmissibility and immune
evasion (Figure S7C) (Davies et al., 2020; Planas et al., 2021).
Thus, the predominantly hydrophobic nature of the pocket, its
potential to interact with aromatic moieties commonly present
in the drug molecules, its well-conserved surfaces, and, most
importantly, its proximity to the functionally relevant 617-628
loop and mutated residues in novel SARS-CoV-2 variants with
higher transmission rate, are all promising indicators of the
potential druggability of the MM pocket.

Our discovery of the MM pocket allows for future exploratory
studies including virtual screening of small molecules that may
bind to the pocket, coupled to subsequent determination of
the effect of binding upon the overall dynamics of the S protein.

0.4 0.6
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Due to the strategic location of the pocket vis-a-vis the crucial
617-628 loop described above, we hypothesize that targeting
the MM pocket would disrupt the network of hydrophobic
interactions between the loop and the CTD2 domain. This could
potentially shift the loop dynamics to favor a disordered state,
which would destabilize the S1 and S2 contacts upon proteolytic
cleavage resulting in premature S1 shedding. Such local struc-
tural perturbations would be particularly advantageous against
currently circulating SARS-CoV-2 variants of concern including
Omicron, as they all carry the D614G mutation, which prevents
premature dissociation of the S1 subunit (Zhang et al., 2021).
In addition, a recent cryo-EM study suggested that in low pH
conditions, as found in intracellular compartments where
SARS-CoV-2 is assembled, the region containing the 617-628
loop adopts a fully ordered state resulting in a “locked” confor-
mation of the S protein that prevents premature transition into
open and post-fusion conformations during viral assembly (Qu
et al., 2021). Disrupting this locked conformation by targeting
the MM pocket could therefore reduce the number of functional
S proteins in a mature virion.

Although the PS and LA pockets were previously character-
ized in S protein cryo-EM structures, those provided only a static
description of the pockets in their most stable fully ligand-bound
state. In this study, we elaborated on pocket dynamic properties,
especially with regard to pocket opening and closing motions,
the effect of glycans, and the possible route of ligand entry.
The LA pocket in particular is an ongoing target for rational
drug design and therefore important to address in terms of its dy-
namic properties. Our observation of a prominent entry route for
benzene when RBD is in the down conformation provides an
interesting finding that might be relevant for other LA pocket-
binding ligands as well. Furthermore, the accessibility of the
pocket when in an up-state suggests that ligands might enter
the pocket even when the RBD is pointing upward. This is an
important point in terms of drug design, as the up-state allows
for greater conformational freedom and more flexible entry
routes for the ligands. Comparatively, the down-state RBD and
its entry site are less accessible and might pose a steric
hindrance for effective binding, especially if a given ligand is
bulky or branched. Therefore, the upward-pointing RBD
might be easier to target with a drug molecule, after which its
presence could subsequently stabilize the closed conformation
that represents a receptor-binding incompetent state of the S
protein.

In summary, we have demonstrated the power of the benzene
mapping technique to delineate cryptic hydrophobic pockets
that are of interest for drug and monoclonal antibody develop-
ment targeting the SARS-CoV-2 S glycoprotein. In addition to
successfully reproducing two independently identified cryptic
pockets, we also uncovered a novel and potentially druggable
pocket on the S protein ECD surface. The pocket was present
in systems emulating both immature and mature glycosylation
states, suggesting its druggability may not be dependent upon
the stage of virus maturation. Overall, the predominantly hydro-
phobic nature of the cryptic pocket, its well-conserved surface,
and proximity to regions of functional relevance in viral assembly
and fitness, are all promising indicators of its potential for
therapeutic targeting. Complementing efforts in antibody-based
therapy and vaccine development, rational design of small-
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molecule drugs targeting S protein pockets may provide an
essential therapeutic practice for combatting the COVID-19
pandemic.
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Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Peter J. Bond (peterjb@
bii.a-star.edu.sg).

Materials availability
This study did not generate new materials.

Data and code availability
® SARS-CoV-2 models have been deposited at Zenodo and are publicly available as of the date of publication. DOls are listed in
the key resources table. HDX data have been deposited at ProteomeXchange Consortium and is publicly available as of the
date of publication. The accession number is listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

SARS-CoV-2 S glycoprotein models

A full-length model of the wild-type SARS-CoV-2 S protein was built using integrative modelling with a combination of cryo-EM and
NMR structures as templates. Three glycoforms of the model were generated: i) with dominant glycans based on mass spectrometric
data, ii) with oligomannose-type glycans, and iii) with no glycans. Further details are provided in method details section below.

METHODS DETAILS

Integrative homology modelling

The S protein RBD defines its predominant functional state, with the open state having one RBD in the “up” conformation, allowing
for binding to the host ACE2 receptor (Shang et al., 2020; Yan et al., 2020), with the other two RBDs in the “down” conformation
interacting with NTD and other subdomains. We first built a complete model of the SARS-CoV-2 S protein in this open “up-down-
down” RBD configuration using Modeller version 9.21 (Sali and Blundell, 1994). The full sequence was obtained from the complete
genome of SARS-CoV-2 (GenBank: MN908947) (Wu et al., 2020). The cryo-EM structure of the S protein ECD in the open state (PDB:
6VSB) (Wrapp et al., 2020) was used as the main template for the ECD. Missing loops in the RBD up state were modelled using the
cryo-EM structure of SARS-CoV-2 RBD bound to the angiotensin converting enzyme (ACE) 2 receptor (PDB: 6M17) (Yan et al., 2020),
while missing loops in the N-terminal domain (NTD) and the C-terminus of the ECD were modelled using the cryo-EM structure of S
ECD in the closed state resolved at a higher resolution (PDB: 6XR8) (Cai et al., 2020). The heptad repeat 2 (HR2) domain was modelled
based on the NMR structure of SARS-CoV HR2 domain (96 % sequence identity) in the prefusion conformation (PDB: 2FXP) (Hakans-
son-McReynolds et al., 2006). To date, there is no structural information for the transmembrane (TM) domain of the S protein from any
coronaviruses. To estimate the position of the TM domain, the PSIPRED secondary structure prediction web server was used (Jones,
1999). The server predicted residue 1213-1237 to be within the TM helix. The presence of a GxxxG motif within this sequence sug-
gests that the three helices of the S protein subunits form an oligomeric assembly in the membrane (Teese and Langosch, 2015). We
therefore used the putative TM domain sequence to search for a homotrimeric TM structure with reasonable sequence similarity. The
NMR structure of human immunodeficiency virus 1 (HIV-1) gp-41 TM domain (PDB: 5JYN) (Dev et al., 2016), which shares 27%
sequence identity, was subsequently used as template. Ten models were built and the three models with the lowest discreet opti-
mised protein energy (DOPE) scores (Shen et al., 2006) were chosen for further stereochemical assessment using Ramachandran
analysis (Ramachandran et al., 1963). The model with the lowest number of outlier residues was subsequently selected for further
modifications.

Two post-translational modifications were incorporated into the models: palmitoylation and glycosylation. Palmitoylation of two
cysteine clusters in the SARS-CoV S protein has been shown to be important in membrane fusion with the host cell (Petit et al.,
2007). We therefore added palmitoylation to cysteine residues at position 1236, 1240 and 1243 found in these two membrane prox-
imal clusters. There are 22 N-glycosylation sites on each subunit of the S proteins, which likely play a crucial role in immune evasion
by blocking access to protein epitopes. For each model, we built three glycoforms: i) with the most dominant glycan found on each
site based on mass spectrometric data (Watanabe et al., 2020); ii) with an oligomannose-type glycan (MangGIcNAc,) on all sites to
represent the unprocessed glycosylated protein; and iii) without glycans. Palmitoylation and glycosylation of the S protein models
was performed using the CHARMM-GUI Glycan Reader and Modeller web server (Park et al., 2019).

To simulate the S protein in its native membrane environment (Klumperman et al., 1994; Krijnse-Locker et al., 1994), we embedded
our models in an endoplasmic reticulum-Golgi intermediate compartment (ERGIC) membrane. A 25 x 25 nm? patch representing the
ERGIC membrane was built using the CHARMM-GUI Membrane Builder web server (Lee et al., 2019). The membrane is symmetric
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and the composition is 47% phosphatidylcholine (PC), 20% phosphatidylethanol amine (PE), 11% phosphatidylinositol phosphate
(PIP), 7% phosphatidylserine (PS) and 15% cholesterol (Casares et al., 2019; Meer, 1998; van Meer et al., 2008).

Molecular dynamics simulations of benzene-free systems

The CHARMMS3E6 force field was used to parametrize the full-length S glycoprotein models (Huang and MacKerell, 2013). The protein
was inserted into the model membrane based on the position of the TM domain. Overlapping lipid residues were removed and the
steepest descent method was performed to minimize the system. The system was solvated with TIP3P water molecules and
neutralised with 0.15 M NaCl salt. Stepwise minimization and equilibration adapted from CHARMM-GUI standard protocols were
performed (Lee et al., 2016). During equilibration, the temperature of the system was maintained at 310 K using the Berendsen ther-
mostat with a time constant of 1 ps, while the pressure was kept at 1 atm by a semi-isotropic pressure coupling using the Berendsen
barostat with a time constant of 5 ps (Berendsen et al., 1984). The smooth particle mesh Ewald (PME) method (Essmann et al., 1995)
with a real-space cut-off of 1.2 nm was utilised to calculate the electrostatic interactions, whereas the Van der Waals interactions
were truncated at 1.2 nm and the force switch smoothing function applied between 1.0 and 1.2 nm. An integration time step of
1 fs and 2 fs were used at the early and late steps of equilibration, respectively, with the LINCS algorithm utilised to constrain all
covalent bonds with hydrogen atoms (Hess et al., 1997). After equilibration, 200 ns production simulations were conducted. The
Nosé-Hoover thermostat with a time constant of 1 ps was used to maintain the temperature (Hoover, 1985; Nosé, 1984), while
the Parrinello-Rahman barostat with a time constant of 5 ps was used to maintain the pressure (Parrinello, 1981). A 2-fs integration
time step was employed during this run.

Molecular dynamics simulations of benzene systems

A protocol for setting up benzene probe simulations in membrane systems was adapted from our previous work (Zuzic et al., 2020).
Benzene molecule partial charges were adjusted from phenylalanine aromatic ring parameters defined in CHARMMS36 force field
(Huang and MacKerell, 2013) so that the distribution of charges was uniform across all six carbon atoms. A virtual site was added
at a geometric centre of each benzene molecule, and it served as a point of repulsion between the benzene probe and the membrane.
As the membrane composition differed from the one used in the original paper, repulsion point positions and the Lennard-Jones
o-value had to be adjusted to be effective for the ERGIC membrane composition. A repulsion point was placed on a carboxyl oxygen
(022/032), one in each fatty acid tail. Repulsion point atoms were present in all lipid types (including protein-bound palmitoyl group),
except for cholesterol. To account for increased gaps between membrane repulsion points due to the presence of cholesterol, the
o-value for the interactions between benzene dummy atoms and membrane repulsion points was increased to 1.4 nm. The setup was
tested for the effects of aggregation and probe sequestration on a small ERGIC membrane (7 nm X 7 nm) and during a 100 ns simu-
lation, benzene molecules remained solvated and outside the bilayer.

Benzene probes were added to a simulation box in a 0.2 M concentration. A lower probe concentration allowed for the omission of
benzene-benzene repulsions and exclusions, as the probes were less likely to aggregate (Tan et al., 2016). Subsequently, the rest of
the system was solvated with TIP3P water and 0.15 M NaCl salt. Minimization, equilibration, and production simulations followed the
same protocol as for the benzene-free systems. To determine if the structural distortion caused by benzene on the HR2 domain in
full-length S protein simulations has any impact on the formation of cryptic pockets, we repeated our dominant glycans S protein
benzene simulations using only the ECD (residue 14-1146). For these simulations, the backbone of the last five residues on the
C-terminus was positionally restrained with a force constant of 1000 kJ mol~' nm~2. All simulations were performed with
GROMACS 2018 (Abraham et al., 2015) and the list of simulations is provided in Table S1.

Hydrogen-deuterium exchange mass spectrometry

Deuterium exchange mass spectra of the peptide 617-632 is reported from the data deposited in PreoteomeXchange Consotium via
the PRIDE partner repository (Vizca et al., 2016) with dataset identifier: PXD23138 and reported by Palur et al. (Raghuvamsi et al.,
2021). Briefly, Deuterium exchange reaction was performed by incubating purified recombinant S protein (PBS, pH 7.4) in PBS buffer
containing 90% D,0O at 37°C for 1, 10 and 100 min of labelling time. The deuterium exchange reaction was stopped by mixing the
reaction mixture with prechilled quenched buffer (1.5 M GnHCI and 0.25 M Tris(2-carboxyethyl) phosphine-hydrochloride
(TCEP-HCI)) to lower the pH to 2.4 and incubated in ice for 1 min before online pepsin digestion and mass spectrometry analysis.
Quenched samples were injected into nanoUPLC HDX sample manager (Waters, Milford, MA). Immobilised Waters Emzymate
BEH pepsin column (2.1 x 30 mm) was used to perform online digestion in 0.1% formic acid in water at 100 uL min~" flow rate.
Pepsin-proteolysed peptides were trapped in a 2.1 x 5 mm C18 trap (ACQUITY BEH C18 VanGuard Pre-column, 1.7 um, Waters,
Milford, MA). Elution of trapped peptides was performed using acetonitrile gradient of 8% to 40% in 0.1% formic acid at flow rate
40 uL min~" into reverse phase column (ACQUITY UPLC BEH C18 Column, 1.0 x 100 mm, 1.7 um, Waters) pumped by
nanoACQUITY Binary Solvent Manager (Waters, Milford, MA). Electrospray ionisation mode was used to spray ionised peptides
and HDMSE mode of detection was implemented on SYNAPT G2-Si mass spectrometer (Waters, Milford, MA). 200 fmol pL~" of
[Glu1]-fibrinopeptide B ([Glu1]-Fib) is injected for lock spray correction at a flow rate of 5 uL min~". Protein Lynx Global Server
(PLGS v3.0, HDMSE mode) was used to identify the mass spectra of undeuterated protein samples on a separate sequence
database of each protein sequence. Further, peptides were filtered using minimum intensity cutoffs of 2500 for product and precursor
ions, precursor ion mass tolerance of <10 ppm and minimum products per amino acids of 0.2 using DynamX v 3.0 (Waters, Milford,
MA). All the experiments were performed in triplicate and not corrected for back exchange.
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Analysis

Protein, sugar and membrane structural properties were analysed using GROMACS tools, MDAnalysis (Michaud-agrawal et al.,
2011) and VMD (Humphrey and Dalke, 1996). Pockets on the surface of the S protein ectodomain were analysed using MDPocket
(Schmidtke et al., 2011). Initial pocket mapping of the entire ectodomain structure was followed by repeated mapping and property
characterisation of each individual pocket of interest. Pockets were analysed across all simulated trajectories in 5 ns snapshot in-
tervals. Pocket SASA was determined by calculating apolar contribution of all surrounding residues using GROMACS analysis tools.
Benzene and glycan contact maps in pockets were calculated in VMD (Humphrey et al., 1996). Sequence conservation of the S pro-
tein was analysed using the ConSurf webserver (Ashkenazy et al., 2016). The HMMER algorithm (Eddy, 1998) was used to pull 40
unique sequences with 35%-95% sequence identity to the SARS-CoV-2 S protein (GenBank: MN908947) (Wu et al., 2020) from
the UniProt database (Consortium, 2019). Multiple sequence alignment was built using the MAFFT program (Rozewicki et al.,
2019). Structures were visualised using VMD (Humphrey et al., 1996) and USCF ChimeraX (Pettersen et al., 2021).

QUANTIFICATION AND STATISTICAL ANALYSIS
No statistical analysis was performed.
ADDITIONAL RESOURCES

No additional resources were used.
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