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ABSTRACT: We investigate binding of linoleate and other potential ligands to the recently discovered fatty acid
binding site in the SARS-CoV-2 spike protein, using docking and molecular dynamics simulations. Simulations
suggest that linoleate and dexamethasone stabilize the locked spike conformation, thus reducing the opportunity
for ACE2 interaction. In contrast, cholesterol may expose the receptor-binding domain by destabilizing the closed
structure, preferentially binding to a different site in the hinge region of the open structure. We docked a library of
FDA-approved drugs to the fatty acid site using an approach that reproduces the structure of the linoleate complex.
Docking identifies steroids (including dexamethasone and vitamin D); retinoids (some known to be active in vitro,
and vitamin A); and vitamin K as potential ligands that may stabilize the closed conformation. The SARS-CoV-2
spike fatty acid site may bind a diverse array of ligands, including dietary components, and therefore provides a

promising target for therapeutics or prophylaxis.

INTRODUCTION

The global COVID-19 pandemic is caused by the SARS-CoV-2
coronavirus. Eleven months since the first infections were reported,
over 72 million people worldwide have become infected, with more
than 1.6 million deaths in confirmed cases!!. Initially thought to be
a predominantly respiratory disease, its effects are not limited to
the respiratory tract, and in severe cases extensive organ damage
and death can result from e.g. a virus-induced cytokine storm!?
blood clots or organ failure. Even in less severe cases of COVID-
19, there is now evidence that infection can cause damage to heart
muscle: e.g. in a recent study®), MRI scans of the heart tissue of
100 recovered COVID-19 subjects found that 78 people, including
those who had not been admitted to hospital, had sustained persis-
tent heart damage, irrespective of the severity of their respiratory
symptoms. Notwithstanding the small size of that study, and the as
yet unknown extent of any tissue recovery, these findings suggest
implications for reduced longevity in a ‘COVID-recovered” popu-
lation. Quality of life has also been adversely affected in the grow-
ing numbers of people described as suffering from ‘long COVID’,
with some suffering neurological symptoms including fibromyal-
gia and profound fatigue, lasting for months after their initial ill-
ness!l. Indeed, a recent longitudinal study of COVID-recovered,
symptomatic individuals, published by the COVERSCAN study in-
vestigators, reveals that in this relatively young, low risk population
70% had impaired organ function 4 months later™!. Treatment reg-
imens to attenuate initial infection, to reduce the severity of disease,

and prevent its residual effects, are an urgent and growing medical
need.

The surface of SARS-CoV-2 virus particles is decorated with a
characteristic ‘crown’ of spikes, formed of trimers of the spike (S)
protein, which enables viral entry into human cells via receptor-
mediated plasma membrane fusion, after priming by the host pro-
teases furin and TMPRSS2[°M7I, The binding interaction occurs be-
tween the spike receptor binding domain (RBD) and the cell sur-
face angiotensin-converting enzyme-2 (ACE2) receptor. A furin
protease cleavage site potentiates the infectivity of SARS-CoV-218,
but mutations in and around the SARS-CoV-2 furin site are some-
times found in clinical isolates®1!, Laboratory passaged SARS-
CoV-2 lacking a functional furin cleavage site fails to gain entry
via membrane fusion via ACE2, and is instead capable of infection
via ACE2-mediated endocytosis, albeit less efficiently, involving
proteins such as NPC intracellular cholesterol transporter 1 (NPC1)
and 2 that, are involved in endosomal trafficking and membrane
fusion!'"l. Structural studies have revealed that the spike adopts a
mixed population of conformational states!!213}- 1410151

We recently!'?! showed that the spike trimer contains a fatty acid
(FA) binding site situated at each of the three interfaces between
two RBDs from adjacent subunits: in the resulting ‘locked’ con-
formers, inter-subunit contacts between RBDs are maximized (Fig-
ure 1) such that a molecule of linoleate (LA"), a nutritionally essen-
tial dietary FA, is bound in each of three binding sites of the spike
trimer. The K4 of LA™ for the isolated SARS-CoV-2 spike RBD has



been determined by surface plasmon resonance as ~41 nM!'?!, The
affinity of LA~ for the (physiological) spike trimer is likely to be
higher than this, given that the interactions with the residues R408,
Q409 and K417 from the adjacent chain in the trimer (see below)
are not available to the isolated RBD.

In the ‘open’ state of the spike trimer, one of the ACE2-binding
domains (RBD) adopts a more extended, solvent exposed confor-
mation. Crucially, the ACE2 interaction surfaces of the RBDs are
occluded in the locked state and only available for receptor interac-
tion in the open states (see Figure 1.).

Figure 1. Inter-subunit contacts between RBDs are maximized
in the locked spike. This top view of the SARS-CoV-2 spike trimer
with three linoleate molecules bound following 200 ns of MD sim-
ulation of the 6ZB5 PDB structure, illustrates the close contacts be-
tween the subunits. Individual chains are shown in surface repre-
sentation and are colored cyan, green and brown.

The spike protein FA binding site'” lies adjacent to a flexible
hinge region beneath each of the RBDs and at its interface with
neighboring subunits. This hinge is believed to allow the large
movement required to extend the RBD into an open conformation
capable of binding ACE2. LA~ is bound with its hydrophobic tail
nestled in a hydrophobic groove on the underside of the RBD from
one chain, while the carboxylate head group is within salt-bridging
distance of two charged residues, R408 and K417, and hydrogen-
bonding distance of Q409 on the adjacent RBD chain. The exten-
sive LA™ interactions, involving two RBDs, in these locked struc-
tures support the conclusion that LA™ binding stabilizes the locked
state of the spike trimer. This proposal is supported by our obser-
vations of EM grids, where images suggest that ~70% of spike tri-
mers on the EM grid adopt the locked form if exposed to LA-,
whereas only 30% are closed (all RBDs down) if fatty acids are
lacking!!'?, N.B. the possibility that linoleate (and possibly other
endogenous ligands) binds at the fatty acid site during folding/as-
sembly of the spike cannot be ruled out.

These observations led us to hypothesize that stabilizing the
locked (ACE2-interaction-face occluded) conformation of the
spike protein reduces the opportunity for receptor-mediated cell en-
try via interaction with ACE2!!2]. The spike protein FA pocket rep-
resents a potentially druggable site: this stabilization might there-
fore also be achieved by binding of high-affinity small molecule
ligands: such ligands might potentially reduce cellular ingress by
maintaining the spike protein in the locked conformation incompe-
tent for ACE2 interaction. This proposal is supported by our finding

that prior exposure to linoleate reduces SARS-CoV-2 replication in
human epithelial cells!!?!. Also we note that a recent study seeking
biomarkers for COVIDI19 found that disease severity was associ-
ated with lower circulating levels of polyunsaturated fatty acids,
such as linoleic acid¢!.

Various drug targeting strategies, including extensive computa-
tional efforts, sometimes as part of extensive, open science collab-
orative programs (e.g. the COVID Moonshot project) have been
employed to design both competitive and covalent inhibitors for the
SARS-CoV-2 targets, notably the main protease!!’. While there
have been intensive efforts to target several SARS-CoV-2 pro-
teins!8LI9LR0L2I " efforts to modulate the function of the spike pro-
tein are to our knowledge more limited, although covalent stabili-
sation of the closed form of the spike e.g. by introduction of disul-
phide bonds!??! is relevant for vaccine development as well as, po-
tentially, small molecule therapeutic development. Molecular sim-
ulations have also been applied to study the behavior of the spike
protein in both its glycosylated??23M24 and unglycosylated
states!12M23126] “exploring for example its interactions with recep-
tors in addition to ACE2, including neuropilin®! and potentially,
nicotinic acetylcholine receptors/?l.

In the light of these findings, we here investigate binding of LA~
and other potential ligands at the SARS-CoV-2 spike protein FA
binding site, using molecular dynamics (MD) simulations to ex-
plore the dynamic properties of the spike trimer in the ‘apo’ (un-
liganded) state and in the LA~-bound (‘holo’) form in the locked
and open conformations. Motivated by reports that the SARS-CoV-
2 spike protein binds cholesterol®”!, we also investigate the inter-
actions of cholesterol with the FA binding site. Furthermore, as
cholesterol and the anti-inflammatory steroid dexamethasone (an
agent demonstrated to improve outcomes for severely ill SARS-
CoV-2 patients)?® are chemically and structurally similar, we in-
troduced dexamethasone into the FA binding site to establish
whether it too can be accommodated and retained there. Lastly, we
used the Bristol University Docking Engine (BUDE)™*! to screen
an approved drug library for candidate small molecule ligands that
may bind to the spike protein LA~ binding site in the locked con-
formation, and thus potentially stabilize the spike in a form that is
less competent for ACE2 interaction. Virtual screening using
BUDE identifies multiple compound classes, including naturally
occurring and synthetic retinoids and steroids and the fat-soluble
vitamins D, K and A, as candidate ligands for the spike FA binding
site. Our data suggest that a range of small molecule ligands, in-
cluding pharmaceuticals and dietary components, and some com-
pounds with known activity against SARS-CoV-2 replication in
vitro, may bind to the SARS-CoV-2 spike protein at this site, and
may thereby be capable of influencing the conformational changes
required for receptor binding, potentially reducing viral infectivity.

RESULTS

Molecular Dynamics Simulations of Ligand Complexes of
the Locked Form of the Spike

To investigate interactions of the FA binding site with small mol-
ecule ligands, and the effects of the ligands on the spike and its
dynamics, we performed MD simulations of the apo spike protein
(i.e. no ligand bound at the FA site) and of its complexes with the
deprotonated, charged form of linoleic acid (as it would predomi-
nantly be at physiological pH) linoleate (LA"), cholesterol (previ-
ously proposed to bind to the SARS-CoV-2 spikel?”)), and the



chemically and structurally similar anti-inflammatory agent dexa-
methasone (Figure 2). Dexamethasone is increasingly widely used
as a therapeutic intervention for SARS-CoV-2-infected patients!?8].
This work builds on our previously reported MD studies of LA~
binding!'?: here, we significantly extend the duration of simula-
tions of the spike LA~ complex and also expand our investigations
to include other possible ligands.

In 200 ns MD simulations of the locked structures, starting from
the cryo-EM structure (PDB code 6ZB5!"?)), the surrounding resi-
dues are ordered around the bound LA™ ligand (Figure 3A). The
LA~ molecules themselves (Figure 4A) move very little within the
FA binding site (RMSD < 3 A). Hydrogen bonds of the LA~ car-
boxylate head group with Q409, and salt bridge contacts with
R408, are largely maintained; when the latter salt bridge is lost it is
replaced by interactions with K417 (Figure S1). Comparison of
overall Coo RMSD and by-residue RMSF plots of the uncomplexed
and LA™-bound locked forms of the spike show that, while, on the
timescale of these simulations, the overall dynamic properties of
the spike trimer as a whole are little affected by LA~ binding (Fig-
ure 4D, E), the presence of ligand rigidifies the FA binding site
(residues 330-480) as evidenced by the reduced fluctuations of res-
idues surrounding the ligand (Figure 4H, I) and has an effect that
extends towards the N-terminus as far as residue 310. In contrast,
in simulations of the uncomplexed apo spike protein in the locked

form, the FA site exhibits larger fluctuations (Figure 4H) that lead
to its eventual collapse.

Taking into account reports that the SARS-CoV-2 spike protein
binds cholesterol®’!, we next investigated the interactions of cho-
lesterol within the FA site. Cholesterol was manually positioned in
the FA binding site by superposition onto the position of bound LA~
in the cryo-EM structure (PDB ID 6ZBS5) after energy minimiza-
tion, and oriented such that the polar end of cholesterol aligned with
the LA~ carboxylate head group and could replicate the inter-chain
interactions made by LA~ bound to the spike trimer. All three cho-
lesterol molecules remain bound to the closed spike trimer through-
out three replicate 200 ns MD simulations (Figure 4B) with their
hydroxyl moieties maintaining interactions with R408, Q409 and
K417 in the FA binding site, as well as making occasional contacts
with the threonine residues T415 and T373 (Figure 3B). Notably,
the (ligand) RMSD values for bound cholesterol appear lower than
those for either LA~ (above) or dexamethasone (below), indicating
that this ligand fits tightly into the spike FA site. It should however
be noted that while these MD simulations were repeated three times
to test significance, they are of relatively limited duration (200 ns).
In consequence, while they do characterize the conformational
sampling of the complexes on this timescale, they do not conclu-
sively determine binding affinity or stability.

A

Figure 2. Structures of (A) linoleate; (B) cholesterol; and (C) dexamethasone from equilibrated MD simulations of complexes with the
locked SARS-CoV-2 spike. Oxygen atoms are shown in red, dexamethasone fluorine atom in green.

Figure 3. Representative structures of bound linoleate, cholesterol and dexamethasone after 200 ns of MD simulations of complexes with
the locked spike trimer. Brown and green ribbons denote different chains of the spike trimer (same color coding used throughout). (A)
Representative structure of bound linoleate (spheres, carbon atoms orange) after 200 ns MD simulation starting from the cryo-EM structure
6ZB5.PDB. Note the interactions of the linoleate head group with R408, Q409 and K417. (B) Representative structure of cholesterol (spheres,
carbon atoms grey) from MD simulation. (C) Representative structure of dexamethasone (spheres, carbon atoms pink) from MD simulation

in the locked spike trimer.

In order to explore further the potential for other ligands to bind
in the FA site, the synthetic corticosteroid dexamethasone, a com-
pound structurally and chemically similar to cholesterol, was ori-
ented in the FA site as described above for cholesterol, and the
complex subjected to 200 ns MD simulations. During the three rep-
licate simulations, all the dexamethasone molecules (three per
spike trimer) remain bound. RMSD plots (Figure 4C) reveal that
dexamethasone moves more freely within the FA site than either

LA™ or cholesterol, and samples a wider range of orientations due
to its smaller size (Figures 2C, 3C).

Comparison of Ca RMSD plots from MD simulations of the re-
spective ligand complexes with the apo form indicates that binding
of LA~ (Figure 4E), and, to a lesser extent, dexamethasone (Figure
4G), has a stabilizing effect on the locked conformation of the spike
protein, as shown by reduced average Co. RMSDs. In contrast, one



of the three simulations of the cholesterol complex (repl, Figure
4F), appears to be destabilized, as shown by an increase in RMSD.
As a larger, rigid ligand, cholesterol is more constrained in the FA
binding site (Figure 3B), which may favor opening of the pocket,
disrupt more distant structural elements, via neighboring secondary
structure elements. In this simulation, residues 480-500 in chain B
(directly above the FA binding site), residues 620-630 in chains A
and B, and residues 680700 in chain B (containing the furin cleav-
age site) are disrupted (Figure S2). Notably, the apparently globally
destabilizing effect observed in this simulation of the cholesterol
complex (Figure 4F) is not evident in simulations of the spike tri-
mer in the apo, LA~ or dexamethasone-bound forms (Figure 4D, E,
G).

Comparison of RMSF plots for the four sets of simulations (Fig-
ure 41 - K) shows that the presence of any of the bound ligands
reduces fluctuations in the region 330-480 (residues surrounding
the FA binding site) compared to the unliganded spike (Figure 4H).
This rigidifying effect extends towards the N-terminus, as far as
residue 310. Despite the relative freedom of movement of bound
dexamethasone, its presence rigidified the FA binding site and its
surroundings similarly to LA™ and cholesterol (Figure 4K).
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Figure 4. Ligand and protein dynamics during MD simulations of the locked spike trimer in apo and complexed forms. A, B, C: RMSD
plots showing averaged ligand movement over time within binding sites for repeat simulations of (A) linoleate (LA") (B) cholesterol and (C)
dexamethasone. Note the greater relative motion of dexamethasone. D, E, F, G: Ca. RMSDs averaged over time for repeat simulations of the
apo (unliganded) locked spike trimer (D) and of its complexes with LA~ (E), cholesterol (F) and dexamethasone (G). H, I, J, K: Ca RMSFs
for repeat simulations of the apo (unliganded) locked spike trimer (H) and of its complexes with LA~ (I), cholesterol (J) and dexamethasone
(K). Black rectangles indicate the FA pocket and adjacent regions (residues 310 — 480) that are rigidified (lower fluctuations than in the apo

form) in MD simulations of the ligand complexes.

Molecular Dynamics Simulations of Ligand Complexes of
the Open Form of the Spike

In contrast to the locked form, cryo-EM structures of the spike
protein in the partially open form are less well ordered, and bound
LA~ was not readily resolved. To explore possible interactions of
LA~ with the spike protein in the open form, the locked spike trimer
(PDB code 6ZB5'?) was aligned with the open form and LA~ (po-
sitioned as in the locked structure) was placed into the open struc-
ture (Toelzer et al. Electron Microscopy Databank EMD-11146)
such that interactions between the carboxylate head group and res-
idues R408, K417 and Q409 at the subunit interface were main-
tained. Where this was not possible, the pose of bound LA~ was
adjusted slightly to allow alternative hydrogen bonds or salt-bridge
interactions to be made. The open conformation (EMD-11146),

contains three distinct environments for the three bound LA~ mol-
ecules, that are referred to here as sites 1, 2 and 3. Site 1 is analo-
gous to the LA~ binding site in the locked conformation, and retains
the salt-bridge and hydrogen-bond interactions of the carboxylate
head group with R408, Q409 and K417 on the adjacent chain at the
interface between RBDs. However, in the open form of the spike
protein the presence of the RBD of one chain in a raised, open con-
formation disrupts the other two FA binding sites. Thus, in site 2,
the LA~ carboxylate head group which, in the locked state, would
associate with R408 and Q408 on the subunit opposite, instead con-
tacts residues K386 and N388 from the same spike subunit, and,
unlike site 1, does not make contacts that bridge the subunit inter-
face. In site 3 bound LA™ associates with the underside of the RBD
that is raised in the open conformation. LA~ binding at site 3 allows
the linoleate head group to interact across the domain interface with
residues R408, Q409 and Q414 on the opposite chain and with
K386 on the same chain, while residues F392, F515, L387, V382



and the C391-C525 disulphide interact with the hydrophobic LA~
tail.

This LA~-bound open spike complex was then subjected to 200
ns MD simulations, in triplicate. LA~ molecules bound in site 1
(equivalent to its binding site in the locked structure) maintain their
original orientation and contacts during all repeat simulations. LA~
bound in site 2 retains contacts with K386 and N388 at the rim of
the binding site but does not make any interdomain connections.
The behavior of LA™ in site 3 is more dynamic. In two of the three
replicate simulations, LA™ in site 3 migrates further from its starting
position but revisits the site regularly. In all three replicates, the
RMSD of LA™ at site 3 is higher than that for sites 1 and 2. How-
ever, in one of the repeat simulations, the LA~ molecule originally
bound in site 3, makes little contact with what would be the hydro-
phobic floor of the closed conformation site, and begins to dissoci-
ate after 150 ns (Figure S3). These results show weaker binding of
LA- to the SARS-CoV-2 spike protein in the open conformation,
specifically at the binding site (site 3) that differs most from its
equivalent in the locked form, and indicate a correlation between
tight LA™-binding and closure of the RBD.

Complexes of the open form of the spike with cholesterol were
generated as above and subjected to three replicate 200 ns MD sim-
ulations. During these simulations, all three cholesterol molecules
remained bound to the spike trimer. The behavior of cholesterol
bound at sites 1 and 2 was similar to that observed for LA~. How-
ever, the behavior of cholesterol bound in site 3 was noticeably dif-
ferent. In two of the three replica simulations, cholesterol at site 3
(i.e., associated with the open chain of the spike trimer) migrates to
an alternative binding site (Figure 5B, circled in black) within the
first 5 ns, and remans there the rest of the simulation. This alterna-
tive site is composed of prolines 330, 579 and 521 at the far end
and is lined with hydrophobic residues including the C525 - C391

disulphide, F329 and V327 (Figures 5B, 5D). Residues 318 to 326
and 588 to 595 have been identified as responsible for the rigid
body rotation*”! of the RBD, and 330 to 335 and 527 to 531 for the
1ift!3% required to enable the RBD to rise into a position that pre-
sents it for interaction with ACE2 (as highlighted in Figure S4).
Cholesterol binding at this alternative site would be likely to restrict
the motion required for full closure. In the third replicate simula-
tion, cholesterol at site 3 also moves into this site, but binds in the
opposite orientation with its more polar end towards the hydropho-
bic end of the binding site and is less stable. Altogether, these re-
sults indicate that cholesterol binds less tightly than LA™ at site 3,
and that other sites in the open spike conformation may have higher
affinity for this ligand.

We also performed MD simulations of dexamethasone bound to
the open form, with three molecules of dexamethasone modelled
into the FA binding sites as described above. As for simulations
with cholesterol (above), the behavior of dexamethasone bound in
sites 1 and 2 was analogous to that observed for LA. Dexame-
thasone bound in site 1 retained contact with R408, Q409 and
K417, while dexamethasone bound in site 2 retained contact with
N388 and the hydrophobic residues F377, F374 and Y365. How-
ever, dexamethasone bound in site 3 was not stably bound, and
drifted further from its starting position (Figure S5) towards, but
not remaining near, the alternative site found by cholesterol (Figure
5C). Thus, in these MD simulations, dexamethasone did not locate
a high affinity binding site close to the spike RBD in the subunit
with the open conformation These data indicate that dexame-
thasone does not have a favored binding site around site 3 of the
open spike and does not make persistent interactions with the alter-
native cholesterol binding site (above) in the spike protein hinge
region, though it may remain bound at the other FA binding sites
in the trimer.
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Figure 5. Ligand interactions of the SARS-CoV-2 spike protein in the open form. (A) Starting (carbon atoms shown in yellow) and final
(carbon atoms blue) positions of three LA~ molecules from one 200 ns MD simulation of their complex with the SARS-CoV-2 spike in the
open conformation. (B) Starting (carbon atoms grey) and final (carbon atoms magenta) positions of three cholesterol molecules from an
equivalent 200 ns MD trajectory. (C) Starting (carbon atoms black) and final (carbon atoms purple) positions of three dexamethasone mol-
ecules in the last frame of an equivalent 200 ns MD trajectory. A black circle (panels A, B, C) denotes the alternative binding site 3 sampled
by the site 3 cholesterol (see main text). D, E. Time dependence of distance between the site 3 cholesterol (D) or dexamethasone (E) and
residues F329 and P521 of the alternative site 3 favored by cholesterol in the hinge region.

Virtual Ligand Screening at the Locked SARS-CoV-2 Spike
Protein Fatty Acid Binding Site

The identification of a binding pocket for free fatty acids in the
SARS-CoV-2 spike protein'? led us to explore the possibility of this
site as a target for binding of approved drugs (Figure 6A - D). We
used the Bristol University Docking Engine (BUDE") to screen
in silico a library of approved drugs that are potential candidates
for repurposing against COVID-19. As the starting structure for
docking, we chose an equilibrated frame from the MD simulations
of the spike trimer in the locked, LA™-bound form described above
(hereafter cryo-EMeq), because this structure had sidechains opti-
mally oriented to form salt-bridges and hydrogen bonds with the
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=

carboxylate head group (LA™ is treated throughout as linoleate, as
above). Docking results were filtered on the basis of ligand size,
such that compounds having < 15 or > 45 heavy atoms were elim-
inated. The remaining compounds were then ranked based on their
predicted binding affinity (BUDE energy) and the single best con-
former for compounds scoring <—100 kJ/mol was selected for more
detailed analysis. The list of compounds ranked in this way is given
in Supporting Information (Table S1 and accompanying spread-
sheet Table S2 comprising all the results for docked drugs.) The
utility of BUDE here is supported by the similarity of structures
and interactions of docked LA™ to experimental and MD structures
(see Figure 6).
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Figure 6. BUDE docks linoleate into the locked SARS-CoV-2 spike trimer in a conformation consistent with cryo-EM structures. (A) Cryo-
EM structure of the LA-bound spike trimer in the locked conformation. (B) LA~ binding site in the same structure. (C) LA~ binding pose in
the structure used for docking (i.e. the cryo-EM structure after MD equilibration). (D) Surface representation of the LA~ binding pocket in
this structure, colored according to hydrophobicity: cyan for most hydrophilic though white to gold for most hydrophobic. The linoleate
binding mode after equilibration by MD is shown as sticks. E. Superimposition of the BUDE predicted linoleate binding pose (yellow) and
MD equilibrated structure (brown); the RMSD between the two poses is 2.2 A.

The fat-soluble vitamins D (vitamin D3 metabolite calcitriol), K
and A ranked more highly than LA~ by BUDE binding energy. Vit-
amin K2 is the highest ranked compound overall; vitamin A acetate
is ranked 17™; vitamin D (calcitriol) 24"; vitamin A 38™ and vita-
min K1 70", The lowest energy docked poses of these vitamins

align very well with that of LA~ bound to the locked spike trimer
after 200 ns of MD simulation (Figure 7): the double bonds in the
sidechains of calcitriol (Figure 7A, D) and vitamin K2 (Figure 7B,
E) align closely with the hydrophobic LA™ tail, and so these ligands
are predicted to fit well into the FA binding site.
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Figure 7. Docked poses of vitamins in the FA binding site of the SARS-CoV-2 spike. Overlays are shown of LA~ (carbon atoms in orange,
structure after MD simulation of the locked spike complex) with the lowest energy conformations from BUDE docking of: (A) calcitriol
(vitamin D, carbon atoms grey); (B) vitamin K2 (carbon atoms yellow); and (C) vitamin A acetate (carbon atoms salmon). Panels D, E and
F show the docked positions in the FA site of: (D) vitamin D; (E) vitamin K2; and (F) vitamin A acetate.

replication by binding to this free FA site, similarly to LA™. Con-
sistent with the MD simulations above, the dexamethasone binding
mode predicted by BUDE (Figure 8B) does not involve interactions
with R408 or Q409 (unlike LA~ and the retinoic acid receptor ago-
nists) and instead is dominated by hydrophobic interactions with
residues on the opposite side of the binding site. Other steroids

The retinoids, tretinoin, acitretin and tazarotene identified by Riva
et al®", to inhibit SARS-CoV-2 replication in Vero E6 cells are
prominent in the ordered list of compounds identified by BUDE,
ranking 5%, 8%, and 214™, respectively by BUDE energy. The pre-
dicted binding poses for these compounds involve electrostatic and
hydrogen-bonding interactions with R408 and Q409, and hydro-

phobic interactions with the remainder of the pocket (Figure 8A, C,
D). These data suggest that these compounds may act on viral

A

were also highly ranked by BUDE (see SI).
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Figure 8. Docked poses of FDA-approved drugs in the free FA binding pocket. In all cases, the highest scoring pose is shown. (A) Acitretin
(purple). (B) Dexamethasone (orange). (C) Tazarotene (green). (D) Tretinoin (blue). Electrostatic interactions are shown as dashed yellow

lines.

This virtual screening provides evidence that the SARS-CoV-2
spike FA site may bind physiological and synthetic ligands, includ-
ing fat-soluble vitamins, retinoids and steroids. It appears to be a
promising, potentially druggable site, and ligand binding at this site
may be responsible for previous experimentally observed activity.

DISCUSSION

The unexpected discovery of a FA binding site in locked struc-
tures of the SARS-CoV-2 spike protein trimer, and the subsequent
inference that LA~ binding at this site stabilizes a locked confor-
mation of the spike that is less competent for ACE2 receptor bind-
ing, raises the possibility that small molecule ligands binding at this
site might modulate the conformation of the spike and disrupt
SARS-CoV-2 infection. Here, we have explored these hypotheses,
investigating the dynamic properties of the spike trimer in locked
and open conformations, in complex with LA~ and other potential
ligands. Virtual screening identifies small molecule ligands from
an approved drug library.

LA~ makes persistent and stable interactions with the SARS-
CoV-2 spike in its locked form. The locked spike has reduced mo-
bility when LA™ is bound (Figure 4). The conclusion that the FA
binding site is rigidified by bound ligand is corroborated by the ob-
servations that the FA site collapses in MD simulations of the un-
liganded (apo) structure; it is also collapsed in cryo-EM structures
of the apo form/?. Our results provide further evidence that the
locked form of the spike is stabilized by LA~ binding and demon-
strate that it affects the conformational dynamics of the spike. The
region stabilized by ligand binding extends beyond the immediate
FA site, at least as far as residue 310, and contacts portions of the
spike protein known to influence infectivity. Specifically, these in-
clude position 614 (the site of the D614G mutation that increas-
ingly predominates in circulating SARS-CoV-2 strains!*?!) and the
furin cleavage site (residues 680-6) important in activation of the
spike to enable interaction with ACE2P**. Our simulations of the
open spike show that LA~ in the FA binding site that involves the
repositioned subunit of the spike trimer (site 3) is more mobile and
may dissociate, indicating a connection between LA~ binding at the
FA site and the open/closed conformation of the RBD.

We also investigated whether cholesterol may bind at the FA
site, given that the spike protein has been demonstrated to bind cho-
lesterol?” and accumulating evidence associating individuals with
prior elevated cholesterol levels with enhanced viral infectivity and
adverse patient outcomesB#M33, We also investigated dexame-
thasone as a possible ligand for the FA site. Both cholesterol and
dexamethasone can be readily accommodated in the locked LA~
site and remain bound to the closed spike during MD simulations
on the timescales investigated here (200 ns; longer simulations
would be required to investigate binding and conformational ef-
fects in more detail). Unlike LA~ or dexamethasone, which appar-
ently stabilize the closed structure, the structural changes in one of
the replicate MD simulations indicate that cholesterol binding has
a destabilizing effect on the locked spike, and suggest it has a
weaker binding affinity at this site. Moreover, in two of the three
replicate simulations of cholesterol bound to the open spike, cho-
lesterol in the site formed by the open subunit (site 3) migrates to
an alternative site in the open structure. The proximity of this alter-
native site to the hinge region, which is important for conforma-
tional changes of the spike between the locked and open

formsB3HB361 suggests a possible mechanism by which cholesterol
binding at this position may affect the dynamics and preferred con-
formation of the spike RBD, potentially stabilizing a form which
presents the RBD for ACE2 binding.

Increasing evidence connects cholesterol levels with COVID-19
disease risk and outcomes. For example, the apolipoprotein
(apo)E4 genotype is associated with increased risk for severe
COVID-1957 and with increased circulating cholesterol®®!, Cho-
lesterol-lowering statins can reduce the risk of developing severe
COVID and reduce recovery time in less severe cases. Choles-
terol has been proposed to promote SARS-CoV-2 infection by mul-
tiple mechanisms, including promoting ACE2 and furin trafficking
to viral entry points®*¥, but plasma levels are reduced in patients
with established disease and correlate inversely with disease sever-
ityl16H27LI40L41 When considered together with previous findings
of cholesterol binding to the spike protein, our results suggest pos-
sible additional involvement of cholesterol in infection, i.e.,
through binding to the spike. Cholesterol binding by the spike pro-
tein could constitute a sequestration mechanism that maintains lo-
cal, cellular cholesterol at a level that supports continued infectivity
in the face of a reduction in blood levels. Alternatively, it is possi-
ble that cholesterol bound to the spike protein may be more directly
involved in the infection process, potentially through effects on the
spike conformation and presentation of the RBD for interaction
with ACE2. Involvement of cholesterol in virus entry is also likely
in the case of spike variants lacking a functional furin cleavage
site!'9"] that may utilize an endosomal entry mechanism, as evi-
denced by identification of genes such as the host cholesterol trans-
porter NPC1 as essential to cell killing by such strainst!!l.

In silico screening of a library of approved drugs against the
locked form of the SARS-CoV-2 spike protein yielded numerous
candidates for ligands that may bind to the FA pocket. Our chosen
docking tool, BUDE, identified LA™ as a high-scoring ligand and
predicted a conformation similar to that observed experimentally,
providing validation of our approach. Comparison with previous
experimental screening of approved drugs suggests that some com-
pounds known to be active against SARS-CoV-2 replication in cul-
tured cells may bind to this site. Docking also identified the fat-
soluble vitamins D, K and A as potential ligands for the FA site.
Notably, the vitamin D3 metabolite calcitriol reduces viral titers in
monkey and human nasal epithelial cell lines!*?!. Alongside socio-
economic deprivation!*?, evidence is accumulating that deficien-
cies in at least two of these vitamins (D and K) are associated with
increased risk of developing severe COVID-19[44:431. Obesity is a
known risk factor for poor COVID-19 outcome, with the risk of
death higher by 40% for individuals with a body-mass-index (BMI)
between 35-40, rising to 90% for a BMI over 401461, It is worth not-
ing that vitamin D becomes sequestered in adipose tissue, increas-
ing the incidence of deficiency in obese individuals*’l. Although
we are unaware of any demonstrated link between population vita-
min A levels and COVID-19 risk, we note the heavy COVID-19
burden in some regions where vitamin A deficiency may be preva-
lent™!. Aside from the role of vitamin D in modulating the host
immune response to respiratory infections™’), our data suggest that,
as for cholesterol (above), sequestration through binding to the
SARS-CoV-2 spike protein is a possible mechanism by which vit-
amin levels may be reduced in COVID-19 disease. Furthermore,
the implication that, by binding to the spike FA site, fat-soluble vit-
amins may stabilize the locked form of the spike and inhibit viral



entry suggests that these compounds could also play a more direct
role in protecting host cells from viral infection. This possible in-
volvement of micronutrients in countering SARS-CoV-2 highlights
the potential for food poverty as a risk factor for COVID-19 dis-
ease. These possibilities are worthy of further investigation.

In addition to vitamin A, retinoids®®! are highly represented
among the docking hits, including three (retinoids, acitretin,
tazarotene and tretinoin) that have been shown to inhibit SARS-
CoV-2 replication in VeroE6 cells®!. Four more (adapalene, fen-
retinide, etretinate and isotretinoin (13-cis retinoic acid)) are also
prominent hits. Retinoids have been proposed for inclusion in
COVID-19 treatment regimes, particularly in combination with
type 1 interferons®®!! (IFN-I), based upon their ability to upregulate
host antiviral responses, rather than any hypothesized effect upon
viral entry or replication. Coronaviruses such as SARS-CoV and
MERS-CoV are known for their ability to disrupt IFN-I signal-
ingB2!. In vitro, SARS-CoV-2 is more susceptible than SARS-CoV
to the IFN-I responsel3:534 although results from the WHO
SOLIDARITY trial® did not show any benefits from subcutane-
ous interferon-B1a for hospitalized COVID-19 patients. It has been
suggested that IFN-I administration may be most effective as a
prophylactic or early treatment option; thus agents such as retinoids
that may stimulate secretion of, and potentiate response to, IFN-I
are worthy of investigation. Our data provide additional motivation
for this by suggesting that, through binding to the FA pocket and
keeping the spike protein in the locked conformation, retinoids may
affect viral entry, particularly early in the infection process, as well
as via upregulation of the host antiviral response. We note a clinical
trial (NCT04353180) of a retinoid (isotretinoin/13-cis retinoic acid)
as a treatment for COVID-19, but this remains at an early stagel>®!,

Virtual screening also identifies several approved steroid drugs
as potential candidate ligands for the FA site. This is of particular
interest because recent meta-analysis®’! showed that corticoster-
oids other than dexamethasone (methylprednisolone and hydrocor-
tisone) are also beneficial to critically ill COVID-19 patients, as
measured by 28-day all-cause mortality, in randomized clinical tri-
als!®!, Although steroids are not prominent in compound lists from
cell-based screens of approved drugs, and compounds for which
clinical trial data are available (dexamethasone, methylpredniso-
lone and hydrocortisone) are not the highest-scoring hits (respec-
tively 273, 47" (hemisuccinate), 266" and 97" in BUDE energy
rankings), they feature highly in the virtual screening output. To-
gether with our MD simulations which support binding of dexame-
thasone at the FA site, these results suggest that corticosteroids
known to be effective against COVID-19 may have an additional
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mode of action involving direct interaction with the spike, as well
as their effects on the host response.

The interactions that we identify suggest that some compounds
known to be active against SARS-CoV-2 replication in cultured
cells may bind at the spike FA site, and this interaction may be re-
sponsible for some of their observed antiviral activity. It is im-
portant to emphasize that we make no claims regarding the possible
clinical efficacy of compounds identified in the virtual screening
described here. No recommendation on treatment should ever be
based on the results of molecular simulations alone.

CONCLUSIONS

MD simulations indicate that the physiological ligand LA~ stabi-
lizes the locked form of the spike. The results are consistent with
our findings that LA~ stabilizes the locked spike, thus reducing in-
fectivity. It binds more weakly to the exposed FA site of the open
form. Cholesterol, which is also retained by the locked spike in MD
simulations on the timescales explored here, is not retained by the
FA site of the open spike. Indeed, the propensity of cholesterol to
migrate to a distinct site, situated in the hinge region that connects
the spike RBD to the remainder of the protein, suggests the possi-
bility that interactions with cholesterol may modulate conforma-
tional changes in the SARS-CoV-2 spike and, potentially, may pro-
mote infection. Despite the similarity between dexamethasone and
cholesterol, they behave differently in simulations. Our MD simu-
lations and docking indicate that dexamethasone may bind to the
FA site and may stabilize the locked conformation. Dexamethasone
binding to the SARS-CoV-2 spike may represent an additional con-
tribution to its efficacy in treating COVID-19.

Docking suggests that some compounds that are known to be ac-
tive against SARS-CoV-2 may bind at the FA site of the spike.
Docking also identifies vitamins A, D and K as potential ligands
for the spike FA site. Further study is warranted to explore whether
fat soluble vitamins play a direct role in protecting against SARS-
CoV-2 infection, e.g. by stabilizing the locked spike conformation.
In addition to vitamin A, three retinoids that are known inhibitors
of SARS-CoV-2 replication are predicted to bind at the FA site.
Docking also suggests that the FA pocket may bind a range of nat-
ural and synthetic steroids. These findings suggest that, in addition
to their effects on host response, certain vitamins, retinoids and
steroids may also affect SARS-CoV-2 by binding to the spike pro-
tein. This is worthy of further investigation.

Supporting Information SI_1.pdf, Methods (referenced) supplementary figures and SI table 1. SI_table_2.xls BUDE docking results for
the FDA database. This material is available free of charge via the Internet at http://pubs.acs.org
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