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Abstract 

 

Following our recent identification of a fatty acid binding site in the SARS-CoV-2 spike protein 

(Toelzer et al., Science eabd3255 (2020)), we investigate the binding of linoleate and other potential 

ligands at this site using molecular dynamics simulations. The results support the hypothesis that 

linoleate stabilises the locked form of the spike, in which its interaction interface for the ACE2 

receptor is occluded. The simulations indicate weaker binding of linoleate to the partially open 

conformation. Simulations of dexamethasone bound at this site indicate that it binds similarly to 

linoleate, and thus may also stabilize a locked spike conformation. In contrast, simulations suggest 

that cholesterol bound at this site may destabilize the locked conformation, and in the open 

conformation, may preferentially bind at an alternative site in the hinge region between the receptor 

binding domain and the domain below, which could have functional relevance. We also use molecular 

docking to identify potential ligands that may bind at the fatty acid binding site, using the Bristol 

University Docking Engine (BUDE). BUDE docking successfully reproduces the linoleate complex 

and also supports binding of dexamethasone at the spike fatty acid site. Virtual screening of a library 

of approved drugs identifies vitamins D, K and A, as well as retinoid ligands with experimentally 

demonstrated activity against SARS-CoV-2 replication in vitro, as also potentially able to bind at this 

site. Our data suggest that the fatty acid binding site of the SARS-CoV-2 spike protein may bind a 

diverse array of candidate ligands. Targeting this site with small molecules, including dietary 

components such as vitamins, which may stabilise its locked conformation and represents a potential 

avenue for novel therapeutics or prophylaxis for COVID-19. 

 

  



Introduction 

 

The global COVID-19 pandemic is caused by the SARS-CoV-2 coronavirus. Ten months since the 

first infections were reported, over 43 million people worldwide have become infected, with more 

than 1.15 million deaths in confirmed cases1. 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 storm2. Even in less severe cases of COVID-

19, there is now evidence that infection can cause damage to heart muscle. In a recent study from 

Berlin3, MRI scans of heart tissue of 100 recovered COVID-19 subjects found that 78 people, 

including those who had not been admitted to hospital, had sustained persistent heart damage, 

irrespective of the severity of their respiratory symptoms. Notwithstanding the small size of this study, 

and the as yet unknown extent of any tissue recovery, these findings suggest implications for reduced 

longevity in a ‘COVID-recovered’ population. Quality of life has also been adversely affected in the 

growing numbers of people described as suffering from ‘long COVID’, with some suffering 

neurological symptoms including fibromyalgia and profound fatigue, lasting for months after their 

initial illness4. Indeed, a recent longitudinal study of COVID-recovered, symptomatic individuals, 

published by the COVERSCAN study investigators, reveals that in this relatively young, low risk 

population 70% had impaired organ function 4 months later4. Treatment regimens to attenuate the 

initial infection, to reduce the severity of disease, and prevent its residual effects, constitute an urgent 

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 enable receptor-mediated plasma membrane fusion 

to enable viral entry into human cells, after priming by the host proteases furin and TMPRSS26,7, via 

an interaction between the surface of the spike receptor binding domain (RBD) and the cell surface 

angiotensin-converting enzyme-2 (ACE2) receptor. A furin protease cleavage site potentiates the 

infectivity of SARS-CoV-28, but mutations in and around the SARS-CoV-2 furin site are occasionally 

found in clinical isolates9,10. 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 (NCP1) and 2 that, are involved in endolysomal trafficking and membrane fusion11. 

Several cryo-EM structural studies have revealed that the spike adopts a mixed population of 

conformational states12,13,14,15. Our recent work12 has established that the wild-type spike trimer 

contains a fatty acid binding site situated at each interface between two RBDs from adjacent subunits: 

in the resulting “locked” conformers, inter-subunit contacts between RBDs are maximised (Figure 1) 

such that a molecule of linoleate (LA), a nutritionally essential dietary fatty acid, is bound in each of 

three binding sites of the spike trimer. The Kd of LA- for the isolated SARS-CoV-2 spike RBD has 

been determined by surface plasmon resonance as ~41nM12. Given that the interactions with the 

residues R408, Q409 and K417 from the adjacent chain in the trimer are not available in the isolated 

RBD, it is likely that LA- has a higher affinity for the intact trimer. In contrast, in the ‘open’ states, 

one of the ACE2-binding domains (RBD) adopts a more extended, solvent exposed conformation. 

Crucially, the ACE2 interaction surfaces of the RBDs are occluded in the locked state and only 

available for receptor interaction in the more exposed, open states. 

 



Figure 1. Inter-subunit contacts between RBDs are maximised in the locked spike.  

Top view of the locked conformation of the SARS-CoV-

2 spike trimer with three linoleate molecules bound, 

following 200 ns of MD simulation, showing the close 

contacts between the subunits. Individual chains are 

shown in surface representation and coloured cyan, 

green and brown, respectively. 

 

The spike protein fatty acid binding site6 lies adjacent to 

a flexible hinge region beneath each of the RBDs and at 

its interface with neighbouring 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 

moiety is within salt-bridging distance of two charged residues, R408 and K417, and hydrogen-

bonding distance of Q409 on the adjacent RBD chain. The extensive LA- interactions, involving two 

RBDs, in these locked structures support the conclusion that LA- binding stabilises a condensed, 

locked state of the spike trimer. This proposal is supported by our observations of EM grids, where 

images suggest that ~70% of spike trimers on the EM grid adopt the locked form if exposed to LA, 

whereas only 30% are closed (all RBDs down) if fatty acids are lacking13,14. 

 

These observations led Toelzer et al. to hypothesise that stabilising the locked (ACE2-interaction-

face occluded) conformation of the spike protein reduces the opportunity for receptor-mediated cell 

entry via interaction with ACE212. The spike protein fatty acid pocket represents a potentially 

druggable site: this stabilization might therefore 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 incompetent for ACE2 interaction. This proposal is supported by 

the finding that prior exposure to linoleate reduces SARS-CoV-2 replication in human epithelial 

cells12.  

 

In the light of these findings, we here investigate binding of LA- and other ligands at the SARS-CoV-

2 spike protein fatty acid binding site, using molecular simulations to explore the dynamic properties 

of the spike trimer in the apo (unliganded) 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 cholesterol7, we 

also investigate the interactions of cholesterol with the fatty acid binding site. Furthermore, as 

cholesterol and the anti-inflammatory steroid dexamethasone (an agent demonstrated to improve 

outcomes for severely ill SARS-CoV-2 patients)16 are chemically and structurally similar, we 

introduced dexamethasone into the fatty acid (FA) binding site to establish whether it too can be 

accommodated and retained there. Lastly, we used the Bristol University Docking Engine (BUDE)17 

to screen an approved drug library for candidate small molecule ligands able to bind the spike protein 

LA- binding site in the locked conformation, and thus potentially stabilize the spike in a form 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 fatty acid binding site. Our data suggest that a range of 

small molecule ligands, including pharmaceuticals and dietary components, and some compounds 

with known activity against SARS-CoV-2 replication in vitro, have the potential to bind to the SARS-

CoV-2 spike protein, and may thereby be capable of influencing the conformational changes required 

for receptor binding and possibly modulating viral infectivity. 

  



Results 

 

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

 

To investigate interactions of the SARS-CoV-2 spike fatty acid binding site with small molecule 

ligands, and the effects of the ligands on the spike and its dynamics, we performed molecular 

dynamics (MD) simulations of fatty-acid free ‘apo’ spike protein and its complexes with the de-

protonated, charged form of linoleic acid (as it would be at physiological pH) linoleate(LA-), 

cholesterol (previously proposed to bind to the SARS-CoV-2 spike), and the chemically and 

structurally similar anti-inflammatory agent dexamethasone (Figure 2). Dexamethasone is 

increasingly widely used as a therapeutic intervention for SARS-CoV-2-infected patients16. This work 

builds on our previously reported MD studies of LA- binding12: we significantly extend the duration 

of simulations of the spike LA- complex and expand our investigations to include additional candidate 

ligands.  

 

In 200 ns MD simulations of the locked structures, starting from the cryo-EM structure (PDB code 

6ZB5), the surrounding residues are ordered around the bound LA- ligand (Figure 3A). The LA- 

molecules themselves (Figure 4A) move very little within the fatty acid binding site (RMSD ≤ 3 Å). 

Hydrogen bonds of the LA- linoleate 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 C 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 (Figure 4D, E), 

the presence of ligand rigidifies the FA binding site (residues 330-480) as evidenced by the reduced 

fluctuations of residues 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 fatty acid site exhibits comparatively greater fluctuations (Figure 4H) that lead 

to its eventual collapse. 

 

As a starting point for explorations of the potential for other compounds to bind in the fatty acid 

binding site, and taking into account reports that the SARS-CoV-2 spike protein binds cholesterol7, 

we next investigated the interactions of cholesterol within the FA site. Cholesterol was manually 

positioned in the FATTY ACID binding site by superposition onto the position of bound LA- in the 

cryo-EM structure (PDB ID 6ZB5) after MD minimization, and oriented such that the polar end of 

cholesterol aligned with the LA- linoleate head group and could replicate the inter-chain interactions 

made by LA- bound to the spike trimer. All three cholesterol molecules remain bound to the closed 

spike trimer throughout 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 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 FATTY ACID site. 

 

 
 

Figure 2 Structures of (A) linoleate; (B) cholesterol; and (C) dexamethasone from equilibrated 

simulations of complexes with the locked SARS-CoV-2 spike 



 

 
 

Figure 3. Representative structures of bound linoleate, cholesterol and dexamethasone 

following 200 ns of molecular dynamics 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. Note the interactions of the linoleate 

head group with R408, Q409 and K417. B. Representative structure of cholesterol (spheres, carbon 

atoms grey) following simulation. C. Representative structure of dexamethasone (spheres, carbon 

atoms pink) after simulation in the locked spike trimer.  

 

In order to further explore the potential for other ligands to bind in the spike fatty acid site, the 

synthetic corticosteroid dexamethasone, a compound structurally and chemically similar to 

cholesterol, was oriented in the fatty acid site as described above for cholesterol, and the complex 

subjected to 200 ns molecular dynamics simulations. During the three replicate simulations, all the 

dexamethasone molecules (three per spike trimer) remain bound. RMSD plots (Figure 4C) reveal that 

dexamethasone can move more freely within the fatty acid site than either bound LA- or cholesterol 

and can sample a wider range of orientations due, probably because of its less extended structure 

(Figure 2C, 3C). 

 

Comparison of Ca RMSD plots for simulations of the respective ligand complexes indicates that, 

compared to the apo form, binding of LA- (Figure 4E), and, to a lesser extent, dexamethasone (Figure 

4G), has a moderately stabilising effect on the locked conformation of the spike protein, as evidenced 

by reduced average C movements. However, one of the three simulations of the spike cholesterol 

complex (rep1, Figure 4F), appears to be somewhat destabilised, as shown by an increase in RMSD. 

This may reflect the more enclosed, constrained environment of cholesterol as a larger, rigid ligand 

within the fatty acid binding site (Figure 3B), which may favour opening of the pocket; flexion of 

bound cholesterol may transmit through the protein, via neighbouring secondary structure to disrupt 

more distant structural elements. In this simulation, residues 480–500 in chain B (directly above the 

fatty acid binding site), residues 620-630 in chains A and B, and residues 680–700 in chain B 

(containing the furin cleavage site) are also 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 trimer in the apo , LA- or dexamethasone-bound forms (Figure 4D, E, G). 

 

Comparison of by-residue RMSF plots for the four sets of simulations (Figure 4I - K) shows that the 

presence of any of the bound ligands reduces fluctuations in the region 330-480 corresponding to 

residues surrounding the fatty acid binding site, compared to the unliganded spike (Figure 4H). This 

stabilizing/rigidifying effect extends towards the N-terminus, as far as residue 310. Notably, despite 

the relative freedom of movement of bound dexamethasone, its presence rigidified the fatty acid 

binding site and its surroundings similarly to LA- and cholesterol (Figure 4K).  

 



 
 

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 (B) cholesterol and (C) dexamethasone. 

Note the greater relative motion of dexamethasone. D, E, F, G: C RMSDs averaged over time for 

repeat simulations of the apo (unliganded) locked spike trimer (D) and of its complexes with LA- (E), 

cholesterol (F) or dexamethasone (G). H, I, J, K: C 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 fatty acid pocket and adjacent regions (residues 

310 – 480) that are rigidified (reduced fluctuation) in simulations of the ligand complexes compared 

to the apo form. 

 

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. Therefore, to explore possible interactions 

of LA- with the spike protein in the partially open form, the locked spike trimer (PDB code 6ZB512) 

was aligned with the open form and LA- (positioned as in the locked structure) was placed into the 

open structure (Toelzer et al. Electron Microscopy Databank EMD-11146) such that interactions 

between the linoleate head group and residues R408, K417 and Q409 at the subunit interface could 

be maintained. Where this was not possible, the pose of bound LA- was adjusted slightly to provide 

the potential for alternative hydrogen bonds or salt-bridging interactions to be made. This showed 

that the open conformation (EMD-11146), contains three distinct environments for the three bound 

LA- molecules, that are referred to here as sites 1, 2 and 3. Site 1 is analogous to the LA- binding site 

in the locked conformation, and retains the salt-bridge and hydrogen-bond interactions of the linoleate 

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 

conformation disrupts the other two fatty acid binding sites. Thus, in site 2, the LA- linoleate head 

group which, in the locked state, would associate with R408 and Q408 on the subunit opposite, instead 

contacts residues K386 and N388 from the same spike subunit, and, unlike site 1, does not make 

contacts that bridge the subunit interface. 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 disulphide C391-C525, 

interact with the hydrophobic LA- tail. 

 

This LA--bound open 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 fails to make any interdomain connections. The behaviour 

of LA- bound in site 3 is more dynamic. In two of the three replicate simulations, LA- bound in site 3 

migrates further from its starting position, but revisits the site regularly. However, in one of the repeat 

simulations, the LA- molecule bound in site 3 begins to dissociate after 150 ns of MD (Figure S2). 

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 then generated as above and subjected 

to three replicate 200 ns simulations. During these simulations all three cholesterol molecules 

remained bound to the spike trimer, with the behaviour of cholesterol bound at sites 1 and 2 similar 

to that observed for LA- above. However, the behaviour of cholesterol bound in site 3 was noticeably 

different. In two of the three replica simulations, cholesterol bound in 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 of the 200 ns trajectory, where it remains for the rest of the simulation. This 

alternative binding site is composed of prolines 330, 579 and 521 at the far end and 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 rotation18 

of the RBD and 330 to 335 and 527 to 531 for the lift18 required to enable the RBD to rise into a 

position that presents it for interaction with the ACE2 as highlighted in figure S4. Cholesterol binding 

at this alternative site 3 would probably restrict the motion required for full closure. In the third 

replicate simulation, cholesterol at site 3 also moves into this site, but binds in the opposite orientation 

with its more polar end towards the hydrophobic end of the binding site and is less stable. Altogether, 

these results 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 200ns MD simulations of dexamethasone bound to the open form of the spike 

protein, with three molecules of dexamethasone were modelled into the spike binding sites as 

described above. As for simulations with cholesterol (above), the behaviour of dexamethasone bound 

in sites 1 and 2 was analogous to that observed for LA. Dexamethasone 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. Dexamethasone bound in site 3 was not stably 

bound, drifting further from its starting positions (Figure S5) and approaching, but not remaining 

near, the alternative binding site favoured by cholesterol (Figure 5C). Thus, over the duration of these 

simulations, dexamethasone did not locate a high affinity binding site close to the spike RBD in the 

open conformation These data indicate that dexamethasone does not have a favoured binding site 

around site 3 of the open spike, and does not make persistent interactions with the alternative 

cholesterol binding site (above) situated in the spike protein hinge region, though it may remain bound 

at the other fatty acid binding sites. 

 



 
 

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 

a 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 molecules 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 favoured 

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 protein12 led us 

to explore the possibility of this site as a target for binding of approved drugs (Figure 6A - D). 

Accordingly, we used the Bristol University Docking Engine (BUDE17) to screen in silico a library 

of existing approved drugs that are potential candidates for repurposing against COVID-19. As the 

starting structure for docking, we chose an equilibrated frame from MD simulations of the spike 

trimer in the locked, LA-bound form described above (hereafter cryo-EMeq), because this structure 

had side chains optimally oriented to form salt-bridges and hydrogen bonds with the linoleate head 

group (LA- is treated throughout as linoleate, as above). BUDE results were filtered on the basis of 

ligand size, such that compounds having < 15 or > 45 heavy atoms were eliminated. The remaining 

compounds were then ranked based on their predicted binding affinity (BUDE energy) and the single 

best conformer for compounds scoring ≤ –100 kJ/mol was selected for more detailed analysis. The 

list of compounds ranked in this way is given in Supplementary Information (Table S2). 

 

The presence of LA- in the repurposing library allows for validation of BUDE docking by comparison 

of the predicted mode of LA- binding and that observed in the equilibrated structure of the locked 

complex (i.e. the cryo-EMeq structure).  Experimentally, the Kd of LA- for the isolated SARS-CoV-2 

spike RBD has been determined by surface plasmon resonance as ~41nM12. LA- ranked 86th in the 

list of compounds ordered by BUDE binding energy, with a heavy atom RMSD between the docked 

(highest scoring pose from BUDE) and the cryo-EMeq LA- of 1.6 Å. Furthermore, in the cryo-EMeq 



structure, and as described above, the linoleate carboxylate group forms multiple electrostatic 

interactions with the side chains of R408 and Q409. In the lowest-energy docked pose generated by 

BUDE, the linoleate carboxylate group occupies the same position as that observed in the cryo-EMeq 

structure and forms multiple electrostatic interactions with the R408 and Q409 side chains (Figure 

6E). Thus, the positions of bound LA- in the experimental and docked structures are very similar, so 

we consider that their close correspondence, and the consistency in their interactions between 

experimental and MD data, provides support for the use of BUDE in this virtual screening study.  

 

 

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 LA-bound spike trimer in the locked 

conformation. B. View of 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, coloured 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 

equilibrated structure (brown). The overall RMSD between the two poses is 2.2 Å. 

Inspection of the lists of highly ranked (‘hit’) compounds ordered by BUDE energy (Table S2) or 

ligand efficiency (Table S3) identified a number of compound classes that can be considered to be of 

particular interest, based upon their demonstrated or proposed relevance to SARS-CoV-2 and/or other 

respiratory viral infections. Notably, the fat-soluble vitamins D (vitamin D3 metabolite calcitriol), K 

and A are all present in the FDA library and all rank more highly than LA- by calculated BUDE 

binding energy. Indeed, vitamin K2 is the highest ranked compound in the BUDE output list, with 

vitamin A acetate ranked 17th by predicted binding energy, vitamin D (calcitriol) 24th, vitamin A 38th 

and vitamin K1 70th. Inspection of the respective lowest energy BUDE docked poses showed that all 

of these vitamins align very well with the pose adopted by LA- stably bound to the locked spike trimer 

after 200 ns of MD simulation (Figure 7). In the case of calcitriol (Figure 7A, D) and vitamin K2 

(Figure 7B, E), the presence of double bonds in their extended side chains allows them to align closely 

with the hydrophobic LA- tail and consequently to fit well into the highly hydrophobic FA binding 

site.  



 

 
 

Figure 7. Docked poses of vitamins in the fatty acid 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 LA- site of: D vitamin D; E vitamin K2; 

and F vitamin A acetate.  

 

Numerous studies have sought to identify candidate approved drugs suitable for repurposing as 

therapies for COVID-19, both computationally and experimentally. Notably, Riva et al.19 screened 

~12000 compounds from the ReFRAME library20 for inhibition of SARS-CoV-2 replication in Vero 

E6 cells. Accordingly, we then compared the list of highly ranked compounds from the BUDE screen 

against those identified by Riva et al.19 as able to inhibit viral replication. Of the 100 agents on their 

list of most active compounds three: tretinoin, acitretin and tazarotene, are relatively prominent in the 

ordered list of compounds identified by BUDE, ranking 5th, 8th, and 214th, respectively by BUDE 

energy. According to Riva et al19, acitretin at 2.5 μM inhibits viral replication by 40 %, while 

tazarotene and tretinoin at 1 μM inhibit viral replication by 50% and 42%, respectively. Notably, the 

lowest energy binding poses identified by BUDE for all of these compounds involve electrostatic 

interactions with R408 and Q409, in addition to hydrophobic interactions with the remainder of the 

binding pocket (Figure 7A, C, D). These data suggest that these compounds may act on viral 

replication by binding to this free fatty acid site in a manner similar to LA. 

 

Like vitamin A, tretinoin, acitretin and tazarotene are all retinoic acid receptor agonists: tretinoin 

(atralin) is also known as all-trans retinoic acid, acitretin is a second-generation retinoid and 

tazarotene (avage) is classed as a third-generation retinoid. In their recent study Riva19 highlight 

retinoic acid receptor agonists as one of 15 target classes that were enriched in their assay, with a total 

of 13 retinoic acid receptor agonists appearing in their list of 100 top-ranked active compounds. With 

this in mind, we then interrogated the list of BUDE hits to seek additional retinoid compounds, and, 

in addition to vitamin A, identified a further four retinoids: adapalene (9th, third-generation topical 

retinoid), fenretinide (10th, synthetic phenylretinamide retinol analogue), etretinate (18th, second-

generation retinoid) and isotretinoin (68th, 13-cis retinoic acid) as prominent among the highly ranked 

hits. Thus, virtual screening by BUDE identifies multiple synthetic retinoids in addition to vitamin A 

as candidate ligands, supporting the contention that the spike protein LA- site may also be capable of 

binding members of this class of compounds. 

 

Similarly, reports that the spike protein binds cholesterol21 as well as the possibility that the LA- site 

may be capable of binding dexamethasone (above), motivated scrutiny of the lists of BUDE hits for 

steroid compounds. A variety of steroid agents, including progestins (hydroxyprogesterone caproate, 

ranked 29th by BUDE energy, chlormadinone acetate (41st), and medroxyprogesterone acetate (50th)); 

androgens (testosterone enanthate, 19th); corticosteroids (methylprednisolone hemisuccinate, 47th); 



bile acids (ursolic acid, glycocholic acid, dehydrocholic acid; 6th, 7th and 49th, respectively) and the 

synthetic androstane steroid abiraterone acetate (23rd); all feature among candidate ligands that are 

highly ranked by BUDE. Several other steroid-like natural products (carbenoxolone (2nd), oleanolic 

acid (30th), madecassic acid (35th) and hederagenin (37th)) are also prominent in the BUDE ranking 

list. Although (and typical of the results of docking studies) the lists of hits are subject to some 

variation with the different ranking procedures, there is a consistent preponderance of steroids among 

the most highly ranked compounds. 

 

Figure 8. Docked poses of FDA-approved drugs in the free fatty acid 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. 

 

As described above, the anti-inflammatory corticosteroid dexamethasone has attracted considerable 

attention on the basis of its demonstrated efficacy improving outcomes for COVID-19 patients in 

clinical trials16. Accordingly, we also considered the position of dexamethasone in the results of 

BUDE virtual screening. Unlike LA- and the retinoic acid receptor agonists, but consistent with the 

MD simulations described above, the dexamethasone binding mode predicted by BUDE does not 

involve interactions with R408 or Q409 and instead is dominated by hydrophobic interactions with 

residues on the opposite side of the binding site (Figure 7B). Thus, although other steroidal 

compounds score more highly, our docking data also support the molecular dynamics simulations 

described above in identifying a possible interaction of dexamethasone with the SARS-CoV-2 spike 

protein. 

 



Taken together, therefore, the results of this virtual screening of the SARS-CoV-2 spike protein fatty 

acid binding site provide evidence that this represents a possible interaction site for both physiological 

and synthetic ligands, including fat-soluble vitamins, retinoids and steroids. 

 

Discussion 

 

The unexpected discovery of a fatty acid binding site in locked structures of the SARS-CoV-2 spike 

protein trimer, and the subsequent inference that LA- binding at this site stabilizes a locked 

conformation of the spike that is less competent for ACE2 receptor binding, raises the possibility that 

small molecule ligands binding at this site might modulate the conformation of the spike and disrupt 

the process of SARS-CoV-2 infection by preventing ACE2 receptor binding. Accordingly, we have 

sought to explore these hypotheses, and extend our previous structural studies, by investigating the 

dynamic properties of the spike trimer in different conformations (locked and open) and in complex 

with LA- and other potential ligands identified from the literature; and by running a virtual screen in 

an effort to identify further small molecule ligands from an approved drug library. 

 

The results reported here support our previous findings that LA- makes persistent and stable 

interactions with the SARS-CoV-2 spike in its locked form. Furthermore, by-residue RMSF plots 

(Figure 4) indicate that, compared to the uncomplexed form of the protein, the locked spike has locally 

reduced mobility when LA- is bound. The conclusion that the fatty acid binding site is rigidified by 

bound ligand is corroborated by the observations that the fatty acid site collapses in MD simulations 

of the unliganded (apo) structure, and is also collapsed in available cryo-EM structures of the spike 

in its apo form13. Together with the observation that LA- in the binding site that involves the 

repositioned subunit of the spike trimer in the open form (site 3) is more mobile and can on occasion 

dissociate, these data provide evidence that the locked form of the spike is stabilized by LA- binding. 

Notably, the region stabilised by ligand occupation of the fatty acid site extends beyond the immediate 

fatty acid binding site as far as residue 310, that in turn contacts portions of the spike protein known 

to influence infectivity. Specifically, these include position 614 (the site of the widespread D614G 

mutation that increasingly predominates in circulating SARS-CoV-2 strains22) and the furin cleavage 

site (residues 680-6) important in activation of the spike to enable interaction with ACE2 in lung 

cells23. 

 

We then investigated the possibility that the spike fatty acid binding site may interact with ligands 

other than LA. In particular, we investigated whether it may be a binding site for cholesterol, given 

that the spike protein has previously been demonstrated to bind cholesterol21, and the accumulating 

evidence associating individuals with elevated cholesterol levels with enhanced viral infectivity and 

adverse patient outcomes24,25. Also, the similarity of dexamethasone to cholesterol, and its importance 

in COVID-19 treatment, motivated us to also consider dexamethasone as a possible ligand for the 

fatty acid site. Both cholesterol and dexamethasone could be readily positioned in the locked LA- site 

and remained bound to the locked form of the spike during simulations on the timescales investigated 

here (200 ns). However, the increase in the average C RMSD observed for one of the replicate 

simulations indicated that cholesterol binding has a greater, and potentially destabilising, effect on 

the structure of the locked spike than either LA- or dexamethasone. Moreover, in two of the three 

replicate simulations of cholesterol bound to the spike in the open state, cholesterol in the site formed 

by the open subunit (site 3, above) migrates to an alternative site in the open structure that is not 

sampled by LA- or dexamethasone. The proximity of this site to the hinge region, which is important 

for conformational changes of the spike between the locked and open forms26, provides a possible 

mechanism by which cholesterol binding at this position may affect the dynamics and preferred 

conformation of the spike RBD, potentially stabilising an orientation which favours RBD 

presentation for potential 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-

1927 and with increased circulating cholesterol28. The use of cholesterol lowering statins reduces the 

risk of developing severe COVID and reduces recovery time in less severe cases29. Cholesterol has 

been proposed to promote SARS-CoV-2 infection by multiple mechanisms including promoting 

ACE2 and furin trafficking to viral entry points24, but plasma levels are reduced in patients with 

established disease and correlate inversely with disease severity21,30,31. Our data are consistent with 

previous observations of cholesterol binding by the spike protein, and therefore, when considered 

together with those findings, suggest possible additional involvement of cholesterol in infection, i.e. 

through binding to the spike. Cholesterol binding by the spike protein could constitute a sequestration 

mechanism that maintains local, cellular cholesterol at a level that supports continued infectivity in 

the face of a reduction in blood levels. Alternatively, it is possible 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 (see above). Additional 

involvement of cholesterol in virus entry is also likely in the case of circulating spike variants lacking 

a functional furin cleavage site11 that may alternatively utilise an endosomal entry mechanism31, as 

evidenced by identification of genes such as the host cholesterol transporter NPC1 as essential to cell 

killing by such strains11. 

 

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 fatty acid pocket. Importantly, 

our chosen docking tool, BUDE, identified LA- as a high-scoring ligand that binds in a conformation 

similar to that observed experimentally, providing some initial validation of our approach. 

Furthermore, comparison of the lists of BUDE hits with the results of experimental screening studies 

of approved drugs, suggests that some compounds known to be active against SARS-CoV-2 

replication in cultured cells may bind to this site. Moreover, the BUDE screen also identified the fat-

soluble vitamins D, K and A, present in our approved drug library, as potential ligands that may 

stabilise the locked form of the SARS-CoV-2 spike by binding to the fatty acid site. Notably, the 

vitamin D3 metabolite calcitriol was recently identified as able to reduce viral titres in infected 

monkey and human nasal epithelial cell lines32. Alongside socio-economic deprivation33, evidence is 

accumulating that deficiencies in at least two of these vitamins (D and K) are associated with 

increased risk of developing severe COVID-1934,35. Although we are unaware of any demonstrated 

link between population vitamin A levels and COVID-19 risk, we note the heavy COVID-19 burden 

in some regions where vitamin A deficiency may be prevalent36. Aside from the role of vitamin D in 

modulating the host immune response to respiratory infections37, our data then suggest that, as for 

cholesterol (above), sequestration through binding to the SARS-CoV-2 spike protein is a possible 

mechanism by which vitamin levels are reduced during COVD-19 disease. Furthermore, the 

implication that, by binding to the spike FA site, fat-soluble vitamins can stabilise the locked form of 

the spike and actively inhibit viral entry suggests that these compounds could also play a more direct 

role in protecting host cells from viral infection. This possible involvement of micronutrients in 

countering SARS-CoV-2 highlights the potential for food poverty as a risk factor for COVID-19 

disease. These possibilities are worthy of further investigation.  

 

In addition to vitamin A, retinoids38 were highly represented in the lists of candidate hit compounds 

identified by BUDE. Three retinoids, acitretin, tazarotene and tretinoin, have recently been shown to 

inhibit SARS-CoV-2 replication in VeroE6 cells19, with a further four (adapalene, fenretinide, 

etretinate and isotretinoin (13-cis retinoic acid)) also prominent in the BUDE ranking lists. Retinoids 

have been proposed as candidates for inclusion in COVID-19 treatment regimes, particularly in 

combination with type 1 interferons (IFN-I39), but this is based upon their ability to upregulate host 

antiviral responses, rather than any hypothesized direct effect upon viral entry or replication. 

Coronaviruses such as SARS-CoV and MERS-CoV are known for their ability to disrupt IFN-I 

signalling (for review see ref40). Moreover, recent in vitro data identify SARS-CoV-2 as more 



susceptible than SARS-CoV to the IFN-I response41,42, although results from the WHO 

SOLIDARITY trial43 did not reveal any benefits from subcutaneous interferon-1a for hospitalised 

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 remain worthy of investigation. Our data provide additional 

motivation for such studies by suggesting that, through binding to the fatty acid pocket and keeping 

the spike protein in the locked conformation that does not interact with ACE2, retinoids may act by 

directly affecting viral entry, particularly early in the infection process, as well as via upregulation of 

the host antiviral response. Literature searches identified a single clinical trial (NCT04353180) of a 

retinoid (isotretinoin/13-cis retinoic acid) as a treatment for COVID-19, but this remains at an early 

stage44.  

 

Virtual screening using BUDE also identifies several steroid drugs as potential candidate ligands for 

the fatty acid binding pocket. This is of particular interest because recent meta analysis45 has 

confirmed that corticosteroids other than dexamethasone, namely methylprednisolone and 

hydrocortisone, were also beneficial to critically ill COVD-19 patients, as measured by 28-day all-

cause mortality, in randomised clinical trials45. Although steroids are not prominent in compound lists 

recovered from cell-based screens of approved drugs, and compounds for which clinical trial data are 

available (dexamethasone, methylprednisolone and hydrocortisone) are not the highest-scoring such 

agents on the BUDE ranking lists (respectively 273rd, 47th (hemisuccinate), 266th and 97th on the 

BUDE energy rankings), they feature highly in the virtual screening output. When considered 

together with the results of the MD simulations described above, which support stable interactions of 

dexamethasone with the spike fatty acid pocket, this suggests that corticosteroids that are observed 

experimentally to be effective against SARS-CoV-2 or COVID-19 may have an additional mode of 

action involving direct interaction with the spike, as well as their better characterized effects on the 

host response. 

 

It is important to emphasise 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 modelling alone. However, the interactions that we identify 

suggest that compounds known from experimental evidence to be active against SARS-CoV-2 

replication in cultured cells may interact with the spike fatty acid binding site, and that this interaction 

may be responsible for some of their observed antiviral activity.  

 

Conclusions 

 

In summary, we here report extensive computational investigations of the interactions of small 

molecule ligands with the fatty acid binding site of the SARS-CoV-2 spike in its locked and open 

forms. MD simulations indicate that the physiological ligand LA- is able to stabilize the locked form 

of the spike, but binds more weakly to the exposed fatty acid site of the open form. In contrast, 

cholesterol, which is also retained by the locked spike conformation, is not retained by the fatty acid 

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 possibility that 

interactions with cholesterol may modulate conformational changes in the SARS-CoV-2 spike and, 

potentially, promote the infection process. Moreover, despite the similarity between dexamethasone 

and cholesterol, they behave differently under these simulation conditions. Our MD simulations and 

docking experiments find that dexamethasone may also bind to the fatty acid site and stabilise the 

locked conformation. We suggest that dexamethasone binding to the SARS-CoV-2 spike may 

represent an additional contribution to its efficacy in treating COVID-19 disease. 

 

In silico screening of the locked spike against a library of approved drugs was validated by the 

identification of LA- as a high-ranking hit, with a mode of binding that replicates that observed 



experimentally. Our docking study identifies vitamins A, D and K as additional candidates for binding 

to the spike fatty acid site and as such potentially capable of stabilising the spike in the locked 

conformation, suggesting that further study is warranted to explore whether vitamins play a more 

direct role than previously envisaged in protecting against SARS-CoV-2 infection. In addition to 

vitamin A, three further retinoids that are known inhibitors of SARS-CoV-2 replication in cell-based 

infection models are predicted to bind the spike fatty acid site in a similar fashion to LA, supporting 

our previous contention that stabilising the locked spike reduces infectivity. Docking experiments, as 

well our MD simulations, also indicate that dexamethasone is capable of binding to the SARS-CoV-

2 spike, and further that the fatty acid pocket may bind a range of other natural and synthetic steroids 

in addition to dexamethasone or cholesterol. These findings therefore suggest that, in addition to their 

effects on host response, certain vitamins, retinoids and steroids may also affect SARS-CoV-2 via 

direct binding to the spike protein, supporting further investigation of these classes for possible 

activity against COVID-19. Experiments to explore and validate these hypotheses are now underway. 
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Methods 

 

Molecular Dynamics Simulations 

 

Proteins were prepared as described in Toelzer12. Loops for the unstructured regions of the locked 

(LA-- bound) and open (apo) cryo-EM structures were built using Chimera (UCSF)46. Likely 

disulphide bonds were reconstructed based on experimentally observed distances (42 for the locked 

structure and 43 for the open) and each chain sequence was used in an EBI-blast check to verify wild 

type Spike sequence post build. Procheck47 was then used to check the quality of the resulting 

structure prior to simulation. Acpype48 was used to prepare the topologies for all ligands. Cholesterol 

and dexamethasone were superimposed onto the equilibrated LA- positions with most polar ends of 

the molecules oriented to the carboxylate position of the linoleate. Dexamethasone and cholesterol 

were fitted into the fatty acid binding pocket in the locked conformations following a brief relaxation 

with LA-.  

 

Simulation details: All simulations were performed under the Amber99SB-ildn49,50,51 forcefield in 

NPT ensembles at 310 K using periodic boundary conditions. Hydrogen atoms, consistent with pH7, 

were added to the complex. Short-range electrostatic and van der Waals interactions were truncated 

at 1.4 nm while long range electrostatics were treated with the particle-mesh Ewald method and a 

long-range dispersion correction applied. A simulation box extending 2 nm from the protein was filled 

with TIP3P water molecules and 150 mM Na+ and Cl– ions added to attain a neutral charge overall. 

Pressure was controlled by the Berendsen barostat and temperature by the V-rescale thermostat. The 

simulations were integrated with a leapfrog algorithm over a 2 fs time step, constraining bond 

vibrations with the P-LINCS method. Structures were saved every 0.1 ns for analysis in each of the 

simulations over 100 ns. Simulations were run on the Bristol supercomputer BlueCrystal 4, the 

BrisSynBio BlueGem, and the UK supercomputer, ARCHER.  

Software: The GROMACS-2019.252 suite of software was used to set up and perform the molecular 

dynamics simulations and analyses for BlueGem and BlueCrystal runs and the ARCHER runs. 

Molecular graphics manipulations and visualisations were performed using VMD-1.9.153 and 

Chimera-1.10.246. 

 

Virtual Screening of Ligands 

 

A database of 2697 FDA-approved drugs in SDF format was downloaded from SelleckChem 

(https://www.selleckchem.com/). 3D coordinates of each compound were generated using The Open 

Babel Package, version 2.3.2 (http://openbabel.org)55, and up to 50 conformers per compound were 

produced using Confort54 (Tripos Inc.). The receptor used for docking was an equilibrated frame from 

the molecular dynamics simulation of the LA-- bound SARS-CoV-2 spike glycoprotein cryo-EM 

structure (PDB code 6ZB5, 2.85 Å resolution). A 13 Å radius around LA- was selected as the docking 

pocket with C9 being the centroid. LA- was subsequently removed prior to the docking calculations. 

The virtual screen was run using BUDE1.2.917 via a cloud computing platform powered by Oracle 

Corp. The total number of compounds screened was 2505 (Table S1), accounting for 39 compounds 

that had undefined atoms, and 153 compounds with atoms that are not parameterised in the BUDE 

forcefield. 
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Supplementary Information 

 

 
Figure S1. Interaction of linoleate with spike RBD during MD simulations of the locked 

complex. Plots show the minimal pairwise distances between linoleate atoms and A. the nitrogens of 

the R408 guanidinium, B. the nitrogen of the K417 amino group and C. the nitrogen and oxygen of 

Q409 amide (C) during simulations of locked linoleate bound complexes. Coloring of individual 

chains/replicates is consistent across the Figure.  

 

 
Figure S2. RMSF for the individual chains showing the regions destabilised by the binding of 

cholesterol in the fatty acid binding site.  

 

 

 



 
Figure S3. Stability of linoleate binding in simulations of the open spike. Figure shows mean 

distance moved by linoleate molecules from their positions in the starting structures during 

simulations. The C-alphas for the individual chains were aligned with those in their first frame and 

the distance calculated for linoleate compared to its coordinate position in the first frame, for each of 

3 sites (site 1 = locked, site 2 = closed, site 3 = open as described earlier) during three replicate 

simulations of the open spike trimer. Note increased distance of LA- in site 3 (open site) from its 

starting position (yellow, magenta traces), with dissociation evident in one trajectory (red trace). 

 



 
Figure S4. Three distinct cholesterol binding sites in the open spike conformation suggested by 

MD simulations. Figure shows SARS-CoV-2 spike chains A (cyan ribbon) B (brown ribbon) and C 

(green ribbon) with bound cholesterols (carbon atoms grey spheres) from the last frame of a 200 ns 

MD trajectory of the open SARS-CoV-2 spike trimer. Top row inserts illustrate cholesterol binding 

sites 1 and 2 and the alternative site 3. Main image shows relative positions of the three sites. 

Alternative site 3 is shown in the context of residues required for the rigid body rotational (circled 

and magenta ribbon) and vertical motion (dark blue ribbon) necessary to raise the RBD18 for 

interaction with the ACE2 receptor.  



 
Figure S5. RMSD for dexamethasone bound to site 3 during MD simulations of the open spike 

complex. Plot shows RMSD of dexamethasone with respect to its position in site 3 of the starting 

structure (associated with the underside of the raised RBD). 

 

 

SI Table S1. 

 


