GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/166366/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Queirés-Reis, Luis, Mesquita, Jodo R., Brancale, Andrea and Bassetto, Marcella 2023. Exploring the fatty
acid binding pocket in the SARS-CoV-2 spike protein - confirmed and potential ligands. Journal of
Chemical Information and Modeling 63 (23) , 7282-7298. 10.1021/acs.jcim.3c00803
Publishers page: http://dx.doi.org/10.1021/acs.jcim.3c00803
Please note:

Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may

not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




Title: Exploring the fatty acid binding pocket in the
SARS-CoV-2 spike protein — confirmed and

potential ligands

Luis Queiros-Reis1*, Jodo R. Mesquita 1,2, Andrea Brancale3, Marcella Bassetto4,5

1 Abel Salazar Institute of Biomedical Sciences (ICBAS), University of Porto, 4050-313

Porto, Portugal; up201205115@up.pt (L.Q.-R.)

2 Epidemiology Research Unit (EPIunit), Institute of Public Health, University of Porto,

4050-091 Porto, Portugal

3 University of Chemistry and Technology, Prague 166 28 Praha, Czechia;

andrea.brancale@vscht.cz

4 School of Pharmacy and Pharmaceutical Sciences, College of Biomedical and Life

Sciences, Cardiff University, Cardiff, CF10 3BN, UK; bassettom1@cardiff.ac.uk

5 Department of Chemistry, Faculty of Science and Engineering, Swansea University,

Swansea, SA2 8PP, UK

* Correspondence: L.Q.-R., up201205115@up.pt



Abstract

Severe Acute Respiratory syndrome 2 (SARS-CoV-2) is a respiratory virus responsible for
coronavirus disease 19 (COVID-19) and the still ongoing and unprecedented global pandemic.
The key viral protein for cell infection is the spike glycoprotein, a surface-exposed fusion protein,
that both recognizes and mediates entry into host cells. Within the spike glycoprotein, a fatty acid
binding pocket (FABP) has been confirmed, with the crystallization of linoleic acid (LA)
occupying a well-defined site. Importantly, when the pocket is occupied by a fatty acid, an inactive
conformation is stabilized, and cell recognition is hindered. In this review, we discuss ligands
reported so far for this site, correlating their activity predicted through in silico studies with anti-
spike experimental activity, assessed by either binding assays or cell-infection assays. LA was the
first confirmed ligand, co-crystallised in a cryo-EM structure of the spike protein, resulting in
increased stability of the inactive conformation of the spike protein. The next identified ligand,
lifitegrast, was also experimentally confirmed as a ligand with antiviral activity, suggesting the
potential for diverse chemical scaffolds with the ability to bind this site. Finally, SPC-14 was also
confirmed as a ligand, although no inhibition assays were performed. In this review, we identified
20 studies describing small-molecule compounds predicted to bind the pocket in in silico studies,
and with confirmed binding or in vitro activity, either inhibitory activity against the spike-ACE2
interaction, or antiviral activity in cell-based assays. When considering all ligands confirmed with
in vitro assays, a good overall occupation of the pocket should be complemented with the ability
to make direct interactions, both hydrophilic and hydrophobic, with key amino acid residues
defining the pocket surface. Among the active compounds, long flexible carbon chains are
recurrent, with retinoids capable of binding the FABP, although bulkier systems are also capable

of affecting viral fitness. Compounds able to bind this site with high affinity have the potential to



stabilize the inactive conformation of the SARS-CoV-2 spike protein, and therefore reduce the
virus ability to infect new cells. Since this pocket is conserved in all highly pathogenic human
coronaviruses, including MERS-CoV and SARS-CoV, this effect could be exploited for the

development of new antiviral agents, with broad-spectrum anti-coronavirus activity.



1. Introduction
1.1 SARS-CoV-2

Coronavirus disease 19, or COVID-19, is a respiratory infection caused by the Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), responsible for a global pandemic with
more than 750 million people infected and close to 7 million deaths up to September 2023 ',
Coronaviruses (CoVs) are a group of RNA viruses belonging to the subfamily
Orthocoronaviridae, that cause disease in a variety of domestic and wild animals °. The name
“corona” is derived from a halo observed under microscopy, formed by three major structural
proteins: spike, membrane, and envelope, projecting as spikes from the viral envelope (Figure

1)°.
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Figure 1: Schematic representation of the SARS-CoV-2 virion structure, with the single-
stranded, positive-sense RNA and the three structural proteins: spike glycoprotein, membrane

protein and envelope protein.

Cell infection for SARS-CoV-2 is initiated by the densely glycosylated spike (S) protein (Figure
2A), a trimeric fusion protein that binds to human angiotensin converting enzyme 2 (ACE2),
acting as the functional receptor I*7. As the S protein mediates viral entry into host cells, it is the
main target for antibodies and one of the primary focuses of therapeutics and vaccine design ®°.
All key areas for cell and antibody recognition are located in the S protein, defining the receptor
binding domain (RBD) as the portion that interacts with ACE2 (Figure 2B) ', Since the

infection is initiated by receptor recognition between the RBD and ACE2, this interaction

determines infectivity, host range and pathogenesis of the virus ’.




Figure 2: A) Ribbon representation of the S glycoprotein trimer, with the monomers represented
as blue, orange and yellow ribbon, respectively (PBD ID: 6VXX). B) Ribbon representation of a
S glycoprotein monomer with the RBD highlighted in green. The RBD is part of the S1 subunit

(orange), while the S2 subunit is represented in blue °.

2.2 The spike glycoprotein as a drug target
Given the critical role of the S protein, it is the main target for vaccine development, antibody
therapy and small-molecule entry inhibitors 7. Indeed, vaccine development focused on the S
protein and achieved a reduction in viral effectiveness '*. On the other hand, no small-molecule
inhibitors of the S protein have been approved. When targeting the direct interaction between the
RBD and ACE?2, there is an intrinsic challenge, as the receptor binding motifs are highly variable
at the sequence level !!. Nevertheless, since it is effective in reducing viral fitness, research
focusing on blocking the interaction has resulted in numerous virtual screening campaigns
targeting at the S protein since the pandemic started 1>!°. Given the S protein size (1300
residues), variety of functions (from cell recognition to cell fusion) and conformational changes,
the area selected for such analyses can vary significantly, with studies focusing only on the RBD,

larger portions of the S protein, and searches for additional potential binding cavities '% 2022,

2.3 Fatty acid binding pocket

One of the hallmarks of viral infections is the imbalance they cause in regular cell functions.
Specifically for coronavirus, lipid metabolism is deeply impacted and the presence of fatty acids,
such as linoleic acid (LA) and arachidonic acid, can significantly suppress viral replication 3.

With this in mind, the S protein was studied in the presence of LA and a cryo-EM structure of



the S protein with LA bound was determined (PDB ID: 6ZB5), with the binding area identified
as a fatty acid binding pocket (FABP). LA occupies a site formed between two adjacent RBDs,
and considering that the S protein is a trimer, three similar pockets are defined, with up to three

molecules of LA capable of binding simultaneously (Figure 3A) 225,

Critically, despite the proximity to the RBD surface that interacts with ACE2, none of the FABP
residues participate in the recognition event with the human receptor >*%. Binding to this pocket
appears to be enabled by a specific spatial occupation pattern, and LA, a molecule with a long

carbon chain and two cis-unsaturated bonds, appears to have an ideal molecular shape to achieve

an optimal fit of the curved cavity of the pocket (Figure 3B) .

Figure 3: A) Ribbon representation of S protein from a side view, with three FABP defined near
the RBD (PDB ID: 6ZB5). The S protein subunits are represented as a yellow, orange and blue
ribbon, respectively, while three bound LA molecules are highlighted as molecular surface
(green: lipophilic; pink: hydrophilic; white: neutral). B) Zoom on one LA molecule (carbon

atoms in cyan) co-crystallized in the FABP represented by molecular surface, the hydrophilic



(purple) portion near the carboxylate group and the carbon chain buried in the hydrophobic

portion (green) (PDB ID: 6ZB5) '?

The presence of LA in the FABP affects conformational changes in the protein elicited by the
cell recognition event. Each RBD has two possible conformations: down conformation (Figure
4A), inaccessible for interaction with ACE2, or up conformation, available for target recognition
(Figure 4B) %26, Additionally, changing between the up and down conformation is independent
in each S monomer, with the down conformation being the most stable and frequent state ’. In
the absence of LA, three-dimensional classification of S particle conformations in cryo-EM data
reveals that ~70% of trimers have RBDs in the up conformation, with the S protein primed for
infection. On the other hand, when LA is present, ~70% of S trimers are in an all-down
conformation, uncapable of binding with the ACE2 receptor %2728, The presence of LA in the
FABP results in a rearrangement of the binding motifs, becoming ordered and buried between
RBD interfaces, decreasing the ability of the RBD to interact with ACE2 (Figure 4A) %*. The
increased rigidity and stabilization of the S protein in an inactive conformation changes the ratio

between up- and down-conformation RBDs 227,

A




Figure 4: A) Protein surface representation of S trimer in a three RBD down conformation (blue,
orange, yellow) B) Protein surface representation of S trimer in a two RBD up (yellow and

orange) bound to ACE2 (red and green) and one RBD down (blue) conformation ) '3

2.3.1 Fatty acid binding pocket - Structure
The FABP is shaped in a long, curved tube fashion, with extensive interaction surfaces formed
by several phenylalanine residues (Phe338, Phe342, Phe374, Phe377, Phe392, Phe515), as well
as other mainly hydrophobic amino acids (Cys336, Pro337, [1e358, Ala363, Tyr365, Leu368,
Tyr369, Leu387, Val395, lle434, Leu513, Val524) %23 At the entrance of the pocket, the
adjacent RBD provides several hydrophilic residues that can establish both electrostatic and
hydrogen-bond interactions (Arg408, GIn409, Gly416, Lys417) 2% 2>, Potential ligands can
interact with residues in both portions and the presence of the adjacent RBD is required to
stabilize the ligand by forming direct interactions with the hydrophilic groups **%. Regarding
LA, the main stabilizing interactions are a hydrogen bond between Lys417 and the carboxylic
acid from LA, and additional contacts across the pocket with Phe338, Tyr365 and Cys432

(Figure 5) %%,
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Figure 5: A) Crystalized LA ((PDB ID: 6ZB5) (carbon atoms in yellow) in the FABP in ribbon
representation (blue), located between two adjacent RBDs. The pocket is formed by RBD-A
(with hydrophobic residues) and hydrophilic residues in the adjacent RBD-B, interacting with
the carboxylate head. Black dashed lines represent polar interactions (hydrogen bonds and

electrostatic interactions) between the ligand and amino acid residues in the protein.

2.4 Occupation of the fatty acid binding pocket and viral infection
LA, as other similar w-6 fatty acids, can affect virus binding to ACE2 and cell entry, and its
increased intake has been linked to decreased fatality rates in epidemiolocal studies **-32. A direct
inhibitory effect in the RBD-ACE?2 interaction has been detected, with a 18% reduction in
binding assays at 0.29 mM, while linolenic acid displays a reduction of up to 60% infection in
cell-based assays at 2.28 mM, which confirms the potential to modulate the S activity from this
pocket 3°. The presence of fatty acids in the FABP, particularly LA, affects conformational
rearrangements, infectivity and immunogenicity %°. In addition to the direct effects in recognition

from the stabilization of the RBDs, there is also the potential for distal effects in the S protein,



modulating the behaviour of key residues involved in major conformational rearrangements
preceding cell fusion **>. Computational studies exploring the pH-dependence of S protein
conformations, based upon pKa calculations and molecular dynamics simulations at constant pH,
have suggested that LA binding affects the pH-dependence of the RBD active/inactive
conformation equilibrium **. The FABP is located in the vicinity of the base pair Asp398-
Arg355, and the decreased flexibility upon fatty acid binding changes the solvent accessibility of
Arg355, since the regions adjacent to both amino acids are more closely packed, with a similar
effect also observed for Asp614 (Figure 6) **. The observed effect in Asp614 is particularly
relevant, taking into account that a mutation in this residue is now prevalent in all circulating
SARS-CoV-2 variants (Asp614Gly), increasing infectivity by reducing interactions within the S
protein, and shifting the protein conformation towards active RBDs %3435 LA has the opposite

effect on the conformational states of the S protein, affecting the pH-dependence and shifting the
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Figure 6: Ribbon representation of the S trimer (PDB ID: 6ZB5), in side view with the base pair
Asp398-Arg355 and residue Asp614 represented with carbon atoms in purple. The FABP is

represented as a molecular surface '°.

In addition to a strong effect in the S trimer behaviour and target recognition abilities, exploring
the potential occupation of the FABP with small-molecule ligands presents an additional
advantage, given that key residues in the pocket are highly conserved, not only among emerging
SARS-CoV-2 variants of concern, but also in intermediate species, such as coronaviruses
currently infecting bats and pangolins 2>2% 37, Whilst the pH-dependence of the S protein is
highly relevant for the virus life cycle, particularly during the endosomal pathway for cell entry,
the function of the FABP is not clear, although a modulation effect in the exposure of
immunodominant sites has been suggested > *°. During endosomal entry, as the environmental
pH is gradually reduced, the open/closed RBD equilibrium is shifted to the inactive
conformation, reducing not only the interaction with ACE2, but also with neutralizing
antibodies, that commonly bind the RBD *. As a result, neutralizing antibodies are shed
gradually, but partial interaction with ACE2 is maintained, along with the ability for cell fusion
and infection *¢38, This has been described as a masking behaviour, where all RBDs are in the
inactive conformation . Similarly, the presence of LA also stabilizes the inactive conformation,
in a masking behaviour, restricting viral replication %°. As happens for a decreasing pH, the
FABP appears to be essential for effective infection, allowing the virus to change from a high-
infective status before a host immune response is established, with subsequent inflammation
producing -3 and ®-6 molecules that activate the FABP, reducing viral recognition and

clearance, while increasing viral titers 2°. Hence, the FABP modulates conformational changes



that affect the immunogenicity of the S protein ?°. Taking into account the confirmed binding
effect of -6 fatty acids, which decrease target recognition and viral replication *°, the FABP is a
promising target for the development of small-molecule binders, that could lock the S trimer and
respective RBDs in an inactive conformation, inhibiting receptor interactions and cell infection '
8.24 This is particularly important, as this binding pocket is not exclusive to SARS-CoV-2: it is
found in other highly infectious human coronaviruses, being fully conserved in SARS-CoV, and
partially conserved in MERS-CoV. This pocket could therefore be exploited for the development

of new antiviral agents with broad-spectrum anti-coronavirus activity 2.

The main objective of this article is to compile currently confirmed and potential ligands,
resulting from virtual screening studies that explore the FABP, either focusing on the pocket
specifically, or broader virtual screenings against the whole S glycoprotein. Given the potential to
significantly affect the virus life cycle by binding to the FABP, a comprehensive understanding of
which ligands are known to bind to this site, and their inhibitory activity of the S-ACE2 interaction
and/or cell infection, may support the development of novel, potentially broad-spectrum,
therapeutic agents. Furthermore, a systematic elucidation of how each confirmed ligand binds,
highlighting favoured functional groups and scaffolds, and essential interactions, can aid the
design of new molecules with improved binding to this site, which may help in the inhibition of
coronavirus infections. Compounds with potential or confirmed activity were evaluated with
molecular docking analyses in the FABP when this data was unavailable, to aid the discussion of

potential interaction patterns.



3 Methods

3.1 Literature review
The systematic review followed the Preferred Reporting of Systematic Reviews and Metanalysis
(PRISMA) *. We concluded an extensive search for virtual screening studies focusing on the S
protein through different databases, namely MEDLINE (PubMed), Scopus and Web of
Science®, to select literature published until May 15th, 2022. The main goal was to find
compounds predicted to bind the FABP and, as such, we collected all articles containing
(“SARS-CoV-2" + “spike” + “virtual screening”) in the title or abstract. Additionally, since LA,
a fatty acid, is a known ligand, we also collected articles with the terms (“SARS-CoV-2*“+
“spike” + “linoleic acid”) and (“SARS-CoV-2“+ “spike” + “fatty acid”). As summarised in the
PRISMA Diagram (Supporting Information Figure S1), a total of 738 articles were identified;
filtering for duplicate articles resulted in a total of 387 different articles. From these, 159 articles
were excluded since they were not virtual screening studies or had no experimental data
regarding the S1 subunit or binding to the FABP. Finally, an additional 208 articles were also
excluded, since they were either virtual screening studies focusing exclusively on the S-ACE2
interaction, or they reported no compounds predicted to interact with any FABP residues.
Additional articles were added with complementary information, such as binding inhibition or
cell-based assays. From the final selection of 20 articles, 21 compounds were identified with
predicted binding to the S glycoprotein, along with complementary experimental results
confirming either binding or functional activity. Additionally, 6 compounds were identified as
possible binders, although no experimental assays were available. Identified structures with
confirmed activity or potential activity were analysed with docking simulations to further explore

potential interactions.



Docking Simulations

All molecular modelling experiments were performed on an Asus WS X299 PRO Intel® i9-
10980XE CPU @ 3.00 GHz x 36 running Ubuntu 18.04 (graphic card: GeForce RTX 2080 Ti).
Molecular Operating Environment (MOE) 2019.10 !* and Maestro (Schrodinger Release 2020-2)
were used as molecular modelling software . The structures of the compounds analysed were
built in MOE, saved in .sdf format, and prepared using Maestro LigPrep tool by energy
minimizing the structures (OPLS 2005 force filed), generating possible ionization states at pH 7
+ 2, tautomers, all possible stereoisomers per ligand and low-energy ring conformers. The crystal
structure of LA in the S glycoprotein was downloaded from the PDB (http://www.rcsb.org/
(accessed on 15 May 2023); PDB code 6ZB5). The protein was pre-processed with MOE Protein
Preparation tool, the resulting protein-ligand complex was saved in. mae format and prepared
using Schrédinger Protein Preparation Wizard by assigning bond orders, adding hydrogens, and
performing a restrained energy minimization of the added hydrogens using the OPLS 2005 force
field. A 15 A docking grid was prepared using the co-crystallized LA as the centroid. Molecular
docking studies were performed using Glide SP, keeping the default parameters, and setting 5 as
the number of output poses per input ligand, performing for each pose a post-docking
minimization. The output poses were saved as mol2 files. The docking results were visually

inspected using MOE 2019.10.



4 Results

4.1 Compounds interacting with the FABP
Predicted interactions with the FABP for selected compounds are reported in virtual screening
studies, however experimental confirmation of binding and its effect in receptor recognition/cell
entry is not always available. Therefore, compounds with reported experimental data were
prioritized (Table 1), with additional compounds identified when only predicted interactions are
available (Table 2). The libraries from which these compounds are derived vary widely, from
studies testing a single compound, to libraries of a few thousand molecules. Selected compounds
may originate from libraries with plant metabolites or other biological sources *!. Identification
of compounds potentially active in the FABP was based on described interactions, either
predicted, in virtual screening studies, or directly confirmed, by cryo-EM or NMR experiments.
Regarding experimental validation, data was crossed with additional studies, whenever
complementary information was available. It should be noted that, when direct FABP activity is
not accessed, validation was based on inhibition assays for the S-ACE2 interaction or cell-based
infection assays, without, however, confirming specific interaction in the FABP. Finally, the
selection of compounds without experimental validation (Table 2) was based on the patterns of

interaction identified for LA, focusing on residues that compose the FABP.



1

Table 1 - Confirmed and potential ligands of the FABP, with in silico studies and complementing in vitro testing

a b
Compound Structure Mqlecular cLogP LogP In silico studies In vitro studies Reference
weight (pH=7)
Binding pocket: Fpocket
Glyco-chenodeoxycholic 449 6 3.05 05 webserver with PDB ID: 6VSB |~ 15 % reduction in S-Al° in| “
acid ’ ’ ’ binding assays at 10 uM
Docking software: AutoDock
Binding pocket: Fpocket
Ursodeoxycholic acid 392,57 360 04 webserver with PDB ID: 6VSB |~ 15 % reduction in S-Al° in| o
’ ’ ’ binding assays at 10 uM
Docking software: AutoDock
Binding pocket: Fpocket
Tauro-ursodeoxycholic acid 499 7 276 02 webserver with PDB ID: 6VSB |~ 5 % reduction in S-Al° in| 4
' ’ ’ binding assays at 10 uM
Docking software: AutoDock
Binding pocket: Fpocket
Glyco-ursodeoxycholic acid 449 6 3.05 05 webserver with PDB ID: 6VSB |~ 20 % reduction in S-Al® in "
’ ’ ’ binding assays at 10 uM
Docking software: AutoDock
Binding pocket: Fpocket/~ 10 % reduction in S-Al° in|
Chenodeoxycholic acid 3926 360 13 webserver with PDB ID: 6VSB  |binding assays at 10 uM 0

Docking software: AutoDock




Binding pocket: Fpocket
webserver with PDB ID: 6VSB

~ 15 % reduction in S-AI° in|

SRTSRTIN 42
Obeticholic acid 420.6 4.16 2.1 binding assays at 10 M
Docking software: AutoDock
o Binding pocket: Fpocket
BAR 704 392.62 4.46 41 webserver with PDB ID: 6VSB |~ 35 % reduction in S-Al° in| 4
y ’ . ' ’ ’ binding assays at 10 uM
$ "'a/OH Docking software: AutoDock
. Binding pocket: LA in PDB ID:
6ZB5 N . . ..
Vitamin K ‘O 4507 834 97 50% reduction in virion 19 29
7 ' ' ’ Docking  software: BUDE retention in cells at 4.7 uM
) docking server
Binding pocket: LA in PDB ID:
6ZB5 N L
Dexamethasone 392.5 2.14 1.7 S0 % reduction in virion 19,29
’ ' ’ Docking  software: BUDE retention in cells at 3.2 uM
docking server
Binding pocket: LA in PDB ID:
6ZB5 S
o ~ 60 % reduction in viral 19.43
Tretinoin NN 3004 3.01 3.0 Docking ~ software: BUDEreplication in cells at 1 pM
docking server
Binding pocket: LA in PDB ID:
o 6ZB5 0 L
Tazarotene 351.5 4.61 5.2 ~ 30 % reduction in viral 19,43

Docking software: BUDE

docking server

replication in cells at 1 uM




Binding pocket: LA in PDB ID:
6ZB5

100% reduction in S-AI° in

Vitamin A - _ on 286.5 5.04 4.7 S 19,30
7 / Docking  software: BUDE binding assays at 2.5 pM
docking server
Binding pocket from: LA in PDB
ID: 6ZB5 . o .
Vitamin D3 384.6 685 | 7. 1% reduction In S-AFE I 1030
Docking  software: BUDE/['N¢INg assays at 2.0 1.
docking server
Binding pocket: LA in PDB ID:
i 6285 100% reduction in S-AI° in
Linoleic acid e~ 2804 5.45 4.4 b o 24,30
Docking  software: BUDE/['N¢INg assays at 2.0 .
docking server
o Binding pocket: FABP in 6VXX 15% reduction in S-AI° inl -
W 2284 4.45 3.3 binding assays at 2.5 pM ,
Myristic acid - Docking software: Glide XP & assay DM
o 0 Binding pocket: FABP in 6VXX 0% reduction in S-AI° inl 0 a5
Stearic acid POV 284.5 5.93 5.1 i s »
o Docking software: Glide XP gassaysat 2o
o . Binding pocket: FABP in 6VXX 90% reduction in S-AI° in -
Oleic acid PP | 2825 5.71 48 inding assavs at 2.5 uM ’
” Docking software: Glide XP g assay M
Binding pocket: S-ACE2
o interaction surface in PDB ID:
. “ o 6VW1 50% reduction in cell
M & 45, 46
Lifitegrast Kﬁj@ T eiss 4.19 12 infection at 1,295 uM
Q/l &g Docking software:  Autodock
o on Vina
O=!‘5=O
Binding pocket: FABP in PDB
. ID 6VXX . o .
Palmitic acid PO 256.5 520 | 42 157 reduction in S-AIin 3 44

Docking software: Glide SP,
Glide XP

binding assays at 2.5 pM




Binding pocket: FABP in PDB
ID 6VXX

20% reduction in S-AI° in|

HO

Docking software: DOCK3.7

INo inhibition or cell-based|
assays

. 30, 44
(Caprylic acid MOH 12 22 07 Docking software: Glide SP,binding assays at 2.5 \M
Glide XP
o NO,
N/\l\/\//\ Binding Pocket: FABP in PDBE’;QT&%_E&I/}ﬁmed in SPR
SPC-14 306.3 129 | -07 [P7E7B 7

2 2 Calculated with SwissADME *8

3 ® Calculated using Chemaxon® LogD calculator #°

4 ¢S-Al S-ACE2 interaction




As with LA, most compounds in Table 1 have a molecular weight over 250 and below 500
g/mol, likely required to adequately occupy the pocket. Despite the FABP being composed
mainly of hydrophobic amino acids, the predicted logP of confirmed ligands varies between 1
and 8, whilst predicted logD (pH=7) varies between -0.5 and 9.7. These variations are due to
the presence of functional groups (such as carboxylic acids and hydroxy groups) capable of
interacting with positively charged amino acid residues. Another significant feature is the
overall rigidity of the scaffold: while LA, the first confirmed ligand for this pocket, is
flexible, this does not appear to be an essential requirement, as confirmed by lifitegrast,
characterized by bulkier and rigid ring systems. As expected from the Cryo-EM structure
with LA (PDB ID: 6ZBS5), the predicted binding for these compounds always features two

RBDs, and interactions with both the hydrophilic and hydrophobic portions of the pocket.

4.2 Confirmed ligands of the FABP

Despite the experimental effect in the virus-host interaction detected for multiple
compounds, only two have been confirmed to directly bind the FABP and exert a biological
activity, lifitegrast and LA 2% Lifitegrast is a drug (Xiidra®) used for the treatment of dry
eye disease as an ophthalmic solution *°, and while LA has been co-crystalized in the S
protein, lifitegrast was identified in a virtual screening study, for its predicted direct
inhibition of the S-ACE2 interaction, unrelated to the FABP #S. Lifitegrast predicted activity
was confirmed later, as it was found to significantly reduce the S-ACE?2 interaction in surface
plasmon resonance (SPR) analyses *°. Remarkably, additional studies have pointed to an
effect through the FABP: measured with chemical shift perturbation (CSP) NMR, the
chemical perturbation of lifitegrast matches the effect of LA, suggesting an action on the
FABP instead of the protein surface *°. Furthermore, saturation transfer difference (STD)

NMR showed that all aromatic groups of lifitegrast are in contact with the RBD and buried in



the FABP, as would be expected for binding to the hydrophobic portion of the pocket +°.
Binding assays determined a KD of 1.92 nM with the S protein for lifitegrast, and a reduction
0f 99.8% of the RBD-ACE2 protein-protein interaction in SPR competition assays at 1.92 nM
4 Consequently, further cell-infection studies determined an ICso of 1,295.3 uM for in vitro
infection of Vero E6 cells with no cytotoxicity up to S mM “. Given that lifitegrast was
identified when screened against the RBD but its activity was later reconducted to binding in
the FABP, we performed a docking analysis in the FABP with Glide SP *°, to predict how it

may bind the FABP (Figure 7) °'.

Figure 7: Crystalized LA (PDB ID: 6ZB5) (carbon atoms in yellow) superimposed with
lifitegrast (carbons atoms in orange) in the FABP in ribbon representation (blue). Dashed
lines represent polar interactions (hydrogen bonds and electrostatic interactions) between the

ligand and amino acid residues in the protein 2.

In line with the network of interactions with hydrophobic moieties detected in NMR assays,
lifitegrast can be deeply buried in the hydrophobic region of the pocket **. As with LA, the
predicted pose found for lifitegrast can be stabilized by interaction with hydrophilic residues

(Arg408), and additional contacts with the hydrophobic amino acids (Ala372, Ser373,



Leu387 and Val395). Additionally, the predicted binding pose for lifitegrast indicates an
extensive pocket occupation. Taken together, LA and lifitegrast show that although
molecules with long and flexible carbon chains can access the pocket and influence cell
infection and the virus life cycle, more rigid and bulkier compounds can also adequately bind
and exert an effect through occupation of the FABP. In addition to lifitegrast and LA, SPC-14
has also been confirmed to bind the FABP, although no inhibition assays on the interaction
between the S protein and ACE2 have been reported 4. Binding was determined in SPR
assays with the S protein, resulting in a binding affinity (KD) of 9.5 pM, with further cryo-
EM structural determination confirming binding and clarifying how this compound binds to

the FABP (Figure 8) ¥/

Figure 8: Crystalized SPC-14 (carbon atoms in orange) (PDB ID:8H3E) in the FABP in
ribbon representation (blue). Green dashed line represents hydrophobic interactions and blue

dashed line represents the distance between SPC-14 and the sidechain of Arg408 .



The cryo-EM structure for SPC-14 shows a different interaction pattern to LA, as SPC-14 is
further buried in the pocket, and hydrophobic stabilizing interactions are prominent,
particularly with the nitro group having m-stacking interaction with Phe338 7. Although no
interactions are directly established with the hydrophilic portion of the site, the carboxylic
acid remains at a distance of 6 A from the hydrophilic residue Arg408 (Figure 8). Along with
the co-crystallization of SPC-14, 48% of S protein population appeared in the closed
conformation, with the remaining only showing one RBD exposed for interaction with ACE2
7. The data collected for SPC-14 suggests that it is likely to affect the RBD-ACE2
interaction, and potentially the virus life cycle, although this has not yet been confirmed

experimentally.

4.3 Compounds with predicted binding and confirmed activity
4.3.1 Sterol backbone
Although LA and lifitegrast have been explicitly confirmed to bind the FABP and
have experimental results for their direct binding to the FABP, leading to reduced interaction
or cell infection, other compounds with exclusively binding or cell-based assays could
potentially act through binding the FABP. In a virtual screening campaign, natural bile acids
and semi-synthetic derivatives were predicted to establish interactions in a proposed pocket,
with common residues to the FABP, defined with the Fpocket online tool (using the S protein
PDB ID 6VSB) >33, Proposed interactions are established with residues Lys378, Thr376,
Phe377, Cys379, Tyr380 and Pro384, suggesting that the molecules selected could interact
with FABP residues **. Importantly, activity was confirmed for these compounds in S-ACE2
inhibitor screening assays, with the best ligand, BAR704, reaching up to 40% inhibition at a
10 uM concentration **. However, interaction with the FABP is not discussed, as some

activity is detected, and in order to predict if BAR704 could interact with this pocket, we



performed a docking analysis with Glide SP, obtaining the predicted binding pose illustrated

in Figure 9 °'.

THR-415

=

Figure 9: Crystalized LA (PDB ID: 6ZB5) (carbon atoms in yellow) superimposed with BAR
704 (carbons atoms in orange) in the FABP in ribbon representation (blue). Black dashed
lines represent polar interactions (hydrogen bonds and electrostatic interactions) between the

ligand and amino acid residues in the protein >,

Bar704 is predicted to achieve a good overall occupation of the pocket and potentially
establish interactions with residues Cys379, Cys432, Arg408, Thr415, and Phe377. Predicted
interactions with Arg408, Phe377 and Cys432 are in common with LA ?*. Since, similarly to
lifitegrast, this bile acid derivative possesses a bulkier scaffold, it can be expected to have the
same ability to enter the pocket and potentially influence the virus-host interaction, resulting

in the reduced S-ACE2 interaction observed.

In addition to bile acids, further compounds with a steroid backbone have been identified in
molecular dynamics studies, namely dexamethasone, with an irregular interacting pattern '°.
Dexamethasone’s activity has been confirmed in experimental assays against the S protein, in

which it reduced S-mediated binding to the ACE2 receptor, with an IC50 of 3.2 uM for



retention of virions in A549 human alveolar basal epithelial cells 2°. A docking analysis using
Glide SP has generated the predicted binding pose shown in Figure 10. The irregular
predicted pattern (hydrophobic interaction with Phe377) of interaction suggests that
dexamethasone is buried in the pocket, perhaps with a pattern similar to SPC-14 and no direct

interaction with the hydrophilic region %7,

Figure 10: Crystalized LA (PDB ID: 6ZB5) (carbon atoms in yellow) superimposed with
dexamethasone (carbons atoms in orange) in the FABP in ribbon representation (blue). Black
dashed lines represent polar interactions (hydrogen bonds and electrostatic interactions)

between the ligand and amino acid residues in the protein >2.



4.3.2 Fatty acids
In addition to LA, other fatty acids are also expected to bind the FABP and affect the RBD-
ACE2 interaction, with non-saturated, mono and poly-unsaturated fatty acids included in
virtual screening campaigns against the pocket and predicted to interact similarly to LA *4.
Palmitic acid, a saturated fatty acid, has been described as a potential ligand **. However,
experimental results disprove this, possibly due to the bent nature of the pocket, with the cis-
bonds present in LA appearing to favour an optimal binding. Palmitic acid is associated with
a modest 15% reduction in S-ACE2 binding assays at 9.8 mM and no direct binding to the S
protein identified, when monitored with liquid chromatography—mass spectrometry. On the
other hand, oleic acid and LA where both detected bound to the S glycoprotein 2% 3% 38, This
is further extended to other saturated fatty acids, with myristic and stearic acid resulting in
15% and 10% reduction in binding assays at 10.9 mM and 8.8 mM, respectively 2% 3°.
Multiple polyunsaturated fatty acids have shown a 100% reduction in binding assays at ~ 8
mM, such as linolenic acid (9.0 mM), eicosapentaenoic acid (8.3 mM) and LA (8.9 mM),
consistent with predicted binding poses *°. As for monounsaturated fatty acids, these show
varying behaviours in between polyunsaturated and saturated, with oleic acid achieving a
strong effect at relatively high concentrations (90% reduction in binding assays at 8.9 mM)
and palmitoleic acid producing instead a weak effect (10 % reduction in binding assays at 9.8
mM). (Figure 11) 2°-3°, For polyunsaturated fatty acids, as multiple double bonds are present,
the molecule is able to accommodate and appropriately fit in the pocket, in contrast with the
effect in activity for monounsaturated fatty acids, where oleic acid and palmitoleic acid show
widely different activity 2% 3°. This may be attributed to the unsaturated bond, with oleic acid
being an ®-9 fatty acid and palmitoleic an -7, with the extended carbon chain after the
double bond likely leading to different pocket occupation and establishing different

interactions.



Figure 11 — A) Structures of (A) LA (polyunsaturated), (B) oleic acid (»-9), (C) palmitoleic

acid (w-7) and Palmitic acid (unsaturated).

4.3.3 Retinoids and lipid-soluble vitamins
As with fatty acids, lipid soluble vitamins (A, D and K), as well as tazarotene and tretinoin
could be good ligands for the FABP, identified in virtual screening studies '°. Inhibitory
activity has been confirmed for vitamins A and K, with vitamin A successfully blocking the
interaction with ACE2 (100% reduction in S-ACE2 binding assays at 8.7 mM), whilst
vitamin D only reduced the interaction in S-ACE2 binding assays by 13% when tested at 6.0
mM . Additional experimental assays for vitamin K showed S-mediated reduction of
binding to ACE2, with an IC50 of 4.7 uM for retention of virions in A549 human alveolar
basal epithelial cells [20]. To further elucidate the interaction with the FABP, we have

generated a binding pose with a docking simulation using Glide SP (Figure 12) °'.



Figure 12: Crystalized LA (PDB ID: 6ZBS5) (carbon atoms in yellow) superimposed with
vitamin K (carbons atoms in orange) in the FABP in ribbon representation (blue). Black
dashed lines represent polar interactions (hydrogen bonds and electrostatic interactions)

between the ligand and amino acid residues in the protein >2.

Vitamin K is predicted to occupy the pocket similarly to LA, establishing polar interactions
with residue Arg408 !°. In the generated pose, additional contacts with residues Leu368 and
Tyr369 are predicted, and the long flexible chain extends deep into the hydrophobic portion
of the pocket and establishes further interactions with residues Cys336, Cys379, Phe392 and
Cys432. The predicted extensive network of interactions justifies the stabilization within the
pocket and the ability to affect the virus-host interaction, with antiviral activity detected in
virion cell infection assays '>2?°.  Vitamin D is also predicted to bind to the FABP, although
S-ACE2 binding assays show limited binding (13% reduction at 6.5mM) '*-3°, Predicted
interactions are similar to LA, with direct contacts with Arg408 and GIn409 identified
through molecular dynamics simulations !°. The best binding pose generated by Glide SP for
vitamin D (Figure 13) °! is in line with this observation, both for the main stabilizing
interactions and the overall pocket occupation '°. Other molecular properties, such as

molecular weight (Vit D: 384.6 g/mol; LA: 280.4 g/mol), predicted log P values (Vit D: 6.85;



LA: 5.45) or predicted LogD at pH=7 (Vit D:7.1; LA:4.4) could point to an increase of
hydrophobic features, reflected in these values, as a potential trend in support of decreased
binding. However, vitamin K surpasses vitamin D in all parameters (MW: 444.65g/mol,

LogP:7.66,LogD:9.7), but maintains both binding and FABP-mediated functional effect %°.

Figure 13: Crystalized LA (PDB ID: 6ZB5) (carbon atoms in yellow) superimposed with
vitamin D (carbons atoms in orange) in the FABP in ribbon representation (blue). Black
dashed lines represent polar interactions (hydrogen bonds and electrostatic interactions)

between the ligand and amino acid residues in the protein >,



4.3.4 Retinoids
Given that vitamin A has been confirmed to bind the FABP and to affect the S-ACE2
interaction, additional retinoids could be expected to have a similar effect. Particularly,
tretinoin and tazarotene have been identified in both virtual screening studies and high-
throughput screening studies, with predicted binding in the FABP and reduced viral infection
by ~50% in Vero E6 cells at a test concentration of 1uM for both compounds ! **. Taking
into account the structural features of previously identified compounds binding the FABP,

these retinoids are expected to bind strongly to the pocket.

Virtual screening studies predicted a polar interaction with Arg408 for these retinoids,
anchoring the molecules in the pocket, an essential feature previously described for LA '°.
Additional binding poses generated with Glide SP °!, have, for vitamin A (Figure 14A), the
hydroxyl group in direct contact Thre415, whereas Tazarotene (Figure 14C) is predicted to
interact with Tyr369. On the other hand, in the hydrophobic portion of the pocket, all three
compounds are predicted to establish w-stacking or hydrophobic interactions with
phenylalanine residues (Phe492 for vitamin A and tazarotene, Phe515 for tretinoin (Figure

14B) or Cys336 (for tretinoin), with a predicted pocket occupation similar to LA.




Figure 14: A) Crystalized LA (PDB ID:6ZB5) (carbon atoms in yellow) superimposed with
the predicted binding pose for vitamin A (carbon atoms in orange) in the FABP in ribbon
representation (blue). B) Crystalized LA (PDB ID:6ZB5) (carbon atoms in yellow)
superimposed with the predicted binding pose for tazarotene (carbon atoms in orange) in the
FABP in ribbon representation (blue). C) Crystalized LA (PDB ID:6ZB5) (carbon atoms in
yellow) superimposed with the predicted binding pose for Tretinoin (carbon atoms in orange)
in the FABP in ribbon representation (blue). Black dashed lines represent polar interactions
(hydrogen bonds and electrostatic interactions) between the ligand and amino acid residues in

the protein 2.

To summarize, the compounds discussed so far have shown the ability to bind the FABP,
confirmed for LA, lifitegrast and SPC-14, and/or to affect the S-ACE2 interaction in binding
assays, consequently resulting in reduced cell infection detected in cell-based assays. Binding
trends include the ability to interact with hydrophobic residues buried in the pocket, and with
polar functional groups of amino acid residues that define the pocket entrance. Additionally,
there are two main structural features in the chemical scaffold of active compounds. The first
is the presence of bulky ring-based systems, as happens with lifitegrast, that achieves a 50%
reduction in cell infection at 1,295 uM, or SPC-14 with a binding affinity (KD) of 6.9 uM.
Alternatively, active compounds show the presence of only up to two aromatic rings, attached
to a more flexible backbone, as observed with LA, retinoids and vitamin K. Either group is
predicted to have the ability to accommodate in the pocket, making different non-bonded
interactions. Particularly, the presence of aromatic rings is likely essential so that ©
interactions can be established with the numerous phenylalanine residues, buried and spread
across the pocket. Scaffolds capable of interacting with other hydrophobic amino acids that

coat the deeper portions of the site are also favoured, as is the case of retinoids.



Regarding the hydrophilic entrance of the pocket, polar interactions with the amino acid
residues present in this portion are common for stability, as initially identified with the co-
crystalized LA. The carboxylic acid group appears to be an important feature to interact with
the hydrophilic residues, but other functionalities, such as the sulfoxide in lifitegrast, also
show the potential to make direct contacts with electrophilic residues in the vicinity. On the
other hand, co-crystalized SPC-14 is buried in the pocket and unable to directly interact with
these residues. The same behaviour is predicted for dexamethasone '°. Dexamethasone and
SPC-14 have the lowest predicted LogP values (2.14 and 1.29, respectively), along with low
logD values (-0.7 and 1.7, respectively), which may lead to an interaction pattern more
dependent on the hydrophobic residues lining the deeper portions of the pocket, further away
from the hydrophilic residues in the entrance. Considering the active compounds highlighted
in this review, their chemical variety appears to be quite limited, as many studies focused on
compounds similar to LA. However, the activity observed for lifitegrast indicates that more
complex chemical scaffolds could possibly be associated with an improved overall
occupation of the FABP, as can also be observed for SPC-14, with a new interaction pattern,
similar to what previously predicted for dexamethasone . Further studies, such as the
resolution of a three-dimensional structure of the FABP in complex with lifitegrast or
dexamethasone, are needed to further confirm interactions leading to increased activity, and
to elucidate if dexamethasone achieves the high activity observed with a pattern similar to
SPC-14. Additionally, biological assays for SPC-14 are required to clarify if it also capable of
affecting the S-ACE2 interaction or the virus life cycle. The studies considered in this review,
describing compounds identified as FABP ligands, can help to understand important features
for FABP binding, and how this pocket can be explored to design optimized ligands. The

chemical space of possible candidates has been significantly expanded since the first ligand



was identified, with the identification of bulkier scaffolds and new functional groups with

biochemical and antiviral activity.

4.4 Compounds predicted to bind the FABP without reported experimental
activity

Although experimental data is essential to validate virtual screening studies, this is not always

3456 representing a

available in published works describing virtual screening campaigns
significant limitation, as potential antiviral compounds cannot be selected for optimization
before experimental confirmation *’. For example, as discussed previously, vitamin D and
palmitic acid were both predicted to bind the FABP, but S-ACE2 binding inhibition assays
proved otherwise 3% 8,

Since experimental results are an essential requirement to validate potential ligands in virtual
screening studies, a clear separation in needed from the compounds shown in Table 1.
Although lacking experimental confirmation, the compounds listed in Table 2 have been
predicted to bind to some residues in the FABP, based on their potential interactions in virtual
screening studies. These compounds were selected considering the most common interaction
features identified for confirmed ligands, namely hydrophobic contacts with phenylalanine
residues that coat the pocket, or polar contacts with the hydrophilic amino acids Arg408,
Gly408 and Lys417. Virtual screening methodologies are applied for compound libraries
using a wide variety of targets and structures, from portions of the S protein (closed and open

states, as well as pre- and post-fusion structures) to other SARS-CoV-2 proteins, such as the

main protease or nucleocapsid protein .



Table 2 — Reported compounds with potential activity without validation in experimental

assays
Total Interactin LogD Molecular
Compound |,. Structure . & cLogP? & b . Reference
library amino acids (pH=7)" [Weight
Phe338, Tyr365,
S 27 plant Leu368, Leu387, 50
Astaticacid | abolites Phe392, Val395, [+ 20 488.7
Leu513, Val524
398.4
. 92 natural 7Y . |Cys336, Phe338, 59
Rotiorine] C compounds NS = Ala363, Phe374 2.6 12
14 Marind Gly339, Asn343,
Psammaplysene [Brominated . I /\/\QN Ala3dd, AS%) 364, 61
5 Tyrosine \MWT ¢ [Ser366, Val367, [6.6 0.9 783.24
Alkaloids i T Ser373, Phe374,
Leud41, Arg509
-0.6 289.4
02 natural Thr376, Val407,
Hyosciamine compounds | 0 Ala411, Val433,1.8 59
P Tyr508
o 2.5 290.4
Oxabolone ;;;Zie d drugs No data reported [2.75 62
[e]
OH
O 284 496.6
i V% |Leu368, Phe374,
N
Selexipag 2456 approved | Pro384, Asn388,3‘25 63

drugs

Asp405, GIn409,
Arg408, Lys417

a Calculated with SwissADME 8
b Calculated using Chemaxon® LogD calculator 4°




Asiatic acid was included in a virtual screening study against the S glycoprotein, where
multiple predicted residues described for interaction are also residues present in the FABP,
such as Phe338, Tyr365 and Phe392 %°. Additionally, asiatic acid is a pentacyclic triterpenoid,
with a backbone similar to bile acid derivatives or dexamethasone, and it could therefore also
bind to the pocket. Interactions with hydrophilic residues are not described, but multiple
heteroatoms (belonging to carbonyl and hydroxyl groups) could potentially establish these
interactions. A docking simulation was run to predict how asiatic acid may bind the FABP,
and to assess if it has a similar behaviour to other sterols. However, no favourable binding
poses could be obtained for this compound using Glide SP, potentially indicating an
inefficient interaction with the FABP. %, Likewise, although Psammaplysene D has been
described to interact with some FABP residues (Ser373, Phe374), no favourable binding
poses could be obtained using the Glide SP docking tool . In the case of Psammaplysene D,
the failure to obtain docking poses could be due to the larger size of the molecule, with a
molecular weight of 783.2 g/mol, significantly surpassing confirmed ligands and likely not
fitting the pocket properly. As for asiatic acid, taking into account the binding predicted for
dexamethasone and bile acid derivatives, the absence of docking poses obtained is
unexpected. This lack of favourable binding poses could be due to the additional ring, as it
has a pentacyclic structure, or to the lack of a carbon chain capable of interacting with the
electrophilic pocket entrance, extending from the main ring system, as observed in both
dexamethasone and the bile acid derivatives.

Rotiorinol C was also identified in a virtual screening study not directed at the FABP, when
screened against the RBD portion of S protein (PDB ID: 6M17) *. Several predicted
interacting residues described in this study are in the FABP, particularly in the hydrophobic
portion (Cys336, Phe338, Ser373 (H-bond), Phe374) *°. From a chemical point of view,

rotiorinol C is similar to the retinoid backbone, with a flexible carbon chain and a rigid,



condensed ring system, suggesting potential activity due to FABP binding. The predicted
binding pose obtained for rotiorinol C with molecular docking software Glide SP (Figure 15)

40 indicates extensive potential interactions in the FABP.

Figure 15: Crystalized LA (PDB ID: 6ZB5) (carbon atoms in yellow) superimposed with
rotiorinol C (carbons atoms in orange) in the FABP in ribbon representation (blue). Black
dashed lines represent polar interactions (hydrogen bonds and electrostatic interactions)

between the ligand and amino acid residues in the protein >,

The main contacts are predicted with residues GIn409 and Lys417, Tyr369 and Gly416, with
additional predicted interactions with Phe374 and Phe338, as initially identified. Extra
interactions with Cys336 and Thr415 could further stabilize the molecule. When compared to
other known ligands, occupation of the pocket is similar to lifitegrast, with logP (lifitegrast:
4.19, rotiorinol C: 2.6) and LogD (lifitegrast: 1.2, rotiorinol C: 1.2), as well as molecular
weight (lifitegrast: 615.5, rotiorinol C: 398.4) compatible with binding to the FABP and
subsequent potential effects for the inhibition of the S-ACE2 interaction.

Similarly, to rotiorinol C, hyosciamine was also identified in a virtual screening study not

directed at the FABP, against multiple S protein conformations *°. Despite only a few



interacting residues highlighted in the FABP, a docking pose was generated for this
compound using Glide SP (Figure 16) “°. This molecule has unique features when compared
with the others discussed above, as it is more compact and contains a tropane ring that could
further extend the chemical space of potential binders to this site and explore new potential

interactions that may strengthen binding.

g

PHE-374

Figure 16: Crystalized LA (PDB ID: 6ZB5) (carbon atoms in yellow) superimposed with
hyoscyamine (carbons atoms in orange) in the FABP in ribbon representation (blue). Black
dashed lines represent polar interactions (hydrogen bonds and electrostatic interactions)

between the ligand and amino acid residues in the protein >2.

Due to the compact structure of hyoscyamine, the predicted binding pose in the FABP is
characterised by limited pocket occupation, although some stabilizing interactions,
particularly two H-bonds with Arg408 and Thr415 and an additional contact with Phe374, are
predicted. Further experimental assays are needed to elucidate if hyoscyamine has any

inhibitory activity of the S-ACE2 binding.



Oxabolone and Selexipag have been identified in two separate virtual screening studies
directed at the FABP, based on the LA co-crystalized structure (PDB ID:6ZB5 and 6ZB4),
and libraries of approved drugs ° %. However, none of these studies assessed biological
activity or determined binding affinities with the S protein, therefore they still require
validation for the virtual screening campaigns performed. As expected, the reported predicted
binding and pocket occupation follows patterns previously identified, with oxabolone
predicted to interact as SPC-14, whereas selexipag contains three aromatic rings and a

flexible chain that extends towards the hydrophilic residues in the pocket 6% 63,

In summary, six additional compounds were identified as potential ligands to the FABP,
based on their predicted interactions with the S protein, described in the original virtual
screening studies that explored these chemical entities. Upon analysis of these molecules for
their binding to the FABP using a molecular docking procedure, only for two of these
potential ligands, rotiorinol C and hyoscyamine, favourable binding poses to this site could
be observed. The binding pattern predicted for these two additional compounds is similar to
what previously observed for confirmed ligands. Moreover, the molecular scaffold of
rotiorinol C shares similar features with retinoids, as it shows the presence of a ring system
attached to a carbon chain that contains a heteroatom, available to interact with the
hydrophilic portion of the pocket. However, only experimental validation of the predicted
activity may confirm the accuracy of these observations. Similarly, selexipag and oxabolone
are predicted to interact with the FABP, but only experimental studies can validate the
potential ability to affect the S-ACE2 interaction. On the other hand, hyoscyamine presents a
novel chemical scaffold, featuring a tropane ring. Although its predicted pocket occupation
appears limited compared to the confirmed active compounds, the experimental validation of
its activity may open new avenues for the design of new therapeutic agents with diverse

structural features.



5 Conclusions

The FABP in the S surface glycoprotein is a promising target for drug discovery for SARS-
CoV-2: compounds binding to this site have the potential to exert a strong effect in cell
recognition and cell infection, stabilizing the inactive conformation of the S glycoprotein.
The first known ligand for this pocket, LA, is capable of significantly affecting the virus-host
interaction and cell infection. Identifying new, more potent binders to this site can provide the
basis to develop novel, broad-spectrum treatment options against current and future-emerging
coronaviruses.

In this review, we selected 20 studies, which describe 21 ligands with a confirmed binding
and/or effect on the S-ACE2 interaction, and five additional ligands with a predicted binding
to the FABP, for which no experimental results have been reported yet.

In addition to LA, lifitegrast has also been confirmed not only to have a strong inhibitory
effect on the S-ACE2 interaction and ability to reduce cell infection, but also to directly bind
to this pocket, showing that long, flexible carbon chains typical of fatty acids are not an
essential requirement for binding. The confirmation of SPC-14 as a new binder, further
indicates that different chemical scaffolds and interaction patterns can be accommodated in
the pocket, although SPC-14 is still lacking experimental validation of inhibitory effect of
Spike-ACE2 interaction or antiviral cell-based assays.

Since the remaining compounds discussed are predicted to bind the pocket and have either
confirmed inhibitory activity of the S-ACE2 interaction or antiviral activity, with a reduction
of cell infection in cell-based assays, their observed activity is likely due to binding to the
FABP. Among the compounds with inhibitory or antiviral activity, multiple ring systems,
such as the sterol backbone, are a recurring feature, with retinoids, such as tretinoin, and

unsaturated fatty acids with long carbon chains also affecting the virus-host interaction. The



pattern of interactions is consistent, with common interactions established not only with the
hydrophilic portion of the site, but critically throughout the hydrophobic region.

Additional compounds from virtual screening campaigns for which no experimental data is
currently available have been analysed with docking simulations in the FABP. Among them,
rotiorinol C is associated with the best predicted binding profile, indicating a likely potential
for this molecule to affect the virus-host interaction.

Overall, the observations summarised in this review may enable the design of more potent,
broad-spectrum new compounds, able to strongly bind the FABP and therefore prevent cell
recognition and entry of coronaviruses currently affecting humans, and of those possibly

emerging in the future.
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