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ABSTRACT: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
caused the coronavirus disease 2019 (COVID-19) pandemic. Several variants of SARS-
CoV-2 have emerged worldwide. These variants show different transmissibility infectivity
due to mutations in the viral spike (S) glycoprotein that interacts with the human
angiotensin-converting enzyme 2 (hACE2) receptor and facilitates viral entry into target
cells. Despite the effective SARS-CoV-2 vaccines, we still need to identify selective
antivirals, and the S glycoprotein is a key target to neutralize the virus. We hypothesize that
small molecules could disrupt the interaction of S glycoprotein with hACE2 and inhibit
viral entry. We analyzed the S glycoprotein-hACE2 complex structure (PDB: 7DF4) and
created models for different viral variants using visual molecular dynamics (VMD) and
molecular operating environment (MOE) programs. Moreover, we started the hits search
by performing structure-based molecular docking virtual screening of commercially
available small molecules against S glycoprotein models using OEDocking FRED-4.0.0.0
software. The FRED-4.0.0.0 Chemguass4 scoring function was used to rank the small molecules based on their affinities. The best
candidate compounds were purchased and tested using a standard SARS-CoV-2 pseudotyped cell-based bioassay to investigate their
antiviral activity. Three of these compounds, alone or in combination, showed antiviral selectivity. These small molecules may lead to
an effective antiviral treatment or serve as probes to better understand the biology of SARS-CoV-2.

1. INTRODUCTION
On December 31, 2019, the world woke up to the news of an
emerging acute respiratory viral infection in Wuhan, China.
The new virus named severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has caused the coronavirus
disease 2019 (COVID-19) pandemic. SARS-CoV-2 has now
(as of December 19, 2021) spread to over 211 countries
resulting in over 273 million cases, and 5.3 million deaths have
been reported globally.1 A pandemic of this magnitude
requires a rapid response, including developing vaccines that
we have seen quickly introduced and approved by federal
agencies and broad-spectrum and highly effective therapeutics.
Unfortunately, we have not seen many of the last approved for
use in humans, which still represents a significant gap we need
to fill to help control this pandemic.
Coronaviruses are a large family of single-stranded

enveloped RNA viruses, which can be divided into four
major genera, including Alphacoronavirus, Betacoronavirus,
Gammacoronavirus, and Deltacoronavirus.2 SARS-CoV and
SARS-CoV-2 belong to the β-genus. Cutting-edge science
allowed the rapid isolation of the SARS-CoV-2 and the
sequencing of its viral genome.3 The spike (S) glycoprotein
trimer has been identified as a critical target to neutralize the
virus and is the leading viral antigen used in many vaccines.4

The virus uses the S glycoprotein to first attach to its functional

receptor, human angiotensin-converting enzyme 2
(hACE2),5−7 and then enters the host cell through the
endocytic pathway.8 hACE2 is broadly expressed on the
surface of epithelial cells lining the upper and lower respiratory
tract.5 The interaction between SARS-CoV-2 S glycoprotein
receptor-binding domain (RBD) and hACE2 regulates both
the cross-species and human-to-human transmissions of SARS-
CoV and SARS-CoV-2.
In the last 10 years, several structures of SARS-CoV S

glycoprotein RBD in complex with hACE2 have been solved,
for example, Protein Data Bank (PDB): 2AJF.7,9−11 Addition-
ally, the structure of SARS-CoV-2 trimeric S glycoprotein in
complex with receptor hACE2 (PDB: 7DF4) (Figure 1A,B)
has been recently reported.12 These structures have revealed
that SARS-CoV RBD and SARS-CoV-2 RBD enclose a core
structure and a receptor-binding motif (RBM), which binds to
the outer surface of the claw-like structure of hACE2 (Figure
1B).10 It has also been reported that hACE2 binds to SARS-
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CoV-2 RBD (Pro330-Pro521) and SARS-CoV RBD with KD
of 1.2 and 5.0 nM, respectively.13−18 These high-affinity
bindings make the S glycoprotein mediate viral entry into
human cells with high efficiency.11 Fourteen key positions for
binding SARS-CoV RBD to hACE2 are T402, R426, Y436,
Y440, Y442, L472, N473 Y475, N479, Y484, T486, T487,
G488, and Y491.10 Eight of these positions are strictly
conserved in SARS-CoV-2 RBD, whereas the other six
positions are (semi)conserved: R426SARS‑CoVN439SARS‑CoV‑2,
Y442SARS‑CoVL455SARS‑CoV‑2, L472SARS‑CoVF486SARS‑CoV‑2,
N479SARS‑CoVQ493SARS‑CoV‑2, Y484SARS‑CoVQ498SARS‑CoV‑2, and
T487SARS‑CoVN501SARS‑CoV‑2.

13 The conservation of many key
contact residues could explain the similar binding affinities of
SARS-CoV-2 RBD and SARS-CoV RBD for hACE2.
Furthermore, based on the structural analysis by Wan et
al.,19 Gln493 in SARS-CoV-2 S glycoprotein was predicted to
bind to the hACE2 virus-binding hot spot Lys31, which forms
an intramolecular salt bridge with Glu35 buried in a
hydrophobic environment. In addition, Asn501 of SARS-
CoV-2 was predicted to bind to the hACE2 virus-binding hot
spot Lys353 that engages in an intramolecular salt bridge with
Asp38 also buried in a hydrophobic environment. Altogether,
these results indicate that SARS-CoV-2 could adapt to the
hACE2 ortholog 2002−2003 epidemic strains as SARS-CoV
does, explaining the effective fusion mediated by their
respective S glycoproteins and transmissibility in humans.13

To the best of our knowledge, few drugs have been
described to have selective anti-SARS-CoV-2 activity, including
remdesevir (EC50 = 0.77 μM; CC50 > 100 μM; therapeutic
index (TI) > 129.87), which was initially designed to treat
Ebola virus,20−22 Oseltamivir, commonly used to treat
influenza viruses;23 arbidol and lopinavir/ritonavir,24 darunavir
and hydroxychloroquine,25 favipiravir (EC50 = 61.88 μM, CC50
> 400 μM, TI > 6.46),26 ribavirin (EC50 = 109.50 μM, CC50 >
400 μM, TI > 3.65),27,28 nitazoxanide (derivative of tizoxanide,
EC50 = 2.12 μM, CC50 > 35.53 μM, TI > 16.76),29,30 and
chloroquine (EC50 = 1.13 μM, CC50 > 100 μM, TI >
88.50).22,31 In a computational study, binding between various
functional proteins of SARS-CoV-2 with saquinavir, remdesi-
vir, dolutegravir, and bictegravir has been investigated.32

Another simulation study predicted derivatives of drugs
tizoxanide, dolutegravir, bictegravir, and arbidol (Ti-2, BD-2,
and Ar-3) as potential antivirals to target the SARS-CoV-2 S
glycoprotein.33 Other small molecules have also been identified
as effective entry inhibitors of SARS-CoV-2 through drug
repurposing screening and virtual screening (e.g., ingenol and
cepharanthine).34,35 In addition, small-molecule entry blockers
targeting the fusion peptide36 (chlorcyclizine, clobenztropine,
D3-βArr) and the RBD37−39 (MU-UNMC-1: IC50 = 0.67 μM,
MU-UNMC-2: IC50 = 1.72 μM; H69C2: IC50 = 85.75 μM;
DC-RA016: IC50 = 22.44 μM, DC-RA052: IC50 = 68.00 μM)
of SARS-CoV-2 S glycoprotein have been identified. More
recently, Merck and Pfizer obtained emergency approvals for
Molnupiravir40 and Paxlovid41 COVID-19 antiviral pills, but
none of them interfere with the SARS-CoV-2 S glycoprotein
binding to the receptor. Although there has been progress in
discovering anti-SARS-CoV-2 drugs, there is no ideal antiviral
drug for prophylaxis or treatment of COVID-19 and/or
prevention of transmission SARS-CoV-2. Small organic
molecules are among the compounds that could be tested
for potential selective antiviral activity. Their potential to
disrupt the interaction between SARS-CoV-2 S glycoprotein
RBD and hACE2 is of keen interest. We hypothesize that small
molecules could disrupt the interaction of S glycoprotein with
hACE2 and inhibit viral entry. Thus, we first analyzed the
SARS-CoV-2 S glycoprotein RBD-hACE2 complex structure
(PDB: 7DF4) and created models for different viral variants
using visual molecular dynamics (VMD)42 and molecular
operating environment (MOE).43 We then conducted a hit
search using structure-based molecular docking virtual screen-
ing of commercially available small molecules (eMolecules
database)44 against the SARS-CoV-2 S glycoprotein RBD
models using OEDocking FRED-4.0.0.0 software.45 The best
candidate compounds were purchased and tested using a
SARS-CoV-2 pseudotyped cell-based assay. Three of these
compounds, alone or in combination, showed antiviral
selectivity.

Figure 1. SARS-CoV-2 Recognizes Human ACE2. (A) Closed conformation of SARS-CoV-2 S glycoprotein trimer, S-closed (PDB: 7DF4). The
three protomers 1, 2, and 3 are shown in cyan, magenta, and green, respectively; (B) Left: Overall structure of human SARS-CoV-2 S glycoprotein
RBD in complex with hACE2, showing that the RBD of protomer 1 rotates 73.2° to 68.6° upward and outward during the open and binding states,
respectively.12 Only protomer 1 is up and binds to one hACE2, while the other two RBD protomers remain downward. Right: Overall view of
protomer 1 (cyan) bound to hACE2 from SARS-CoV-2 S glycoprotein RBD-hACE2 complex. Close-up view of the three-dimensional (3D)
structure of the interface between SARS-CoV-2 RBD and hACE2, in including main interactions. Figures were made using PyMOL.46
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2. RESULTS
2.1. Computational and Experimental Studies.

2.1.1. SARS-CoV-2 S Glycoprotein RBD Models. Figure 2A
shows the two SARS-CoV-2 S glycoprotein RBD models
created [α (United Kingdom, UK)@N501Y | B.1.1.7 (Model
1-UK); β (South Africa, SA)@K417N, E484K, N501Y |
B.1.351 (Model 2-SA)] and used to conduct the structure-
based molecular docking virtual screening (see the Supporting
Information). The two models, 1-UK and 2-SA, have the
N501Y mutation but differ in K417N and E484K mutations.
Using these two models helped us in the search to discover
various potential binders, increasing the likelihood of finding
broad-spectrum antivirals and/or small-molecule probes to
investigate the biology of SARS-CoV-2 further.

2.1.2. Molecular Docking and Experimental Studies. Two
grid boxes were built for each model, 1-UK and 2-SA, to
conduct the molecular docking studies, shown in Figure 2B.
The selection was big enough to enclose the SARS-CoV-2 S
glycoprotein RBD-hACE2 protein−protein interaction (PPI)
molecular surface. The molecular docking run analysis shed
insight into the number of binding pockets each model could
allocate for potential binders to SARS-CoV-2 S glycoprotein

RBD. The molecular surfaces for each of the SARS-CoV-2 S
glycoprotein RBD models, 1-UK and 2-SA, are also shown in
Figure 2C. Overall, mainly three common binding pockets
between the two models, 1-UK and 2-SA, were identified as
shown in Figure 2D. The residues surrounding the environ-
ment of each binding pocket are listed in Table 1.
The FRED-4.0.0.0 Chemguass4 scoring function45 was then

used to rank the screened molecules based on their affinities
toward the SARS-CoV-2 S glycoprotein RBD. For models 1-
UK and 2-SA, the Chemguass4 scoring function for the 10,000
top-ranked small molecules varies between −9.53 and −6.29

Figure 2. SARS-CoV-2 S Glycoprotein Models and Grid Boxes to Conduct Molecular Docking. (A) Model 1�α (United Kingdom, 1-UK) →
N501Y | B.1.1.7, and Model 2�β (South Africa, 2-SA) → K417N, E484K, N501Y | B.1.351; (B) grid boxes built on each model to conduct
molecular docking; (C) models 1-UK and 2-SA RBD molecular surfaces; (D) three binding pockets (BP-1, BP-2, and BP-3) were identified as a
result of the molecular docking runs. Figures were made using OpenEye VIDA45 and PyMOL.46

Table 1. Identified Binding Pockets | SARS-CoV-2 S
Glycoprotein RBD-hACE2 PPI Molecular Surface

binding
pocket residues

1 Leu452|Leu455|Phe456|Glu484Lys|Tyr489|Phe490|Gln493
2 Arg403|Lys417Asn|Tyr449|Tyr453|Leu455|Gln493|Ser494|

Tyr495|Asn501Tyr
3 Arg403|Asp405|Glu406|Arg408|Gln409|Lys417Asn|Gly504|

Tyr505
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kcal/mol and −10.87 and −7.59 kcal/mol, respectively.
Overall, the FRED-4.0.0.0 Chemguass4 scoring function is
lower for model 2-SA compared to model 1-UK. The best ∼50
candidate compounds, including both models, 1-UK and 2-SA,
were prioritized to be tested experimentally. Thirty-two of
these compounds were commercially available, purchased, and
later experimentally tested using the SARS-CoV-2 spike
pseudotyped lentivirus assay.

2.1.3. Cytotoxicity and Antiviral Assay. Table 2 lists the 10
top-ranked compounds including both models, 1-UK and 2-
SA, that showed some promising antiviral activity in a
preliminary screening binding assay together with their
predicted FRED-4.0.0.0 Chemgauss4 scoring function. These
top-ranked compounds were tested in the pseudoviral model,
and only the three top-ranked binder compounds (HCC1,
HCC4, and HCC11) that have been predicted to bind to three
different binding pockets (BP-1, BP-2, and BP-3) and showed
potential EC50s under 200 μM in the preliminary pseudoviral
assay were selected for further analysis, HCC1, HCC4, and
HCC11. The half-maximal cytotoxic concentration (CC50),
half-maximal effective concentration (EC50), and therapeutic

index (TI) were determined using the XTT colorimetric assay,
SARS-CoV-2 pseudotyped cell-based assay, and the CC50/
EC50 ratio, respectively (Table 3). i-carrageenan was used as
positive control (Table 3). HCC11 shows the best activity in
the SARS-CoV-2 pseudoviral model with an EC50 of 26.7 μM.
HCC1 and HCC4 follow with EC50 of 125.6 μM and 128.2
μM, respectively. These compounds alone show low
therapeutic indices (TI), ranging between 3.1 and >8.2 (see
Table 3). However, when the compounds were combined,
their EC50 and TI values were improved. For example,
combining HCC1 and HCC4 resulted in lower EC50 and
higher TI values (over 9-fold lower for the EC50 value and 4-
fold higher for the TI value). Similarly, the combination of
HCC1 and HCC11 or HCC1, HCC4, and HCC11 produced
lower EC50 values.
2.2. Molecular Interactions and Optimization.

2.2.1. SARS-CoV-2 S Glycoprotein RBD-HCC11 Complex
Model. The predicted SARS-CoV-2 S glycoprotein RBD-
HCC11 complex model was obtained through molecular
docking studies using both models, 1-UK and 2-SA. In model
1-UK, the main interactions between SARS-CoV-2 S

Table 2. Ten (Out of 32 Compounds) Top-Ranked Binder Compounds toward SARS-CoV-2 S Glycoprotein RBD Mutant’s
Models

compounda
eMolecules

ID44
molecular weight

(g/mol)
Chemguass4 scoring function (kcal/

mol)
SARS-CoV-2 S glycoprotein RBD mutant’s

modelsb
binding
pocketc

HCC1 1540649 341.47 −8.3018 (>−6.2905|−3.3176)d 2-SA 3
HCC2 46070913 260.34 −7.9655 (>−6.2905)d 2-SA 2−3
HCC3 177461967 287.34 −9.5871 (−7.9199) 2-SA 2
HCC4 43606039 335.45 −8.7715 (>−6.2905|−5.2966)d 2-SA 2
HCC6 177360934 274.33 −8.9569 (−9.4625) 2-SA 2
HCC7 68885577 342.40 −7.2996 (>−7.5860)e 1-UK 2
HCC8 46033143 254.35 −7.8840 (>−6.2905)d 2-SA 2−3
HCC11 49646512 337.38 −7.2378 (>−7.5860|−6.5239)e 1-UK 1 (2−3)f

HCC14 177358552 303.37 −7.9444 (−7.7349) 1-UK 2
HCC19 49044086 300.36 −8.3116 (>−6.2905)d 2-SA 2

aThe tested compounds were purchased from Chemspace LLC. https://chem-space.com and/or ChemBridge | Hit2Lead. https://www.hit2lead.
com. bThe specific model, 1-UK or 2-SA, where the compounds were initially identified within the 10,000 top-ranked molecules from each docking
run. cThe binding pocket occupied in the model, 1-UK or 2-SA, where the compounds were initially identified. dThese compounds were not
selected within the 10,000 top-ranked ones for model 1-UK, where the Chemgauss4 scoring function’s lower value is −6.2905 kcal/mol. eThese
compounds were not selected within the 10,000 top-ranked ones for model 2-SA, where the Chemgauss4 scoring function’s lower value is −7.5860
kcal/mol. For HCC1 and HCC4, and HCC11 molecular dockings were re-performed against models where they were not identified initially, that
is, 1-UK, and 2-SA, respectively. Overall, the FRED-4.0.0.0 Chemguass4 scoring function is lower for model 2-SA compared to model 1-UK. fIn
model 2-SA, HCC1 binds within binding pocket BP-3 and portion of BP-2.

Table 3. Biological Activity of the Three Top-Ranked Binder Compounds toward SARS-CoV-2 S Glycoprotein RBD Mutants

CC50
b EC50

c

compounda μM (95% confidence interval)
TId

(CC50/EC50)
Chemguass4 scoring function

(kcal/mol)
SARS-CoV-2 S glycoprotein RBD

modele

HCC1 391.5 (207.9−873.2) 125.6 (57.0−330.3) 3.1 −8.3018 2-SA
HCC4f 515.7

(258.1−1365.9)
128.2 (74.4−236.9) 4.0 −8.7715 2-SA

HCC11 >74.1 26.7 (11.9−77.4) >8.2 −7.2378 1-UK
HCC1+4 184.3 (101.1−361.1) 13.5 (8.8−20.5) 13.7 N/Ag 2-SA
HCC1+11 227.2 (112.6−522.4) 30.4 (14.2−64.6) 7.5 N/A 1-UK|2-SA
HCC4+11 627 (264.2−2966.5) 58.9 (32.7−109.9) 10.6 N/A 1-UK|2-SA
HCC1+4+11 121.5 (52.9−135.1) 13.3 (8.8−20.1) 9.1 N/A 1-UK|2-SA
i-carrageenanh >362.5 1.899

(1.261−2.854)
>190 N/A N/A

aThe tested compounds were purchased from Chemspace LLC. https://chem-space.com and/or ChemBridge | Hit2Lead. https://www.hit2lead.
com. bCC50: half-maximal cytotoxic concentration. cEC50: half-maximal effective concentration. dTI: therapeutic index. eThe specific RBD model,
1-UK or 2-SA, where the compounds were initially identified within the 10,000 top-ranked molecules from each docking run. fRacemic mixture.
gN/A: not available. hAverage molecular weight of i-carrageenan is 551.80 g/mol.
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glycoprotein RBD-HCC11(5-methyl-N-[(5-phenylisoxazol-3-
yl)methyl]-4,5,6, 7-tetrahydro-1H-pyrazolo[4,3-c]pyridine-3-
carboxamide) complex are depicted in Figure 3A. HCC11
binds within binding pocket BP-1 (see Table 2) and engages in
three hydrogen bonds (HBonds) with the side-chain
carboxylate group of Glu484 (2 HBonds) and the side-chain
amine group of Gln493 of SARS-CoV-2 S glycoprotein RBD
via its hydrogen-donor pyrrole-like nitrogen group, peptide
chain nitrogen (amide group), and 1,2 oxasole ring,
respectively. HCC11’s benzene group engages in hydrophobic
and aromatic interactions with Leu455, Phe456, and Tyr489.
HCC11’s pyrazole and piperidine rings engage in hydrophobic
and aromatic interactions with Phe490. Some of these residues,
including Leu455, Phe456, Gln493, and Tyr489, have also
been identified as hotspot residues in recent molecular
dynamics studies,47−49 which support our computational
predictions. It is worth highlighting that Lys417 and Glu484
present in the α variant of SARS-CoV-2 (model 1-UK) are
mutated to Asn417 and Lys484, respectively, in the β variant
SARS-CoV-2 (model 2-SA). Thus, in model 2-SA, HCC11 is

predicted to bind within binding pocket BP-3 and portion of
BP-2 (see Table 2 and Figure 4A,D, right). The main
interactions between SARS-CoV-2 S glycoprotein RBD-
HCC11complex are depicted in Figure 4A. HCC11 engages
in four hydrogen bonds with the side-chain carboxylate group
of Glu406 (2 HBonds), the side-chain hydroxyl group of
Tyr453, and the side-chain hydroxyl group of Tyr505 of SARS-
CoV-2 S glycoprotein RBD via its peptide chain nitrogen
(amide group) and hydrogen-donor pyrrole-like nitrogen
group, piperidine ring, and 1,2 oxasole ring, respectively.
HCC11’s benzene group engages in hydrophobic interactions
with Arg408. HCC11’s peptide chain nitrogen (amide group),
pyrazole and piperidine rings engage in hydrophobic and
aromatic interactions with Arg403, Asn417, Tyr453, and
Tyr495. It is worth pointing out that the above key residues
identified in SARS-CoV-2 S glycoprotein RBD-HCC11
recognition coincide with hotspot resides described previously
such as Lys417Asn, Tyr495, and Tyr505.47,48 The HCC11’s
Chemgauss4 scoring functions against model 1-UK (BP-1) and
model 2-SA (BP-3 and portion of BP-2) are comparable, −7.24

Figure 3. SARS-CoV-2 S glycoprotein−compound complex models using mutant model 1-UK. (A) SARS-CoV-2 S glycoprotein RBD-HCC11
complex model; (B) SARS-CoV-2 S glycoprotein RBD-HCC4 complex model; (C) SARS-CoV-2 S glycoprotein RBD-HCC1 complex model.
SARS-CoV-2 S glycoprotein RBD−compound main interactions through hydrogen bonds are shown as yellow dashed lines. (D) Left: 3D structure
of identified compounds: HCC11, HCC4, and HCC1. Right: predicted binding poses of compounds HCC11, HCC4, and HCC1 on their binding
pockets (BP-1, green; BP-2, orange; and BP-3, purple). Figures were made using PyMOL.46
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and −6.52 kcal/mol, respectively (see Table 2). However, as
mentioned above, for the 10,000 top-ranked molecules, the
Chemguass4 scoring function is lower for model 2-SA
compared to model 1-UK. Altogether, HCC11 might bind
within different binding pockets in model 1-UK and model 2-
SA due to the Lys417Asn and Glu484Lys mutations.

2.2.2. SARS-CoV-2 S Glycoprotein RBD-HCC4 Complex
Model. The predicted SARS-CoV-2 S glycoprotein RBD-
HCC4 complex model was obtained through molecular
docking studies using both models, 1-UK and 2-SA. The
main interactions between SARS-CoV-2 S glycoprotein RBD-
HCC4 (3-(4-ethyl-1H-pyrazol-5-yl)-1-[(3-phenyl-1H-pyrazol-
4-yl)methyl]piperidine) complex are depicted in Figures 3B
and 4B. In both models, 1-UK and 2-SA, HCC4 binds within
binding pocket BP-2 (see Table 2) and engages in four
hydrogen bonds with the side-chain guanidino group of
Arg403, the side-chain carboxylate group of Asp405, the side-
chain hydroxyl group of Tyr453, and the side-chain carbonyl
group of Gln493 of SARS-CoV-2 S glycoprotein RBD via its

pyrazole ring (2 HBonds), central piperidine ring, and another
pyrazole ring, respectively. HCC4’s central piperidine ring
engages in hydrophobic interactions with Arg403, Tyr453, and
Tyr495. HCC4’s benzene group engages in hydrophobic and
aromatic interaction with Arg403, Tyr449, and Tyr501. The
HCC4’s ethyl group in the pyrazole ring engages in
hydrophobic interactions with Lys417 (Model 1-UK) or
Asn417 (Model 2-SA). The ethyl pyrazole ring is also
surrounded by Arg403 and Tyr505. It is important to mention
that HCC4’s Chemgauss4 scoring function in model 1-UK
(−5.30 kcal/mol; Lys417) is much higher compared to model
2-SA (−8.77 kcal/mol; Asn417) likely caused by the
Lys417Asn mutation and steric hindrance by Lys417 in the
binding vicinity in model 1-UK (see Table 2 and Figures 3B
and 4B). Some residues predicted for the recognition of HCC4
by SARS-CoV-2 S glycoprotein RBD have also been recently
described via molecular dynamics simulation studies as
hotspots including Lys417Asn, Tyr449, Gln493, Tyr495,
Tyr501, and Tyr505.47,48 It is also worth remarking that

Figure 4. SARS-CoV-2 S Glycoprotein−compound complex models using mutant model 2-SA. (A) SARS-CoV-2 S glycoprotein RBD-HCC11
complex model; (B) SARS-CoV-2 S glycoprotein RBD-HCC4 complex model; (C) SARS-CoV-2 S glycoprotein RBD-HCC1 complex model.
SARS-CoV-2 S glycoprotein RBD-compounds main interactions through hydrogen bonds are shown as yellow dashed lines. (D) Left: 3D structure
of identified compounds: HCC11, HCC4, and HCC1. Right: predicted binding poses of compounds HCC11, HCC4, and HCC1 on their binding
pockets (BP-2, orange; and BP-3, purple). The HCC4’s pyrazole and HCC1’s adamantane (tricyclo dodecane) groups overlap in a shared
subpocket located on the border between BP-2 and BP-3 as depicted with the lower black ellipse. They both interact with Asp405 through
hydrogen bond. Likewise, the predicted binding poses of HCC4 and HCC11 also revealed a partial overlap between both compounds as depicted
with the upper black ellipse. See Section 2.2 for further explanation. Figures were made using PyMOL.4
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Tyr501 is the result of mutation Asn501Tyr that is exhibited
for SARS-CoV-2 α and β variants and is included in our both
SARS-CoV-2 S glycoprotein RBD models, 1-UK and 2-SA.

2.2.3. SARS-CoV-2 S Glycoprotein RBD-HCC1 Complex
Model. The predicted SARS-CoV-2 S glycoprotein RBD-
HCC1 complex model was obtained through molecular
docking studies using both models, 1-UK and 2-SA. In
model 1-UK, the main interactions between SARS-CoV-2 S
glycoprotein RBD-HCC1 (N-1-adamantyl-2-(1H-benzimida-
zol-2-ylthio)acetamide) complex are depicted in Figure 3C.
HCC1 binds within binding pocket BP-3 and engages in two
hydrogen bonds with the side-chain carboxylate group of
Asp405 and the side-chain carboxylate group of Glu406 of
SARS-CoV-2 S glycoprotein RBD via its peptide chain
nitrogen (amide group) and the imidazole ring, respectively.
The adamantane (tricyclo dodecane) group at one end of the
HCC1 is sandwiched through hydrophobic interactions
between residues Arg408 and Tyr505. In model 2-SA,
HCC1 is flipped compared to the binding pose obtained in
model 1-UK. The main interactions between SARS-CoV-2 S
glycoprotein RBD-HCC1 (N-1-adamantyl-2-(1H-benzimida-
zol-2-ylthio)acetamide) complex are depicted in Figure 4C.
HCC1 binds within binding pocket BP-3 (see Table 2) and
engages in two hydrogen bonds with the side-chain carboxylate
group of Asp405 and the side-chain hydroxyl group of Tyr505
of SARS-CoV-2 S glycoprotein RBD via its peptide chain
nitrogen (amide group) and the imidazole ring, respectively.
The adamantane (tricyclo dodecane) group at one end of the
HCC1 sits in a pocket surrounded by a network of
hydrophobic interactions including residues Leu455, Tyr453,
Tyr495, Asn417, Glu406, and Arg403. It is worth mentioning
that Tyr505 plays a key role in the binding of hACE2 to SARS-
CoV-2 S glycoprotein RBD. A single-mutation Tyr505Ala is
sufficient to abolish the binding between SARS-CoV-2 S
glycoprotein RBD and hACE2.12 Besides Tyr505, other
residues identified here as key for the SARS-CoV-2 S
glycoprotein RBD-HCC1 interaction coincide with those
described recently as hotspots using molecular dynamics
simulations, which are Lys417Asn, Leu455, Tyr495.47,48 The
HCC1’s Chemgauss4 scoring functions against model 1-UK
(BP-3) and model 2-SA (BP-3) are different, −3.32 and −8.30
kcal/mol, respectively (see Table 2). This is likely to be caused
by the Lys417Asn mutation, where the HCC1’s adamantane
group might not fit well in the vicinity of Lys417 in model 1-
UK, but does within the vicinity of Asn417.
In model 2-SA, the predicted binding poses of HCC1 and

HCC4 in complex with SARS-CoV-2 S glycoprotein RBD
revealed a partial overlap between both compounds (see
Figure 4D, right). Specifically, the HCC4’s pyrazole and
HCC1’s adamantane (tricyclo dodecane) groups overlay in a
shared subpocket located on the border between binding
pocket BP-2 and binding pocket BP-3. As mentioned above,
these two groups interact with the side-chain carboxylate group
of Asp405 through respective hydrogen bonds. This finding
could provide a good starting point for a successful computer-
aided molecular design and chemical optimization of HCC1−
4. For instance, the HCC4’s pyrazole and HCC1’s adamantane
(tricyclo dodecane) groups could be bred while keeping the
amine group from either the pyrazole ring (HCC4) or the
chain peptide amine (HCC1). A library of compounds made
with different substituents (i.e., hydrophobic, aromatics, and/
or electrostatics-mediated interaction groups) in the vicinity of
the HCC1−4 bred portion is being designed and studied

computationally to be synthesized and tested experimentally.
Likewise, in model 2-SA, the predicted binding poses of HCC4
and HCC11 in complex with SARS-CoV-2 S glycoprotein
RBD also revealed a partial overlap between both compounds
(see Figure 4D, right). Chemical optimization of HCC4−11
could take place by breeding the HCC4’s (3-phenyl-1H-
pyrazol-4-yl)methyl and the HCC11’s piperidine groups. This
structure-based rational design also takes advantage of the
subpocket between the two binding pockets BP-2 and BP-3 to
be better occupied. Overall, the identification of all of these
compounds and their combination could open the door for
further structure-based rational design and optimization,
including new analogues search, to achieve enhanced affinity,
selectivity, and low cytotoxicity.

■ DISCUSSION
This study used an interdisciplinary approach combining
computational biophysics, structure-guided design, and ex-
perimental virological bioassays to discover neutralizing agents
targeting the SARS-CoV-2 S glycoprotein RBD. The SARS-
CoV-2 pseudoviral model is widely used to test the antiviral
activity of compounds that interfere with viral attachment or
entry to target cells. Our assay used iota carrageenan as a
positive control for a compound that interferes with SARS-
CoV-2 entry to target cells. Carrageenan is currently being
evaluated in a clinical trial as a potential treatment to prevent
COVID-19 illness.50 Carrageenan is a sulfated polysaccharide
that may bind to positively charged patches on the viral spike
producing a shielding effect on viral attachment and entry.51

The overall approach used in this study (i.e., screen million
molecules, select top-ranked molecules, and test them
experimentally) is comparable to other recent successful
studies aimed at discovering SARS-CoV-2 S glycoprotein
RBD inhibitors.38,52,53 Specifically, here, we screened a
commercially available small molecules database (i.e., an in-
house prepared set of eMolecules lead-like database of ∼4.3
million compounds44) against two SARS-CoV-2 S glycoprotein
RBD models, 1-UK and 2SA, using structure-based molecular
docking high-throughput virtual screening. About 30% of the
compounds tested experimentally (10 out of 32) showed
affinity toward SARS-CoV-2 S glycoprotein RBD. Three of
these compounds, alone or in combination, displayed antiviral
selectivity with EC50s in the mid-low micromolar concen-
tration, although with low therapeutic indices (see Table 3).
These compounds bind to different binding pockets within the
large binding site enclosing the SARS-CoV-2 S glycoprotein
RBD-hACE2 PPI molecular surface. One compound, HCC1,
interacts via hydrogen bond with Tyr505, a key residue
recognizing hACE2.12 The other compound, HCC11, is
predicted to engage with Glu484 via a hydrogen bond in the
α variant (Model 1-UK), mutated to Lys484 in the SARS-
CoV-2 β variant. In this latter variant, model 2-SA, HCC11 is
predicted to bind to Tyr505, which plays a key role in the
binding of hACE2 to SARS-CoV-2 S glycoprotein RBD. A
single-mutation Tyr505Ala is sufficient to abolish the binding
between SARS-CoV-2 S glycoprotein RBD and hACE2.12

Schmidt and collaborators identified potential naturally
occurring mutations in the spike protein using HIV-1
pseudotypes and plasma selection experiments with vesicular
stomatitis virus/SARS-CoV-2 chimeras.54 This experiment
identified several mutations that may occur naturally in the
RBD section of the spike protein. These mutations include
K378R, K444T, V445E/M, G446R, N450D, E484K, and
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Q493R. The Q493 is the only amino acid listed in Table 1 and
is involved in binding pocket BP-1. The analysis of these
mutations using computational modeling (data not shown)
concludes that they may not affect the binding of the lead
molecules identified in this study, at least for the SARS-CoV-2
β variant (Model 2-SA); the one experimentally tested in this
study.
Notably, the SARS-CoV-2 S glycoprotein RBD has been

described as an immunodominant region due to the low level
of glycosylation, compared to the rest of the S protein, and the
higher accessibility on the surface of virions and virus-infected
cells.55 The regions analyzed in our study do not show
potential sites of glycosylation that may interfere with the
binding of the small molecule. Additionally, our pseudoviral
model clearly shows that these molecules can inhibit
pseudoviral entry in the low μM range.
These results are encouraging since discovering small

molecules that can block the interaction between SARS-
CoV-2 S glycoprotein RBD, and hACE2 is challenging due to
the large PPI molecular surface. We identified common
binding pockets between models 1-UK and 2-SA within the
large PPI molecular surface utilized to perform structure-based
molecular docking. Small molecules occupied at least three
pockets in both models, 1-UK, and 2-SA. Since the
combination of these small molecules shows a better antiviral
activity (see Table 3), computer-aided drug design, fragment-
based design, molecular breeding, and optimization approaches
could be used to fuse these molecules and enhance their
affinity and selectivity.

4. CONCLUSIONS
In summary, we conclude that the combined computational
biophysics and experimental approach once again show to be
reliable to discover high-affinity and selective small molecules
against drug targets (i.e., SARS-CoV-2 S glycoprotein RBD).
This study had an additional challenge, the large PPI molecular
surface. However, we were able to identify three small
molecules, HCC1,4,11, that alone or in combination provided
a moderate antiviral activity against SARS-CoV-2 pseudovirus
(PsV). This research also opens the doors to identifying highly
potent and selective analogues and/or new derivatives. Overall,
these small molecules may lead to effective antiviral treatments
or serve as probes to better understand the biology of SARS-
CoV-2. This research offers the foundation for future studies
on the discovery and optimization of anti-SARS-CoV-2 small-
molecule drugs.

5. EXPERIMENTAL SECTION
5.1. Computational Study. 5.1.1. Building the SARS-

CoV-2 S Glycoprotein RBD Models. Using the cryo-electron
microscopy (cryo-EM) SARS-CoV-2 spike (S) glycoprotein
receptor-binding domain (RBD)-hACE2 complex structure
(Protein Data Bank (PDB): 7DF41), two SARS-CoV-2 S
glycoprotein RBD models were built based on the main four
different viral variants (Wuhan-USA-D614G, United Kingdom
(UK)-B.1.1.7, Brazil-P.1, and South Africa-B.1.351) identified
when this research began. The mutations for each of the
variants were analyzed and incorporated in the models: Wuhan
(United States)@D614G; α (United Kingdom, UK)@N501Y |
B.1.1.7 (Model 1-UK); β (South Africa, SA)@K417N, E484K,
N501Y | B.1.351 (Model 2-SA); γ (Brazil)@K417T, E484K,
N501Y | P.1 using VMD.42 MOE43 was used to minimize and

prepare each model by keeping all default parameters in the
Protein Preparation module. Model 1-UK and model 2-SA
were used to conduct structure-based virtual screening
described in Section S1.2 (see Figure 2A).

5.1.2. Structure-Based High-Throughput Virtual Screen-
ing to Identify Small-Molecule Hit Compounds for SARS-
CoV-2 S Glycoprotein RBD. We used structure-based
molecular docking virtual screening to identify potential
small-molecule hit compounds targeting SARS-CoV-2 S
glycoprotein RBD. We screened an extensive and putatively
unbiased commercially available database of small molecules
(i.e., an in-house prepared set of eMolecules lead-like database
of ∼4.3 million compounds44) against two SARS-CoV-2 S
glycoprotein RBD models (i.e., built based on PDB: 7DF4)
using OEDocking FRED-4.0.0.0 software.45 The docking
studies were conducted with OEDocking FRED-4.0.0.0
software default parameters.45 The grid was built encompass-
ing all protein−protein interaction (PPI) molecular surfaces of
the SARS-CoV-2 S glycoprotein RBD-hACE2 complex. The
10,000 highest-ranked molecules from each docking run were
inspected, analyzed visually, and clustered. The top-ranked
pose for each small molecule was selected for further analysis.
The small molecules were ranked using the FRED-4.0.0.0
Chemguass4 scoring function based on their affinities. The
OEDocking Report-4.0.0.0 was also used to guide the
selection. Finally, over 50 highest-ranked molecules were
prioritized to be tested experimentally using the SARS-CoV-2
spike pseudotyped assay (Section 2.2.2). The small molecules
with the highest affinity would become the “hit/lead”
compounds. The three-dimensional coordinates of SARS-
CoV-2 S glycoprotein RBD-hACE2 complex structure (PDB:
7DF4) were downloaded from the Protein Data Bank database
(https://www.rcsb.org, accessed on December 29, 2020).
5.2. Antiviral Activity. 5.2.1. Production and Purification

of SARS-CoV-2 PsV. SARS-CoV-2 pseudovirus (PsV) was
produced as described by Schmidt et al.56 Plasmids containing
the SARS-CoV-2 spike gene [pSARS-CoV1-Strunc, pSARS-
CoV2-Strunc (K417N/ E484K/N501Y mutations)],
pCRV1NHG GagPol, and pNanoLuc2AEGFP were used to
produce the pseudoviral particle and were kindly provided by
Drs. Theodora Hatziioannou and Paul Bieniasz, Rockefeller
University. The plasmids were used to transfect 293T cells
(ATCC, Manassas, VA) monolayers prepared in six-well plates.
Briefly, the DNA/lipofectamine 2000 (Thermo Fisher
Scientific, Waltham, MA) mixtures were added to 293T cell
monolayers and incubated for 6 h at 37 °C, 5% CO2, and 98%
humidity. The cell monolayers were then washed twice with D-
PBS (Thermo Fisher Scientific) and finally incubated for 48 h
at 37 °C, 5% CO2, 98% humidity in Dulbecco’s modified
Eagle’s medium (DMEM) (Thermo Fisher Scientific) with
10% FBS (Thermo Fisher Scientific) and Penicillin +
Streptomycin (Thermo Fisher Scientific, Waltham, MA).
After the 48 h incubation, the cell supernatants were collected,
filtered (using a 0.22 μm pore size PVDF filter), aliquoted, and
stored at −80 °C. The pseudoviral titer was determined using a
cell-based pseudoviral entry assay57 and the TurboLuc
Luciferase One-Step Glow Assay Kit (Thermo Fisher
Scientific).

5.2.2. Testing the New Molecules Targeting S Glyco-
protein in a Cell-Based Antiviral Assay Using SARS-CoV-2
Pseudoviral Model. The human angiotensin-converting
enzyme 2 (hACE-2)-expressing HeLa cells (HeLa ACE-2)
were used to test the cytotoxicity and antiviral activity of the
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compounds, alone or in combination. The cells were provided
by Dr. Dennis Burton (The Scripps Research Institute, La
Jolla, CA). The colorimetric XTT assay and the cell-based
pseudoviral assays were performed to test cytotoxicity and
antiviral activity, respectively, as previously described.50 For
the cytotoxicity assay, HeLa-ACE2 cells were exposed to
different compound dilutions (alone or in combinations) or
culture medium (DMEM with 10% fetal bovine serum and
antibiotics) to serve as cell controls. After 72 h of incubation at
37 °C, 5% CO2, and 98% humidity, cell viability was estimated
using the XTT colorimetric assay. The 96-well microplates
were read at 450 nm using the Spectramax iD3 microplate
reader (Molecular Devices, San Jose, CA).
To test for antiviral activity, the different compound

concentrations (alone or in combinations) tested in the
cytotoxicity assay or cell culture medium (for virus control)
were mixed with SARS-CoV-2 K417N/E484K/N501Y PsV.
The mixture was transferred to 96-well white-opaque micro-
plates (Thermo Fisher Scientific) containing HeLa-ACE2 cells.
The plates were incubated for 72 h at 37 °C, 5% CO2, and 98%
humidity. The luciferase activity was tested using the
TurboLuc One Step assay (Thermo Fisher Scientific), and
luminescence was read in the Spectramax iD3 microplate
reader. Iota carrageenan (Sigma-Aldrich, St. Louis, MO), a
polysaccharide with potent activity against SARS-CoV-2, was
included as a positive control in the SARS-CoV-2 pseudoviral
model.
The raw data from the XTT and cell-based pseudoviral

assays were analyzed using GraphPad Prism software version
9.0.2 (San Diego, CA; four-parameter dose−response curve)
to obtain the CC50 and EC50 values. All extract dilutions and
controls were tested in triplicate. CC50 and EC50 ratios were
used to calculate the TI values. Compounds with TI values
above 10 were considered potential candidates to further
develop.
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