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ARTICLE INFO ABSTRACT

Keywords: The repurposing of FDA approved drugs is presently receiving attention for COVID-19 drug discovery. Previous

Repurposed drugs studies revealed the binding potential of several FDA-approved drugs towards specific targets of SARS-CoV-2;

g:}:’smcls 5 however, limited studies are focused on the structural and molecular basis of interaction of these drugs to-
-CoV-

wards multiple targets of SARS-CoV-2. The present study aimed to predict the binding potential of six FDA drugs
towards fifteen protein targets of SARS-CoV-2 and propose the structural and molecular basis of the interaction
by molecular docking and dynamic simulation. Based on the literature survey, fifteen potential targets of SARS-
CoV-2, and six FDA drugs (Chloroquine, Hydroxychloroquine, Favipiravir, Lopinavir, Remdesivir, and Ritonavir)
were selected. The binding potential of individual drug towards the selected targets was predicted by molecular
docking in comparison with the binding of the same drugs with their usual targets. The stabilities of the best-
docked conformations were confirmed by molecular dynamic simulation and energy calculations. Among the
selected drugs, Ritonavir and Lopinavir showed better binding towards the prioritized targets with minimum
binding energy (kcal/mol), cluster-RMS, number of interacting residues, and stabilizing forces when compared
with the binding of Chloroquine, Favipiravir, and Hydroxychloroquine, later drugs demonstrated better binding
when compared to the binding with their usual targets. Remdesvir showed better binding to the prioritized
targets in comparison with the binding of Chloroquine, Favipiravir, and Hydroxychloroquine, but showed lesser
binding potential when compared to the interaction between Ritonavir and Lopinavir and the prioritized targets.
The structural and molecular basis of interactions suggest that the FDA drugs can be repurposed towards multiple
targets of SARS-CoV-2, and the present computational models provide insights on the scope of repurposed drugs
against COVID-19.

Potential molecular targets
Computational models
Structural and molecular mechanism

caused by SARS-CoV-2 are called Coronavirus disease-2019 (COVID-19)
and first reported in the city of Wuhan, China [3].

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
been a threat across the world. The epidemic caused by SARS-CoV and
Middle East respiratory syndrome coronavirus (MERS-CoV) was
observed in 2003 and 2012, respectively [1]. Coronavirus causes res-
piratory tract infection with symptoms such as fever, dry cough, fatigue,
chills, headache, sore throat, and loss of appetite and it can result in
severe pneumonia in immunocompromised patients [2]. The infections
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Coronaviruses are a large family of viruses that possess a single,
positive-sense RNA strand [4]. The genome size of SARS-CoV-2 is
approximately ~30 kb which codes for the entire proteome. The major
proteins involved in the pathogenesis of SARS-CoV-2 are spike glyco-
protein, RNA dependent RNA polymerase (RdRp), membrane proteins,
small envelope proteins, and non-structural proteins. These proteins
promote replication, transmission, host cell interaction of the virus, and

E-mail addresses: sinoshmicro@stpius.ac.in, sinoshskariya@gmail.com (S. Skariyachan).

1 Joined first author, equally contributed.

https://doi.org/10.1016/j.compbiomed.2020.104054

Received 5 August 2020; Received in revised form 7 October 2020; Accepted 9 October 2020

Available online 14 October 2020
0010-4825/© 2020 Elsevier Ltd. All rights reserved.


mailto:sinoshmicro@stpius.ac.in
mailto:sinoshskariya@gmail.com
www.sciencedirect.com/science/journal/00104825
https://http://www.elsevier.com/locate/compbiomed
https://doi.org/10.1016/j.compbiomed.2020.104054
https://doi.org/10.1016/j.compbiomed.2020.104054
https://doi.org/10.1016/j.compbiomed.2020.104054
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compbiomed.2020.104054&domain=pdf

S. Skariyachan et al.

they can act as major virulent factors [5].

Viral infection has caused both epidemiological and economical
damages. COVID-19 was declared a pandemic by the World Health
Organization (WHO) on March 11, 2020 because viral infections rapidly
emerged across the world within a short period. According to WHO,
globally, there have been 35, 659, 007 confirmed cases of COVID-19,
including 1,044,269 deaths, reported as of October 07, 2020 [6].
Currently, there are no approved drugs available for COVID-19, thus the
situation demands the identification of novel therapeutic agents. Several
candidate vaccines are in their pre-clinical and clinical stage of devel-
opment. But the availability of such vaccines requires time and effort.
Thus, a rapid drug screening approach is highly preferred [7].

Identification of potential molecular targets is essential for drug
repurposing [8]. Chloroquine, Hydroxychloroquine, and Remdesivir are
three FDA approved drugs that were suggested for the treatment of
COVID-19. Chloroquine previously used to treat malaria, and reports
from China suggested that the drug reduced fever and increased the rate
recovery in more than a hundred patients and recommended for a larger
population [9]. Hydroxychloroquine, a derivative of Chloroquine was
showed its in-vitro activity [10,11], and clinical trials are in progress.
Chloroquine and Hydroxychloroquine interfere with the glycosylation
of angiotensin-converting enzyme 2 (ACE2) and inhibit the biosynthesis
of sialic acid. Remdesivir initially developed to treat Ebola viral infec-
tion, and this drug is presently suggested as a drug of choice against
coronaviral infection [12]. The anti-viral activity of Remdesivir is due to
the inhibition of RdRp [13]. Several clinical trials were conducted to
study the efficacy and anti-viral potential of Remdesivir [14]. Favipir-
avir, Lopinavir, and Ritonavir are the other drugs currently suggested for
the treatment of coronaviral infections [11]. Favipiravir showed a
therapeutic response by viral clearance and disease progression [15].
Lopinavir and Ritonavir were used to treat HIV infections, and recent
studies suggested that these drugs can be used to treat coronaviral in-
fections [16], the clinical trials of their combinations are also encour-
aged [17].

Drug repurposing is a promising approach in which the drug already
used to treat an infection can be re-used against a new disease as they
underwent clinical trials approved by the FDA [8]. Drug-drug interac-
tion (DDI) and drug-target interaction (DTI) are the fundamental aspects
of drug repurposing. Though there are clinical trials in progress, pres-
ently, no potential drugs are approved towards COVID-19. Thus, the
drug repurposing approach can contribute insight into the drug dis-
covery pipeline of COVID-19. There are studies available on the
computational interaction modeling of few FDA approved drugs against
some of the putative targets; limited studies are available on the inter-
action modeling of FDA approved drugs and multiple targets of
SARS-CoV-2. Hence, predicting the binding potential of repurposed
drugs towards multiple protein targets of SARS-CoV-2 possesses scope
and applications. Therefore, the present study is aimed to predict the
binding potential of six FDA approved drugs towards fifteen protein
targets of SARS-CoV-2 in comparison with the binding of these drugs
towards their usual targets by molecular docking and dynamic simula-
tion studies and propose the structural and molecular mechanism of the
interactions.

2. Methodology
2.1. Identification of the molecular targets of SARS-CoV-2

2.1.1. Drugs and potential targets

The FDA approved drugs such as Chloroquine (Drug Bank ID:
DB00608), Hydroxychloroquine (Drug Bank ID: DB01611), Favipiravir
(Drug Bank ID: DB12466), Lopinavir (Drug Bank ID: DB01601),
Remdesivir (Drug Bank ID: DB14761), and Ritonavir (Drug Bank ID:
DB00503) were selected for this study, and three-dimensional (3D)
structures of the targets were retrieved from Drug Bank [33]. Based on
the literature survey, the proteins, which played a major role in the
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pathogenicity of SARS-CoV-2 were selected as molecular targets. The 3D
structures of fifteen proteins were retrieved from RCSB-PDB [18]. These
proteins were the spike (S) glycoprotein, the open state spike ectodo-
main (PDB: 6VYB; electron microscopy structure, resolution 3.2 108) [19],
the closed state spike glycoprotein (PDB: 6VXX; electron microscopy
structure, resolution 2.8 A) [20], the pre-fusion spike glycoprotein with
a single receptor-binding domain (PDB: 6VSB; electron microscopy,
resolution 3.46 10\) [20], the post-fusion core of S2 subunit (PDB: 6LXT;
X-ray crystal structure, resolution 2.9 10\) [21], HR2 domain of S2 subunit
(PDB: 6LVN; X-ray crystal structure, resolution 2.47 i\) [22], RNA
dependent RNA polymerase (PDB: 6M71; electron microscopy structure,
resolution 2.9 ;\) [23] with nsp 12 (chain A), nsp8 (chain B, D) and nsp7
(chain C), papain-like protease (PLpro) (PDB: 6W9C; X-ray crystal
structure, resolution 2.7 A) [24, main protease (Mpro) with chain A of
nsp 5 (PDB: 6Y2E; X-ray crystal structure, resolution 1.75 1°\) [25], The
nucleocapsid (N) proteins: N-terminal RNA binding domain (PDB:
6M3M; X-ray crystal structure, resolution 2.7 f\) [26] and C-terminal
dimerization domain of nucleocapsid phosphoprotein (PDB: 6WJI; X-ray
crystal structure, resolution at 2.05 A) [27]1, Nsp 15 endoribonuclease
(PDB: 6VWW, X-ray crystal structure, resolution 2.20 /O\) [28], ADP
ribose phosphatase (PDB:6VXS; X-ray crystal structure, resolution 2.03
A) [29], RNA binding protein-nsp9 (PDB: 6W4B; X-ray crystal structure,
resolution 2.95 A) [30], nspl6 and nspl0 complex structures (PDB:
6W75; X-ray crystal structure, resolution 1.95 [D\) [31] and orf7a enco-
ded with the accessory protein (PDB: 6W37; X-ray crystal structure,
resolution 2.9 10\) [32] were retrieved as prospective molecular targets.

2.2. Molecular docking studies

The 3D structures of each of the protein target retrieved from PDB,
and the structures prepared by removing water molecules and bound
ligands in the crystal structure of the target, adding polar hydrogen
atoms, merging non-polar bonds, and computing Gasteiger charge.
Similarly, the 3D structures of each ligand were retrieved from the Drug
Bank, and the ligand structure prepared by detecting the root atom,
setting the torsion, and the number of torsions. The target and drug files
were saved as pdbqt format. The binding pocket of the receptors pre-
dicted by CastP server and the residue coordinates for x, y, and z di-
mensions were assigned by AutoGrid. The binding of the selected drugs
against the prioritized targets was predicted by molecular docking by
AutoDock Vina [34]. The best-docked conformations in each set were
analyzed based on the number of hydrogen bonds, binding energy
(kcal/mol), upper and lower bound root mean square deviation (RMSD),
number of interacting residues, and forces, which stabilized the
receptor-ligand complex.

To compare the binding efficacy of the FDA drugs towards selected
targets, the binding of these drugs to their normal targets is also pre-
dicted by molecular docking. The receptors and ligands for docking
studies were prepared as per the method described previously. The
binding sites of the usual targets for the drug were also predicted by the
CastP server, and the grid box was assigned for the coordinate residues
(%, y, z dimensions) at the binding pocket. The binding interaction be-
tween Chloroquine and Glutathione S-transferase (usual target of the
drug) (PDB: 10KT, resolution 1.9 10\) [35], Hydroxychloroquine and
human angiotensin-converting enzyme (ACE) (PDB: 1R42; resolution
2.2 [0\) [36], Favipiravir and RNA-dependent RNA polymerase (RdRp)
(PDB: 6QNW, resolution 3.31 A) [37]1, Lopinavir and HIV-1 protease
(PDB: 5V4Y; 1.9 10\) [38], Remdesivir and main protease (PDB: 1Q2W;
resolution 1.86 108) [39], and Ritonavir, and human cytochrome
P4503A4 (PDB: 3NXU; resolution 2.0 A) [40] were predicted by mo-
lecular docking by AutoDock Vina. The best-docked complexes in each
set were analyzed based on the binding energy (kcal/mol), the number
of hydrogen bonds, upper and lower bound RMSD, and the number of
interacting residues. These computational models were used as the
control/reference sets for the comparison between binding potential
(binding energy) of the FDA-approved drugs and selected targets in this
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study.

2.3. Molecular dynamic simulation studies of the best-docked complexes

Among all the six sets of docked results, the stabilities of the best-
docked conformations of the drug and target were confirmed by mo-
lecular dynamics (MD) simulation at 100 ns The MD simulation studies
were performed by the Desmond module of Schrodinger’s suite [41].
The protein and ligand in the best-docked complex were pre-processed
and simulated at 300 K using the ensemble constant number of parti-
cles, pressure, and temperature (NPT) for 100 ns

The trajectories of RMSD and RMSF of the proteins and ligand in-
teractions were obtained by the following formula:

RMSDy= %Z (F(1)) = 7i(trr) ) & RMSF, = lTZ < () =ri(tr))*>

i=1

where, N is the number of atoms; tref is the reference time, r’ is the
position of the selected atoms in frame x after superimposing on the
reference frame, frame x recorded at time tx, T is the trajectory time over
which the RMSF was calculated and r is the position of an atom.

The simulation trajectories of protein-ligand RMSD, RMSF, associ-
ated contacts, ligand properties, and torsion profiles and protein struc-
tural information was analyzed using a simulation interaction diagram
tool.

2.4. Calculation of molecular mechanics Poisson-Boltzmann surface area
(MMPBSA)

The binding energies of the best protein-drug complexes were
calculated by GROMACS [42,43] tool at 1 ns after simulating the com-
plexes at100 ns [44]. CGenFF (force field generator) is used to assign
charges to the drug molecule to generate an index file. The CHARMM36
force field was used for the complex system. A dodecahedron solvation
box was generated with a three-site water model (TIP3P) solvent. The
system charges were neutralized by adding ions. The potential energy
calculation of the receptor-drug complex was carried out for 1 ns The
number of particles, volume, and temperature (NVT) ensemble was
equilibrated before the simulation at 1 ns, and the interaction trajec-
tories generated were used as input. The potential energies of the best
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complexes calculated by MMPBSA in kcal/mol.

3. Results and discussion
3.1. Putative drug targets

The salient features of the drug targets selected in the study are
shown in Table 1. Fifteen prioritized protein targets of SARS-CoV-2
included spike glycoprotein (S), RNA dependent RNA polymerase
(RdRp) with non-structural proteins nsp7, nsp8, and nsp 12, papain-like
protease (PL-pro), main protease (Mpro), nucleocapsid protein (N),
heptad repeat of domain 2 (HR2), ADP ribose phosphatase (nsp3), RNA
binding protein (nsp9), endoribonuclease (nspl5), accessory protein
(orf7a) and other non-structural proteins such as nsp10 and nspl.

The 3D structures of these proteins are available in their native form.
Spike glycoprotein S (PDB: 6VYB, 6VXX, 6LXT, 6VSB) is responsible for
the transmission of the virus into the host by mediating its entry, which
leads to the infection [45]. The open, closed, pre-fusion, and post-fusion
conformations were selected as putative targets because they contrib-
uted to the interactions between the drug and the target. Three motifs
that recognize human angiotensin-converting enzyme 2 (hACE2),
responsible for host entry are present in the closed conformation of spike
glycoprotein. The open state conformation is responsible for a good
transmissibility rate. The post-fusion conformation consists of two
heptads repeats stabilized by hydrogen bonds between them, and in the
prefusion conformation, S2 (subunit 2 of S) consists of the fusion ma-
chinery, which is stabilized by S1 (subunit 1 of spike protein) [19].
Heptad repeat 2 (HR2)- domain (PDB: 6LVN) involved in the fusion of
spike glycoprotein trimers (viral membrane fusion), was considered a
major target [22]. RNA-dependent RNA polymerase, RARp (PDB: 6M71)
is a nucleoprotein responsible for viral replication and transcription,
which contains chains A, B, and C, which code for nsp7, nsp8, and nsp 2
respectively [23]. Papain-like protease (PL-pro/nsp3; PDB: 6W9C) and
main protease (Mpro) (PDB: 6Y2E) involved in the cleavage of N- and
C-terminals of replicase polyproteins [24,25]. The C-terminal dimer-
ization domain (PDB: 6WJI) and N- terminal RNA binding domain (PDB:
6M3M) of nucleocapsid are involved in viral replication [26,27].
Endoribonuclease (nsp 15) (PDB: 6VWW) cleaves RNA strand after
transcription and form functional RNA [28]. RNA binding protein (PDB:
6W4B) and ADP ribose phosphatase, nsp3 (PDB: 6VXS) are also involved
in viral replication [29,30]. Accessory protein, orf7a (PDB: 6W37), and

Table 1
Probable drug targets of SARS-CoV-2 that possess experimentally solved 3D structures retrieved from Protein Data Bank.
PDBID  Name of the protein Chain Resolution ~ R-Value Free R-Value Work Experimental References
method

6M3M SARS-CoV-2 nucleocapsid protein N-terminal RNA A, B, C,D 27 A 0.293 0.258 X-ray diffraction [26]
binding domain

6VYB SARS-CoV-2 spike ectodomain structure (open A,B,C 324 Aggregation state: Reconstruction method: Electron [19]
state) Particle Single particle Microscopy

6VXX Structure of the SARS-CoV-2 spike glycoprotein A, B, C 284 Aggregation state: Reconstruction method: Electron [20]
(closed state) Particle Single particle Microscopy

6M71 SARS-Cov-2 RNA-dependent RNA polymerase in A,B.C,D 29A Aggregation state: Reconstruction method: Electron [23]
complex with cofactors Particle Single particle Microscopy

6LVN Structure of the 2019-nCoV HR2 Domain A,B.C, D 2.47 A 0.258 0.215 X-ray diffraction [22]

6LXT Post fusion core of 2019-nCoV S2 subunit A,B,C,D, 2.90 A 0.290 0.259 X-ray diffraction [21]

E, F

6VSB Prefusion 2019-nCoV spike glycoprotein with a A, B,C 3.46 A Aggregation state: Reconstruction method: Electron [20]
single receptor-binding domain up Particle Single particle Microscopy

6VWW NSP15 Endoribonuclease from SARS CoV-2. A, B 2.20 A 0.178 0.158 X-ray diffraction [28]

6VXS ADP ribose phosphatase of NSP3 from SARSCoV-2 A, B 2.03 A 0.234 0.186 X-ray diffraction [28]

6W4B Nsp9 RNA binding protein of SARS CoV-2 A B 2.95 A 0.276 0.240 X-ray diffraction [30]

6W9C Papain-like protease of SARS CoV-2 A, B, C 270 A 0.309 0.235 X-ray diffraction [24]

6W37 SARS-CoV-2 ORF7A encoded accessory protein A 2.90 A 0.268 0.236 X-ray diffraction [32]

6W75 NSP10 — NSP16 Complex from SARS-CoV-2 A,B,C,D 1.95A 0.174 0.157 X-ray diffraction [31]

6WJI C-terminal Dimerization Domain of Nucleocapsid A,B,C,D, 2.05 A 0.228 0.187 X-ray diffraction [27]1
Phosphoprotein from SARS-CoV-2 E, F

6Y2E Free enzyme of the SARS-CoV-2 (2019-nCoV) A 1.75 A 0.222 0.171 X-ray diffraction [25]

main protease
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non-structural proteins nsp10 and nsp16 (PDB: 6W75) is essential for the
viral mRNA methylation, which contributes to the induction of
apoptosis [31,32]. Based on the functional role of these proteins in the
virulent mechanism of the virus, these proteins are considered as puta-
tive molecular targets in the present study.

3.2. Interaction modeling of the selected drugs and prospective targets of
SARS-CoV-2

The binding potential of six FDA approved drugs towards fifteen
prioritized targets were predicted by molecular docking. The description
of the molecular interaction of the drugs and the targets predicted by
molecular docking are shown in Table 2. The binding potential of each
drug against fifteen selected targets is predicted based on the binding
energy (kcal/mol), cluster RMS, number of interacting residues,
hydrogen bonds, and other weak interactions.

The molecular docking studies revealed that when Chloroquine (4-N-
(7-chloroquinolin-4-y1)-1-N, 1-N-diethylpentane-1, 4-diamine) docked
against the spike glycoprotein in the open state conformation (PDB:
6VYB), the interaction occurred with the binding energy of —5.1 kcal/
mol and Met740, Tyr741, Asn8586, Leu966, Val976, and Asn978 were
identified to be the interacting residues (Fig. 1a). The binding of the
drug with closed state conformation (PDB: 6VXX) showed binding en-
ergy of —5.2 kcal/mol, and Tyr38, Asp40, Phe43, Glu224, and Pro225
identified as the interacting residues at the binding sites (Fig. 1b). When
the drug docked against the post-fusion conformation of the spike
glycoprotein (PDB: 6LXT), the complex showed binding energy of —5.0
kcal/mol, and Asn914, Leu 916, and Tyr917 identified as the interacting
residues (Fig. 1c). When the pre-fusion conformation of the spike
glycoprotein (PDB: 6VSB) interacted with the drug, the interaction
stabilized by the binding energy of —5.2 kcal/mol. Pro683, Thr732, and
His1058 identified to be the interacting residues (Fig. 1d).

The drug showed better binding with pre-fusion and closed state
conformation when compared to post-fusion and open state conforma-
tion of the spike glycoprotein. The interaction of the drug with the HR2
domain (PDB: 6LVN) showed binding energy of —4.7 kcal/mol, and
Arg18, Asn20, Glu21, and Lys24 identified to be the interacting residues
(Fig. 1e). The interaction of the drug with RdRp (nsp7 (PDB: 6M71_C),
nsp8 (PDB: 6M71_B, D), and nsp 12 (PDB: 6M71_A)) predicted by mo-
lecular docking, and the complex showed the binding energies of —4.9,
—4.4, and —5.5 kcal/mol, respectively. The drug interacted with nsp7 at
Thr9, Phe49, Met52, and Val53 (Fig. 1f), nsp8 at Tyrl35, Tyrl38,
Lys139, Aspl43, and Serl70 (Fig. 1g), and nspl2 at Tyr32, Tyrl29,
His133, and Lys780 (Fig. 1h). The interaction of the drug with papain-
like protease (PLpro) (PDB: 6W9C) and main protease (Mpro) (PDB:
6Y2E) were stabilized by binding energies of —4.8 and —5.2 kcal/mol,
respectively. The drug interacted with PLpro at Lys105, Trp106, and
His272 (Fig. 1i), and the drug interacted with Mpro at Met49, Phe140,
Leul4l, Asnl42, His163, Met165, Glul66, and GIn189 (Fig. 1j). The
interaction of the drug and C-terminal (PDB: 6WJI) and N-terminal RNA
binding domain (PDB: 6M3M) of nucleocapsid phosphoprotein showed
binding energies of —6.6 and —5.1 kcal/mol, respectively. The C-ter-
minal domain of nucleocapsid phosphoprotein interacted with Chloro-
quine at Val270, Phe274, Arg277, and Trp301, and the interaction
stabilized by a hydrogen bond between the ligand and the residue
Arg277 (Fig. 1k). Similarly, the nucleocapsid phosphoprotein at the N-
terminal domain interacted with the residues such as Thr55, Alal56,
1le158, and Vall59 (Fig. 11). When the drug interacted with nucleo-
proteins such as endoribonuclease of nsp15 (PDB: 6VWW), ADP ribose
phosphatase of nsp3 (PDB: 6VXS), and RNA binding protein of nsp9
(PDB: 6W4B), the complexes were showed the binding energies of —5.6,
—5.3 and —4.9 kcal/mol, respectively. Endoribonuclease interacted
with the drugs via Asn29 and Asn30 (Fig. 1m). ADP ribose phosphatase
interacted with the drugs at Leul26 and Phel56 (Fig. 1n), and RNA
binding protein interacted with the drug via Gly39, Arg40, Phe57,
Ser60, and Ile66 (Fig. 10). When non-structural proteins nsp10 (PDB:
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6W75_B) and nspl6 (PDB: 6W75_A) docked against Chloroquine, the
complexes were showed binding energies of —4.9 and —7.0 kcal/mol
respectively. Nsp10 interacted with the ligands by the residues such as
Gln4289, Thr4292, Cys4294, and Lys4296, and the interaction stabi-
lized by a hydrogen bond (Fig. 1p). Nsp16 interacted with the drug by
residues such as Leu6819, Leu6820, Tyr7020, and Val7021 (Fig. 1q).
The accessory protein, orf7a (PDB: 6W37) interacted with the drug, and
the complex was showed binding energy of —5.0 kcal/mol, and the
residues interacted were found to be Tyr25 and Phe31 (Fig. 1r). The
molecular docking studied revealed that Chloroquine showed better
binding energy (—7.0 kcal/mol) to the targets in comparison with the
other drugs. Chloroquine is 4-aminoquinoline and known for its anti-
malarial and anti-inflammatory properties [35]. Recently, Chloroquine
was used to treat SARS-CoV-2 infections. This study showed the prob-
able structural biology mechanism of the interactions between Chloro-
quine and potential targets of SARS-CoV-2 by molecular docking studies.

The interaction of Favipiravir (5-fluoro-2-oxo-1H-pyrazine-3-car-
boxamide) and the prioritized targets of SARS-CoV-2 predicted by mo-
lecular docking studies. When Favipiravir docked with the spike
glycoprotein in the open state (PDB: 6VYB) and closed state conforma-
tion (PDB: 6VXX), the docked complexes were showed binding energies
of —5.1 and —4.8 kcal/mol, respectively. Met740, Tyr741, Gly744,
Leu977, and Argl000 identified as the residues interacted with glyco-
protein in its open conformation (Fig. 2a). The amino acid residues
Tyr741, Gly744, Leu966, Leu977, and Arg1000 involved in the binding
of glycoprotein in the closed state to the drug (Fig. 2b). The binding
pocket in both the conformations found to be almost the same. The
complexes formed with the closed state conformation stabilized by a
hydrogen bond at Gly744. The interaction of post- and pre-fusion con-
formations of the spike glycoprotein and the drugs were showed the
binding energies of —4.5 and —4.6 kcal/mol, respectively. The post-
fusion spike protein (PDB: 6LXT), and the drug interacted via Ser967,
Gly971, and Leull66 (Fig. 2c). The pre-fusion spike protein (PDB:
6VSB) interacted with the drugs at Tyr38, Asp40, Gly283, and the
interaction stabilized by a hydrogen bond at Asp40 (Fig. 2d). The drug
interacted with the HR2 domain (PDB: 6LVN) at Glu21 and Lys24 and
the binding energy was estimated to be —4.0 kcal/mol (Fig. 2e). The
interaction of the drug with RdRp in which the individual chain such as
nsp7 (PDB: 6M71_C), nsp8 (PDB: 6M71 B & D), and nsp 12 (PDB:
6M71_A) were showed binding energies of —4.4, —4.8, and —4.1 kcal/
mol respectively. The residues Asp38, Ala42, Lys43, and Asp44 found to
be the interacting residues of nsp7 (Fig. 2f). Tyr135 and Ser177 inter-
acted with nsp8 by a hydrogen bond (Fig. 2g), and Trp800 interacted
with nsp12 with the formation of a hydrogen bond (Fig. 2h). Favipiravir
interacted with PLpro at Asp76, Arg82, Tyr154, Asn156, and the binding
energy estimated to be —4.7 kcal/mol (Fig. 2i). Similarly, the drug
showed the binding with Mpro at Glul4, Gly15, Met17, and Ala70, and
the binding energy was estimated to be —4.7 kcal/mol (Fig. 2j). The C-
terminal domain of nucleocapsid protein (PDB: 6WJI) interacted with
the drug (binding energy of —4.6 kcal/mol) at Val270 and Arg277 by
forming a hydrogen bond at Val270 (Fig. 2k). The N-terminal domain of
nucleocapsid phosphoprotein (PDB: 6M3M) interacted at Glyl15,
Alal20, Glyl21, Tyr124, Asnl41l, and Prol43 (binding energy —4.3
kcal/mol), and the interaction was stabilized by a hydrogen bond with
Tyr124 (Fig. 21). Endoribonuclease (PDB: 6VWW), ADP ribose phos-
phatase (PDB: 6VXS), and RNA binding proteins (PDB: 6W4B) interacted
with the drug and showed binding energies of —4.7, —4.5, and —4.6
kcal/mol respectively. The endoribonuclease (nspl5) interacted with
the drug at GIn202, Glu203, Phe204, Ala256, and Phe259, and the
interaction stabilized by a hydrogen bond at Ala256 (Fig. 2m). Similarly,
ADP ribose phosphatase (nsp3) interacted with the drug at Lys31, Pro32,
His86, Ala89, and Lys90 (Fig. 2n). RNA binding protein (nsp9) inter-
acted with the drug at Serl4, Asn26, Asp27, Ala29, Asp48, and the
interaction was stabilized by a hydrogen bond at Ser14 (Fig. 20). The
non-structural proteins such as nsp10 (PDB: 6W75_B) and nsp16 (PDB:
6W75_A) interacted with the drug with binding energies of —4.6 and
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Table 2
The binding potential of the selected drugs towards the probable drug targets of SARS-CoV-2 obtained by molecular docking studies by AutoDock Vina.
Protein name PDB ID Name of the drug with 2D structure of the drug Binding RMSD Interacting Hydrogen
DrugBank ID energy A) residues bonds
(kecal/
mol)
ADP ribose 6VXS Chloroquine \I -5.3 0.0 Leul26, Phel56 0
phosphatase of (DB00608) N\/\)\
NSP3 ~ NH
C-terminal 6WJI = —6.6 0.0 Val270, Phe274, 1: Arg277
Dimerization - Arg277, Trp301
Domain of cl N
Nucleocapsid
Phosphoprotein
HR2 Domain 6LVN —-4.7 0.0 Argl8, Asn20, 0
Glu21, Lys24
Main protease 6Y2E —-5.2 0.0 Met49, Phel40, 0
Leul4l, Asnl42,
His163, Met165,
Glul66, GIn189
NSP10 6W75-B —4.9 0.0 Gln4289, 1: Asn4358
Thr4292,
Cys4294,
Lys4296,
Asn4358
NSP15 6VWW -5.6 0.0 Asn29, Asn30 0
Endoribonuclease
NSP16 6W75. -7.0 0.0 Leu6819. 0
A Leu6820,
Tyr7020,
Val7021
Nsp9 RNA binding 6W4B -4.9 0.0 Gly39, Arg40, 0
protein Phe57, Ser60,
1le66
Nucleocapsid protein 6M3M -5.1 0.0 Thr77, Alal56, 1: Thr77
N-terminal RNA 1le158, Vall159
binding domain
ORF7A encoded 6W37 -5.0 0.0 Tyr25, Phe31 0
accessory protein
Papain-like protease 6W9C —4.8 0.0 Lys105, Trp106, 0
His272
Post fusion core of S2 6LXT -5.0 0.0 Asn914, Leu 916, 0
subunit Tyr917
Prefusion of the spike 6VSB —5.2 0.0 Pro683, Thr732, 0
glycoprotein with a His1058
single receptor-
binding domain
RNA-dependent RNA 6M71.A -5.5 0.0 Tyr32, Tyrl29, 0
polymerase NSP12 His133, Lys780
RNA-dependent RNA 6M71.C —4.9 0.0 Thr9, Phe49, 0
polymerase NSP7 Met52, Val53
RNA-dependent RNA 6M71. —4.4 0.0 Tyrl35, Tyrl38, 0
polymerase NSP8 B.D Lys139, Aspl143,
Serl70
Spike ectodomain 6VYB -5.1 0.0 Met740, Tyr741, 0
structure (open Asn8586,
state) Leu966, Val976,
Asn978
Spike glycoprotein 6VXX -5.2 0.0 Tyr38, Asp40, 0
(closed state) Phe43, Glu224,
Pro225
ADP ribose 6VXS Favipiravir o] —4.5 0.0 Lys31, Pro32, 2: intra
phosphatase of (DB12466) E N His86, Ala89, hydrogen
NSP3 NH2 Lys90 bonds within
\E the drug
N OH molecule
C-terminal 6WJI —4.6 0.0 Val270, Arg277 1: Val270
Dimerization
Domain of
Nucleocapsid
Phosphoprotein
HR2 Domain 6LVN -4.0 0.0 Glu21, Lys24 1: Glu21
Main protease 6Y2E —-4.7 0.0 Glul4, Gly15, 0
Met17, Ala70
NSP10 6W75-B —-4.6 0.0 Thr4292, 1: Cys4294
Cys4294,
Asn4358

(continued on next page)
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Table 2 (continued)

Protein name PDB ID Name of the drug with 2D structure of the drug Binding RMSD Interacting Hydrogen
DrugBank ID energy A residues bonds
(kcal/
mol)
NSP15 6VWW —4.7 0.0 GIn202, Glu203, 1: Ala256
Endoribonuclease Phe204, Ala256,
Phe259
NSP16 6W75.A -5.0 0.0 Thr6934, 0
Phe6947,
Phe6948
Nsp9 RNA binding 6W4B —-4.6 0.0 Ser14, Asn26, 1: Ser14
protein Asp27, Ala29,
Asp48
Nucleocapsid protein 6M3M -4.3 0.0 Gly115, Alal20, 1: Tyrl24
N-terminal RNA Gly121, Tyr124,
binding domain Asnl41, Prol43
ORF7A encoded 6W37 —4.3 0.0 Gluls8, Ser22, 1: Ser22
accessory protein Gly23, Thr24,
Tyr25, Phe31
Papain-like protease 6W9C —4.7 0.0 Asp76, Arg82, 0
Tyr154, Asn156
Post fusion core of S2 6LXT —4.5 0.0 Ser967, Gly971, 1: Leull66
subunit Leull66
Prefusion of the spike 6VSB -4.6 0.0 Tyr38, Asp40, 1: Asp40
glycoprotein with a Gly283

single receptor-
binding domain

RNA-dependent RNA 6M71.A —-4.9 0.0 Trp800 1: Trp800
polymerase NSP12
RNA-dependent RNA 6M71.C —4.1 0.0 Asp38, Ala42, 0
polymerase NSP7 Lys43, Asp44
RNA-dependent RNA 6M71. —4.4 0.0 Tyrl35, Serl77 2: Tyrl35,
polymerase NSP8 B.D Serl77
Spike ectodomain 6VYB —-4.8 0.0 Met740, Tyr741, 0
structure (open Gly744, Leu977,
state) Arg1000
Spike glycoprotein 6VXX —5.1 0.0 Tyr741, Gly744, 1: Gly744
(closed state) Leu966,
Leu977,
Arg1000
ADP ribose 6VXS Hydroxychloroquine -5.8 0.0 1le23, Ala38, 0
phosphatase of (DB01611) l = Leul26, Ser128,
NSP3 = Alal29, 1le131,
Phel32, Phel56
C-terminal 6WJI NH -5.8 0.0 Arg259, Val270,  1: Arg277
Dimerization Phe274, Arg277,
Domain of Phe286, 11e304
Nucleocapsid
Phosphoprotein /\N
HR2 Domain 6LVN —-4.7 0.0 Lys14, Aspl7, 0
Glu21
Main protease 6Y2E OH -5.9 0.0 GInl110, Thrll1l, 0
Val202, Thr292,
Phe294
NSP10 6W75-B -5.3 0.0 Tyr4280, 0
Tyr4283,
1le4291,
Thr4292,
Arg4331,
Leu4328
NSP15 6VWW -5.9 0.0 Asn29, Asn30 1: Asn30
Endoribonuclease
NSP16 6W75. —6.3 0.0 Arg6817, 0
A Met6818,
Leu6819,
Leu6820,
Tyr7020,
Val7021
Nsp9 RNA binding 6W4B -5.1 0.0 Arg40, Val42, 0
protein 1le66, Phe67,
Thr68
Nucleocapsid protein 6M3M -5.0 0.0 GIn84, Thr136, 1: Thr166
N-terminal RNA Thr166
binding domain
ORF7A encoded 6W37 —-4.8 0.0 Tyr25, Phe31 0
accessory protein
Papain-like protease 6W9C -5.0 0.0 1: Thr313

(continued on next page)
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Table 2 (continued)

Protein name PDB ID Name of the drug with 2D structure of the drug Binding RMSD Interacting Hydrogen
DrugBank ID energy A residues bonds
(kcal/
mol)

Tyr213, Glu214,
Lys217, Tyr305,
Tyr310, Thr313

Post fusion core of S2 6LXT —-4.7 0.0 Gly932, Lys933, 1: Asn1192
subunit GIn935, Asp936,
Ser939, Lys1191,
Asn1192
Prefusion of the spike 6VSB —5.2 0.0 Ser730, thr778, 0
glycoprotein with a Pro863, Thr866,
single receptor- Asp867, Glu868,
binding domain his1058
RNA-dependent RNA 6M71.A —4.9 0.0 Tyr273, Leu329, 0
polymerase NSP12 Val330, Ala379,
Ala382
RNA-dependent RNA 6M71.C —4.6 0.0 Thr9, Thr46, 1: Thr46
polymerase NSP7 Phe47, Met52
RNA-dependent RNA 6M71. —4.7 0.0 Phe92, Leu95, 0
polymerase NSP8 B.D 1le107, Alal10
Spike ectodomain 6VYB -5.0 0.0 Leu517, Asn544, 0
structure (open Leu546, GIn564,
state) Phe565
Spike glycoprotein 6VXX —5.7 0.0 Trp104, Vall26, 0
(closed state) Phel92, Phel94,
Val 227, Asp228
ADP ribose 6VXS Lopinavir (DB01601) —8.5 0.0 1le23, Gly48, 0
phosphatase of ©\ Ala52, Lys55,
NSP3 JOLNI(H E . Leul26, Phel56
C-terminal 6WJI HIY Y N -11.0 0.0 Arg259, GIn260, 0
Dimerization l\) 0 X OH Ala264, Phe274,
Domain of b Arg277, Trp301,
Nucleocapsid Phe314,
Phosphoprotein Leu331, Tyr333
HR2 Domain 6LVN -7.8 0.0 Lys14, Argl8, 0
Lys24, Asn27,
Ile31
Main protease 6Y2E -8.6 0.0 GIn107, GInl10, 0
Thr111, I11e200,
Glu240, His246,
Thr292, Phe294
NSP10 6W75-B -8.2 0.0 Ala4279, 0
1le4291,
Thr4292,
Asn4293,
Leu4328,
Arg4331,
Cys4332,
His4333
NSP15 6VWW -9.6 0.0 1le27, Ile28, 0
Endoribonuclease Asn29, Asn30,
Val52
NSP16 6W75.A -9.9 0.0 Arg6817, 0
Leu6819,
Tyr7020,
Val7021
Nsp9 RNA binding 6W4B -7.8 0.0 Gly39, Arg40, 0
protein Phe41, Val42,
Phe57, Ser60,
1le66
Nucleocapsid protein 6M3M -7.5 0.0 Trp53, Asn76, 0
N-terminal RNA Ile147, Asn151,
binding domain Asnl155, 1le158
ORF7A encoded 6W37 -7.0 0.0 Thr24, Tyr25, 1: Phe31
accessory protein Pro30, Phe31
Papain-like protease 6W9C -8.1 0.0 Lys217, Lys218, 0
Tyr305, Asn308,
Tyr310
Post fusion core of S2 6LXT -8.1 0.0 Lys921, Asn928, 0
subunit GIn935, Leul200
Prefusion of the spike 6VSB -8.2 0.0 Arg815, Phe823, 0
glycoprotein with a Leu828, Asp867,
single receptor- Glu868
binding domain
6M71.A -8.1 0.0 0

(continued on next page)
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Table 2 (continued)

Protein name PDB ID Name of the drug with 2D structure of the drug Binding RMSD Interacting Hydrogen
DrugBank ID energy A residues bonds
(kcal/
mol)
RNA-dependent RNA Pro412, Phe415,
polymerase NSP12 Tyr420, Leu437,
Phe440
RNA-dependent RNA 6M71.C -7.3 0.0 Thr9, Vall6, 0
polymerase NSP7 Val53, Leu56,
1le68
RNA-dependent RNA 6M71. -8.2 0.0 Leul22, Leul28, 0
polymerase NSP8 B.D Vall30, Vall31,
Tyr149
Spike ectodomain 6VYB -8.3 0.0 Asp294, Pro295, 0
structure (open Leu296, Phe318,
state) Val610, Ile651
Spike glycoprotein 6VXX -8.7 0.0 Arg355, Asp428, 0
(closed state) Phe429, Thr430,

Lys462, Pro463,
Phe464, Ser514,

Glu516
ADP ribose 6VXS Remdesivir \_Z/ ° -7.6 0.0 Asn40, Val41, 1: Asn40
phosphatase of (DB14761) o g Tyr42, Gly48,
NSP3 \[,I/\” Ao Lys102, Gly130,
@ HO™ Ile131, Phel132
C-terminal 6WJI —8.2 0.0 Val270, Phe274, 1: Arg277
Dimerization Arg277, Phe286,
Domain of Leu291, Trp301,
Nucleocapsid 11e304, Ala308,
Phosphoprotein Tyr333
HR2 Domain 6LVN —6.4 0.0 Lys14, Aspl7, 0
Argl8, Asn20,
Glu21
Main protease 6Y2E -7.7 0.0 GIn110, Asp153, 0
Thr292, Phe294
NSP10 6W75-B -7.1 0.0 Gln4306, 1: Val4369
11e4308,
Phe4342,
Asp4344,
Val4369,
Thr4371,
Gly4374
NSP15 6VWW -8.0 0.0 Vall56, Lys159, 2: Thr193,
Endoribonuclease Thr193, Tyr194, GIn197
Phel95, GIn197
NSP16 6W75. —8.7 0.0 Leu6820, 0
A Lys6822,
Glu6940,
Asn6941,
His6972,
Tyr7020
Nsp9 RNA binding 6W4B —6.4 0.0 Met13, Arg40, 0
protein Val42, Phe57,
Ser60, 1le66,
Thr68
Nucleocapsid protein 6M3M —6.4 0.0 Tyr124, Asn127, 2: Tyr124,
N-terminal RNA Gly138, Asnl41, Trpl33
binding domain Trp133
ORF7A encoded 6W37 6.4 0.0 Tyr25, Phe31, 2: Tyr25,
accessory protein Pro33 Phe31
Papain-like protease 6W9C -7.4 0.0 Thr74, Thr75, 2: Thr74,
Arg82, Asn128, Thr75
Tyrl54, Gln174,
His175, Aspl179,
Val202
Post fusion core of S2 6LXT -7.1 0.0 Asn928, Ser929, 1: Leul200
subunit Gly932,
Leull97,
Asp1199,
Leul200
Prefusion of the spike 6VSB -6.9 0.0 Asn907, Thr912, 1: Argl1107
glycoprotein with a Glu1092,
single receptor- Gly1093,
binding domain Phel089,
Argl107,
Phell21
6M71.A -7.5 0.0 0

(continued on next page)
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Table 2 (continued)

Protein name PDB ID Name of the drug with 2D structure of the drug Binding RMSD Interacting Hydrogen
DrugBank ID energy A residues bonds
(kcal/
mol)
RNA-dependent RNA Arg249, Trp268,
polymerase NSP12 Thr319, Pro322,
Pro323, Leu460,
Pro461
RNA-dependent RNA 6M71.C —6.9 0.0 Ser25, Leu28, 0
polymerase NSP7 Val53, Ser54,
Ser57, Val58,
Ser61
RNA-dependent RNA 6M71. -7.3 0.0 Leu98, Prol21, 0
polymerase NSP8 B.D Alal25, Alal26,
Leul28, Tyr149,
Trpl154
Spike ectodomain 6VYB -6.9 0.0 Thr33, Phe59, 0
structure (open Asp294, Leu296,
state) Val608
Spike glycoprotein 6VXX -7.0 0.0 Val341, Ala344, 1: Asn354
(closed state) Ala348, Ser349,
Tyr351, Asn354,
Lys356
ADP ribose 6VXS Ritonavir (DB00503) —-6.7 0.0 1le23, Val49, 0
phosphatase of @,\ N Leul26, Gly130,
NSP3 a " H )L s 1le131, Prol136,
NJ\ ’ N o Phel56, Aspl57,
>_<}j("‘ A - Leul60,
C-terminal 6WJI —8.4 0.0 Arg259, Val270,  1: Arg277
Dimerization Phe274,
Domain of Arg277, Thr282,
Nucleocapsid Leu291, Trp301,
Phosphoprotein Phe314, Tyr333
HR2 Domain 6LVN -5.9 0.0 ASP17, ASN20, 0
GLU21, LYS24
Main protease 6Y2E -7.1 0.0 GIn107, GInl110, 0
Val202, Asn203,
His246, 1le249,
Pro293
NSP10 6W75-B -6.9 0.0 11e4308, 1: Asp4344
Asn4338,
Asp4344,
Thr4364,
Val4369,
Thr4371,
Trp4376
NSP15 6VWW -7.2 0.0 1le27, 1le28, 0
Endoribonuclease Asn29, Asn30,
Pro51, Val52
NSP16 6W75.A -7.7 0.0 GIn6804, 0
GIn6850,
Asn6853,
Thr6854,
Ser7041,
Lys7047,
Leu7050,
Lys7051,
Arg7053
Nsp9 RNA binding 6W4B —6.3 0.0 Arg40, Phe41, 1: Val42
protein Val42, Phe57,
1le66, Thr68,
11e92
Nucleocapsid protein 6M3M -5.5 0.0 GInl61, Leul62, 1: Glyl65
N-terminal RNA Glnl64, Gly165,
binding domain Thr166, Thr167,
Leul68, Tyrl73
ORF7A encoded 6W37 -5.3 0.0 Ser22, Gly23, 1: Tyr25
accessory protein Tyr25, Glu26,
Gly27, Phe31,
Pro33, Phe50,
Papain-like protease 6W9C -6.3 0.0 Phe69, His73, 1: His175
Thr74, Thr75,
Asp76, Tyrl71,
GIn174, His175,
Alal76, Leu 178,
Aspl79
6LXT -7.5 0.0 0

(continued on next page)
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Table 2 (continued)

Protein name PDB ID Name of the drug with 2D structure of the drug Binding RMSD Interacting Hydrogen
DrugBank ID energy A residues bonds
(kcal/
mol)
Post fusion core of S2 Asn919, GIn920,
subunit Lys921, Asn928,
1le1198,
Leul200,
GIn1201
Prefusion of the spike 6VSB —6.0 0.0 Thr33, Phe59, 0
glycoprotein with a Val289, Leu293,
single receptor- Asp294, Lys300,
binding domain Asn606
RNA-dependent RNA 6M71.A -7.3 0.0 Tyr32, Lys47, 1: Tyrl29
polymerase NSP12 Lys80, Tyr129,

Asn138, Cys139,
Thr141, Thr710
RNA-dependent RNA 6M71.C —6.3 0.0 Thr9, Leul3, 0
polymerase NSP7 Phe49, Met52,
Val53, Leu56,
Val66, 1le68
RNA-dependent RNA 6M71. —6.5 0.0 Asnl00, Prol21, 4: Asn100,
polymerase NSP8 B.D Alal25, Alal26, Alal26,
Lys127, Leul28, Lys127,
Met129, Vall31, Met129
Tyrl49, Trpl54,

Spike ectodomain 6VYB -6.9 0.0 Thr732, Phe823, 0
structure (open Val860, Pro863,
state) Asp867, 11e870,
Prol057,
His1058
Spike glycoprotein 6VXX -7.2 0.0 Ser730, Thr732, 1: Asp867
(closed state) Phe782, Phe823,

Val860, Pro863,
Asp867, 11e870,
Asn955, His1058

(a)

(@

(m)

Fig. 1. The binding mode of Chloroquine with the probable protein targets of SARS-CoV-2 predicted by molecular docking using AutoDock Vina and visualized using
MGL tools. The interacting residues and the binding energy are labeled where the residues and ligands are shown in stick figures. The best-docked conformations of
Chloroquine and (a) spike glycoprotein in the open conformation (b) spike glycoprotein in the closed conformation (c) spike glycoprotein in the post-fusion
conformation (d) spike glycoprotein in the pre-fusion conformation (e) HR2 domain of S2 subunit (f) non-structural protein7 of RNA dependent RNA polymerase
(g) non-structural protein8 RNA dependent RNA polymerase (h) non-structural protein12 RNA dependent RNA polymerase (i) papain-like protease (j) main protease
(k) C-terminal RNA binding domain (1) N-terminal RNA binding domain (m) endoribonuclease of non-structural proteinl5 (n) ADP ribose phosphatase of non-
structural protein3 (o) RNA the binding protein of non-structural protein9 (p) non-structural protein10 (q) non-structural proteinl6 (r) orf7a accessory protein.
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(a) (b) (c) (d) (e) U]

sty

(9) (h) (i) G) (k) U}

(m) (n) (0) (p) (@) (r)

Fig. 2. The binding mode of Favipiravir with the probable protein targets of SARS-CoV-2 predicted by molecular docking using AutoDock Vina and visualized using
MGL tools. The interacting residues and the binding energy is labeled where the residues and ligands are shown in stick figures. The best-docked conformations of
Favipiravir and (a) spike glycoprotein in the open conformation (b) spike glycoprotein in the closed conformation (c) spike glycoprotein in the post-fusion
conformation (d) spike glycoprotein in the pre-fusion conformation (e) HR2 domain of S2 subunit (f) non-structural protein7 of RNA dependent RNA polymerase
(g) non-structural protein8 RNA dependent RNA polymerase (h) non-structural protein12 RNA dependent RNA polymerase (i) papain-like protease (j) main protease
(k) C-terminal RNA binding domain (1) N-terminal RNA binding domain (m) endoribonuclease of non-structural proteinl5 (n) ADP ribose phosphatase of non-
structural protein3 (o) RNA binding protein of non-structural protein9 (p) non-structural proteinl0 (q) non-structural proteinl6 (r) orf7a accessory protein.

—5.0 kcal/mol, respectively. Nsp10 interacted with the drug at Thr4292,
Cys4294, and Asn4358. The interaction stabilized by a hydrogen bond at
Cys4294 (Fig. 2p). Nsp16 interacted with the drug at Thr6934, Phe6947,
and Phe6948 (Fig. 2q). Accessory protein, orf7a (PD: 6W37), interacted
with the drug at Glul8, Ser22, Gly23, Thr24, Tyr25, and Phe31, and the
binding energy was estimated to be —4.3 kcal/mol. The interaction
stabilized by a hydrogen bond at Ser22 (Fig. 2r). The molecular docking

studies suggested that Favipiravir showed better interaction with the
closed conformation of the spike glycoprotein (binding energy-5.1 kcal/
mol) in comparison to the interactions of the drug with other prioritized
targets. Favipiravir is a pyrazine carboxamide derivative with activity
against RNA viruses, approved as the drug of choice against the influ-
enza virus. It is known to be effective against RNA viruses and probably
acts as an eye-opener for the therapeutic development against SARS-

(a) )% (b) _9' ‘

(@

(m)

Fig. 3. The binding mode of Hydroxychloroquine with the probable protein targets of SARS-CoV-2 predicted by molecular docking using AutoDock Vina and
visualized using MGL tools. The interacting residues and the binding energy are labeled where the residues and ligands are shown in stick figures. The best-docked
conformations of Hydroxychloroquine and (a) spike glycoprotein in the open conformation (b) spike glycoprotein in the closed conformation (c) spike glycoprotein in
the post-fusion conformation (d) spike glycoprotein in the pre-fusion conformation (e) HR2 domain of S2 subunit (f) non-structural protein7 of RNA dependent RNA
polymerase (g) non-structural protein8 RNA dependent RNA polymerase (h) non-structural protein12 RNA dependent RNA polymerase (i) papain-like protease (j)
main protease (k) C-terminal RNA binding domain (1) N-terminal RNA binding domain (m) endoribonuclease of non-structural proteinl5 (n) ADP ribose phosphatase
of non-structural protein3 (o) RNA binding protein of non-structural protein9 (p) non-structural protein10 (q) non-structural proteinl6 (r) orf7a accessory protein.
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CoV-2.

When Hydroxychloroquine (2-[4-[(7-chloroquinolin-4-yl) amino]
pentyl-ethylamino] ethanol) docked against the open state of the spike
glycoprotein (PDB: 6VYB), the complex was stabilized with a binding
energy of —5.0 kcal/mol. The interacting residues present in the binding
cavity were Leu517, Asn544, Leu546, GIn564, and Phe565 (Fig. 3a).
Spike glycoprotein in the closed state (PDB: 6VXX) interacted with the
drug that demonstrated binding energy of —5.7 kcal/mol. The residues
Trpl104, Val126, Phel92, Phel94, Val227and Asp228 identified to be
the residues present in the binding cavity (Fig. 3b). When the drug
interacted with post-fusion (PDB: 6LXT) and pre-fusion (PDB: 6VSB)
conformations of spike glycoprotein, the complexes were demonstrated
the binding energies of —4.7 kcal/mol and —5.2 kcal/mol, respectively.
The residues Gly932, Lys933, GIn935, Asp936, Ser939, Lys1191, and
Asn1192 identified as the binding residues of the post-fusion confor-
mation (Fig. 3c), Ser730, Thr778, Pro863, Thr866, Asp867, Glu868, and
His1058 identified as the interacting residues in the pre-fusion confor-
mation (Fig. 3d). When the drug interacted with the HR2 domain, the
complex revealed that the binding energy of —4.7 kcal/mol (PDB:
6LVN), and the interacting residues identified to be Lys14, Aspl7, and
Glu21l (Fig. 3e). RdRp consists of nsp7 (PDB: 6M71_C), nsp8 (PDB:
6M71_B & D), and nsp 12 (PDB: 6M71_A) docked with the drug, complex
revealed the binding energies of —4.6, 4.7, and —4.9 kcal/mol, respec-
tively. Thr9, Thr46, Phe47, and Met52 involved in the interaction with
nsp7, in which Thr46 formed a hydrogen bond (Fig. 3f). The residues
Phe92, Leu95, Ile107, and Alal10 were interacted with nsp8 (Fig. 3g),
whereas, Tyr273, Leu329, Val330, Ala379, and Ala382 were acted as the
interacting residues of nspl12 (Fig. 3h). Papain-like protease (PLpro)
(PDB: 6W9C) interacted with the drug demonstrated the binding energy
of —5.0 kcal/mol in which Tyr213, Glu214, Lys217, Tyr305, Tyr310,
and Thr313 identified to be the interacting residues. Thr313 produced
H-bond with the drug (Fig. 3i). Similarly, when the main protease
(Mpro) (PDB: 6Y2E) docked against the drug, the complex demonstrated
a binding energy of —5.9 kcal/mol, in which GIn110, Thr111, Val202,
Thr292, and Phe294 were acted as the amino acid residues (Fig. 3j). The
docking of Hydroxychloroquine against the C-terminal dimerization
domain of nucleocapsid protein (PDB: 6WJI) were displayed the binding
energy of —5.8 kcal/mol. The interacting residues identified were
Arg259, Val270, Phe274, Arg277, Phe286, and Ile304, in which Arg277
formed a hydrogen bond with the ligand (Fig. 3k). When the N-terminal
domain of the nucleocapsid phosphoprotein (PDB: 6M3M) docked with
the ligand, the complex showed binding energy of —5.0 kcal/mol and
GIn84, Thr136, and Thr166 identified to be the interacting residues.
Thr166 formed a hydrogen bond with the ligand (Fig. 31). Endor-
ibonuclease (nspl5) (PDB: 6VWW) interacted with the ligand with the
binding energy of —5.9 kcal/mol. Asn29 and Asn30 identified to be the
interacting residues in which Asn30 formed a hydrogen bond with the
drug (Fig. 3m). When ADP ribose phosphatase (nsp3) (PDB: 6VXS) and
RNA binding protein (nsp9) (PDB: 6W4B) interacted with the drug, the
docked complexes were demonstrated the binding energies of —5.8 and
—5.1 kcal/mol, respectively. The drug interacted with ADP ribose
phosphatase at Ile23, Ala38, Leul26, Ser128, Alal29, Ile131, Phel32,
and Phe156 (Fig. 3n), and the drug interacted with RNA binding protein
at Arg40, Val42, Ile66, Phe67, and Thr68 (Fig. 30). NsplO (PDB:
6W75_B) and nspl6 (PDB: 6W75_A) docked against the drug revealed
that the binding energies of —5.3 kcal/mol and —6.3 kcal/mol, respec-
tively. Tyr4280, Tyr4283, Ile4291, Thr4292, Arg4331, and Leu4328
were identified to be the interacting residues in nspl0 (Fig. 3p), and
Arg6817, Met6818, Leu6819, Leu6820, Tyr7020, and Val7021 were
identified as the residues involved in binding with nsp16 (Fig. 3q). The
accessory protein (orf7a) (PDB: 6W37) interacted with the drug by the
binding energy of —4.8 kcal/mol. Tyr25 and Phe31 were the residues
present in the binding cavity (Fig. 3r). From the molecular docking
studies, it was evident that Hydroxychloroquine showed the best inter-
action to the non-structural protein-nspl6 with a binding energy of
—6.3 kcal/mol in comparison with other targets. There are studies
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reported that Hydroxychloroquine, an analog of Chloroquine, probably
possess anti-viral and anti-inflammatory activities against coronavirus.
Further, the drug is considered less toxic and safer than Chloroquine.
The interaction of Lopinavir ((2S)-N-[(2S,4S, 5S)-5-[[2-(2,6-dime-
thylphenoxy) acetyl] amino]-4-hydroxy-1,6-diphenylhexan-2-yl]-3-
methyl-2-(2-oxo0-1,3-diazinan-1-yl) butanamide) and the prioritized
targets of SARS-CoV-2 were studied by molecular docking. When Lopi-
navir docked with the open state conformation and the closed state
conformation of spike glycoprotein, the complexes were showed binding
energies of —8.3 and —8.7 kcal/mol, respectively. The drug interacted
with the open state conformation of spike glycoprotein at Asp294,
Pro295, Leu296, Phe318, Val610, and Ile651 (Fig. 4a). The residues
Arg355, Asp428, Phe429, Thr430, Lys462, Pro463, Phe464, Ser514, and
Glu516 identified to be the major binding residues present in the closed
state conformation (Fig. 4b). The binding of Lopinavir against the post-
fusion state and the pre-fusion state confirmations of spike glycoprotein
were exhibited the binding energies of —8.1 and —8.2 kcal/mol,
respectively. The major residues involved in the interaction of the post-
fusion conformation of spike glycoprotein and the drug found to be
Lys921, Asn928, GIn935, and Leul200 (Fig. 4c). The residues involved
in the interaction of the pre-fusion state of the spike glycoprotein and
drug identified to be Arg815, Phe823, Leu828, Asp867, and Glu868
(Fig. 4d). The HR2 domain interacted with the drug (binding energy
—7.8 kcal/mol) in which Lys14, Argl8, Lys24, Asn27, and Ile31 iden-
tified to be the major residues present in the binding cavity (Fig. 4e). The
RdRp consists of nsp7, nsp8, and nsp 12 docked against Lopinavir, the
complexes were showed binding energies of —7.3, —8.2, and —8.1 kcal/
mol, respectively. The drug interacted with nsp7 at the position Thr9,
Vall6, Val53, Leu56, and 11e68 (Fig. 4f). The drug interacted with nsp8
at Leul22, Leul28, Val130, Val131, and Tyr149 (Fig. 4g), and the drug
binds with nspl2 at Pro412, Phe415, Tyr420, Leu437, and Phe440
(Fig. 4h). The interaction of PLpro and the drug showed binding energy
of —8.1 kcal/mol, and Lys217, Lys218, Tyr305, Asn308, and Tyr310
identified to be the interacting residues (Fig. 4i). When Lopinavir
interacted with Mpro, the complex showed the binding energy of —8.6
kcal/mol in which GIn107, GIn110, Thr111, 11le200, Glu240, His246,
Thr292, and Phe294 identified to be the major interacting residues
(Fig. 4j). When Lopinavir docked to the C-terminal domain of nucleo-
capsid protein, the complex exhibited the binding energy of —11.0 kcal/
mol, and Arg259, GIn260, Ala264, Phe274, Arg277, Trp301, Phe314,
Leu331, and Tyr333 involved in the binding (Fig. 4k). N-terminal
domain of the nucleocapsid phosphoprotein interacted with the drug,
the complex showed the binding energy of —7.5 kcal/mol. The major
residues interacted with the drug were Trp53, Asn76, lle147, Asnl51,
Asnl55, and Ile158 (Fig. 41). When endoribonuclease (nspl5), ADP
ribose phosphatase (nsp3) (PDB: 6VXS), and RNA binding proteins
(nsp9) docked with the drug, the complexes revealed the binding en-
ergies of —9.6, —8.5, and —7.8 kcal/mol, respectively. The drug inter-
acted with nspl5 at the position Ile27, 1le28, Asn29, Asn30, and Val52
(Fig. 4m), and the drug interacted with nsp3 at Ile23, Gly48, Ala52,
Lys55, Leul26, and Phel56 (Fig. 4n). The major residues of nsp9
participated in the binding were Gly39, Arg40, Phe41, Val42, Phe57,
Ser60, and Ile66 (Fig. 40). When the non-structural proteins such as
nspl0 and nspl6 docked with Lopinavir, the complexes were depicted
the binding energies of —8.2 and —9.9 kcal/mol, respectively. The res-
idues Ala4279, Ile4291, Thr4292, Asn4293, Leu4328, Arg4331,
Cys4332, and His4333 identified as the major residues present at the
binding site of nsp10 (Fig. 4p). Similarly, Arg6817, Leu6819, Tyr7020,
and Val7021 identified as the main residues involved in the binding of
the drug (Fig. 4q). When Orf7a docked with the drug showed the binding
energy of —7.0 kcal/mol in which Thr24, Tyr25, Pro30, and Phe31 were
identified to be the major interacting residues. Phe31 formed a hydrogen
bond with the drug (Fig. 4r). From the interaction modeling by molec-
ular docking, it was evident that the best binding affinity observed for
the complexes of the C-terminal domain of nucleocapsid phosphoprotein
and Lopinavir (—11.0 kcal/mol) in comparison with the other docked
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(m)

Fig. 4. The binding mode of Lopinavir with the probable protein targets of SARS-CoV-2 predicted by molecular docking using AutoDock Vina and visualized using
MGL tools. The interacting residues and the binding energy are labeled where the residues and ligands are shown in stick figures. The best-docked conformations of
Lopinavir and (a) spike glycoprotein in the open state conformation (b) spike glycoprotein in the closed state conformation (c) spike glycoprotein in the post-fusion
conformation (d) spike glycoprotein in the pre-fusion conformation (e) HR2 domain of S2 subunit (f) non-structural protein7 of RNA dependent RNA polymerase (g)
non-structural protein8 RNA dependent RNA polymerase (h) non-structural protein12 RNA dependent RNA polymerase (i) papain-like protease (j) main protease (k)
C-terminal RNA binding domain (1) N-terminal RNA binding domain (m) endoribonuclease of non-structural proteinl5 (n) ADP ribose phosphatase of non-structural
protein3 (o) RNA binding protein of non-structural protein9 (p) non-structural protein10 (q) non-structural proteinl6 (r) orf7a accessory protein.

structures. Further, Lopinavir demonstrated better binding abilities to
several targets in comparison with the docking results of other drugs.
Lopinavir is used as an antiviral agent against coronavirus and showed
reduced symptoms when used in combination with Ritonavir. Thus,
there is a scope for the repurposing of Lopinavir towards the targets
highlighted in this study.

aminopyrrolo [2,1-f][1,2,4]triazin-7-yl}-5-cyano-3,4-dihydroxyoxolan-
2-yllmethoxy }(phenoxy)phosphoryl]amino}propanoate) was docked
against spike proteins; the open state conformation showed the binding
energy of —6.9 kcal/mol and the major residues involved in the binding
was found to be Thr33, Phe59, Asp294, Leu296 and Val608 (Fig. 5a).
The closed conformation of the target and the drug interacted with

Remdesivir  (2-ethylbutyl (2S)-2-{[(S)-{[(2R,3S,4R, 5R)-5-{4- Val341, Ala344, Ala348, Ser349, Tyr351, and Lys356 in which a

(m)

Fig. 5. The binding mode of Remdesivir with the probable protein targets of SARS-CoV-2 predicted by molecular docking using AutoDock Vina and visualized using
MGL tools. The interacting residues and the binding energy are labeled where the residues and ligands are shown in stick figures. The best-docked conformations of
Remdesivir and (a) spike glycoprotein in the open conformation (b) spike glycoprotein in the closed conformation (c) spike glycoprotein in the post-fusion
conformation (d) spike glycoprotein in the pre-fusion conformation (¢) HR2 domain of S2 subunit (f) non-structural protein7 of RNA dependent RNA polymerase
(g) non-structural protein8 RNA dependent RNA polymerase (h) non-structural protein12 RNA dependent RNA polymerase (i) papain-like protease (j) main protease
(k) C-terminal RNA binding domain (1) N-terminal RNA binding domain (m) endoribonuclease of non-structural proteinl5 (n) ADP ribose phosphatase of non-
structural protein3 (o) RNA binding protein of non-structural protein9 (p) non-structural protein10 (q) non-structural proteinl6 (r) orf7a accessory protein.
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hydrogen bond formed by Asn354 (binding energy —7.0 kcal/mol)
(Fig. 5b). The interaction of post-fusion conformation of spike glyco-
protein and the drug showed the binding energy of —7.1 kcal/mol in
which Asn928, Ser929, Gly932, Leul197, and Asp1199 identified to be
the major interacting residues. The binding stabilized by a hydrogen
bond formed at Leu1200 (Fig. 5¢). Remdesivir interacted with pre-fusion
conformation at Asn907, Thr912, Glul1092, Gly1093, Phel089, and
Phel121. Argl107 formed a hydrogen bond with the drug (binding
energy —6.9 kcal/mol) (Fig. 5d). When the drug docked to the HR-2
domain of the S2 subunit, the complex showed the binding energy of
—6.4 kcal/mol, and Lys14, Asp17, Argl8, Asn20, and Glu21 found to be
the major interacting residues (Fig. 5e). The interaction modeling of
RdRp with nsp7, nsp8, and nsp 12 showed the binding energies of —6.9
kcal/mol (Ser25, Leu28, Val53, Ser54, Ser57, Val58, and Ser61 acted to
be the major binding residues) (Figs. 5f), —7.3 kcal/mol (Leu98, Pro121,
Alal25, Alal26, Leul28, Tyr149, and Trpl54 found to be the main
interacting residues) (Fig. 5g), and —7.5 kcal/mol (Arg249, Trp268,
Thr319, Pro322, Pro323, Leu460, and Pro461 identified to be the major
binding residues) (Fig. 5h), respectively. When Remdesivir docked with
PLpro and Mpro, the complexes were showed binding energies of —7.4
and —7.7 kcal/mol, respectively. Arg82, Asnl28, Tyrl54, Glnl74,
His175, Aspl79, and Val202 (hydrogen bond formation at Thr74 and
Thr75) identified as the major residues at the binding sites of PLpro
(Fig. 5i), and GIn110, Asp153, Thr292, and Phe294 identified to be the
major residues identified in the binding site of Mpro (Fig. 5j). When the
drug docked against the C-terminal dimerization and N-terminal RNA
binding domains of nucleocapsid proteins, the complexes were showed
the binding energies of —8.2 and —6.4 kcal/mol, respectively. The drug
interacted with Val270, Phe274, Phe286, Leu291, Trp301, Ile304, and
Ala308, Tyr333 of the C-terminal domain, and formed a hydrogen bond
at Arg277 (Fig. 5k). The drug interacted with the N-terminal domain of
the target in the position Asn127, Gly138, Asn141, and hydrogen bonds
formed at Tyr124 and Trp133 (Figure 51). The non-structural proteins
nspl5 endoribonuclease showed interactions with the residues such as
Vall56, Lys159, Thr193, Tyr194, Phe195, and GIn197 in which Thr193
and GIn197 involved in the hydrogen bond formation (binding energy

(b)

(h)

(m) (n)
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—8.0 kcal/mol) (Fig. 5m). Nsp3-ADP ribose phosphatase interacted with
the drug at Val41, Tyr42, Gly48, Lys102, Gly130, Ile131, and Phel32
and formed a hydrogen bond at Asn40 (binding energy —7.6 kcal/mol)
(Fig. 5n). Nsp9 RNA binding protein interacted with the drug with the
binding energy of —6.4 kcal/mol, and Met13, Arg40, Val42, Phe57,
Ser60, Ile66, and Thr68 identified as the major binding residues
(Fig. 50). The drug interacted with the non-structural proteins such as
nspl0 (chain B) and nsp16 (chain A) and showed the binding energies of
7.1 kecal/mol and 8.7 kcal/mol, respectively. The major binding position
in nsp10 observed to be GIn4306, I1e4308, Phe4342, Asp4344, Thr4371,
Gly4374, and a hydrogen bond formed at Val4369 (Fig. 5p). The drug
interacted with nspl6 at Leu6820, Lys6822, Glu6940, Asn6941,
His6972, and Tyr7020 (Fig. 5q). The drug and orf7a interacted at Tyr25,
Phe31 Pro33, and the interaction stabilized by hydrogen bonds with the
binding energy of —6.4 kcal/mol (Fig. 5r). The molecular docking
studies showed that Remdesivir has a profound binding with several
prioritized targets. The drug showed better interaction to nsp16 (bind-
ing energy of —8.7 kcal/mol) when compared to the binding of the drug
with other molecular targets, repurposing of Remdesivir against nsp16
has an application against COVID-19 drug discovery. Remdesivir (GS-
5734), an adenosine triphosphate analog, recently suggested using
against COVID-19 [46]. The predicted computational model probably
offers the molecular mechanism of binding of this drug with the targets
and provides insight into drug repurposing against SARS-CoV2.

The docking studies suggested that the interaction of the open form
of the ectodomain of glycoprotein to Ritonavir showed the binding en-
ergy of —6.9 kcal/mol. The major interacting residues observed to be
Thr732, Phe823, Val860, Pro863, Asp867, 11e870, Prol057, and
His1058 (Fig. 6a). The closed state of glycoprotein and drug complex
were stabilized with the binding energy of —7.2 kcal/mol, and the major
interacting residues identified to be Ser730, Thr732, Phe782, Phe823,
Val860, Pro863, Asp867, 11e870, Asn955, and His1058 in which Asp867
formed a hydrogen bond with the drug (Fig. 6b). The interaction of drug
and post-fusion and pre-fusion state of the target demonstrated the
binding energies of —7.5 and —6.0 kcal/mol, respectively. Asn919,
GIn920, Lys921, Asn928, Ile1198, Leul200, and GIn1201 were the

Fig. 6. The binding mode of Ritonavir with the probable protein targets of SARS-CoV-2 predicted by molecular docking using AutoDock Vina and visualized using
MGL tools. The interacting residues and the binding energy are labeled where the residues and ligands are shown in stick figures. The best-docked conformations of
Ritonavir and (a) spike glycoprotein in the open conformation (b) spike glycoprotein in the closed conformation (c) spike glycoprotein in the post-fusion confor-
mation (d) spike glycoprotein in the pre-fusion conformation (¢) HR2 domain of S2 subunit (f) non-structural protein7 of RNA dependent RNA polymerase (g) non-
structural protein8 RNA dependent RNA polymerase (h) non-structural protein12 RNA dependent RNA polymerase (i) papain-like protease (j) main protease (k) C-
terminal RNA binding domain (1) N-terminal RNA binding domain (m) endoribonuclease of non-structural proteinl5 (n) ADP ribose phosphatase of non-structural
protein3 (o) RNA binding protein of non-structural protein9 (p) non-structural protein10 (q) non-structural proteinl6 (r) orf7a accessory protein.
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major residues present at the binding of cavity post-fusion state (Fig. 6¢).
Thr33, Phe59, Val289, Leu293, Asp294, Lys300, and Asn606 were the
major residues present at the binding site of the pre-fusion state
(Fig. 6d). HR-2 domain of the S2 subunit, when docked with the drug,
showed the binding energy of —5.9 kcal/mol and Asp17, Asn20, Glu21,
and Lys24 identified to be the major interacting residues (Fig. 6e). Nsp7,
nsp8, and nsp 12 of RARp demonstrated the binding energies of —6.3,
—6.5, and —7.3 kcal/mol, respectively, when the drug interacted with
the target. The drug interacted with nsp7 at the position Thr9, Leul3,
Phe49, Met52, Val53, Leu56, Val66, and Ile68 (Fig. 6f). The drug also
interacted with nsp8 at the position Asn100, Prol121, Alal25, Alal26,
Lys127, Leul28, Met129, Val131, Tyr149, and Trp154 in which Asn100,
Alal26, Lys127, and Met129 formed hydrogen bonds with the ligand
(Fig. 6g). The drug binds with Nsp12 at Tyr32, Lys47, Lys80, Tyr129,
Asn138, Cys139, Thrl4l, and Thr710, in which Tyr129 formed a
hydrogen bond with the drug (Fig. 6h). The PLpro and Mpro demon-
strated the binding energies of —6.3 and —7.1 kcal/mol, respectively
when the drug interacted with Ritonavir. Ritonavir interacted with
PLpro at Phe69, His73, Thr74, Thr75, Asp76, Tyrl71, Gln174, Alal76,
and Leu 178, in which, Asp179 formed a hydrogen bond (Fig. 6i) and the
drug interacted with Mpro in the position Gln107, GIn110, Val202,
Asn203, His246, [1e249, and Pro293 (Fig. 6j). The molecular interaction
between the drug-C-terminal dimerization domain of nucleocapsid
proteins and the drug-N-terminal RNA binding domain of nucleocapsid
were demonstrated the binding energies of —8.4 and —5.5 kcal/mol,
respectively. Arg259, Val270, Phe274, Thr282, Leu291, Trp301,
Phe314, and Tyr333 acted as the major binding residues of the C-ter-
minal domain with a hydrogen bond at Arg277 (Fig. 6k). Glnl6l,
Leul62, Gln164, Gly165, Thr166, Thr167, Leul68, and Tyr173 of the N-
terminal domain of the target acted as the major binding residues in
which GIn161 formed a hydrogen bond with the drug (Fig. 61). Endor-
ibonuclease nsp15, nsp3- ADP ribose phosphatase, and nsp9 of RNA
binding protein were interacted with the drug, and the complexes were
exhibited the binding energies of —7.2, —6.7, and —6.3 kcal/mol,
respectively. The major interacting residues with the ligand observed in
the nsp15 were 1le27, [1e28, Asn29, Asn30, Pro51, and Val52 (Fig. 6m),
the interacting residues present in the nsp3 identified to be Ile23, Val49,
Leul26, Gly130, Ile131, Pro136, Phel56, Asp157, and Leul60 (Fig. 6n)
and the major interacting residues present in the nsp9 observed to be
Arg40, Phe41, Phe57, Ile66, Thr68, and Ile92 with hydrogen bond at Val
92 (Fig. 60). When nsp10 (chain B) and nsp16 (chain A) interacted with
the drug, the complexes showed binding energies of —6.9 kcal/mol and
—7.7 kcal/mol, respectively. 11e4308, Asn4338, Thr4364, Val4369,
Thr4371, and Trp4376 were the major interacting residues observed in
the nspl0, and Asp4344 formed a hydrogen bond with the drug
(Fig. 6p). The residues GIn6804, GIn6850, Asn6853, Thr6854, Ser7041,
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Lys7047, Leu7050, Lys7051, and Arg7053 acts as major residues present
at the binding pocket of nsp16 (Fig. 6q). The orf7a interacted with the
drug at Ser22, Gly23, Glu26, Gly27, Phe31, Pro33, and Phe50 by a
hydrogen bond at Tyr25 (binding energy of —5.3 kcal/mol) (Fig. 6r).
From the molecular docking studies, it was clear that Ritonavir showed
potential binding against the C-terminal domain of nucleocapsid phos-
phoprotein (binding energy —8.4 kcal/mol) in comparison with the
binding of other targets. Further, Ritonavir showed profound binding
with several prioritized targets. Thus, the study suggested that the
repurposing of Ritonavir against several molecular targets of COVID-19
probably offers scope and application. Studies suggested that Ritonavir,
a drug in combination with Lopinavir, is being investigated against
COVID-19 as therapeutic agent [27], the effectiveness of the drug needs
to study.

3.3. Binding of drugs and their usual targets

The binding energy of the interaction between FDA approved drugs
and their usual molecular targets predicted by molecular docking
studies illustrated in Table 3. When Chloroquine docked against Gluta-
thione - S - transferase (PDB: 10KT), it showed that the interaction
stabilized with the binding energy of —3.8 kcal/mol with Glu90, Leu 91,
and Phe 94 as interacting residues (Fig. 7a). Favipiravir docked against
RdRp catalytic subunit (PDB: 6QNW), and the complex showed the
binding energy of —4.7 kcal/mol. The interacting residues identified to
be Lys308, Trp309, Asn310, Glu311, Asp445, and the interaction sta-
bilized by two hydrogen bonds with Lys308 and Asn310 (Fig. 7b). When
Hydroxychloroquine docked against ACE2 (PDB: 1R42), it showed the
binding energy of —1.0 kcal/mol with GIn287 as the interacting residue
(Fig. 7c¢). When Lopinavir interacted with protease (PDB: 5V4Y), the
binding energy of —7.2 kcal/mol was observed, and Leu5, Leu23, Asp25,
Thr26, Gly27, and Phe99 identified to be the interacting residues
(Fig. 7d). Remdesivir interacted with the protease of SARS coronavirus
(PDB: 1Q2W), and the complex exhibited the binding energy of —10.7
kcal/mol. Gly2, Lys5, Arg4, GInl127, Lys137, Ser284, Glu290, and
Phe291 found to be the interacting residues. The docked complex sta-
bilized by the formation of hydrogen bonds at Lys5 and GIn127 (Fig. 7e).
Ritonavir interacted with human cytochrome P4503A4 (PDB: 3NXU)
with the binding energy of —10.3 kcal/mol. Arg105, Phel08, Ser119,
Arg205, Leu210, Leu211, Phe213, Phe215, Ile301, Phe304, Glu308,
Thr309, 11e369, Ala370, Met371, Arg372, Gly481, Leu482, and Leu483
were identified as the interacting residues, and the binding stabilized by
a hydrogen bond at Met371 (Fig. 7f). The binding energy (kcal/mol),
number of interacting residues, and weak interactions involved in the
binding of drugs and their usual targets were considered as the refer-
ence/control for the comparison of the binding of the drugs and

Table 3
The binding potential of the selected drugs towards their usual targets obtained by molecular docking studies by AutoDock Vina.
Target organism Name of the target PDB ID Name of the drug with Binding RMSD Interacting residues Hydrogen
DrugBank ID energy A) bonds
(kcal/mol)
Plasmodium falciparum Glutathione-S- 10KT. Chloroquine (DB00608) -3.8 0.0 Glu90, Leu 91,Phe 94 0
transferase A
Influenza A virus (A/ RNA-directed RNA 6QNW. Favipiravir (DB12466) —-4.7 0.0 Lys308, Trp309, Asn310, Glu311, Asp445 2: Lys308,
Northern Territory/60/ polymerase B Asn310
1968(H3N2)) catalytic subunit
Homo sapiens Angiotensin 1R42 Hydroxychloroquine -1.0 0.0 GIn287 0
converting enzyme (DB01611)
2
Human immunodeficiency Protease 5V4Y Lopinavir (DB01601) -7.2 0.0 Leu5, Leu23, Asp25, Thr26, Gly27, Phe99 0
virus 1
SARS - related coronavirus Protease 1Q2w Remdesivir (DB14761) -10.7 0.0 Gly2, Lys5, Arg4, GIn127, Lys137, Ser284, 2: Lys5,
Glu290, Phe291 GIn127
Homo sapiens Human cytochrome 3NXU. Ritonavir (DB00503) -10.3 0.0 Arg105, Phel08, Ser119, Arg205, 1: Met371
P4503A4 A Leu210, Leu211, Phe213, Phe215, Ile301,

Phe304, Glu308, Thr309, Ile369, Ala370,
Met371, Arg372, Gly481, Leu482, Leu483
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Fig. 7. The binding potential of the selected drugs towards their usual targets predicted by molecular docking studies using AutoDock Vina. The interaction of (a)
Chloroquine and Glutathione transferase of Plasmodium falciparum (b) Favipiravir and RNA-directed RNA polymerase catalytic subunit of influenza virus (c)
hydroxychloroquine and human angiotensin-converting enzyme 2 (hACE2) (d) Lopinavir and HIV-I protease (e) Remdesivir and SARS protease (f) Ritonavir and

human cytochrome P4503A4.

prioritized targets of SARS-CoV2 in this study.

In comparison to the binding affinities of the currently prescribed
drugs with their respective targets, the selected drugs showed better
binding energy towards most of the prioritized targets in the current
study. This study observed that the interaction with Lopinavir and Ri-
tonavir towards the prioritized targets showed the binding energy better
than —6.0 kcal/mol towards all the probable targets of SARS-CoV-2 in
comparison with the binding of these drugs to their usual targets. The
interaction of Lopinavir, Chloroquine, and Hydroxychloroquine also
showed better binding to the prioritized targets when compared to their
standard target. However, in the case of Remdesvir, the control showed
better binding energy in comparison with the interaction of this drug
with selected targets. Thus, the molecular docking studies suggested that
repurposing of these drugs have application towards the potential tar-
gets of SARS-CoV-2 and the study helps in understanding the interaction
mechanism of the suggested drugs towards the probable drug targets of
SARS CoV-2. Thus, the current study certainly provides the foundation
on the structural and molecular mechanisms of interaction of the
repurposed FDA drugs and prioritized targets.

3.4. Molecular dynamic simulation studies

The best-docked complexes that showed the minimum binding en-
ergy (kcal/mol) and maximum stabilizing interacting residues obtained
by molecular docking studies simulated using the Desmond module of
the Schrodinger suite to confirm the dynamics and stability of the in-
teractions and binding conformations between the targets and drugs.
The best-docked complexes selected for simulation were Chloroquine -
nsp 16, Favipiravir - closed state conformation of spike glycoprotein,
Hydroxychloroquine - nsp16, Lopinavir - C-terminal domain of nucleo-
capsid phosphoprotein, Remdesivir - nsp16, and Ritonavir - C-terminal
domain of nucleocapsid phosphoprotein. Various parameters of simu-
lation trajectories like protein-ligand RMSD, RMSF, and other binding
features are illustrated in the following sections.

Molecular docking studies suggested that Chloroquine showed the
best binding potential towards the non-structural protein (nsp) 16 (PDB:
6W75_A) when compared to the other SARS-CoV-2 protein targets.
Therefore, this docked complex simulated for 100 ns, and its trajectories
depicted in Fig. 8. The RMSD deviation of the protein in the complex
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showed in Fig. 8a. The RMSD of the protein deviated between 1.2 and
3.6 A during the simulation period of 100 ns The RMSD initially
increased up to 2 A in the first 35ns and later stabilized. This deviation
might be due to the interaction of the drug and the protein. The protein
RMSF ranged between 0.6 Aand 4.0 A during the simulation (Fig. 8b).
The RMSF at the N -terminal region deviated with an exponential level
indicating high fluctuation. The protein RMSF found to be 4.2 A, which
ranged at the residue region 25-50 and 75-90 during the simulation
period due to drug-protein interaction. The ligand RMSF ranged be-
tween 3.0 and 6.0 A is depicted in Fig. 8c. The ligand RMS fluctuation
might be due to the drug atoms that underwent a conformational change
when it interacted with protein. The interactions like hydrophobic in-
teractions, water bridges, and hydrogen bonds formed during the
protein-ligand interactions are shown in Fig. 8d. The plot indicated that
several weak interactions formed throughout the simulation, which
included the hydrophobic interactions and hydrogen bond formation
with several residues. The ligand-protein contacts that occurred during
more than 10% of the simulation period are shown in Fig. 8e, which
indicated that the hydrophobic interactions formed at Leu6820,
Tyr7020, and Trp6974 acted as main weak interactions.

The protein-ligand contact observed during the simulation is shown
in Fig. 8f. The top region of the figure showed that the interaction
contacts observed during the 100ns simulation time, and the bottom
part showed that the residue interacted with Chloroquine during the
simulation period. The residues interacted are Leu6820, Trp6974,
Tyr7020, His 7023, and Ala 7024. The major structural features and
conformational changes of nsp 16, Chloroquine, and their complex
during MD simulation are shown in supplementary materials (Fig. Sla —
S2d). The MD simulation also showed that the complex of Chloroquine-
nspl6 found to be stable throughout the simulation.

The structural stability and molecular dynamic mechanism of the
interaction of Favipiravir to the closed conformation of the SARS-CoV-2
spike glycoprotein (PDB: 6VXX) were studied by MD simulation at 100
ns The interaction trajectories of the complex are shown in Fig. 9. The
RMSD fluctuations of the protein during the interaction are displayed in
Fig. 9a. The RMSD values ranged from 2.5 to 20.0 A in the first 40ns
simulation, and later stabilized with conformational changes of the
protein. The RMSF of the protein was in the range of 2.0-14.0 A
(Fig. 9b). An increased RMSF of >14.0 A was found in the residue
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regions 375 to 400, and RMSF values of the residues ranged between 4.0
and 6.0 A. Similarly, the ligand RMS fluctuated between 5.0 and 7.0 A
due to their interaction with the protein. The major forces that stabilized
the protein-drug interactions are illustrated in Fig. 9d.

There were water bridges, and hydrogen bonds have stabilized the
interaction, but no ionic interaction. The binding of the protein-drug at
10% of the simulation time is illustrated in Fig. 9e. The residues Met740
and Phe 855 involved in hydrophobic interactions, and Ser45, Ser 46,
and Asn 856, involved in polar bond formation. Asp745 is involved in a
negative electrostatic bond formation with the ligand. The interacting
residues and residue contacts with the drug during the simulation are
shown in Fig. 9f. The residue contact during the simulation ranged from
2 to 9 in which Ser45, Met740, and Asp745 interacted consistently
throughout the simulation. The major structural features and confor-
mational changes of the closed conformation of glycoprotein and Favi-
piravir and the protein-drug complex during MD simulation are shown
in the supplementary materials (Fig. S3a — S4d). From the MD simula-
tion, it is clear that Favipiravir demonstrated stable binding to the closed
conformation of glycoprotein with several weak interactions, and the
protein-drug complex was found to be stable during the MD simulation.

The stability of the docked complex of Hydroxychloroquine and nsp
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16 (PDB: 6W75_A), which showed the best interaction in the molecular
docking simulated at100 ns The MD simulation trajectories of the drug-
receptor complex during MD simulation are shown in Fig. 10. The RMSD
trajectory of the protein deviated between 1.6 and 3.6 A (Fig. 10a). The
deviation probably due to the interaction of the drug with the target and
changed the structural conformation. The RMSF of the protein ranged
between 0.8 A- 3.2 A and showed fluctuation at the C- and N-terminal
regions of the target (Fig. 10b). Ligand RMSF fluctuated from 7.5 to 10.0
A during the interaction (Fig. 10c). The interacting forces like hydrogen
bonds, hydrophobic interactions, and water bridges formed between the
target and the drug shown in Fig. 10d. The residues such as Asp7018,
Trp6988, and Met6815 were formed hydrogen bonds with the drug.
Met6815, Trp6988, and Met 7022 were involved in the formation of
hydrophobic interactions in which Lys 6814 and Arg6817 showed
positively charged interactions, and Asp7018 showed negatively
charged interactions (Fig. 10e). The protein-ligand binding during the
MD simulation is shown in Fig. 10f. The study suggested that Met6815,
Arg6817, Trp6988, and Asp7018, were observed to be the interacting
residues. The structural features and conformational changes in the
interaction between Hydroxychloroquine and nspl6 and the protein-
drug complex during MD simulation are shown in supplementary
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materials (Fig. S5a — S6d). From MD simulation studies, it is clear that
Hydroxychloroquine and nsp16 showed stable binding throughout the
simulation, and the interactions stabilized by several weak interactions.

The stability of the docked complex of Lopinavir and C-terminal
domain of nucleocapsid phosphoprotein (PDB: 6WJI) were confirmed by
MD simulation as the interaction of these complex showed the best
binding during docking studies when compared to the binding of Lopi-
navir and other prioritized targets. The docked complex simulated at
100ns and the binding trajectories obtained during MD simulation are
shown in Fig. 11. The RMSD of the protein-ligand interaction is shown in
Fig. 11a. The RMSD of the protein deviated from 4.8 to 7.2 A during the
simulation. The RMSD initially increased to 4.8 A and later stabilized.
The RMS deviation was probably due to the interaction between protein
and the drug. The protein RMSD ranged from 0.75 A to 4.0 A during the
simulation (Fig. 11b). The RMSF values of residues 15-30 and 62-76
varied during the simulation period, probably due to the conformational
change caused due to the protein-ligand interaction. The ligand RMSF
ranged between 1.0 and 3.0 Ais depicted in Fig. 11c. The RMSF values
varied due to the binding of the receptor and ligand. The forces of

18

interaction like hydrophobic interactions, water bridges, and hydrogen
bond formed between the protein and the drug are shown in Fig. 11d.
Hydrophobic interactions and hydrogen bonds are the main forces. The
ligand-protein contacts that evident during the simulation are shown in
Fig. 11e. The residues Ala264, Phe274, Trp301, Ile304, Phe 307, Pro
309, Phe314, Leu331, and Tyr333 were formed hydrophobic in-
teractions, and GIn260 formed polar contact. The protein-ligand con-
tacts observed during the simulation are shown in Fig. 11f. From the
studies, it is clear that several amino acid residues that were involved in
the stabilization of the protein and ligand complex. The structural and
conformational changes due to the interaction of the Lopinavir and C-
terminal domain of nucleocapsid phosphoprotein and their complex
during MD simulation are shown in supplementary materials (Fig. S7a —
S8d). From MD simulation, it is clear that the interaction between
Lopinavir and C-terminal domain of nucleocapsid phosphoprotein
showed stability throughout the simulation, and Lopinavir probably acts
as an effective inhibitor against the target protein.

The molecular docking studies suggested that Remdesivir showed
the best binding potential towards nsp 16 in comparison with the other
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targets, thus, the stability of the complex was further validated by MD
simulation at 100 ns The interaction trajectories obtained by MD
simulation are shown in Fig. 12. The protein RMSD showed a fluctuation
from 1.3 to 3.1 A, which was probably due to the drug molecule inter-
acted with the target and caused conformational changes. The RMSD
values of the protein ranged from 2.4 A to 3.0 A. The protein fluctuated
at C- and N-terminals with RMSF above 5.4 A. The other residues also
showed fluctuation, RMSF ranged between 1.2 and 3.6 A, is shown in
Fig. 12b. The ligand RMSF fluctuated between the range 0.8-4.3 A,
probably due to the interactions between the receptor and the ligand
(Fig. 12c). Hydrogen bonds, hydrophobic interactions, water bridges,
and ionic bonds formed due to protein-drug interaction are shown in
Fig. 12d. The residues such as Asn 6841, Asp6873, Asp6899, Asp6928,
and Tyr6930 were formed hydrogen bonds with the drug. Hydrophobic
(Tyr6930), polar (Asn 6899), and positively charged interactions
(Asp6873, Asp6897, and Asp6928) were stabilized the protein-drug
complex during MD simulation (Fig. 12e). The protein-drug binding in
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the MD simulation is shown in Fig. 12f. The residues such as Asp6873,
Asp6897, Asp6899, Asp6928, and Tyr6930 responsible for binding and
caused conformational changes. The structural and conformational
changes of the binding between Remdesivir and nsp16 and their com-
plex during the MD simulation are shown in supplementary materials
(Fig. S9a — S10d). The simulation studies demonstrated that the docked
complex of Remdesivir and nsp16 was stable during the MD simulation,
and the interaction modeling provides the structural and molecular
mechanisms of the binding of the drug to the selected targets.

The stability of the complex of the Ritonavir and C-terminal domain
of nucleocapsid phosphoprotein (PDB: 6WJI) was studied by MD simu-
lation at 100 ns The molecular interaction trajectories of the drug-
protein complex are shown in Fig. 13. The RMS fluctuation of the pro-
tein during the interaction observed in MD simulation is shown in
Fig. 13a. The RMSD was found to be 2.4-4.8 A and was probably due to
the conformational changes of the protein during the binding. RMSF of
the protein is estimated to be 0.8-6.2 A (Fig. 13b). The ligand RMS
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interacted with the ligand.

fluctuations was probably due to the binding between the protein and
drug (13c). The residue contacts of the interaction between protein and
drug are shown in Fig. 13d. There were no prominent ionic interactions
produced, water bridges and hydrogen bonds stabilized the receptor-
ligand complex. The residues like Phe274, Phe286, Trp301, Phe314,
and Tyr333 formed hydrophobic interactions, Thr282, GIn 283, and Asn
285 formed polar bonds, and Arg277 formed positive electrostatic
interaction with the drug (Fig. 13e). The residue contacts that occurred
during the simulation is represented in Fig. 13f. Several weak forces
were involved in the stabilization of the receptor-ligand complex, in
which Arg277 and Phe286 showed binding with the ligand throughout
the simulation. The structural and conformational changes in the
interaction between the Ritonavir and C-terminal domain of nucleo-
capsid phosphoprotein and their complex during MD simulation are
shown in supplementary materials (Fig. S9a — S10d). Thus, simulation
studies suggested that the complex of Ritonavir and C-terminal domain
of nucleocapsid phosphoprotein showed stability throughout the inter-
action, and the present study showed the structural and molecular
insight on the binding between Ritonavir and C-terminal domain of
nucleocapsid phosphoprotein.

20

3.5. MMPBSA calculation

The binding potential and stabilities of the selected docked confor-
mations were further validated by the energy calculations using
MMPBSA by employing the GROMACS force field. The binding energies
of the docked complexes of Chloroquine and nsp 16, Favipiravir and the
closed conformation of the spike glycoprotein, Hydroxychloroquine,
and nspl6, Lopinavir and the C-terminal domain of nucleocapsid
phosphoprotein, Remdesivir, and nsp16, and Ritonavir and C-terminal
domain of nucleocapsid phosphoprotein were calculated to be —36.75
kcal/mol, —24.68 kcal/mol, —41.98 kcal/mol, —88.37 kcal/mol,
—65.91 kecal/mol and —106.48 kcal/mol respectively. Thus, the calcu-
lated binding energy predicted by the MMPBSA approach confirmed the
potential interaction of drugs towards the prioritized targets of SARS-
CoV-2 as suggested by molecular docking and MD simulation studies.
The energy minimization studies showed that binding of Ritonavir and
the C-terminal domain of nucleocapsid phosphoprotein depicted better
binding energy in comparison with the interaction between other drugs
and the selected targets calculated by MMPBSA. However, all the
interaction energies found to be negative and the sum of the interaction
energies calculated by the MMPBSA showed the overall lower negative
energy values in all the studied complexes that indicated the
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teractions. The total number of specific contacts and the major residues of the protein interacted with the ligand.

thermodynamic stability of the complexes studied.

Several recent studies have emphasized the application of compu-
tational biology for structure-based virtual screening to screen thera-
peutic agents and provide insights towards COVID-19. The protein
targets of SARS-CoV-2 included were spike glycoproteins, RdRp,
endoribonuclease, nucleocapsid proteins, envelope protein, membrane
protein, and non-structural protein and provides new structural insights
for drug repurposing of drugs against COVID-19 [46]. A study suggested
that Chloroquine probably used as one of the effective therapeutic
agents against SARS-CoV-2 based on host-directed therapy, although
there are several studies required to confirm their efficiency [47].
Chloroquine and Hydroxychloroquine are being used in many countries
to treat the infection as these antivirals are known to have inhibited viral
entry and endocytosis; however, they have not shown 100% effective
responses [48,49]. Favipiravir inhibit RARp of influenza viruses, and
recently suggested for the treatment of mild COVID-19 cases, the study
conducted in combination with other drugs [50]. Ritonavir and Lopi-
navir were targeted against HIV-I protease and showed binding towards

21

3-chymotrypsin-like protease (3CLpro) [51]. Remdesivir initially
developed against the Ebola virus, and it is known to inhibit various
types of coronaviruses and is recently suggested for the treatment
against COVID-19 [52]. The interaction of Remdesivir and RdRp
modeled by molecular docking studies suggested that the drug can use
against SARS-CoV-2 [53]. Previous studies have shown that the binding
energy of Ritonavir and Remdesivir towards the main protease (Mpro) of
SARS-CoV-2 estimated by MMGBSA were-72.02 and —65.19 kcal/mol,
respectively [54]. The current study provides the interaction models of
six drugs with each of the fifteen predicted targets of SARS-CoV-2 by
molecular docking studies. Most of the studies reported on the binding
potential of drugs towards limited targets or specific targets of
SARS-CoV-2, however, there are limited studies prioritized the interac-
tion prediction of FDA approved drugs towards the multiple prospective
targets of SARS-CoV-2. Thus, the present study certainly provides
structural and molecular insights on the binding potential of these drugs
towards the multiple targets and enlighten the concept of drug repur-
posing approaches towards the several potential targets of SARS-CoV-2.
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interacted with the ligand.

The present study provided structural and molecular insight into the
interaction between six FDA approved drugs and the prioritized targets
of SARS-CoV-2. The binding potential of six FDA approved drugs to-
wards fifteen prospective targets were predicted by molecular docking
studies. The potential docked complexes were simulated for 100ns to
understand the dynamics and mechanistic aspects of the interaction and
validated by energy calculations. The study suggested that Lopinavir,
Remdesivir, and Ritonavir showed better binding energy towards the
prioritized proteins in comparison to the binding energies of the docked
complexes of Chloroquine, Hydroxychloroquine, and Favipiravir and
the selected targets. However, Chloroquine, Hydroxychloroquine, and
Favipiravir showed better binding with the prioritized targets of SARS-
CoV-2 when compared to the binding energy of their usual targets. Thus,
these drugs can use as putative inhibitors against the selected targets.
The present study opens opportunities for future investigation and
provides structural and molecular insights for the interaction studies
that can use for the development of drugs against SARS-CoV-2, and drug
repurposing concept can apply for COVID-19 drug screening.

4. Conclusion
The drug screening against COVID-19 is a worldwide concern, and

there are several attempts and studies in progress. Several studies are
available on the prediction of the binding of drugs towards the specific
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or single target of SARS-CoV-2, the binding potential of the drugs to-
wards multi-target or the prospective molecular targets of SARS-CoV-2
are limited. With the advent of computer-aided virtual screening, the
time required for a drug to reach into the market has significantly
reduced. Several in silico studies reported the mechanism of binding of
various lead molecules against putative targets of SARS-CoV-2. Recent
studies suggested that drug repurposing against newly identified targets
probably used as promising therapeutic strategies in the absence of
licensed drugs. Thus, the present study aimed to predict the binding
potential of six FDA approved drugs towards fifteen putative targets of
SARS-CoV-2 in comparison with the binding of the drugs towards their
usual targets. The study aimed to predict structural and molecular
mechanisms of the binding of these drugs towards the prioritized targets
of SARS-CoV-2. The study identified fifteen probable drug targets that
included spike proteins, proteins such as RARp and nucleocapsid phos-
phoprotein, membrane and envelope proteins, and other non-structural
proteins. Chloroquine, Favipiravir, Hydroxychloroquine, Lopinavir,
Remdesivir, and Ritonavir were the FDA approved drugs used for
interaction modeling. When the binding potential of these drugs against
prospective molecular targets were predicted by molecular docking and
molecular dynamic simulation studies, Ritonavir, Lopinavir, and
Remdesivir were demonstrated potential binding to most of the drug
targets when compared to the interaction of their usual targets. Chlo-
roquine, Hydroxychloroquine, and Favipiravir showed lower binding
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potential towards the prioritized targets in comparison with the binding
of the other drugs and their targets. However, these drugs showed better
binding to the selected drug targets when compared to their usual pro-
tein targets. Thus, the current study suggested that the prioritized FDA
approved drugs probably used as potential inhibitors towards multiple
targets of SARS-CoV-2 and repurposing of the drugs towards putative
molecular targets of SARS-CoV-2 provides insight into drug develop-
ment against COVID-19.
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