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ABSTRACT: Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) expresses a multifunctional papain-like proteinase
(PLpro), which mediates the processing of the viral replicase
polyprotein. Inhibition of PLpro has been shown to suppress the
viral replication. This study aimed to explore new anti-PLpro
candidates by applying virtual screening based on GRL0617, a
known PLpro inhibitor of SARS coronavirus (SARS-CoV). The
three-dimensional (3D) structure of SARS-CoV-2 PLpro was built
by homology modeling, using SARS-CoV PLpro as the template.
The model was refined and studied through molecular dynamic
simulation. AutoDock Vina was then used to perform virtual
screening where 50 chemicals with at least 65% similarity to
GRL0617 were docked with the optimized SARS-CoV-2 PLpro. In
this screening, 5-(aminomethyl)-2-methyl-N-[(1R)-1-naphthalen-1-ylethyl]benzamide outperformed GRL0617 in terms of binding
affinity (−9.7 kcal/mol). Furthermore, 2-(4-fluorobenzyl)-5-nitro-1H-isoindole-1,3(2H)-dione (previously introduced as an
inhibitor of cyclooxygenase-2), 3-nitro-N-[(1r)-1-phenylethyl]-5-(trifluoromethyl)benzamide (inhibitor against Mycobacterium
tuberculosis), as well as the recently introduced SARS-CoV-2 PLpro inhibitor 5-acetamido-2-methyl-N-[(1S)-1-naphthalen-1-
ylethyl]benzamide showed promising affinity for the viral proteinase. All of the identified compounds demonstrated an acceptable
pharmacokinetic profile. In conclusion, our findings represent rediscovery of analgesic, anti-inflammatory, antibacterial, or antiviral
drugs as promising pharmaceutical candidates against the ongoing coronavirus.
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1. INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2)-associated disease (COVID-19) that emerged in
Wuhan, China, at the end of 2019 has led to a global outbreak
and now is a major public health issue.1 The pneumonic
spillover was declared as a global pandemic onMarch 11, 2020.2

By December 3, 2020, data from World Health Organization
(WHO) have shown over 64.5 million cases and more than 1.49
million deaths caused by COVID-19 worldwide. According to
CDC reports, the virus is thought to spread mainly person-to-
person or through contact with surfaces contaminated with
respiratory droplets produced when an infected person coughs
or sneezes.3 The highly transmissible nature of the virus
demands urgent consideration of developing specific and
effective drugs to handle the circulating infection. Virtual
screening as applied in computer-aided drug design is an
appropriate approach to accelerate the identification of efficient
medicines against SARS-CoV-2.4 In this approach, the data of
the viral genome or protein structures are exploited in
combination with existing pharmacological knowledge such as
approved drugs and available synthesized chemicals, to discover
potential compounds against desired targets.4

Consensus genome of SARS-CoV-2 has∼80% similarity with
previously sequenced severe acute respiratory syndrome
coronavirus (SARS-CoV) genome. Replicase polyprotein 1ab
(pp1ab) in SARS-CoV is a multifunctional protein with vital
roles in transcription and replication of viral RNAs.5 The
polyprotein gene (orf1ab) encodes several nonstructural protein
(nsp) products, including nsp3, or papain-like proteinase
(PLpro), a proteinase responsible for the cleavage of the
translated viral replicase polyprotein.6 SARS-CoV PLpro is also
involved in the virally induced cytoplasmic assembly of double-
membrane vesicles and demonstrates other activities such as
deubiquitination and deISGylation for processing polyubiquitin
chains.7 Many previous studies have shown that inhibition of
SARS-CoV PLpro could efficiently inhibit the viral infection.7b,8

The compound GRL0617 (5-amino-2-methyl-N-[(1R)-1-naph-
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thalen-1-ylethyl]benzamide) has been reported as one of the
most efficient inhibitory ligands against SARS-CoV PLpro.8b

The present paper reports the application of molecular modeling
and virtual screening based on GRL0617 to identify novel
compounds against SARS-CoV-2 PLpro. The screening
approach taken here confirmed a recent experimentally
identified inhibitor and introduced novel potential promising
compounds for suppressing the replication of the novel
coronavirus.

2. MATERIALS AND METHODS

2.1. In Silico Mutagenesis

At the first step, the amino acid sequences of pp1ab polypeptide
from SARS-CoV (NCBI Reference Sequence: NC_004718.3)
and from SARS-CoV-2 (NCBI Reference Sequence:
NC_045512.2) were retrieved from NCBI Nucleotide Data-
base. Binary sequence alignment was performed using Clustal
Omega tool to compare the sequences to identify the sequence
positions similar or differing between the two orthologous
proteins.9 In the subsequent step, crystallographically deter-
mined structure of SARS-CoV papain-like proteinase/deubi-
quitinase bound to GRL0617 as an inhibitor molecule was
retrieved from https://www.rcsb.org (PDB ID: 3E9S).8b The
identified differing residues in PLpro from SARS-CoVwere then
mutated to their corresponding residues in SARS-CoV-2 papain-
like proteinase, using a rotamer function of UCSF Chimera.10

For each mutated residue, we chose the lowest CHI number in
Dunbrack backbone-dependent rotamer library.10

2.2. Molecular Dynamic Refinement of SARS-CoV and
SARS-CoV-2 PLpro Structural Models

Both the experimental structure of SARS-CoV PLpro and the
newly created model of SARS-CoV-2 PLpro underwent MD
simulation procedures, to obtain optimized models and to
improve our understanding about SARS-CoV-2 PLpro.
Simulations and analyses of produced trajectories were
performed using Gromacs (version 4.5.5) software package.11

HET atoms were removed from the 3E9S structure, and
topologies were defined using OPLS-AA force field. The SARS-
CoV PLpro/deubiquitinase domain and the generated SARS-
CoV-2 PLpro coordinates were located in separate cubic boxes,
solvated by SPC216 model for the water molecule, and
neutralized by the addition of a sufficient number of Cl− ions.
After all of the indicated steps, the solvated and neutralized
structures were energy-minimized by steepest descent algorithm
until the maximum force <1000.0 kJ/(mol nm) was reached.
These geometrically optimized structures were used as the
ligand-binding target in the structure-based virtual screening as
described in Section 2.4. We implemented the same protocol for
producing minimized and neutralized three-dimensional (3D)
model of SARS-CoV PLpro/deubiquitinase domain and SARS-
CoV-2 PLpro where the topologies were determined by
GROMOS96-43a1 force field. The structures were subjected
to 100 ps of MD simulations in the canonical (NVT) ensemble
to increase the temperature of the systems to 298 K. After 200 ps
of MD equilibration in the isothermal−isobaric (NPT)
ensemble, the final equilibrated structures were used to carry
out 35 ns MD simulations. The particle-mesh Ewald algorithm
was used to account for long-range electrostatic interactions.12

This MD refinement step provided initial geometries for
verifying the best-binding compounds identified through the
screening procedures.

2.3. Virtual Screening of Compounds with High Similarity
to GRL0617

In this study, chemical structures with high similarity to
GRL0617 were searched in BindingDB (http://www.
bindingdb.org). We retrieved 50 chemical agents with at least
65% similarity to the input compound. The compounds were
ranked according to the maximum Tanimoto similarity of each
compound to any of the items in a set of active compounds used
for training the search method.13

2.4. Screening Based on Targeted Binding

Before performing the structure-based virtual screening through
molecular docking experiments, we implemented an internal
validation phase, where GRL0617 was docked against the PDB
model of SARS-CoV PLpro/deubiquitinase domain. AutoDock
Vina14 was used for automated docking to find the lowest-energy
poses of the small molecule against SARS-CoV PLpro. We used
AutoDock Tools 4.2 software for determination of grids and
converting of files formats.15 The chemical structures identified
in the ligand search step were docked against the generated
minimized SARS-CoV-2 PLpro structure according to a grid set
based on coordinates of GRL0617 in the experimental model of
SARS-CoV PLpro/deubiquitinase domain. Five compounds
with the lowest energy of binding to SARS-CoV-2 PLpro were
docked against the refined protein structure and analyzed in
terms of molecular interaction and mechanism. As an additional
validation for the binding energy comparison among the
chemical compounds, we set up and carried out dockings of
top compounds using SwissDock and applying the default
parameters.16 For visualizing protein structures, depicting the
protein−ligand interactions, and rendering of images, we used
VMD,17 Pymol,18 LIGPLOT,19 and UCSF Chimera pro-
grams,10 as well as ENDscript 2 server-based tools.20

2.5. Pharmacokinetic and Toxicity Properties of Top
Compounds

Physicochemical properties of selected compounds with the
highest affinity for SARS-CoV-2 PLpro were determined by
ChemSpider database21 and SwissADME.22 Toxicity of
compounds was predicted by vNN-ADMET web server.23

3. RESULTS AND DISCUSSION

3.1. Preparing the Structural Model of Papain-like
Proteinase Domain from SARS-CoV-2

Sequence homology between proteins implies similarity
between their structures, which may also follow an identical
biological function of two proteins. Functional similarity
between orthologous proteins from evolutionary-related species
is even more established, and it indicates high conservation in
functionally critical sites. Differential residues between such
proteins typically locate in positions with limited or no
functional importance. This provides a rationale for the use of
an experimentally determined structure as a valid tool to build
the model of its orthologue. We applied in silicomutagenesis for
this purpose.
Based on the available genomic sequence of SARS-CoV-2

isolate Wuhan-Hu-1 (https://www.ncbi.nlm.nih.gov/nuccore/
1798174254), the viral genome is shown to be ∼80% similar to
that of SARS-CoV (https://www.ncbi.nlm.nih.gov/nuccore/
30271926). Expressed orf1ab polyprotein (pp1ab) of SARS-
CoV-2 has 91.7% similarity (including 85.4% identical
positions) to that of SARS-CoV. Both virus species encode
PLpro as a conserved domain in the final gene product. The
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sequence similarity between PLpro/deubiquitinase domains
from SARS-CoV and SARS-CoV-2 is 84.9% (including 75.0%
identical positions). In this study, we took up the experimentally
determined PLpro/deubiquitinase domain of nsp3 protein (256
residues) and replaced those amino acids differing from SARS-
CoV PLpro with their corresponding residues in SARS-CoV-2

PLpro (Figure 1). Fifty-two positions underwent in silico
mutagenesis to create the SARS-CoV-2 PLpro model. This
primary model was minimized to reach the lowest energy level
and finest possible coordinates (Figure 2A). Minimized
structures of PLpro from SARS-CoV and SARS-CoV-2 were
superimposed, showing a significant spatial fit (Figure 2B). In

Figure 1. Pairwise sequence alignment of papain-like proteinase from SARS-CoV versus that from SARS-CoV-2. Identical amino acids weremarked by
asterisks, and similar amino acids were marked by dots.

Figure 2. (A) Energy minimization graph for papain-like proteinase from SARS-CoV (3E9S PDB entry: blue) and papain-like protease from SARS-
CoV-2 (SARS-CoV-2 PLpro: red). (B) Superimposition of the experimental model of SARS-CoV PLpro (blue) and the final minimized SARS-CoV-2
PLpro structural model (red).
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the next step, the minimized model was refined by molecular
dynamic simulation.

3.2. MD Simulation of SARS-CoV PLpro and SARS-CoV-2
PLpro Structures

A structural model produced through in silico mutagenesis
would require to be optimized both locally and globally. Energy
minimization (EM) methods can be used to remove local
residue clash, and molecular dynamic simulations help refine the
global structure. The advantage provided by MD simulations is
the ability to study the dynamics inherent in structural models, a
feature that is not integrated in any molecular docking setup.
The dynamic implementation allows us to release geometrical
strains in the protein conformation. We employed both EM and

MD techniques to reach an optimized structure for SARS-CoV-
2 PLpro.
The 3D structure of SARS-CoV PLpro from 3E9S PDB

coordinate and the generated model of SARS-CoV-2 PLpro
were solvated in a simulation water box and energy-minimized,
followed by a production dynamic simulation for 35 ns. Based on
the obtained root-mean-squared deviation (RMSD) graph
(Figure 3A), both structures reached their stable coordinates
after almost 15 ns of the simulation process. The average RMSD
values for the PLpro structure of SARS-CoV and SARS-CoV-2
were 0.2701 and 0.2380 nm, respectively, which demonstrates
the stability and validity of the constructed model for SARS-
CoV-2 PLpro (Figure 3A). A comparative analysis of the 3D
structure of SARS-CoV PLpro and SARS-CoV-2 PLpro (Figure

Figure 3. (A) Root-mean-squared deviation (RMSD) of papain-like protease from SARS-CoV (blue) and SARS-CoV-2 (red) during 35 ns of
molecular dynamic simulation. (B) Root-mean-squared fluctuations (RMSF) of papain-like protease from SARS-CoV (blue) and SARS-CoV-2 (red)
during 35 ns of molecular dynamic simulation. (C) Superimposition of the 3D structure of SARS-CoV PLpro (blue) and SARS-CoV-2 PLpro (red)
after 35 ns of MD simulation. (D) Secondary structures of PLpro from SARS-CoV and SARS-CoV-2 after 35 ns of MD simulation.
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3C) and their secondary structures (Figure 3D) after 35 ns of the
simulation process did not show any significant variation
between the two structural models. As shown in Figure 3C,
much similarity is observed in 3D structures of SARS-CoV
PLpro and SARS-CoV-2 PLpro after 35 ns of MD simulation.
This kind of similarity could be used for designing inhibitors
against SARS-CoV-2 PLpro based on the structures of
previously introduced inhibitors for SARS-CoV PLpro. But, in
the way of identifying the new inhibitors, differences such the
turn composed of residues 131−133 of SARS-CoV-2 PLpro,

which was not seen in the SARS-CoV PLpro structure after 35 ns
of MD simulation, should also be considered (Figure 3D).
In addition, root-mean-squared fluctuations (RMSF) of Cα’s

for the two protein models during the simulation process
(Figure 3B) confirmed the similar patterns of residue dynamics
along the sequence of the two orthologous proteins. The
identical behavior of SARS-CoV PLpro and SARS-CoV-2 PLpro
during the simulation process could support the notion that
previously reported inhibitors of SARS-CoV PLpro may be
exploited as inhibitors against SARS-CoV-2 PLpro activity. The
improved simulated model of SARS-CoV-2 PLpro could be

Figure 4. Interaction of SARS-CoV papain-like proteinase with GRL0617 as indicated by the X-ray crystallographicmodel (3E9S PDB entry) and two-
dimensional (2D) illustration of the interactions between SARS-CoV PLpro and GRL0617.

Figure 5. (A) GRL0617 ligand accommodated in its specific binding cavity on the experimental PDB model of SARS-CoV PLpro (purple sticks) and
the same ligand docked into SARS-CoV PLpro (green sticks). (B) Conformations of GRL0617 as docked into SARS-CoV PLpro with different
binding energies: red (9.6 kcal/mol), yellow (−9.0 kcal/mol), green (−7.1 kcal/mol), cyan (−7.0 kcal/mol), and pink (−6.7 kcal/mol).

Table 1. Binding Data for Five Best Poses of GRL0617 against SARS-CoV PLpro and SARS-CoV-2 PLpro, as Obtained by Two
Different Docking Tools

GRL0617 with SARS-CoV PLpro (kcal/mol) GRL0617 with SARS-CoV-2 PLpro (kcal/mol)

affinity (Vina) estimated ΔG (SwissDock) FullFitness (SwissDock) affinity (Vina) estimated ΔG (SwissDock) FullFitness (SwissDock)

1 −9.6 −8.16 −1221.03 −7.5 −7.06 −1242.76
2 −9.0 −8.12 −1219.84 −7.4 −7.08 −1242.76
3 −7.1 −7.92 −1219.04 −7.0 −7.07 −1249.97
4 −7.0 −7.91 −1218.96 −7.0 −7.07 −1235.49
5 −6.7 −7.61 −1213.43 −6.8 −7.07 −1235.66
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utilized for virtual screening to achieve most potent and specific
inhibitors that inhibit proteolytic activity of SARS-CoV-2
PLpro.
3.3. Docking Experiment Validation

The crystallographic model of SARS-CoV PLpro encompasses
the inhibitor GRL0617 bound to the proteinase active site
(Figure 4). Based on previous reports, IC50 for inhibition of
SARS-CoV PLpro activity byGRL0617 is 230 nM.24We utilized
this protein−ligand complex for performing a validation phase
to confirm the docking process. GRL0617 was docked against
SARS-CoV PLpro (Figure 5A), resulting in−9.6 kcal/mol as the
lowest binding energy (Table 1). The binding energy data for
the poses of GRL0617 in SARS-CoV PLpro active site were also
confirmed by SwissDock results (Table 1). Interacting
conformations of the compound are depicted in Figure 5B.
GRL0617 with an affinity of −9.6 kcal/mol is exactly laid on its
coordinate in the experimental PDB model (Figure 5A). In this
pose, the naphthalene ring of GRL0617 is surrounded by a
hydrophobic hole composed of Thr302, Pro248, Pro249, and
Tyr269. The N2 and O7 atoms from GRL0617 make salt
bridges with the O and N atoms from Asp165 and Gln270 from
SARS-CoV PLpro, respectively (Figure 4).
GRL0617 was also docked against the SARS-CoV-2 PLpro

structure (Table 1 and Figure 6). In the complex of SARS-CoV-

2 PLpro with GRL0617, the conformation of the aniline ring of
the ligand is different from that in the SARS-CoV PLpro PDB as
the reference model (Figure 6). As shown in Table 1,−7.5 kcal/
mol is the lowest ΔG of GRL0617 binding to SARS-CoV-2
PLpro. This value is more positive than −9.6 kcal/mol, as
reported for SARS-CoV PLpro, showing that mutations inserted
in SARS-CoV-2 PLpro could affect the affinity of binding for
GRL0617. Independent validation of the docking by use of
SwissDock also confirmed the binding energy results for the
poses of GRL0617 in the SARS-CoV PLpro active site (Table
1). In the next step, the chemical structure of GRL0617 was used
as a template for screening new inhibitors against SARS-CoV-2
PLpro.
3.4. Identification of New Potential Inhibitors for
SARS-CoV-2 PLpro

As indicated in Section 2, GRL0617 was used as the baseline
compound of the virtual screening to identify potential
inhibitors against PLpro. To date, numerous protease inhibitors
have been approved as drugs against viral species such as human

immunodeficiency virus and hepatitis C virus.25 Though
GRL0617 is not an approved medicine, it is a potent compound
suggested to specifically inhibit the protease in SARS-CoV.8b

We chose GRL0617 as the baseline compound since, compared
to the approved viral protease inhibitors, it may represent a more
specific inhibitory profile against the protease of coronavirus
family.
The top-20 chemical structures with the lowest binding

affinity to the proteinase are listed in Table 2. Among these
candidates, four compounds demonstrated lowerΔG of binding
compared to GRL0617 to SARS-CoV-2 PLpro (≤−7.5 kcal/
mol) (Table 2). We performed the dockings for top-five
compounds using SwissDock as an independent tool to validate
the binding results. The data were in agreement with affinity
values obtained from AutoDock Vina (Table 2).
The lowest binding energy (−9.7 kcal/mol) was observed for

5-(aminomethyl)-2-methyl-N-[(1R)-1-naphthalen-1-ylethyl]-
benzamide (ZINC43071312). This compound has been shown
to inhibit SARS-CoV PLpro activity with an IC50 of 460 nM.24

Based on the interaction profile of the new compound,
ZINC43071312 makes two salt bridges with Asp165 and
Gln270 of SARS-CoV-2 PLpro. The naphthalene moiety of the
compound is surrounded by a hydrophobic hole composed of
Tyr269, Pro249, Thr302, Pro248, Tyr274, and Tyr265 (Figures
6 and 7A).
The compounds 2-(4-fluorobenzyl)-5-nitro-1H-isoindole-

1,3(2H)-dione (ZINC993539), 3-nitro-N-[(1r)-1-phenyleth-
yl]-5-(trifluoromethyl)benzamide (ZINC78808978), and 5-
acetamido-2-methyl-N-[(1S)-1-naphthalen-1-ylethyl]-
benzamide (ZINC387735) also showed favorable interactions
with SARS-CoV-2 PLpro, with binding energies of −8.4, −8.4,
and −7.6 kcal/mol, respectively (Table 2 and Figure 7).
The molecular interactions of five compounds demonstrating

the highest affinity for SARS-CoV-2 PLpro were further studied
through docking with the MD-refined PLpro structure. While
the affinity values were shown to be smaller in this step (Tables 2
and 3), the compounds still have a considerable affinity for
SARS-CoV-2 PLpro. Among the compounds docked to the
refined structure of SARS-CoV-2 PLpro, ZINC43063883
showed the lowest value of binding energy (−7.3 kcal/mol;
see Table 3). This compound forms two salt bridges with
Gln210 and Tyr209 of SARS-CoV-2 PLpro and interacts with
Pro189, Tyr205, and Tyr214 through its hydrophobic moieties
and naphthalene and benzene rings (Figure 8). An independent
validation docking by use of SwissDock showed ZINC43071312
as the best compound, which confirms the findings from
structures before MD refinement (Table 3). The results of
SwissDock showed contradiction with Vina in terms of the
compound ranks. In tool benchmarking studies, this level of
inconsistency of calculated affinities has been shown to be
common and acceptable.26 Due to its high accuracy and speed,
Vina has been suggested as the preferred platform for
screening,26 as also applied in this study. Nevertheless, the
observed contradiction emphasizes the requirement of wet-lab
screening for all identified compounds to find the best candidate.
Although binding affinity and specificity are critical to have an

efficient inhibitor, other properties such as solubility and ability
to penetrate into cells via cellular membrane, low toxicity,
gastrointestinal absorption for oral administration, and carcino-
genic potential of the ligand are also important. Thus,
physiochemical, biological, and cytotoxicity of screened
compounds were investigated in the next step.

Figure 6.GRL0617 (cyan sticks) and ZINC43071312 (green sticks) in
their most favorable conformations for binding to SARS-CoV-2 PLpro
(binding energies of −7.5 and −9.7 kcal/mol, respectively).

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.0c00836
J. Proteome Res. 2021, 20, 1015−1026

1020

https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00836?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00836?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00836?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00836?fig=fig6&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00836?ref=pdf


Table 2. Binding Affinity to SARS-CoV-2 PLpro for the Top-20 (Out of 50) Compounds with the Highest Structural Similarity to
GRL0617a
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3.5. Physicochemical, Cytotoxic, and Biological Properties
of Identified Compounds

Full pharmacokinetic and side effect data of the five selected
compounds are shown in Table 4. These data include drug-
induced liver injury, human liver microsomal stability of drug
against being metabolized, cytochrome P450 enzyme isoforms
inhibition which leads to toxic effects, permeability through the
blood−brain barrier, substrate or inhibitor of P-glycoprotein,
the cell membrane protein that extracts many foreign substances
from the cell, cardiotoxicity, mitochondrial toxicity, carcino-
genic potential, and maximum recommended therapeutic dose
of each compound.
The analysis of physicochemical properties demonstrated

moderate solubility and suitable gastrointestinal (GI) absorp-
tion (Table S1) and tolerable toxicity (Table 4) for
ZINC43071312. However, high doses of the compound could
indicate carcinogenic potential (Table 4).
Nonsteroidal anti-inflammatory drugs (NSAIDs) are the

most important class of the widely used therapeutics for the
treatment of various kinds of pains and inflammations.27

Gastrointestinal effects are the most serious side effects of
traditional NSAIDs between various reported kinds.28 NSAIDs
efficiently inhibit cyclooxygenase (COX), a membrane enzyme
that synthesizes prostaglandins.29 COX-1 and COX-2 isoforms
mainly differ in their inhibitor selectivity.30 COX-2 induces
inflammatory conditions and is involved in the production of

prostaglandins mediating pain and inhibition of COX-2
accounts for NSAIDs’ therapeutic effects.31 Cyclic imides such
as phthalimides with unique structural features have consid-
erable biological activity and pharmaceutical use.32

ZINC993539 has previously been introduced as an inhibitor
of COX-2 with an IC50 of 3.11 × 104 nM, and it is known as an
anti-inflammatory and analgesic agent.33 Based on our
predictions (Table S2), ZINC993539 is moderately soluble,
has high GI absorption, and, in concentrations higher than its
safe dose could, cause drug-induced liver injury and cytotoxicity,
and could be a carcinogenic agent (Table 4).
Drug-resistant strains ofMycobacterium tuberculosis, the cause

of tuberculosis, have created a renewed demand to discover
novel drugs to targeting this deadly pathogen.34 Decaprenyl-
phosphoryl-β-D-ribose 2′-epimerase (DprE1) is the key enzyme
involved in the arabinogalactan biosynthesis that could be an
essential target for inhibiting the survival of Mycobacteria.35

Nitrobenzothiazinone could bind covalently and specifically to
DprE1 and now is a preclinical candidate for combination
therapy of tuberculosis.36 ZINC78808978 has been described as
a novel inhibitor of pyrazolopyridone class against M. tuber-
culosis.37 Batt and her colleagues reported that ZINC78808978
could target DprE1, which is essential for the pathogen’s
viability.38 Thus, this antibacterial agent may also be more
investigated as a possible inhibitor for SARS-CoV-2 PLpro
(Figures 7C and 8). The compound is moderately soluble, has

Table 2. continued

aG: free energy of binding calculated by SwissDock; FF: FullFitness value calculated by SwissDock (both in kcal/mol).
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high GI absorption (Table S3), and, in concentrations higher
than its safe dose, could lead to drug-induced liver injury (Table
4).
Very recently, ZINC387735 was proposed as an inhibitor for

SARS-CoV-2 main proteinase through other studies,39 and its
structure was experimentally determined (PDB ID: 5REW).
Based on our docking study, this compound could interact with
SARS-CoV-2 PLpro through hydrophobic interactions (Figure
7D). ZINC387735 has moderate solubility and high absorption
(Table S4), but at higher concentrations of its tolerable dose that
could be considered as a carcinogenic agent (Table 4).

ZINC43063883 was predicted to be a moderately soluble
compound in aqueous medium, with high GI absorption (Table
S5), but in higher doses than its recommended concentration
that could lead to drug-induced liver injury and could be a
carcinogenic agent (Table 4).

4. CONCLUSIONS

Inhibition of PLpro enzyme of SARS-CoV has been shown to
efficiently inhibit the viral replication. In the current study, based
on genomic homology of SARS-CoV and SARS-CoV-2, we
generated optimized and dynamic simulation-refined coordi-
nates of SARS-CoV-2 PLpro. The model was utilized in a
screening procedure for identifying new inhibitory molecules
against SARS-CoV-2 PLpro, based on GRL0617, a confirmed
inhibitor of the enzyme from SARS-CoV. Our findings showed
five compounds as potential anti-PLpro candidates, all with
acceptable pharmacokinetic profiles such as fair water solubility,
gastrointestinal absorption, and tolerable toxicity. Interestingly,
the compounds have already been known as analgesic, anti-
inflammatory, antibacterial, or antiviral drugs. Among the
compounds, ZINC387735 is a recently reported inhibitor of
SARS-CoV-2 PLpro. The compounds identified in this study are
recommended to be further investigated for their potential as

Figure 7. ZINC43071312 (green), ZINC993539 (cyan), ZINC78808978 (yellow), and ZINC387735 (red) docked into SARS-CoV-2 papain-like
proteinase. 2D illustration of ZINC43071312 (A), ZINC993539 (B), ZINC78808978 (C), and ZINC387735 (D) docked to SARS-CoV-2 papain-like
proteinase. For ZINC387735, all of the hydrophobic interactions with SARS-CoV-2 papain-like proteinase are shown (D).

Table 3. Binding Data for Compounds with the Lowest
Interaction Energy Docked against SARS-CoV-2 PLpro after
35 ns of Molecular Dynamic Simulation, as Obtained by Two
Different Docking Tools

top screened compounds with refined SARS-CoV-2 PLpro (kcal/mol)

affinity (Vina) estimated ΔG (SwissDock)

ZINC43063883 −7.3 −7.96
ZINC387735 −7.2 −7.37
ZINC78808978 −7.1 −7.38
ZINC43071312 −7.0 −8.91
ZINC993539 −6.9 −6.99
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suppressors of PLpro enzyme of SARS-CoV-2, with the aim of
inhibiting the replication of the virus.
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Figure 8. (A) Protein−ligand complex of ZINC43063883 (purple), ZINC387735 (red), ZINC78808978 (yellow), ZINC43071312 (green), and
ZINC993539 (cyan) with papain-like protease from SARS-CoV-2 after 35 ns of molecular dynamic simulation. (B) 2D illustration of ZINC43063883
bound to SARS-CoV-2 papain-like proteinase after 35 ns of molecular dynamic simulation.

Table 4. Predicted Toxicity of Screened Compounds with Suitable Affinity for SARS-CoV-2 Papain-like Proteinasea

liver
toxicity metabolism membrane transport others

DILI cytotoxicity HLM
CYP
1A2

CYP
3A4

CYP
2D6

CYP
2C9

CYP
2C19 BBB

P-gp
inhibitor

P-gp
substrate

hERG
blocker MMP AMES

MRTD
(mg/day)

ZINC43071312 no no yes no no no no no yes yes no no no yes 214
ZINC993539 yes yes yes no no no no yes no no no no no yes 43
ZINC78808978 yes no yes no no no no yes yes no yes no no no 525
ZINC387735 no no yes no no no no no yes yes no no no yes 241
ZINC43063883 yes no no no no no yes yes yes no no no no yes 768

aDILI: drug-induced liver injury; HLM: human liver microsomal (HLM) stability of drug against being metabolized; CYP: cytochrome P450
enzyme (CYP) isoform inhibition, leading to toxic effects; BBB: permeability through the blood−brain barrier; Pgp substrates and inhibitors:
substrate or inhibitor of P-glycoprotein, an essential cell membrane protein that extracts many foreign substances from the cell; hERG blocker:
blocker of hERG potassium ion channel, leading to arrhythmic cardiotoxicity; MMP: mitochondrial toxicity; AMES: the mutagenic and
consequently carcinogenic potential of the compound, as assessed by Ames test; MRTD: maximum recommended therapeutic dose.
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■ ABBREVIATIONS USED
COVID-19, coronavirus disease 2019; SARS-CoV, severe acute
respiratory syndrome coronavirus; SARS-CoV-2, severe acute
respiratory syndrome coronavirus-2; PLpro, papain-like protei-
nase; pp1ab, orf1ab polyprotein; MD, molecular dynamics;
RMSD, root-mean-squared deviation; RMSF, root-mean-
squared fluctuations
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