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Abstract
COVID-19 is spreading in a global pandemic that is endangering human life and health. Therefore, there is an urgent need
to target COVID-19 to find effective treatments for this emerging acute respiratory infection. Viral Papain-Like cysteine
protease (PLpro), similar to papain and the cysteine deubiquitinase enzyme, has been a popular target for coronavirus
inhibitors, as an indispensable enzyme in the process of coronavirus replication and infection of the host. Combined
structure-based virtual screening, molecular dynamics (MD) simulation, and molecular mechanics/Generalized Born surface
area (MM/GBSA) free energy calculation approaches were utilized for identification of PLpro inhibitors. Four compounds
(F403_0159, F112_0109, G805_0497, D754_0006) with diverse chemical scaffolds were retrieved as hits based on docking
score and clustering analysis. Molecular dynamics simulations indicated that the contribution of van der Waals interaction
dominated the binding free energies of these compounds, which may be attributed to the hydrophobicity of active site of
PLpro from COVID-19. Moreover, all four compounds formed conservative hydrogen bonds with the residues Asp164,
Gln269, and Tyr273. We hoped that these four compounds might represent the promising chemical scaffolds for further
development of novel PLpro inhibitors against COVID-19.
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Introduction

Since December 31, 2019, when the Chinese Center for
Disease Control (China CDC) reported a cluster of severe
pneumonia in the city of Wuhan in the Hubei Province, tens
of millions of cases had been confirmed globally. It was found
that the pathogen was a novel coronavirus previously un-
known in humans, namely novel coronavirus 2019. On
February 11, 2020, the World Health Organization (WHO)
named it Corona Virus Disease 2019 (COVID-19) [1]. In light

of the highly homologous between COVID-19 and severe
acute respiratory syndrome (SARS), the International Virus
Classification Commission (ICTV) classified the COVID-19
viruses as Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) [2, 3]. Common symptoms of COVID-19 in-
fection included respiratory symptoms, fever, cough, and dys-
pnea. In more severe cases, the infection could lead to pneu-
monia, severe acute respiratory syndrome, kidney failure, and
even death [4–7]. Unfortunately, to date, no specific therapeu-
tic drug or vaccine had been approved for the treatment of
COVID-19. Therefore, continuous efforts were urgent needed
to find an effective treatment for this emerging acute respira-
tory infection.

Viral Papain-Like cysteine protease (PLpro, NSP3), similar
to papain and the cysteine deubiquitinase (DUB) enzyme, had
been a popular target for coronavirus inhibitors, as an indis-
pensable enzyme in the process of coronavirus replication and
infection of the host [8]. PLpro participated in the cutting and
processing of the N-terminal of 1a(1ab) replicase protein and
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released the mature products nsp1, nsp2, and nsp3, which
played an important role in regulatory protein molecule for
the formation of SARS coronavirus replicase complex (RC)
[9]. At the same time, PLpro had a negative regulating effect
on the host’s antiviral innate immune response [10–12], and
was an important interferon antagonist molecule of SARS
coronavirus. Therefore, PLpro is an important target for the
development of antiviral drugs. As one of the related targets of
COVID-19, PLpro inhibitor research is also of great guiding
significance for the targeted treatment of COVID-19 infection,
but no inhibitor had yet been approved by the FDA for
marketing.

In this study, combining structure-based virtual screening,
molecular dynamics (MD) simulation, and molecular
mechanics/Generalized Born surface area (MM/GBSA) bind-
ing free energy calculation were conducted on the crystal struc-
ture of PLpro to discover potent inhibitors against COVID-19
infection. Four compounds with diverse chemical scaffold were
selected as hits, i.e., compounds F403_0159, F112_0109,
G805_0497, and D754_0006. Furthermore, the binding affini-
ties of PLpro inhibitors were evaluated by MM/GBSA binding
free energy calculation and the detailed binding patterns were
analyzed by MM/GBSA free energy decomposition.

Materials and methods

Structure-based virtual screening

Surflex molecular docking module in Sybyl-X2.1
(SYBYL_X2.1 is available from Tripos Associates Inc.,
S.H. R., St. Louis, MO, 631444, USA.) [13] was used for
structure-based virtual screening. Crystal structure of the
SARS-CoV-2 PLpro in complex with peptide inhibitor
VIR251 (PDB ID: 6WX4) for virtual screening was obtained
from the RCSB Protein Data Bank [14]. The ChemDiv data-
base, a commercially available small molecule database from
TopScience Co., Ltd. (Shanghai, China) containing more than
1.6 million compounds, was consulted as a screening library.
Considering that only 2D structural information was available,
all compounds in the ChemDiv database were preprocessed
by using the db translate module in Sybyl-X2.1. During the
preparation of protein PLpro, the space where ligand VIR251
was placed was selected as the inhibitor binding site, and all
water molecules were removed. To accelerate the virtual
screening, a high-speed screening was firstly carried out by
decreasing maximum quantity of conformations and rotatable
bonds from 20 to 10, and from 100 to 50, respectively. Then,
the molecules with docking score within top 1% were
screened again using the default docking parameters, which
would result in 500 compounds.

To validate the accuracy of docking method and docking
parameters, the molecular docking study was also applied to

the crystal structure of SARS-CoV-2 PLpro complex with
VIR251 with the same default docking parameters. Then,
we compared the molecular conformations from docking with
the one from crystal structure. After careful manual screening
and clustering analysis, four compounds were hit. Moreover,
to better investigate the binding affinities and binding modes
of hit molecules, MD simulation and MM/GBSA free energy
calculation were employed.

Molecular dynamics simulation

The initial conformations of PLpro-inhibitor complexes for MD
simulationwere obtained from the structure-based virtual screen-
ing. Four systemsweremodeled, i.e., PLpro-F403_0159, PLpro-
F112_0109, PLpro-G805_0497, and PLpro-D754_0006. To
eliminate bad inter-atom contacts or high energetic states of sys-
tems, all four systems were subjected to 20-ns MD simulation
using the Amber 12 software package [15]. The parameter of
protein PLpro was the standard Amber 03 force field (ff03), and
those of the ligand inhibitors were the general Amber force field
(GAFF). The inhibitors were minimized using the HF/6–31*
optimization in Gaussian 09 program [16], and the partial
charges were generated by fitting the electrostatic potentials de-
rived by Gaussian program through the restrained electrostatic
potential (RESP) fitting technique inAmber12. Each systemwas
embedded in a truncated cathedral periodic box of TIP3P water
molecules, which extends to at least 12 Å away from any solute
atom. To neutralize the systems, appropriate numbers of sodium
and chloride ions were added. Then, the water molecules and
ions were primarily optimized with 2500 cycles of the steepest
descent followed by 2500 cycles of conjugated gradient; the
same minimization was next carried out by fixing backbone
atoms; ultimately, energy minimization of 5000 cycles of the
steepest descent and conjugated gradient were performed with-
out any restriction to optimize the entire system. After energy
minimization, each system was gradually heated in the NVT
ensemble from 0 to 300 Kwithin 60 ps. A 20-nsMD simulation
with a time step of 2.0 fs was performed under a constant tem-
perature of 300 K. The entire coordinate file was saved each 1 ps
for the following binding free energy calculation.

MM/GBSA calculation and MM/GBSA free energy de-
composition analysis

To calculate the binding free energies of the four PLpro-
inhibitor complexes, MM/GBSA calculation was conducted
via the following Eq. (1) as described in previous studies
[17–19]:

ΔGbind ¼ Gcomplex−Gprotein−Gligand

¼ ΔEMM þ ΔGGB þ ΔGSA−TΔS
¼ ΔEvdw þΔEele þΔGGB þΔGSA–TΔS

ð1Þ
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where ΔEMM denoted the gas-phase interaction energies be-
tween ligands and proteins. It consisted of two parts, including
van der Waals (ΔEvdw) and electrostatic (ΔEele) energies.
ΔGGB and ΔGSA were polar and non-polar components of
desolvation free energy, respectively; −TΔS was the entropy
contribution at temperature T [20]. In this study, the polar sol-
vation free energy was calculated by the Generalized Born (GB)
model, with dielectric constants of the solvent and solute were
set to 80 and 4, respectively. The non-polar contribution was
estimated from the solvate-accessible surface area (SASA) by
LCPO: ΔGSA = 0.0072 ×ΔSASA. The binding free energy of
each system was calculated based on 400 snapshots evenly ex-
tracted from 10- to 20-ns MD trajectories. Due to the high com-
putational cost in the entropy calculation, only 100 snapshots
were extracted from the last 10-ns MD trajectory which were
used to calculate the entropic contribution.

To investigate the detailed interactions between protein PLpro
and inhibitors, MM/GBSA free energy decomposition analysis
was carried out via the mm_pbsa program in Amber 12 [21].
After the decomposition process, the energy contribution could
be distributed to each residue of receptor and the binding inter-
action of each ligand-residue pair consists of three energy terms:
van der Waals contribution (ΔEvdw), electrostatic contribution
(ΔEele), and the desolvation term (ΔGdesolvation) which included
the polar (ΔGGB) and the non-polar (ΔGSA) terms. All of the
400 snapshots generated for the binding free energies were also
used for the free energy decomposition analysis.

Results and discussion

Structure-based virtual screening and binding modes
of four hits

With the aim of testing and validating the Surflex docking-
based virtual screening, molecular docking study was also
employed to compare the conformations from docked struc-
ture with the one from crystal structure and the result is shown
in Fig. S1. The superposition of these two conformations fur-
ther demonstrated the accuracy of molecular docking method,
which established the feasibility of the virtual screening in this
study.

Four compounds (Fig. 1) were selected from the two-round
virtual screening by ranking the docking scores and clustering
analysis. The corresponding docking scores of four hit com-
pounds including G805_0497, F112_0109, D754_0006, and
F403_0159 were 10.93, 10.93, 10.62, and 10.61 (−log(Kd)),
respectively. The scoring function was used to predict the
binding affinities of protein/ligand complexes, with its output
being represented in units of −log(Kd) [22, 23]. The higher
docking scores implied the stronger binding affinities of these
compounds to PLpro. The binding modes of four complexes
are illustrated in Fig. 2. As shown in Fig. 2a and b, compound
G805_0497 formed five hydrogen bonds with the residues
Lys157, Leu162, Asp164, Gln269, and Tyr273. Meanwhile,
it had strong hydrophobic interactions with the residues of

Fig. 1 Structures of hit molecules from structure-based virtual screening
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Fig. 2 Predicted binding modes of four PLpro-inhibitor systems: PLpro-
G805_0497 (a and b), PLpro-F403_0159 (c and d), PLpro-F112_0109 (e
and f), and PLpro-D754_0006 (g and h) obtained from structure-based

virtual screening. The protein PLpro is shown in cartoon and colored in
blue. Hydrogen bond and π-π interactions are shown as dashed lines, and
colored in red and blue, respectively
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binding site of PLpro including Leu162, Met208, Pro247,
Pro248, Tyr268, and Try273. Similar to G805_0497, com-
pounds F403_0159 (Fig. 2c and d), F112_0109 (Fig. 2e and
f), and D754_0006 (Fig. 2g and h) also had hydrogen bond
interactions with the residues Asp164, Gln269, and Tyr273. In
addition, compound F112_0109 had one additional hydrogen
bond with the residue Thr301, and compound D754_0006
formed π-π interaction with the residue Tyr268.

In light of the fact that the protein PLpro was treated as a
rigid structure in the molecular docking–based virtual screen-
ing and the docking score might not represent the accuracy of
binding affinity, combined MD simulation, and MM/GBSA

free energy calculation which were applied on the four hit
compounds.

The stability of MD simulation

Four PLpro-ligand complexes were conducted on 20-ns MD
simulation. To explore the conformation dynamics of these
four systems (PLpro-F403_0159, PLpro-F112_0109, PLpro-
G805_0497, and PLpro-D754_0006), the root mean square
deviation (RMSD) of backbone atoms of protein PLpro were
calculated with the reference of the starting structure (Fig. 3).
The RMSD plot of the whole protein indicated that the RMSD

Fig. 3 RMSD of the protein
backbone atoms (Cα, N, and C)
of the four PLpro-ligand systems
relative to the initial structures

Fig. 4 Root mean square
fluctuation (RMSF) of amino acid
residue in four PLpro-ligand sys-
tems. Key amino acid residues for
ligands binding are labeled and
marked with purple dashed lines
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values of all four systems achieved equilibrium in a short time
and fluctuated around 2 Å (Fig. 3), which suggested that the
four compounds were quickly and steadily bound to the pro-
tein PLpro. In addition, the stationary value of each system
was almost below 2 Å, which indicated that there existed
strong binding interactions between receptor PLpro and four
ligands. In light of the fact that all four systems were well
equilibrated after 10 ns, so it is reasonable to perform the
binding free energy calculation and free energy decomposi-
tion based on the last 10-ns trajectories.

In addition, the root mean square fluctuation (RMSF) of
per amino acid residue of receptor PLpro was also calculated
to evaluate the binding stability of PLpro with its inhibitors
(Fig. 4). Overall, the RMSF distributions of these four models
were similar, and the RMSF values of the key residues around
the active site (i.e., Asp164, Arg166, Met208, Pro247,
Pro248, Tyr264, Tyr268, Gln269, Tyr273, and Thr301) were
lower than those in other regions of protein, which implied

that these residues had strong binding interactions with the
inhibitors. Moreover, RMSF calculation of each atom of four
inhibitors was also carried out to evaluate the flexibility of all
parts of inhibitor, and the results are depicted in Fig. S2 and
Fig. S3. It is likely that the methyl and ethyl substituents in
four inhibitors had higher RMSF, with the average RMSF
values of 1.5 and 2.5 Å, respectively, while other parts of
inhibitors fluctuated slightly. As shown in Fig. 2, the ethyl
groups of compounds G805_0497 and F403_0159 were lo-
cated outside the binding site and even exposed to the solvent.

Binding free energy calculated by MM/GBSA

MM/GBSA free energy calculation was employed to estimate
the binding affinities of four ligands with protein PLpro, and
the calculated binding free energies of four PLpro-ligand sys-
tems (PLpro-F403_0159, PLpro-F112_0109, PLpro-
G805_0497, and PLpro-D754_0006) were − 26.59, − 19.96,

Table 1 Binding free energies and individual energy terms of four PLpro-ligand systems calculated by MM/GBSA (kcal/mol)

System ΔEvdw ΔEele ΔGGB ΔGSA TΔS ΔGbind

PLpro-F403_0159 − 40.75 ± 3.48 − 11.61 ± 1.87 14.71 ± 1.26 − 5.46 ± 0.19 − 16.52 ± 2.12 − 26.59 ± 3.41

PLpro-F112_0109 − 36.99 ± 4.96 − 6.14 ± 4.24 11.01 ± 3.78 − 5.02 ± 0.42 − 17.18 ± 2.54 − 19.96 ± 5.48

PLpro-G805_0497 − 31.70 ± 3.04 − 7.91 ± 2.43 13.26 ± 2.45 − 4.76 ± 0.37 − 15.34 ± 2.29 − 15.76 ± 2.93

PLpro-D754_0006 − 53.02 ± 2.96 − 8.86 ± 2.31 16.03 ± 1.73 − 7.03 ± 0.21 − 16.28 ± 2.07 − 36.60 ± 2.87

Fig. 5 MM/GBSA
decomposition results of the total
binding free energies per residue
for four PLpro-ligand systems
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− 15.76, and − 36.60 kcal/mol, respectively (Table 1). It is
likely that compound G805_0497 exhibited the weakest bind-
ing affinity, while compound D754_0006 had the strongest
binding interaction with PLpro. For all four systems, the van
der Waals interactions (ΔEvdw) played a dominant role in the
total binding free energy (ΔGbind). The contribution of elec-
trostatic interaction (ΔEele) was nearly counteracted by the
polar desolation free energy (ΔGGB).

Decomposition analysis of the binding free energies

MM/GBSA free energy decomposition analysis was
employed to decompose the total binding free energies
(ΔGbind) into ligand-residue pairs, which would provide more
detailed information regarding the contribution of each resi-
due for ligand binding (Fig. 5). It is obvious that the residue
spectrograms of the four systems were similar to each other.
The residues Asp164, Pro247, Pro248, Tyr264, Asn267, and
Tyr268 played critical roles in compound G805_0497’s bind-
ing to protein PLpro; the free energy contributions of which
were greater than 1 kcal/mol. The key residues for binding
interaction between compound F112_0109 and PLpro were
nearly the same as those in PLpro-G805_0497 systems.

Obviously, compared with the above two systems, com-
pounds D754_0006 and F403_0159 had stronger binding af-
finities to the residues Asp164, Val165, and Arg166, which
might result in the larger binding free energies of the two
systems (Table 1). Moreover, compound D754_0006 had ad-
ditional binding interaction with the residues Lys157, Leu162,
and Gly163. Taken the results from free energy calculation
and free energy decomposition analysis together, compounds
D754_0006 and F403_0159 may have the outstanding bind-
ing modes with protein PLpro and might represent the new
templates for designing potent PLpro inhibitors. It can be in-
ferred that the residues Lys157, Leu162 to Glu167, Pro247,
Pro248, Tyr264, Asn267 to Gln269, Tyr273, and Thr301
were the critical residues which dominated the binding inter-
actions between PLpro and its inhibitors.

Conclusions

Considering that PLpro playing an important role in viral ge-
nome replication and escape from host innate immunity, we
carried out a molecular modeling strategy via combining
structure-based virtual screening, MD simulation, MM/
GBSA binding free energy calculation, and free energy de-
composition analysis to identify potent PLpro inhibitors for
the treatment of COVID-19 infection. Four compounds
(F403_0159, F112_0109, G805_0497, and D754_0006) with
diverse chemical scaffolds were obtained from the structure-
based virtual screening by targeting PLpro. MD simulations
showed that the binding free energies of PLpro-D754_0006

and PLpro-F403_0159 systems were more potent than those
of other systems, and the van der Waals interaction dominated
the total binding free energies of PLpro-ligand systems. These
two compounds had additional binding interactions with the
residues Lys157 and Leu162 to Glu167 of PLpro, especially
for compound D754_0006. It is likely that PLpro inhibitors
would tightly bind to the residues Lys157, Leu162 to Glu167,
Pro247, Pro248, Tyr264, Asn267 to Gln269, Tyr273, and
Thr301. The present work would help in the further develop-
ment of PLpro inhibitors against COVID-19, and give some
valuable information on understanding the molecular mecha-
nism of PLpro inhibitors.
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