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The emergent outbreak caused by severe acute respiratory syndrome coronavirus 2 continues spreading

and causing huge social and economic disruption. Papain-like protease (PLpro) has a crucial role in the

cleavage of viral polyproteins, and disruption of host responses. PLpro is considered an important goal

for the development of SARS-CoV-2 inhibitors. ZINC101291108 (lead 1) and ZINC16449029 (lead 2) were

identified as potent SARS-CoV-2 PLpro inhibitors with IC50 values of 0.085 mM and 0.063 mM,

respectively. Molecular dynamics simulations (MD) were carried out for lead 1, 2 and several reported

SARS-CoV-2 inhibitors. Analysis results of the simulations confirmed the stability of both compounds

and showed that they adopted two confirmations along the simulation period. The per-residue

decomposition results revealed that the key residues involved in inhibitor binding were E167, P247, P248,

Y264, Y268 and Q269. H-bond analyses showed H-bonds with G266 and N267 and salt bridges with

G209 and Y273, which are essential for strengthening the substrate-binding pocket. Both inhibitors

showed hydrophobic interactions with the S4 site and BL2 loop residues. The RMSD of the BL2 loop with

the two inhibitors was investigated, and the results showed that the Y268 and Q269 BL2 loop residues

moved outward to accommodate the large size of lead 2. The van der Waals interaction was the main

energy contribution that stabilized lead 2, while van der Waals and electrostatic interactions were the

main energy contributions stabilizing lead 1. Rational design strategies were suggested to replace the 2-

(2-hydroxybenzylidene) hydrazine moiety with naphthalene or nitrobenzene at the P4 position of lead 2

and introduce polar substituents as aniline and benzoate groups at position P1 to enhance hydrophobic

interactions and H-bonds, respectively.
1 Introduction

In December of 2019, a global health crisis emerged that was
caused by a novel form of a coronavirus (COVID-19).1 The rst
human infected with severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) was identied in Wuhan, China,2 and
the virus spread rapidly worldwide, causing a signicant
mortality rate and substantial economic and social disruption.3

Related coronavirus infectious diseases, SARS-CoV4,5 and
Middle East respiratory syndrome (MERS-CoV),6,7 occurred at
pandemic levels in 2002 and 2012, respectively. Coronaviruses
belong to clade B of the genus Betacoronavirus8 and have an
envelope single-stranded (+) sense RNA genome (ssRNA).9 The
ssRNA is used to produce 15 nonstructural proteins from two
large polypeptides: PP1a and PP1ab.10
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Two cysteine protease enzymes encoded by SARS-CoV-2 play
a signicant role in virus proliferation.11 First protease is the
main protease Mpro is also known as chymotrypsin-like
protease 3CLpro12 and the second one is Papain-Like Protease
PLpro. SARS-CoV-2 Mpro compromises of 306 amino acids and
consists of three domains: N-terminal domain I, N-terminal
domain II, and C-terminal domains III.13 The Mpro cuts the
polyproteins PP1a and PP1ab to give several NSPs, involving the
three subunits14 Nsp7, Nsp8 and Nsp8 that compromise the
viral RNA polymerase complex.15 Besides, the integral
membrane proteins Nsp4 and Nsp6.16 SARS-CoV-2 PLpro cuts
the two polyproteins and generates Nsp1, Nsp2 and Nsp3
subunits. The Nsp3–Nsp4 and Nsp6 are the essential constit-
uent of the organelles replication which are needed for the viral
polymerase function in infected cells.17

On the other hand, the tetrapeptide LXGG motif found
between Nsp1/Nsp2, Nsp2/Nsp3 and Nsp3/Nsp4 viral proteins18

corresponds to the P4–P1 substrate of cysteine proteases.19

PLpro recognizes the LXGG motif, and hydrolysis of the peptide
bond on the carboxyl side of glycine at P1 results in the release
of viral proteins Nsp1, Nsp2 and Nsp3, which are important for
the replication.20
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Ubiquitin and ISG15 proteins have an LXGGmotif at their C-
terminus, and PLpro shows deubiquitinating and deISG15ylat-
ing activities21 through recognition and cleavage of the LXGG
motif in both proteins.22 Due to these activities of PLpro, the
enzyme is involved in preventing chemokines and cytokines
that activate the host innate immune response against SARS-
CoV-2.23,24 In addition to proteolytic activity of PLpro to the viral
proteins PP1a and PP1b, it plays an essential role in the inhi-
bition of the innate immune response of the host.25 Therefore,
the two proteases play a signicate role in the viral lifecycle
through transcription and replication26 which render both
proteases an excellent targets for developing SARS-CoV-2
inhibitors. The drug design research to develop SARS-CoV-2
Mpro inhibitors are huge.27 However, the volume of the
research to develop SARS-CoV PLpro is very few.

For that, preventing SARS-CoV-2 PLpro activity is considered
a signicant target in the design and discovery of anti-SARS-
CoV-2 drugs. SARS-CoV-2 PLpro inhibitors not only inhibit
viral replication but also inhibit the dysregulation of signalling
cascades in the innate immune system.28 SARS-CoV-2 PLpro
enzyme has two distinct domains: the “thumb–palm–ngers”
catalytic domain and the small N-terminal ubiquitin-like (Ubl)
domain (Fig. 1).29 The Ubl domain consists of residues 1–60,
and its specic function is not well understood.28 The nger
subdomain contains a Zn ion binding site—Zn is essential for
structural integrity and protease activity—and Zn ions coordi-
nate with four cysteine residues (C189, 192, 224 and 226).30 The
palm subdomain includes the catalytic residues C111, H272
and D286, the thiolate form of C111 acting as a nucleophilic
residue and D286 promoting deprotonation of H272, which acts
as a base.31 The mobile loop (G266–G271) is adjacent to the
active site that closes upon substrate or inhibitor binding
(Fig. S1†).28 There is a pocket near the catalytic triad that
accommodates ligands and possibly guides the substrate
towards the catalytic triad for cleavage.32 Recent research
Fig. 1 Representation of SARS-CoV-2 PLpro in the cartoon representati
thumb (blue), palm (orange red), and finger (green) domains. In the pu
GRL0617 (sick, violet). The bound Zn2+ ion in the finger domain is show

© 2021 The Author(s). Published by the Royal Society of Chemistry
focused on the good draggability of the substrate binding
pocket indicates it as important binding site for designing and
discovering SARS-CoV-2 PLpro inhibitors.32 Covalently bound
peptide ligands VIR250 and VIR251,33 the small molecules
GRL0617 (ref. 34) and rac5c35 have been found to bind to this
pocket and inhibit PLpro protein activity. The research on SARS-
CoV-2 PLpro has been studied by the scientic community, this
studies include insight into PLpro structure,28 function33 and
utilization the similarity between SARS-CoV PLpro and SAR-
CoV-2 PLpro to develop novel inhibitors.27 Several researches
focus on repurposed other protease inhibitors for example
remdesivir which is RNA polymerase inhibitor.36 Also, HCV
protease inhibitors were found to inhibit proteolytic activity of
SARS-CoV-2 PLpro.16 In addition, broad computational
approaches were employed37 as novel and fast techniques for
discovering promising and nontoxic SARS-CoV-2 PLpro inhibi-
tors.36,38 For instance M. U. Mirza et al. used the structure-based
virtual screening to identify novel Human ubiquitin carboxyl-
terminal hydrolase-2 (USP2) as SARS-CoV-2 inhibitors.39

In our previous study using structure-based virtual screening
we discovered that compounds ZINC101291108 (lead 1); 4-[2-(2-
{[(6-hydroxy-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)(4-
hydroxy-3-methoxyphenyl)methyl]amino}-4-oxo-4,5-dihydro-
1,3-thiazol-5-yl)acetamido]benzoic acid and ZINC16449029
(lead 2); 1,2,5-oxadiazole-3-carboximide acid, 4,40-
(methylenediimino)bis,bis[[(2-hydroxyphenyl)methylene]
hydrazide (Table 1) showed an excellent activity against SARS-
CoV-2 Mpro and potent activity against SARS-CoV-2 PLpro.40

these compounds showed the most promising activity against
PLpro, with IC50 values of 0.085 mM and 0.063 mM, respectively.
In order to rational the promising results of lead 1 and lead 2,
the molecular dynamics simulations of both compounds com-
plexed with SARS-CoV-2 PLpro were studied.

To understand the bindingmode of lead 1 and lead 2 and the
key residues involved in the interactions, comprehensive
on (PDB: 7JRN). The protein contains the ubiquitin-like (UBL) (purple),
tative site, BL2 loop (Salmon) with key residues Y268 and Q269. The
n as a blue sphere coordinated with C192, C224 and C226.

RSC Adv., 2021, 11, 38616–38631 | 38617
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Table 1 Chemical structures of promising compounds and GRL0617 and their binding energies by BUDE

Compounds Structure

BUDE binding

Ki (nm)Energy kJ mol�1

GRL0617 �59.98 24.8

Lead 1 �82.96 115.85

Lead 2 �79.58 216.8

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/2
8/

20
26

 1
0:

07
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
computational approaches including molecular docking for
both compounds with the Bristol University Docking Engine
(BUDE)41,42 and molecular dynamic (MD) simulations were
performed for both compounds and the reported SARS-CoV-2
PLpro inhibitors; GRL0617, compounds 2, 3, 6,28 Vaniprevir
(VAN) and Simeprevir (SIM).16 The conformational stability of
the docked complexes was analysed along the MD simulation
using various parameters, such as root mean square deviation
(RMSD), root mean square uctuation (RMSF), radius of gyra-
tion (Rg), hydrogen bond monitoring, solvent accessible surface
area (SASA), free energy calculation and per-residue
decomposition.
2 Computational methods
2.1. Docking procedure

In this study, the cocrystal structures of SARS-CoV-2 PLpro with
a GRL0617 inhibitor (PDB: 7JRN)43 and free liganded protein
(PDB: 6WZU)28 were downloaded from the Research Collabo-
ratory for Structural Bioinformatics (RCSB) Protein Data Bank
(https://www.rcsb.org/). The protonation state of all amino acid
residues was assigned at pH 7.4 using the PDB2PQR server,44 H
atoms were added, and water molecules were removed by MOE
soware.45 Missing residues were added by the MODELLER
programme46 through a Chimera graphical interface.47 Lead 1,
lead 2 and reported SARS-CoV inhibitors B004, B005, B009,
B010 and B013 (ref. 27) and SARS CoV-2 inhibitors Vaniprevir
(VAN), Simeprevir (SIM),16 VIR250, VIR251,33 Rac5C,
compounds 2, 3 and 6.28 were draw with ChemDraw Ultra 12
38618 | RSC Adv., 2021, 11, 38616–38631
and energies were minimized with MOE. Bristol University
Docking Engine program (BUDE)41 was used for docking and
screening the compounds against SARS-CoV-2 PLpro. The
docking site was located at X ¼ 10.87, Y ¼ 11.32, and Z ¼ 31.59,
which is the centre of the GRL0617 ligand. This binding pocket
is considered a putative pocket. To validate the docking
protocol, GRL0617 and reported inhibitors were redocked with
BUDE in the SARS-CoV-2 PLpro crystal structures.
2.2. MD simulations

MD simulations were performed for the docked pose of lead 1,
lead 2, GRL0617 and reported SARS-CoV-2 PLpro inhibitors;
compounds 2, 3, 6, Vaniprevir (VAN), and Simeprevir (SIM)
using GROMACS-2019.2.48 The topologies of ligands were
created using Acpype.49 The Amber99SB-ildn50,50b force eld was
used for all simulations under periodic boundary conditions.
The systems were solvated in a cubic box with a minimum
margin of 1 nm with a water model (spc216)51 and lled with
TIP3P water.52 Then, 0.15 M counter ions (Na+ and Cl�) were
added to neutralize the system, and energy minimization was
carried out for all the neutralized systems using the steepest
descent and conjugate gradients (50 000 steps) followed by
conjugate gradients. The NVT ensemble at a constant temper-
ature of 300 K was employed for 100 ps and then equilibrated
with NPT conditions for 100 ps. The particle mesh Ewald (PME)
method was used to calculate the long-range electrostatic
forces53 and van der Waals (rvdw) interactions. The cut-offs for
van der Waals and coulombic interactions were set at 1.2 nm.54
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The bonds and angles were constrained with the LINC algo-
rithm. Molecular dynamics simulations (100 ns) were executed
for the complexes. All post MD analyses RMSD, RMSF, SASA and
Rg were performed using Gromacs tools and plotted via the
Xmgrace55 program. Trajectory visualizations were performed
using PyMOL,56 and VMD-1.9.1 (ref. 57) images were created
with Chimera soware.47
2.3. MM-PBSA binding free energy calculation

The binding free energies for the hits and reported inhibitors
were calculated using the MM/PBSA58 method using
MMPBSA.py.59 The calculation was carried out on the 500
snapshots extracted from the last 50 ns. The binding energy was
calculated by.

DGbind ¼ Gcomplex � (Gprotein + Gligand)

DGbind is the free energy of the protein–ligand binding.
The MM/PBSA per-residue decomposition was calculated for

lead1 and lead 2 complexes to determine the contribution of
each residue to the binding energy using MmPbSaDecomp.py.
3 Results and discussion
3.1. Characteristics of the substrate-binding site in PLpro

The PLpro catalytic domain consists of 3 subdomains. The rst
is the “thumb-ngers-palm,” with the catalytic residues (C111,
H272 and D286) located at the interface between the thumb and
palm, forming the active site. The second is a groove-like pocket
directly adjacent to the PLpro active site; previous studies
focused on this putative binding site due its draggability.60 The
BL2 loop exibility results in the opening and closing confor-
mation, indicating the ability of this binding site to accom-
modate ligands with different small or large scaffolds. BL2
residues Y268 and Q269 have different conformations in free-
ligand proteins and liganded proteins, and these residues are
arranged to accommodate the ligands61 (Fig. S1†). G266,
another BL2 loop residue, provided binding specicity to the
inhibitors through the formation of H-bonds.61 The S4
Fig. 2 Structure of SARS-CoV PLpro inhibitors.

© 2021 The Author(s). Published by the Royal Society of Chemistry
hydrophobic site formed from P247, P248, Y272 and T301
recognizes the LXGG peptide and accommodates the leucine
side chain in the hydrophobic pocket. These hydrophobic
residues are conserved in SARS-CoV and SAR-CoV-2, which
suggests that inhibitors that bind to the S4 hydrophobic site
may be promising PLpro inhibitors.28
3.2. Molecular docking

To validate the docking protocol, the reported SARS-CoV
inhibitors (B004, B005, B009, B010 and B013) (Fig. 2) and
SARS-CoV-2 inhibitors (Vaniprevir (VAN), Simeprevir (SIM),
VIR250, VIR251, Rac5C, compound 2, compound 3 and
compound 6) (Fig. 3) were docked with BUDE and the docking
results showed an excellent binding score. In addition, the
binding efficacy of all reported compounds (Table S1†) were
very small values which indicates the greater binding of the
ligands to the target proteins. These results of excellent binding
score and small values of binding scores are in correlation with
the biological results of the reported compounds, which indi-
cates the reliability of the docking procedures. In addition, the
RMSD values of the reported compounds were <1 Å which
conrm the validity of the docking protocol. Lead 1, lead 2 and
the reference compound GRL0617 were docked with BUDE, and
illustrated promising binding energy and inhibition constant
(Table 1). The inhibition constant was in consistent with the
IC50, as lead 2 the most promising inhibitors showed the best
inhibition constant.37
3.3. Molecular dynamics simulations

To understand the complex stability and interaction prole of
the active inhibitor inside the putative pocket of SARS-CoV-2
PLpro, MD simulations of PLpro-native ligand (GRL0617) and
PLpro-ligands complexes were performed for a period of 100 ns.
Furthermore, molecular dynamic simulations were performed
for the reported potential SARS-CoV-2 inhibitors (compound 2,
3, 6, vaniprevir (VAN), simeprevir (SIM)). Structural parameters,
including RMSD, RMSF, Rg, SASA, H-bonds, per-residue, and
binding energy calculation were evaluated as a function of time.
RSC Adv., 2021, 11, 38616–38631 | 38619
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Fig. 3 Structure of SARS-CoV_2 PLpro inhibitors.
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3.3.1. RMS-deviation and RMS-Fluctuation. The stability of
docked complexes lead 1, lead 2, GRL0617, compounds 2, 3, 6,
SIM and VAN complexed with SARS-CoV-2 PLpro were subjected
to Ca RMSD analyses (Fig. 4A and B) to assess the exibility of
PLpro residues. Compounds GRL0617 and lead 1 reached the
equilibrium at 20 ns while lead 2 at 30 ns. GRL0617 and lead 1
illustrated an average RMSD values of 0.20 nm while average
RMSD of lead 2 was 0.27 nm. The ligand-free protein showed an
average RMSD of 0.24 nm (Fig. 4A, Table S2†). Compound 2, 3
and 6 illustrated an average RMSD value of 0.21 nm, SIM and
Fig. 4 The RMSD values; (A) lead1-protein complex (red), lead 2–protei
(B) RMSD values of compound 2-protein complex (red), compound 3–pro
(SIM)–protein complex (yellow), vaniprevir (VAN)–protein-complex (viol

38620 | RSC Adv., 2021, 11, 38616–38631
vaniprevir (VAN) showed RMSD values 0.31 nm and 0.26 nm
respectively (Fig. 4B, Table S2†). Overall, lead 1 revealed the
lowest RMSD value among the all inhibitors and lower than
RMSD of ligand-free protein. These results indicated that lead 1
stabilize SARS-CoV-2 PLpro protein. On the other hand, the
RMSD value of lead 2 was slightly higher than the RMSD of the
most inhibitors and the free-ligand protein, but it was stable
along the simulations, indicating a strong binding of lead 2
within the PLpro binding site.
n complex (yellow), GRL0617–protein complex (green) protein (black).
tein complex (green), compound 6–protein complex (blue), simeprevir
et).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, to identify the exible and rigid regions of the
complexes, RMSF analyses were performed to measure the
average residue exibility of the PLpro-docked complexes.
Nearly all inhibitors-complexes illustrated similar average
RMSF values of �0.13 nm (Table S2†). It could be observed that
the UBL domain residues (1–60) showed a high exibility
amplitude for the all systems and mainly for free-ligand protein
(Fig. 5A and B); this exibility was due to it not possessing any
ligands, so the UBL domain retained its freedom of movement.
This observation is consistent with the previously published
ndings showing that the highly exible PLpro domains are
Fig. 5 The RMSF values; (A) lead 1–protein complex (red), GRL0617–pro
GRL0617–protein complex (green) protein (black), (C) RMSF value; comp
compound 6–protein complex (blue), simeprevir (SIM)–protein complex

© 2021 The Author(s). Published by the Royal Society of Chemistry
nger domains, especially the zinc-binding region, UBL domain
and BL2 loop.34 All systems showed a decrease in the exibility
of the catalytic residues C111, H272 and D286 and S4 site
residues P247, P278, Y264 and Y273. The greatest residue uc-
tuation observed with the PLpro-lead 2 system was in the
residue range N267-Q269, which are a part of the BL2 loop. The
Y268 residue showed the highest RMSF (5 Å), considering that
Y268 played an important role in opening and closing the BL2
loop, which suggests that the BL2 loop adopted a specic
conformation to accommodate lead 2. At the same time,
a decrease in the movement amplitude of the residue range
tein complex (green), protein (black). (B) lead 2–protein complex (red),
ound 2–protein complex (red), compound 3–protein complex (green),
(yellow), vaniprevir (VAN)–protein-complex.

RSC Adv., 2021, 11, 38616–38631 | 38621
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(267–271) BL2 loop in the presence of lead 1 and GRL0617
molecules indicated that both inhibitors stabilized the BL2 loop
and that the BL2 loop adopted the closed conformation. The
second highest uctuation region in all systems was in the
nger subdomain region, particularly the Zn binding site (C189,
192, 224, 226), which agrees with previous data.62 Compounds 2,
3, 6, SIM and VAN showed similar RMSF pattern to lead 1 and 2
(Fig. 5C, Table S2†), the highest uctuation in the BL2 loop
while lowest uctuation was in residue range (267–271). It could
be concluded that lead1 and lead 2 stabilized SARS-CoV-2 PLpro
in a similar manner to the reported inhibitors.

3.3.2. RMSD of BL2 loop. The BL2 loop showed a signi-
cant exibility in the free-ligand protein, particularly residues
N267 and Q269, andmost importantly, residue Y268 (Fig. S2A, B
and Table S2†). It is believed that the BL2 loop plays an
important role in opening and closing the putative pocket to
accommodate small/large inhibitors. The high amplitude of
Y268 uctuation with lead 2 encouraged us to investigate BL2
movements by measuring the RMSD of the BL2 loop complexed
with the inhibitors. The average RMSD of the BL2 loop of the
ligand-free protein, GRL0617 and lead 1 was 0.11 nm, while that
of lead 2, SIM and VAN were 0.13. Compounds 2, 3 and 6
showed BL2 RMSD around 0.12 nm. Fig. S2† showed that the
RMSD graph of BL2 loop lead 1, lead 2 and GRL0617 complexes
were smooth, except lead 2-complex illustrated an interruption
Fig. 6 (A) Radius of gyration (Rg) of lead 1 (blue), lead 2 (red), GRL0617 (g
Rg of CP2 (red), CP3 (green), CP6 (blue), simeprevir (SIM) (yellow) and v
(blue), lead 2 (red), GRL0617 (green) complexed with the protein and the
and vaniprevir (VAN) complexed with the protein.

38622 | RSC Adv., 2021, 11, 38616–38631
from 50–60 ns (Fig. S2A†). Interactions of lead 2 with the BL2
residues showed that N267, Y268 and Q269 displaced to give
a space to accommodate lead 2 (Fig. S2B†). These results sug-
gested that the movement of BL2 gave an area to accommodate
the large inhibitors as lead 2, SIM and VAN.

3.3.3. Rg and SASA. The radius of gyration (Rg) was used to
evaluate the compactness of the PLpro receptor-docked
complexes. The results showed that the Rg values of GRL0617
and lead 1, lead 2, compounds 2, 3, 6, SIM and VAN complexes
range between 2.3 and 2.4 nm and the complexes remained
stable along the MD simulation (Fig. 6A, B and Table S2†). The
Rg results revealed that the stable folding behaviour of PLpro
aer binding with lead 1 and lead 2 complexes. This suggested
that both compounds bind strongly to the putative PLpro site,
in similar manner to the reported compounds.

Solvent-accessible surface area (SASA) calculations were used
to estimate the water accessibility at the putative site of SARS-
CoV-2 PLpro with and without inhibitor binding (Fig. 6C, D
and Table S2†). The obtained results showed that the average
SASA values for unliganded protein, GRL0617, lead 1 and lead 2,
compounds 2, 3, 6, SIM and VAN were 163.0, 161.9, 163.2 and
164.4, 163.4, 161.5, 163.7, 167.2 and 167.3 Å2, respectively.
GRL0617 reduced water accessibility to the binding pocket
compared with the free ligand protein. Lead 1 showed SASA
values like the free-protein while the SASA value of lead 2 was
reen) complexed with the protein and the nonligand protein (black). (B)
aniprevir (VAN) (violet) complexed with the protein. (C) SASA of lead 1
nonligand protein (black) (D) SASA of CP2, CP3, CP6, simeprevir (SIM)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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slightly higher than that of the free-liganded protein by a small
value. Sim and VAN showed the highest SASA values. This
suggested that further structural modication of lead 2 should
be made by shrinking the size of the molecule group at the P4
site to better occupy the hydrophobic S4 site.

3.3.4. H-Bonds and distance monitoring. To identify the
contribution of hot-spot residues to the PLpro protein-ligand
interaction, H-bond analyses of complexes were estimated
along a 100 ns simulation. From the MD of GRL0617, it was
shown that it formed 3 continuous H-bonds with occupancy
99.8% (Fig. 7A); Q269 and Y264 (BL2 loop residues) formed H-
bond with GRL0617 in occupancy (99%, 41%), respectively.
Residues D164, N267 and Y268 formed H-bonds with the native
ligand with approximately 20% occupancy. Residues D164,
G266, N267 and Y273 established salt bridge interactions of
64%, 80%, 22%, and 98%, respectively. The hydrophobic
contribution by residue Pro248 was observed with an occupancy
of 100% (Fig. 7B). Compounds lead 1 and lead 2 formed H-
bonds with occupancy (91.8% and 75.9%) (Table S2†). Lead 1
formed three H-bonds, and only two H-bonds were continuous
(Fig. 8A). Lead 2 showed four H-bonds, two H-bonds were
continuous along the simulation time, while the third H-bond
Fig. 7 (A) number of H-bonds of GRL0617 with SARS-CoV-2 PLpro put
occupations of the SARS-CoV-2 PLpro residues contributed to GRL0617

© 2021 The Author(s). Published by the Royal Society of Chemistry
persisted until 80 ns (Fig. 8B). In MD simulation of lead 1,
Q269 was highly involved in H-bond stability for more than
90%, and the salt bridge contribution was observed by residues
Q209, Y268 and Y273 with occupancy (90%, 70% and 40%).
A246, P247 and P248 contributed by hydrophobic interactions
with occupancy (70%, 90%, 90%) (Fig. 8C). Lead 2 was stable
within the PLpro binding pocket through H-bonds with G266,
N267 and P248 (32%, 15% and 35%) and salt bridges (more
than 30%), while D164 and E167 contributed 15%. P247 and
P248 (S4 site residues) showed hydrophobic contributions of
65% and 40%, respectively (Fig. 8D). Compounds 2, 3 and 6
formed two H-bonds while SIM and VAN formed one H-bond
(Fig. S3†).

To study the H-bonds and salt bridge deeply, the distance
between the two inhibitors and key residues was investigated.
The N2 atom of lead 1 formed an H-bond at distance 2 Å
distance in the rst 20 ns of the simulation then continued the
remaining of the MD simulation at distance 0.4 nm while O3
formed H-bond at distance 0.6 nm in rst 20 ns then continued
the remaining of the dynamic at 0.3 nm (Fig. S4A and B†). This
indicated that compound lead 1 adopted two conformations
during the simulation and that the H-bond with Q269 was
ative pocket. (B) Percentage of H-bonds, salt bridge and hydrophobic
.

RSC Adv., 2021, 11, 38616–38631 | 38623
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Fig. 8 Number of H-bonds with SARS-CoV-2 PLpro putative pocket; (A) lead 1. (B) Lead 2. Percentage of H-bonds, salt bridge and hydrophobic
occupations of the SARS-CoV-2 PLpro residues; (C) lead1. (D) Lead 2.
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stable and continuous during the simulation, which helped
stabilize the compound (Fig. S4A, B†). The distance between N3
and O3 of lead 1 and Y268 uctuated between 0.3 nm and
0.7 nm and then continued at approximately 0.3 nm, while the
distance between lead 1 and Q209 in the rst 20 ns was
approximately 1.2 nm and then continued the simulation at
0.2 nm. These results supported the salt-bridge interactions
between lead 1 and Y268 and Q209 (Fig. S4C and D†). The
distance between lead 1 and P247 and P248 was approximately
0.25 in all the simulations, which may explain the hydrophobic
interaction with hydrophobic S4 site residues. However, the
distance between lead 1 and S245 and A246 was more than
0.6 nm during the rst 23 ns and then continued at 0.25 nm
(Fig. S4E†).

Lead 2 showed H-bonds with P248 and G266, and the
distance between lead 2 and P248 was approximately 7–11 Å in
the rst 23 ns and then became approximately 0.2 nm. From 70
ns, the distance increased again to approximately 0.7 nm
(Fig. S5A†). Conversely, from 23 ns until the end of the
38624 | RSC Adv., 2021, 11, 38616–38631
simulation, the distance between lead 2 and G266 was stable at
0.2 nm (Fig. S5C and D†). The distance between lead 2 and N267
uctuated at approximately 1 nm during the rst 18 ns and then
continued from 18–60 ns at 0.2 nm. Followed by a sharp
increase in the distance and uctuation from 60 ns until the
end of the simulation (Fig. S5E†).

3.3.5. MD simulation trajectories analysis. During the MD
simulation of lead 1-PLpro complex, we observed that at the
start of the dynamics, the rst conrmation 2-(3-hydroxy-4-
methoxyphenylamino) thiazol-4(5H)-one was stable inside
hydrophobic site S4, 5-a5-amino-2-methoxyphenol formed
hydrophobic interactions with P248 and T301, and thiazole
showed p–p stacking with Y264 and Y273. The 5-(amino-
methyl)-6-hydroxypyrimidine-2,4(1H,3H)-dione moiety and 4-
acetamidobenzoic acid oriented up and interacted with Y268
and Q269 (BL2 loop) (Fig. 9A and B). From 30 ns to the end of
the simulation, the 5-amino-2-methoxyphenol moved up to face
A246 and P247 and formed an H-bond with G209, while the 5-
(aminomethyl)-6-hydroxypyrimidine-2,4(1H,3H)-dione moiety,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Representative structures of lead1 within PLpro putative pocket. (A) Structure of lead 1 (spheres, carbon atoms violet) at the beginning of
MD simulation. (B) Interaction of lead 1 with the key residues. (C) Lead 1 after 30 ns (sphere, carbon atoms yellow), (D) the interaction of lead 1 at
30 ns and it is observed that 5-amino-2-methoxyphenol moved upward and showed hydrophobic interactions with P247 and A246 and 6-
hydroxy-pyrmidine-dione formed H-bond with Y268. (E) Lead 1 at the end of the simulation (sphere, carbon atoms blue), (F) the interaction of
lead 1 at the end of the MD.
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4-acetamidobenzoic acid and thiazole moieties remained in
their position and continued to interact with Y268 and Q269
(Fig. 9C–F).

Lead 2 structure consisted of two moieties of N-(2-hydroxy
benzylidene-amino)-1,2,5-oxadiazole-3-carboxamidine. At the
beginning of lead 2-PLpro simulation, N-(2-hydroxy benzylidene
amino)-1,2,5-oxadiazole-3-carboxamidine moiety accommo-
dated in the S4 site formed hydrophobic interactions with P248,
P247, Y264 and Y273 (Fig. 10A and B). On the other hand, the
second moiety N-(2-hydroxy benzylidene-amino)-1,2,5-
oxadiazole-3-carboxamidine was located between the BL2 loop
residues Y268 and Q269 and the back residues R166 and E167.
Then, N-(2-hydroxy benzylideneamino)-1,2,5-oxadiazole-3-
carboxamidine moved up and formed hydrophobic interac-
tions with P247 and P248. Y268 and Q269 moved outward,
which facilitated movement of the second N-(2-hydroxy
benzylideneamino)-1,2,5-oxadiazole-3-carboxamidine moiety,
accommodated the front pocket and interacted with the BL2
loop (Fig. 10C–F).
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.4. Free energy binding for complexes

The binding free energies of lead 1, lead 2 and all reference
compounds were calculated using the MM-PBSAmethod on 500
snapshots extracted from the last 50 ns of simulations. Lead 1, 2
and references complexes showed negative binding free ener-
gies (Table 2), indicating that all the complexes were stable.
Compound 6 demonstrated the highest free binding energy
(�115.4 � 0.5 kJ mol�1), followed by compound 2 and GRL0617
(�92.3 � 0.6 and �90.4 � 0.6 kJ mol�1) respectively. Lead 1 and
VAN showed the lowest free binding energies (�27.2 � 0.6 and
�26.1 � 0.8 kJ mol�1) respectively. Lead 2 showed a moderate
free binding energy (�55.6 � 0.1 kJ mol�1). For all inhibitor-
complexes, the contributions of van der Waals (DEvdw), elec-
trostatic (DEele) and non-polar solvation (DGnp) were attractive
for protein–ligands interactions. The (DGnp) contributed to the
free binding energy with low values, the polar free solvation
energy (DGpol) was positive for all the systems, indicating that
the unfavourable bindings of inhibitors with the enzyme.
Furthermore, van der Waals interaction represented the main
interactions for all inhibitors, Despite of the promising
RSC Adv., 2021, 11, 38616–38631 | 38625
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Fig. 10 Representative structures of lead 2 within PLpro putative pocket. (A) Structure of lead 2 (spheres, carbon atoms blue) at starting of MD
simulation. (B) interaction of lead 2 with the key residues (C) lead 2 after 30 ns (sphere, carbon atoms violet), (D) the interaction of lead 2 at 30 ns
and it is observed that N-(2-hydroxy benzylidene-amino)- oxadiazole showed hydrophobic interactions with A249 and P299 and NH moiety
formed H-bond with G266. (E) Lead 2 at the end of the simulation (sphere, carbon atoms yellow), (F) the interaction of lead 2 at the end of the
MD.
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inhibition results of lead 1 and 2 they demonstrated weak to
moderate free binding energy compared to the refence
compounds.
3.5. Protein-inhibitor binding affinity

The key residues involved in the binding of ligands to the SARS-
CoV-2 PLpro were investigated using DGbind residue calculation
based on theMM/PBSAmethod. The obtained results are shown
in Fig. 12. Y264, Y268 and Q269, the highest hotspot residues,
Table 2 Energy contribution of the promising hits and reported inhibito

Inhibitors DEvdw
a DEele

a

Simeprevir (SIM) �110.6 � 1.3 �12.4 � 1.6
Vaniprevir (VAN) �113.1 � 0.7 31.8 � 0.8
GRL0617 �128.5 � 0.8 �43.0 � 0.3
Lead 1 �136.2 � 0.6 �139.6 � 1.1
Compound 2 �168.4 � 0.4 �61.6 � 1.2
Compound 3 �171.4 � 0.4 �61.06 � 0.6
Compound 6 �171.3 � 0.6 �53.8 � 0.4
Lead 2 �174.8 � 0.7 �62.6 � 0.7

a DEvdW, contributions by van der Waals interactions; DEele, electrostatic
DGbind, binding affinity. a (kJ mol�1).

38626 | RSC Adv., 2021, 11, 38616–38631
contributed to both inhibitors lead 1 and lead 2 with DGbind of
residues (�7.80, �12.58 and �4.67 kJ mol�1) and (�10.11,
�5.86, �0.75 kJ mol�1), respectively. Y264, Y268 and Q269 are
part of the BL2 loop, which is important for closing and opening
the putative pocket (Fig. 12); these ndings indicated good
binding of the inhibitors within the pocket, although the Q269
contribution was small for lead 2. The hydrophobic residues
P247 and P248 contributed to the binding energy of lead 1 at
�5.79 kJ mol�1 and �5.62 kJ mol�1 and for lead 2 at
�4.79 kJ mol�1 and �6.31 kJ mol�1, respectively. D164 showed
rs to the total free energy

DGpol
a DGnp

a DGbind
a

84.2 � 3.2 �11.9 � 0.1 �50.8 � 1.2
67.2 � 0.7 �13.1 � 0.1 �27.2 � 0.6
94.7 � 0.7 �13.6 � 0.1 �90.4 � 0.6
264.1 � 1.2 �14.4 � 0.1 �26.1 � 0.8
155.1 � 1.4 �17.35 � 0.1 �92.3 � 0.6
162.0 � 0.8 �17.3 � 0.1 �87.8 � 0.5
125.9 � 0.7 �16.2 � 0.1 �115.4 � 0.5
199.7 � 0.9 �17.7 � 0.1 �55.6 � 0.1

energy; DGpol, polar solvation energy; DGnp, nonpolar solvation energy,

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07845c


Fig. 11 Per-residue free energy decomposition: (A) lead 1, (B) lead 2.
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a strong contribution (�9.5 kJ mol�1) to the binding energy of
lead 1, which agrees with the H-bond analyses (Fig. 11). These
results suggested that the key residues contributing to the
binding energy for both lead 1 and lead 2 are P247, P248, Y264,
Y268 and Q269.
3.6. Rational drug design

According to the results, the lead 2 inhibitor showed a prom-
ising IC50 as a PLpro inhibitor, moderate free binding energy,
and good H-bond interactions with BL2 loops. However, its free
binding energy was higher than GRL06177, compounds 2, 3 and
Fig. 12 Rational drug design of the SARS-CoV-2 PLpro inhibitors.2D str

© 2021 The Author(s). Published by the Royal Society of Chemistry
6. To improve the binding of lead 2 and hence its IC50, struc-
tural modication of P4 and P1 sites is required, our sugges-
tions are as follows: (i) replacement of 2-(2-hydroxy benzylidene)
hydrazine with a naphthalene moiety, addition of a nitroben-
zene moiety to facilitate hydrophobic interaction with P248,
Y264 and T301 and maintain the binding with the S4 site; (ii)
replacement of 2-(iminomethyl)phenol with aniline or benzoate
to reduce the size of the molecule and enhance H-bonds with
Y268 and Q269, which are important in the stabilization of the
BL2 loop (Fig. 12). Docking studies were performed for pre-
dicted compounds (Table 3), all predicted derivatives showed
ucture of lead 2 with possible modified fragments.

RSC Adv., 2021, 11, 38616–38631 | 38627
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Table 3 Chemical structures of predicted compounds and their binding energies by BUDE

Compounds Structure

BUDE binding

Energy kJ mol�1

Derivative 1 �77.5

Derivative 2 �80.7

Derivative 3 �83.1

Derivative 4 �91.7
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binding score better than lead 1 and lead 2 expect derivative 3
with amino group. These results revealed that the predicted
structures are likely promising SARS-CoV-2 PLpro inhibitors.
4 Conclusion

Lead 1 and lead 2 illustrated promising IC50 values (0.085 mM
and 0.063 mM, respectively), against SARS-CoV-2 PLpro which
encouraged us to study the molecular dynamics of the two
compounds within SARS-CoV-2 PLpro binding pocket, and
compare the results with the reference compounds GRL0617,
compounds 2, 3, 6, SIM and VAN using post MD analyses,
binding free energy and per residue free energy decomposition
tools. Both inhibitors lead 1 and 2 were stable within the
binding pocket along the simulation. H-bonds and ligand
interactions showed strong H-bonds for both inhibitors lead 1
and lead 2 with percentages of 91.8% and 75.9%, respectively.
38628 | RSC Adv., 2021, 11, 38616–38631
The distances between lead 1 and key residues suggested that
the compounds adopted one conformation in the rst 23 ns and
changed to a second conformation in the rest of the dynamics.
Also, lead 2 adopted two conrmations during the simulation
and stabilized through interactions with P248, G266 and N267.

Analysis of the MD simulation trajectory of lead 1 complex
showed that the compound was stable in the binding pocket
along the simulation, while MD of lead 2 illustrated that the BL2
loop moved outward and adopted a second conformation to
accommodate the inhibitor. The DGbind residue decomposition
for both inhibitors revealed that residues E167, P247, P248,
Y264, Y268 and Q269 are important for the binding of lead 1
and lead 2. D164 is important for binding of lead 1.

The rational design of lead 2 suggested that replacement of
the 2-(2-hydroxybenzylidene) hydrazine moiety with naphtha-
lene or nitrobenzene at the P4 position of lead 2 reduced the
large size of the molecule and consequently improved the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydrophobic interactions with P248, Y264 and Y273 (S4 hydro-
phobic residue). However, replacement of the 2-(iminomethyl)
phenol in P1 with a polar substituent as an aniline and benzoate
group enhanced interactions with BL2 residues Y268 and Q269.
These potential results can be helpful for the development of
derivatives of lead 1 and lead 2 structures with more potent
SARS-CoV-2 PLpro inhibition abilities.
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