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The growing concerns and cases of COVID-19 with the appearance of novel variants i.e., BA.2.75. BA.5 and
XBB have prompted demand for more effective treatment options that could overcome the risk of
immune evasion. For this purpose, discovering novel small molecules to inhibit druggable proteins such
as PLpro required for viral pathogenesis, replication, survival, and spread is the best choice. Compounds
from the Dark chemical matter (DCM) database is consistently active in various screening tests and offer
intriguing possibilities for finding drugs that are extremely selective or active against uncommon targets.
Considering the essential role of PLpro, the current study uses DCMdatabase for the identification of
potential hits using in silico virtual molecular screening and simulation approaches to inhibit the current
and emerging variants of SARS-CoV-2. Our results revealed the 10 best compounds with docking scores
between �7.99 to �7.03 kcal/mol better than the control drug (GRL0617) among which DC 5977–0726,
DC 6623–2024, DC C879-0379 and DC D135-0154 were observed as the best hits. Structural-dynamics
properties such as dynamic stability, protein packing, and residue flexibility demonstrated the pharma-
cologically favorable properties of these top hits in contrast to GRL0617. The hydrogen bonding half-life
revealed that Asp164, Arg166, Tyr264, and Tyr268 have major contributions to the hydrogen bonding
during the simulation. However, some of the important hydrogen bonds were missing in the control drug
(GRL0617). Finally, the total binding free energy was reported to be �34.41 kcal/mol for GRL0617 (con-
trol), �41.03 kcal/mol for the DC5977-0726-PLpro, for the DC6623-2024-Plpro complex the TBE was
�48.87 kcal/mol, for the for DCC879-0379-Plpro complex the TBE was �45.66 kcal/mol while for the
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DCD135-0154-PLpro complex the TBE was calculated to be �40.09 kcal/mol respectively, which shows
the stronger potency of these compounds against PLpro and further in in vivo and in vitro test are required
for the possible usage as potential drug against SARS-CoV-2.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The members of the subfamily Orthocoronavirinae (Coronaviri-
dae family) are placed within four genera (alpha, beta, gamma, and
delta coronaviruses). However, the pathogens of genus beta (b)
coronavirus posed a serious threat to humanity in the 21st century
by causing three major outbreaks (SARS-CoV1, MERS-CoV, and
SARS-C0V2) in 2003, 2012, and 2019(Wang et al., 2020, Rotondo
et al., 2021). SARS-CoV2 appeared in Wuhan, China, and penetrate
across the globe with unprecedented speed. ThereforeWHO (world
health organization) declared a pandemic situation and advised to
adopt stringent measures to cope with this alarming situation. The
number of patients reached to 675 million whereas 6.7 million
deaths are reported till 31 January 2023. To curtail the threat posed
by SARS-CoV2 become very difficult due to fast mutations in all
parts of the virus genome and especially in spike protein regions.
These mutations lead to the appearance of numerous variants such
as Alpha, Beta, gamma, Iota, Mu, Delta, Omicron, and finally the
Omicron-BA.2. These mutations are instrumental and alter the
drug and vaccine efficacy (Khan et al., 2021a, 2021b). The infec-
tions and deaths inflicted by this pathogen compelled the research-
ers to find new therapeutic targets for drugs and vaccines to
combat this disease by using various structures (Spike protein,
membrane protein, nucleocapsid protein, and envelop protein)
and non-structure proteins (NSP 1–16). The proteins such as
RNA-dependent RNA-polymerase (RdRp), 3-CLpro, and papain-
like protease encoded by the ORF region (Fontanet et al., 2021,
V’kovski et al., 2021) are important targets to control the COVID
19. The researchers and scientists followed systematic approaches
for the identification of novel druggable targets for the develop-
ment of novel anti-viral drugs. The experiments on respiratory dis-
eases such as influenza suggest that arbidol or umifenovir are
effective against the disease, however in severe cases arbidol is
not very effective(Seneviratne et al., 2020). Whereas Remdesivir
and Masitinib (a tyrosine-kinase inhibitor) are very effective
against RdRP and 3CLpro respectively, however, they are in the
clinical trials phase. Ritonavir and lopinavir are effective to reduce
the severity of infectious diseases by co-targeting the 3CLpro (main
protease) and RdRp (Beigel et al., 2020, Grein et al., 2020, Wu et al.,
2020).

SARS-CoV-20s effective control depends on the proper search for
novel vaccines and drug targets to design safe, cheap, and effective
vaccines and drugs. Spike protein is involved in the entry of the
pathogen to the host cell and inhibition of this step is very impor-
tant for the control of disease, therefore spike protein is a valuable
drug target and numerous studies on HIV, HCV, and other infec-
tious disease was conducted to target the spike protein (Khan
et al., 2020a, 2020b). Similarly, the replication and maturation step
depends on the cleavage of pp1a and pp1ab from the main pro-
tease. PLpro and 3CLpro have a vital role in converting pp1a and
pp1ab into mature non-structure proteins, which facilitate replica-
tion. Therefore, targeting of PLpro and 3CLpro for anti-viral drugs
will be an effective strategy. PLpro importance in replication and
evasion of the host immune system makes it an effective drug
target; therefore, we adopted a virtual screening approach for the
identification of small molecules by searching ultra large drugs-
library. Previously 3CLpro, RBD, RdRp, and other druggable
2

proteins were targeted for the control of diseases caused by viruses
through molecular screening approaches (Khan et al., 2020a,
2020b, Baildya et al., 2021, Khan et al., 2022). Therefore, PLpro will
be a promising target for drug designing against COVID-19 by
inhibiting the cleavage of pp1a and pp1ab. The inhibition of this
step will help to stop the replication of pathogens. PLpro is highly
conserved in all variants and this phylogenetic conserveness will
be beneficial to design an effective drug against all variants of
SARS-CoV-2. Papain-like protease (PLpro) active site is composed
of a catalytic triad and it processes the viral polypeptides in a func-
tional protein. These functional proteins are involved in hijacking
an enzyme ubiquitin (Ubl) vital for host immune defense and thus
contribute to evading the host immune system(Fu et al., 2021,
Calleja et al., 2022). In all the variants of SARS-CoV-2, similar muta-
tions in PLpro have been reported thus inhibition of any particular
variant would demonstrated the pharmacological potential of any
therapeutics against all.

The medicinal phytocompounds from Eurycoma harmandiana,
Sophora flavescens and Andrographis paniculate have been explored
against the PLpro from SARS-CoV-2 using molecular screening and
simulation approaches. Multi-factorial investigation revealed that
canthin-6-one 9-O-beta-glucopyranoside is a potential natural hit
to be used against for the inhibition of SARS-CoV-2 targeting the
PLpro(Verma et al., 2021). Moreover, using the computational
methods a drug repurposing approach was applied where all the
FDA-approved drugs were tested against the PLpro active site
revealing rac5c as a potential hit (Huynh et al., 2021). Interestingly,
using the structure-based pharmacophore approach four novel hits
were reported that inhibit PLpro, while considering the GRL017 as
a positive control. The results demonstrated that four hits among
the all demonstrated better binding affinity than the native drug
used to generate the pharmacophore model(Tian et al., 2022). In
addition, repurposing the anti-bacterial drugs and screening of
natural compounds databases also shortlisted potential hits for
the inhibition of SARS-CoV-2 targeting PLpro (Dhote et al., 2022,
Patel et al., 2022, Sencanski et al., 2022, Sayaf et al., 2023). Consid-
ering the essential role of PLpro the current study uses molecular
screening of Dark Chemical Matters (DCM) using in silico virtual
molecular screening and simulation approaches to identify poten-
tial hits to inhibit the current and emerging variants of SARS-CoV-
2. Although several databases are available for the screening
against different diseases such as using high-throughput computa-
tional screening and molecular simulation approaches but DCM
provides a unique chemical space for the discovery of potential
drugs against human diseases. Moreover, the unexplored biological
activities, structural diversity, optimization, and the potential to
use it as repurposed and in polypharmacology concept makeit a
unique platform for therapeutics identification and development
(Wassermann et al., 2015). DCM also presents remarkable poten-
tial for discovering drugs with selectivity or action against rare tar-
gets. The innovative aspect of the work is the use of the DCM
database, the first time ever screened against the SARS-CoV-2,
and the combination of in silico virtual screening, and simulation
methods to find possible hits against both the existing and novel
SARS-CoV-2 variants. Furthermore, the study aimed to identify
compounds with stronger potency against PLpro compared to the
control drug GRL0617, thus providing a foundation for potential
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drug development against SARS-CoV-2.Using the binding free
energy approach, the final hits were validated that need further
in vitro and in vivo validations to determine the clinical potency
of these molecules against SARS-CoV-2 for the treatment of
COVID-19.
2. Materials and methods

2.1. Structures retrieval, preparation and molecular screening

A protein databank (Rose et al., 2016) was used for retrieval of
the SARS-CoV-2 PLpro 3D structure with ID 7CJM. The dark Chem-
ical Matters (DCM) database was screened for small molecules
search (Wassermann et al., 2015). Open Babel and FAF-drugs4
web tools were used for small molecule preparation and to check
the violation of Lipinski’s rule (O’Boyle et al., 2011). For the ligands
in the database open Babel was used to prepare each ligand. The
gen3D method was used to generate the three-dimensional (3D)
coordinates for each molecule using a distance geometry to gener-
ate reasonable 3D structures. Next, each molecule was protonated
by adding the explicit hydrogen while partial charges were set
using the Gasteiger model which is important for understanding
molecular interactions and properties. To minimize each ligand
molecular MMFF94 force field was used to optimize the geometry
of each geometry and eliminate steric clashes. Using the systematic
search methods implemented in open Babel the lowest energy con-
formations were generated while counterions, solvents, or unde-
sired substructures were also removed using the integrated
function. The compounds violating Lipinski’s rule were removed
from the analysis and the shortlisted compounds were subjected
to molecular screening with the Smina docking tool with Autodock
scoring function. Smina is considered as a fork of Autodock vina
which also apply the receptor_prepare.py to convert the receptor
file to the PDBQT format. Moreover, the ligand files prepared for
the docking using open Babel were used as input for the screening.
We determined the XYZ coordinates of an inner box of 10 Å � 10 Å
� 10 Å and an automatic outer box of 29 Å � 29 Å � 29 Å for the
screening of the DCM database against the receptor active site resi-
dues. This tool supports numerous ligand molecular formats,
multi-ligand file, and automatic box creation options (Koes et al.,
2013, Masters et al., 2020). To determine the Lipinski, Ghose,
Veber, Egan, Muegge, PAINS, and bioavailability scores of the top
four hits SWISSADME was used while for the Hepatotoxicity, car-
cinogenicity, immunogenicity, mutagenicity, and cytotoxicity
ProTox-II (http://tox.charite.de/protox_II) webserver was used
(Daina et al., 2017, Banerjee et al., 2018).
2.2. Molecular docking simulation

Re-docking of top hits was performed for avoiding false-positive
prediction using AutoDockFR(Ravindranath et al., 2015). For the
validation of the docking protocol, we considered re-docking of
GRL0617 and compared it with the crystallographic coordinates.
GRL0617 ligand was used for active site identification and residual
cross-checking was performed for accuracy. Receptor flexibility is
important feature in determining accurate ligand binding. ADFR
improves the search space with increased false-positive results. It
is based on AutoDock4 scoring with better accuracy and speed
than the other tools. Asp164, Tyr264, Tyr268, and Gln269 were
used to generate the active site pocket (grid). The location of these
residues determined by XYZ coordinates of an inner box of 10 Å �
10 Å � 10 Å and an automatic outer box of 29 Å � 29 Å � 29 Å were
built.
3

2.3. Molecular dynamics simulation of protein–ligand complexes

A molecular simulation was performed to assess the inhibition
potential and validation of the dynamic behavior of top lead mole-
cules. The stability, flexibility, and packing of complexes (com-
pounds and PLpro) were checked on the AMBER21 package
(Pearlman et al., 1995, Case et al., 2005, Salomon-Ferrer et al.,
2013). For the receptor (protein) FF19SB force field was utilized
while for the ligand GAFF (general amber force field) was used.
The solvation, coordinate, and topology of the drug were estimated
by the optimal point charge (OPC) water model and antechamber
algorithm respectively. Neutralization was accomplished by the
addition of Na + counter ions. The minimization of complexes
was performed for cumulative 20,000 steps for optimized and
improved structure. Heating and equilibration of the improved
complex were performed for 50 ns. Both the NPT and NVT ensem-
bles were considered to understand the interacting behaviour of
each system with the environment and itself. Long-range contacts
were obtained from Particle Mesh Ewald (PME) algorithm. Van der
Waals (vdW) interactions of 1.4 nm and short-range Columbic
were considered. A total run of 1000 ns and a complex production
run of 200 ns was performed at a time step of 2 fs. Trajectories of
simulations were obtained by CPPTRAJ and PTRAJ (Roe and
Cheatham III 2013). The GRL0617-PLpro complex was also evalu-
ated as a control to compare the results of the novel hits. Structural
stability was checked by Root mean square deviation (RMSD) anal-
ysis by using the following equation.

RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

d2i ¼ 1
Natoms

s
ð1Þ

The position difference between atoms is denoted as d, and the
indices i are used to represent the original and superimposed
structure. The calculation of the root mean square fluctuation
(RMSF) of the B-factor is crucial in determining the flexibility of
protein residues. The RMSF values, which can be obtained using
the following equation, serve as a fundamental constraint for this
analysis.

Thermal factor or B� factor ¼ ½ð8p � �2Þ=3� ðmsf Þ ð2Þ
Moreover, hydrogen bonds over the simulation time and half-

life of each hydrogen bond established by each ligand with the
active site residues were estimated to reveal the real-time potency
of the binding.

2.4. The binding free energy calculations

The binding free energy of complexes was calculated with the
MMPBSA.PY script by calculating all energy terms which con-
tribute to total binding energy(Sun et al., 2014). The following
equation was used for the free energy estimation of complexes.

DGbind ¼ DGcomplex � ½DGreceptor þ DGligand� ð3Þ
Free binding energy was represented by DGbind in the equation.

The specific energy terms which contribute to total free energy
were obtained by equation.

G ¼ Gbond þ Gelectrostatic þ GvdW þ Gpolar þ Gnon�polar ð4Þ
3. Results

3.1. Structural retrieval and analysis

The growing concerns and cases of COVID-19 with the appear-
ance of novel variants i.e., BA.2.75. BA.5 and XBB have prompted
demand for more effective treatment options that could overcome

http://tox.charite.de/protox_II
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the risk of immune evasion. For this purpose, discovering novel
small molecules that could inhibit druggable proteins that are
essential for viral pathogenesis, replication, survival, and spread
is the best choice. Hence, PLpro is among the essential protein that
leads to reduced viral burden upon inhibition. Due to its capacity
to cleave ubiquitin and ubiquitin-like interferon-stimulated gene
(ISG) 15 posttranslational modifications, PLpro functions as an
effective regulator of host cell signaling cascades (Calleja et al.,
2022). PLpro is one of the two necessary cysteine proteases that
controls host immunological sensing, breaks down viral polypro-
teins, and targets host interferon and NF-b pathways. It also pro-
duces a viable replicase complex to perform its crucial function
in viral replication and immune evasion. Consequently, it is the
best choice to design novel potent inhibitors and act as potential
viable drug targets for the effective treatment of COVID-19. The
SARS-CoV-2 PLpro comprises of palm, fingers, thumb, and Ubl of
which the interface of palm and thumb makes the active pocket
including Asp164, Tyr264, Tyr268, and Gln269 residues. PLpro cor-
responds to region 2764–3263 in a long polyprotein of 7096 amino
acids that perform several essential functions after being disinte-
grated into different functional proteins. The structure of PLpro
in complex with GRL0617 inhibitor is shown in Fig. 1a while the
three domains are mentioned in different colours. The residues
that make up the catalytic triad including Cys111, His272, and
Asp268 are also shown in Fig. 1b. For instance, the re-docking of
GRL0617 was performed to validate the docking protocol and also
see the binding pattern. As given in Fig. 1c, our protocol demon-
strated an RMSD difference of 0.029 Å only between the crystallo-
graphic and docking conformation of GRL0617. The docking score
for GRL0617 was reported to be �6.28 kcal/mol. This shows the
accuracy of our method in predicting novel potential inhibitors
for PLpro. The binding mode of GRL0617 reported hydrogen bond-
ing interactions involving Asp164, Tyr264, Tyr268, and Gln269.
The interaction pattern of GRL0617 is shown in Fig. 1d.

3.2. Molecular screening of the DCM database

Early-phase drug development relies heavily on high-
throughput screening (HTS), which is the main source of novel
Fig. 1. Structural organization of PLpro with different domains and catalytic triad
comprised of Cys111, His272, and Asp286. (c) Show the docking validation result of th
interaction pattern of GRL0617 with the active site residues of PLpro.

4

drug products and the basis for medicinal chemistry. Virtual drug
screening of large databases is the prime aim of pharmaceutical
companies to design potential drug candidates against a wide
range of targets. Dark chemical matter (DCM), or substances that
are consistently active in various screening tests, has recently
drawn more attention. One of the reasons is that a lot of DCM com-
pounds might not be completely pharmacologically inert, but they
offer intriguing possibilities for finding drugs that are extremely
selective or active against uncommon targets. Therefore, in the
current study, we screened the DCM library which contains
18,500 compounds from various sources against the active site of
PLpro. Pre-filtering of the DCM database for R5 or Lipinski rule of
five revealed that 1321 compounds did not obey the R5 rules and
cannot be screened. The remaining 17,179 compounds demon-
strated docking scores between �6.52 kcal/mol to �3.87 kcal/mol.
We only selected those compounds that have a docking score >
-6.00 kcal/mol. This criterion yielded only 166 compounds while
the rest 17,013 compounds were discarded. The selected 166 com-
pounds were subjected to induced-fit docking (IFD) for the second
round of screening to avoid false-positive predictions. Our results
revealed the 10 best compounds with docking scores between
�7.99 to �7.03 kcal/mol respectively. Based on the interactions
with the key residues and docking scores only four compounds
were selected for molecular dynamics simulation-based validation.
In contrast to the control drug GRL0617 the docking score for the
top hits re-docking using the IFD protocol the potency of these
molecules that can inhibit the function of PLpro. The selected top
four compounds are given in Table 1 with their docking scores,
3D structures, database IDs, and names.

3.3. Binding mode of DC 5977–0726

DC 5977–0726 is a (2S)-2-[3-(4-fluorophenyl)prop-2-enoyla
mino]-3-(1H-indol-3-yl)propanoic acid which reported a docking
score of �7.37 kcal/mol. This compound established four hydrogen
bonds involving Asp164, Arg166, Glu167, and Tyr268. The oxygen
atom acting as an acceptor interact with Tyr268 through a hydro-
gen bond, while NH connects with Asp164 while a single OH group
establishes two hydrogen bonds with Asp164 and Arg166
. (a) Shows the domain organization of PLpro while (b) shows the catalytic triad
e experimental and docking conformation of GRL0617, while (d) demonstrate the



Table 1
Top four hits from the DCM database with their docking scores, 3D structures, database IDs, and names.

S. No 2D structures Names Database IDs Docking scores

1. (2S)-2-[3-(4-fluorophenyl)prop-2-
enoylamino]-3-(1H-indol-3-yl)propanoic
acid

DC5977-0726 �7.37

2. Cbz-Gly-Pro-D-Ser-OMe DC6623-2024 �7.99

3. 1-benzyl-2,5-dimethyl-4-{[(3-
phenylpropyl)amino]methyl}sh-1H-
pyrrole-3-carboxylic acid

DCC879-0379 �7.07

4. 3-[1-(2-oxo-2-{[3-(trifluoromethyl)phenyl]
amino}ethyl)-5-phenyl-1H-pyrrol-2-yl]
propanoic acid

DCD135-0154 �7.68

Fig. 2. Binding mode of DC 5977–0726 in complex with PLpro. The left panel shows the 3D interactions while the right panel shows interactions in 2D.
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respectively. For instance, these residues are essential in terms of
catalytic function as they make up the catalytic triad and also
the active site. Since this compound also blocks these essential
residues, this shows the potential of DC 5977–0726 as an excellent
inhibitor of PLpro from SARS-CoV-2. The binding mode of DC
5977–0726 is shown in Fig. 2. The left panel shows the 3D interac-
tions while the right panel shows interactions in 2D.

3.4. Binding mode of DC 6623–2024

The scientific name of DC 6623–2024 is Cbz-Gly-Pro-D-Ser-
OMe which has been predicted previously as a cysteine protease
inhibitor. This compound reported a docking score of �7.99 kcal/-
mol while establishing eight essential hydrogen bonding contacts.
Among the key essential interactions, Gly163 established a single
5

hydrogen bond, Asp164 established a double hydrogen bond, Tyr
264 also reported a single hydrogen bond, Gln269 established
double hydrogen bonds while Thr301 was also involved in a sin-
gle hydrogen bond. The oxygen atom acting as an acceptor con-
nects with Gly163 and Gln269 while the OH group acting as a
donor interacts with Thr301 and in the same manner the NH
group being a donor connect with Asp164 from the catalytic triad.
From the interactions, it can be seen that this compound also
blocks the same essential residues previously reported to be
required for ligand recognition and other functionality of the
PLpro enzyme (Fu et al., 2021). The extra contacts and more
hydrogen bonds make this hit the best choice for further investi-
gation. The binding mode of DC 6623–2024 is shown in Fig. 3.
The left panel shows the 3D interactions while the right panel
shows interactions in 2D.



Fig. 3. Binding mode of DC 5977–0726 in complex with PLpro. The left panel shows the 3D interactions while the right panel shows interactions in 2D.

A. Khan, A. Liaqat, A. Masood et al. Saudi Pharmaceutical Journal 31 (2023) 101775
3.5. Binding mode of DC C879-0379

The scientific name of DC C879-0379 is 1-benzyl-2,5-dimethyl-4-
{[(3-phenylpropyl)amino]methyl}sh-1H-pyrrole-3-carboxylic acid
which has been shown to exhibit activities against Leukemia, Mar-
burg virus, steroid receptors, anti-cancer and Small Molecule Inhi-
bitors of Eukaryotic Translation Initiation. The activity of this
compound against the Marburg virus makes it viable for usage
against SARS-CoV-2. This compound reported a docking score of
�7.07 kcal/mol with five hydrogen bonds. Among the key essential
interactions Asp164, Arg166, Glu167, and Tyr268 are involved in
single hydrogen bonds. Unlike the first two compounds, here the
centroid of the benzene ring at the tail connects with Tyr268 and
NH group of the backbone of the ligand molecule. Similarly, the
interaction paradigm for the residues Asp164 and Arg168 connects
with the ligand. The binding mode of DC C879-0379 is shown in
Fig. 4. The left panel shows the 3D interactions while the right
panel shows interactions in 2D.
3.6. Binding mode of DC D135-0154

The scientific name of DC D135-0154 is 3-[1-(2-oxo-2-{[3-(tri
fluoromethyl)phenyl]amino}ethyl)-5-phenyl-1H-pyrrol-2-yl]propa
noic acid has been previously reported to act as Lactamase,
Fig. 4. Binding mode of DC C879-0379 in complex with PLpro. The left panel s

6

Influenza NS1 Protein, anti-malarial and anti-cancerous agent.
The activity of this compound against the influenza virus makes
it viable for use against SARS-CoV-2. This compound reported a
docking score of �7.68 kcal/mol with seven hydrogen bonds.
Arg166 established double hydrogen bonds while Asp164,
Glu167, Tyr264, and Gln269 established single hydrogen bonds
each. Interestingly, the NH and OH groups act on the catalytic triad
residues i.e. Asp164 and Arg168 while the centroid and oxygen
atoms interact with Tyr268 and Gln269. These interactions with
the essential residues determine the pharmacological potential of
these compounds against the PLpro of SARS-CoV-2 which may
block these residues from functionality and rescue the host
immune system. The binding mode of DC D135-0154 is shown in
Fig. 5. The left panel shows the 3D interactions while the right
panel shows interactions in 2D. The ADMET and Toxicity results
for the top four hits are given in Table 2.
3.7. Structural stability assessment of the top hits

The determination of the binding stability of the protein–ligand
complexes elucidate the inhibition mechanism of a pharmacologi-
cally active compound. This approach has been widely applied to
determine the structural stability of a ligand-bound complex in a
dynamic environment. It also validates the pharmacological effects
hows the 3D interactions while the right panel shows interactions in 2D.



Fig. 5. Binding mode of DC D135-0154 in complex with PLpro. The left panel shows the 3D interactions while the right panel shows interactions in 2D.

Table 2
ADMET and Toxicity results for the top four hits predicted by SWISSADME and ProTox-II.

Compounds ID /Parameters DC5977-0726 DC6623-2024 DCC879-0379 DCD135-0154

Lipinski 0 violations 0 violations 0 violations 0 violations
Ghose 0 violations 1 violation 1 violation 0 violations
Veber 0 violations 0 violations 0 violations 0 violations
Egan 0 violations 0 violations 0 violations 0 violations
Muegge 0 violations 1 violations 0 violations 1 violation
PAINS 0 alerts 0 alerts 0 alerts 0 alerts
Hepatotoxicity Inactive Inactive Inactive Inactive
Carcinogenicity Inactive Inactive Inactive Inactive
Immunogenicity Inactive Inactive Inactive Inactive
Mutagenicity Inactive Inactive Inactive Inactive
Cytotoxicity Inactive Inactive Inactive Inactive
Bioavailability Score 0.56 0.55 0.85 0.55
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of novel hits identified through molecular search. In the current
study, we also used the root mean square deviation (RMSD) as val-
idating approach to determine the binding stability of our top hits.
We calculated the RMSD for GRL0617 in complex with PLpro to
further validate and confirm our results. The binding stability
determines the pharmacological potential of any small molecule
bound to a receptor. Hence, to see the binding stability RMSD over
the simulation time was computed for the GRL0617-PLpro com-
plex. The GRL0617-PLpro complex reported minor structural per-
turbation at different time intervals. The average RMSD for
GRL0617-PLpro complex remained lower than 2.0 Å. However, it
converges with the other complexes thus showing that all the com-
plexes have attained similar atomic configurations and thus vali-
dates the accuracy of the method. The RMSD for GRL0617-PLpro
complex is shown in Fig. 6a. Furthermore, as given in Fig. 6a, the
DC 5977–0726-PLpro complex reported no significant dynamic
structural perturbation except a minor increment in the RMSD
between 83 and 95 ns. From the very beginning, the RMSD was
below 2.0 Å which gradually increased with time but remained
stable. The maximum RMSD was recorded between 83 and 95 ns
after that the RMSD decreased back and followed a similar trend
7

as the start of the simulation. An average RMSD was reported to
be 1.98 Å. The current RMSD pattern shows a stable binding of
DC 5977–0726 to PLpro which consequently induces pharmacolog-
ical effects to inhibit PLpro. The DC 6623–2024 or Cbz-Gly-Pro-D-
Ser-OMe in complex with PLpro demonstrated a continuous
increase in the RMSD value at the beginning of the simulation.
The RMSD gradually increased and reached up to 3.0 Å at 20 ns
but then abruptly declined. Although the RMSD remained stable
overall average RMSD remained higher than the previous complex.
An average RMSD for this complex was calculated to be 2.50 Å. This
implies that the stronger binding of this molecule causes the inhi-
bition of PLpro. The RMSD pattern of DC 6623–2024 or Cbz-Gly-
Pro-D-Ser-OMe in complex with PLpro is shown in Fig. 6b.
Although the RMSD of DC 6623–2024 complex remained higher
than the control but still it determined stable dynamics and there-
fore shows the potential of this molecule blocking the key active
site residues. Moreover, the DC C879-0379 molecule in complex
with PLpro demonstrated an alike pattern of RMSD as DC 5977–
0726-PLpro complex. The complex reported a higher RMSD
between 38 and 50 ns but then stabilized after 50 ns and continues
to follow a stable uniform RMSD trend. An average RMSD for this



Fig. 6. Dynamic stability assessment of the GRL0617 (control) and top hits in complex with PLpro. (a) RMSD of the GRL0617 (control) and DC 5977–0726 in complex with
PLpro. (b) RMSD pattern of the GRL0617 (control) and DC 6623–2024 in complex with PLpro. (c) RMSD of the GRL0617 (control) and DC C879-0379 in complex with PLpro. (d)
RMSD pattern of the GRL0617 (control) and DC D135-0154 in complex with PLpro.
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complex was calculated to be 2.01 Å and presented in Fig. 6c. In
contrast, the DC D135-0154 in complex with PLpro determined
destabilizing effects with an average RMSD lower than 3.0 Å. The
complex demonstrated structural perturbation in a dynamic envi-
ronment until the end of the simulation. The RMSD pattern for DC
D135-0154 in complex with PLpro is shown in Fig. 6d.
3.8. Protein size estimation through structural packing

Estimation of protein size or structural packing is an important
notion to understand the pharmacological features of the binding
molecule. It shows the binding and unbinding events that took
place during the simulation. Therefore, to see how the packing of
the protein is altered during the simulation we calculated the
radius of gyration (Rg) as a function of time. For the GRL0617 (con-
trol) and PLpro complex, the Rg was calculated and presented in
Fig. 7a. It can be seen that the average Rg for the GRL0617 (control)
and PLpro complex remained higher and demonstrated an increase
and decrease pattern that potentially show the maximum number
of unbinding events experienced by this ligand during the simula-
tion. As given in Fig. 7a, the DC 5977–0726 in complex with PLpro
demonstrated a wave-like pattern. The Rg of DC 5977–0726 in the
complex with PLpro started from 19.3 and increased slowly with
time. The highest Rg was observed at 20 ns. Afterward, the Rg con-
tinues to decrease and at 80 ns the lowest Rg was recorded. Then
the Rg was observed to increase again from 81 ns to 160 ns. An
Fig. 7. Structural packing assessment of the top hits in complex with PLpro. (a) Rg of
the GRL0617 (control) and DC 6623–2024 in complex with PLpro. (c) Rg of the GRL0617 (c
(control) and DC D135-0154 in complex with PLpro.
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average Rg was estimated to be 19.60 Å. The increase and decrease
in the protein size/Rg value are associated with the movement of
different domains particularly the Ubl which owns higher flexibil-
ity. On the other hand, the Rg of the DC 6623–2024 in complex
with PLpro started from 19.60 Å and reached the maximum at
10 ns. Afterward, an abrupt decline in the Rg was seen and a grad-
ual decrease until 80 ns. After 80 ns the Rg continues to increase
again and at 120 ns the Rg stabilized at 19.30 Å and continues to
follow the same pattern until the end of the simulation. Moreover,
the DC C879-0379 in complex with PLpro demonstrated a similar
pattern as RMSD. A peak at 40 ns and then a gradual decrease in
the Rg graph till the end of the simulation. An average Rg for the
DC C879-0379 in complex with PLpro was calculated to be
19.54 Å. The Rg graph for DC C879-0379 in complex with PLpro
is given in Fig. 7c. Furthermore, the DC D135-0154 in complex with
PLpro also reported a similar pattern as RMSD. With the highest Rg
value among all complexes, this complex demonstrated continu-
ous increase and decrease in the Rg pattern during the 200 ns.
An average Rg for this complex was estimated to be 20.06 Å. The
Rg graph for DC D135-0154 in complex with PLpro is given in
Fig. 7d. In contrast to the GRL0617 (control) and PLpro complex,
the Rg for these top four hits remained very lower with no signif-
icant perturbation that causes minimal unbinding events and
shows the potency of these molecules. Overall, the current findings
convey essential information regarding the binding and unbinding
events that were observed during the simulation. Interestingly the
the GRL0617 (control) and DC 5977–0726 in complex with PLpro. (b) Rg pattern of
ontrol) and DC C879-0379 in complex with PLpro. (d) The rg pattern of the GRL0617



A. Khan, A. Liaqat, A. Masood et al. Saudi Pharmaceutical Journal 31 (2023) 101775
current findings strongly align with the previous hits against PLpro
thus further validating the pharmacological potential of these DCM
molecules and stressing the clinical evaluation of these hits.

3.9. Estimation of residues flexibility through RMSF

Residue’s flexibility is important to decipher the role of essen-
tial residues in molecular interaction, switching on/off, protein
residues networking, and communication. It has been a widely
applicable approach to see how flexibility indexing determines
the functionality of the protein. Considering the importance of resi-
dues flexibility, we also calculated the residues flexibility of these
complexes. From Fig. 8, it can be seen that all the complexes
demonstrated a similar pattern of RMSF which remains minimal
mostly however the region 120–180 (correspond to 180–240 orig-
inally) which is the fingers region reported higher fluctuation. This
shows the opening and closing of the binding cavity covered by the
fingers’ domain movement. The RMSF of the control drug GRL0617
(control) and PLpro complex reported alike RMSF patterns as the
others. The current findings show that the binding of these top-
hit molecules stabilizes the internal flexibility and thus causes sta-
bilized binding.

3.10. Hydrogen bonding and fraction analysis

Hydrogen bonding estimation may accurately demonstrate the
pharmacological potential of a lead small molecule. It is considered
as a vital parameter to see how strongly the lead molecule binds to
a target receptor. Therefore, in the current study, we also calcu-
lated hydrogen bonds over time using the simulation trajectories.
As given in Fig. 9a-d, the average number of hydrogen bonds in
each complex lies between 120 and 140. In the DC 5977-the
0726-PLpro complex average number of hydrogen bonds was
128, in the DC 6623–2024-PLpro complex average number of
Fig. 8. Residue’s flexibility analysis (RMSF) of GRL0617 (control) and top hits in
complex with PLpro. Each complex is represented with a different colour aligned
with the RMSD and Rg.

Fig. 9. Hydrogen bonding half-life analysis of the GRL0617 (control) and top hits in co
and DC 5977–0726 in complex with PLpro. (b) Hydrogen bonding half-life analysis of the
half-life analysis of the GRL0617 (control) and DC C879-0379 in complex with PLpro. (d)
complex with PLpro.
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hydrogen bonds was 131, in the DC C879-0379-PLpro complex
average number of hydrogen bonds was 134 while in the DC
D135-0154-PLpro average number of hydrogen bonds were esti-
mated to be 138 respectively. This shows that all the complexes
have almost similar numbers of average hydrogen bonds which
consequently causes the inhibition of PLpro. In contrast, the aver-
age number of hydrogen bonds in the GRL0617-PLpro complex
remained 118 which is far less than the top-hit molecules bound
in the cavity. Next, we evaluated the percentage consistency of
each hydrogen bond in each complex using the simulation trajec-
tories. The results are given in Table 3 which shows that the key
residues such as Asp164, Arg166, Tyr264, and Tyr268 have major
contributions to the hydrogen bonding during the simulation. For
instance, these residues are previously reported to have an essen-
tial role in discovering anti-SARS-CoV-2 drugs targeting PLpro
(Mitra et al., 2022). When compared with the GRL0617-PLpro com-
plex the bonds such as Gly163, Gln269, and Thr301 were not
observed. However, the other bonds such as Arg164, Arg166,
Glu167, Tyr264, and Tyr268 determines a lower half-life than each
of the top hit complex. This shows that our compounds occupy the
binding cavity in larger volume by blocking more active residues
than the control drug and the consistency is also much higher than
the control. This further validates the pharmacological potential of
our top hits and could be tested for clinical usage.
3.11. Binding free energy calculation

The Gibbs binding free energy approach may be used to re-
evaluate the correct binding conformation and energy. This
method is the most commonly used and accurate for re-ranking
the most efficacious inhibitor against the corresponding receptor.
It has the benefit over other rationale approaches in terms of com-
puting cost. As a result, we approximated the binding free energy
using the MM/GBSA technique, taking accuracy and adaptability
into account. The vdW energy for the control (GRL0617)-PLpro
complex was calculated to be �34.41 kcal/mol, for DC5977-
0726-PLpro the vdW was calculated to be �39.36 kcal/mol,
�45.13 kcal/mol for DC6623-2024-Plpro, for DCC879-0379-Plpro
complex the vdW was �44.98 kcal/mol while the DCD135-0154-
PLpro complex demonstrated a vdW of �39.34 kcal/mol kcal/mol
respectively. Finally, the total binding free energy was reported
to be �34.41 kcal/mol for GRL0617 (control), �41.03 kcal/mol
for the DC5977-0726-PLpro, for the DC6623-2024-Plpro complex
the TBE was �48.87 kcal/mol, for the for DCC879-0379-Plpro com-
plex the TBE was �45.66 kcal/mol while for the DCD135-0154-
mplex with PLpro. (a) Hydrogen bonding half-life analysis of the GRL0617 (control)
GRL0617 (control) and DC 6623–2024 in complex with PLpro. (c) Hydrogen bonding
Hydrogen bonding half-life analysis of the GRL0617 (control) and DC D135-0154 in



Table 3
Hydrogen bonding residues half-life analysis during the simulation for each complex.

Residues GRL0617 (control) DC5977-0726 DC6623-2024 DCC879-0379 DCD135-0154

Gly163 – 32% 4% 8% 3%
Asp164 53% 67% 74% 76% 59%
Arg166 14% 44% 62% 47% 31%
Glu167 04% 22% 17% 14% 13%
Tyr264 11% 72% 68% 71% 76%
Tyr268 70% 67% 74% 79% 76%
Gln269 – 12% 24% 14% 13%
Thr301 – 2% 20% 5% 6%

Table 4
The binding free energy calculation results from molecular simulation using MM/GBSA analysis. All the results are calculated in kcal/mol.

Parameters GRL0617 (control) DC5977-0726 DC6623-2024 DCC879-0379 DCD135-0154

vdW �34.41 �39.36 �45.13 �44.98 �39.34
EEL �4.22 �3.13 �4.01 �6.38 �6.32
EGB 6.47 8.24 7.36 12.18 8.45
ESURF �4.25 �6.78 �7.09 �6.48 �5.88
Delta Total �36.41 �41.03 �48.87 �45.66 �43.09
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PLpro complex, the TBE was calculated to be �40.09 kcal/mol
respectively. It can be seen that the TBE of all the complexes is
higher and could inhibit the PLpro more strongly in in vivo and
in vitro conditions than the GRL0617 (control) and demands fur-
ther experimental tests for the possible usage as a potential drug
against SARS-CoV-2. The binding free energy results are shown in
Table 4.

4. Discussion

The growing concerns and cases of COVID-19 with the appear-
ance of novel variants i.e. BA.2.75. BA.5 and XBB have prompted
demand for more effective treatment options that could overcome
the risk of immune evasion. For this purpose, discovering novel
small molecules that could inhibit druggable proteins that are
essential for viral pathogenesis, replication, survival, and spread
is the best choice. Hence, PLpro is among the essential protein that
leads to reduced viral burden upon inhibition. Due to its capacity
to cleave ubiquitin and ubiquitin-like interferon-stimulated gene
(ISG) 15 posttranslational modifications, PLpro functions as an
effective regulator of host cell signaling cascades (Calleja et al.,
2022). PLpro, or papain-like protease, is an important drug target
in the context of viral infections, particularly coronaviruses. This
protease is responsible for cleaving viral polyproteins into func-
tional units, enabling the virus to replicate and spread. As such,
inhibiting PLpro can prevent viral replication and halt the spread
of infection. Virtual screening is an essential tool in the search
for PLpro inhibitors. With this method, researchers use computer
models to screen large databases of compounds for potential inhi-
bitors of PLpro. This allows them to rapidly identify compounds
that have the potential to bind to the target and block its activity,
without having to synthesize and test each compound individually.
One promising approach to virtual screening is the use of Dark
Chemical Matter (DCM) compounds. DCM compounds are a class
of molecules that are underrepresented in traditional drug discov-
ery databases but are believed to have great potential as drug can-
didates. By using virtual screening to identify DCM compounds
that are predicted to bind to PLpro, researchers can quickly identify
new drug leads that might otherwise have gone undiscovered.
Once potential PLpro inhibitors have been identified through vir-
tual screening, they must be tested experimentally to confirm their
activity and selectivity. This is typically done using assays that
10
measure the ability of a compound to inhibit the enzymatic activ-
ity of PLpro. Promising compounds can then be further optimized
through medicinal chemistry to improve their potency, pharma-
cokinetic properties, and safety.

Our results revealed that the top hits target the key essential
residues and these residues have been previously blocked by the
experimental ligand to dysfunction the role of PLpro in viral repli-
cation and immune evasion (Fu et al., 2021). We reported that
among the DCM database, four hits exhibit significant binding
and block the key active site and catalytic triad residues. For
instance, using structure-based methods, a study reported the
impact of blocking the key residues i.e. Asp164, Gln269, and
Tyr273, and its association with the loss of the function of PLpro
(Pang et al., 2021). Interestingly our shortlisted compounds also
blocked these residues and thus inform the pharmacological
potential of these hits from the DCM database. Nonetheless, our
compounds also block the interactions with the other key residues
along with the catalytic triad. From the simulation results, it was
observed that identified shortlisted molecules potentially bound
stably in the active pocket of PLpro and therefore need further val-
idations for clinical approval. Our results are more significant than
the other studies as they performed only 20 ns simulation while
we validated our results by doing 200 ns simulation each but also
demonstrated stable dynamics with no significant strutcural per-
turbations. Overall the current findings strongly align with the pre-
vious studies and also the stable binding of these molecules shows
potential pharmacological inhibition of PLpro thus making it the
first choice for further validation and clinical usage (Mitra et al.,
2022). For instance, similar findings of stable RMSD for novel hits
that potentially inhibit PLpro has been previously reported by var-
ious studies (Rao et al., 2021, Mitra et al., 2022). Not only the RMSD
but the hydrogen bonding results strongly align with the previ-
ously reported results. Interestingly, Zhang et., al, reported poten-
tial inhibitors i.e. A3175, A3659, and A3777 which also exhibit
similar scaffolds as our reported compounds, and the hydrogen
paradigm was also reported to be similar to our results. Moreover,
the findings also corroborate with their top hits, and mostly the
benzene ring, the NH group, OH group, and Oxygen atoms are
mostly involved in blocking the catalytic triad (Zhang et al.,
2022). The results given in Table 2 show that the key residues such
as Asp164, Arg166, Tyr264, and Tyr268 have a major contribution
to the hydrogen bonding during the simulation. For instance, these
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residues are previously reported to have an essential role in discov-
ering anti-SARS-CoV-2 drugs targeting PLpro (Mitra et al., 2022).
Finally, the re-evaluation of the docking predictions was confirmed
through the binding free energy calculation method. The Gibbs
binding free energy approach may be used to re-evaluate the cor-
rect binding conformation and energy. These results further con-
firmed the validity of our results and the shortlisted potential
hits as promising inhibitors for the inhibition of SARS-CoV-2 tar-
geting the PLpro.

5. Conclusions

In conclusion, the emergence of novel variants of COVID-19,
including BA.2.75, BA.5, and XBB, has heightened the need for
effective treatments capable of overcoming immune evasion. In
this study, the focus was on discovering small molecules that can
inhibit druggable proteins, particularly PLpro, which plays a crucial
role in viral pathogenesis, replication, survival, and spread. The uti-
lization of Dark Chemical Matter (DCM) in virtual molecular
screening and simulation approaches provided promising results
in identifying potential hits against both current and emerging
variants of SARS-CoV-2. Our results revealed DC 5977–0726, DC
6623–2024, DC C879-0379 and DC D135-0154 as the best hits.
Structural-dynamics properties and the hydrogen bonding half-
life revealed that Asp164, Arg166, Tyr264, and Tyr268 have major
contributions to the hydrogen bonding during the simulation.
Finally, the total binding free energy revealed the stronger potency
of these compounds against PLpro. Overall, the discovery of novel
small molecules with selective activity against crucial viral pro-
teins like PLpro presents an encouraging avenue for the develop-
ment of effective treatments against COVID-19, particularly
against emerging variants. The compounds’ potency, selectivity,
and pharmacological characteristics can be improved further using
medicinal chemistry approaches. Given that SARS-CoV-2 is still
evolving, the study may be expanded to see whether the com-
pounds work against other SARS-CoV-2 strains or variants. This
would provide insights into the broad-spectrum activity and
potential for long-term effectiveness of the identified compounds.
Further in in vivo and in vitro tests are required for the possible
usage as a potential drug against SARS-CoV-2.
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