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a b s t r a c t

The continuous and rapid development of the severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) virus remains a health concern especially with the emergence of numerous variants and muta-
tions worldwide. As with other RNA viruses, SARS-CoV-2 has a genetically high mutation rate. These
mutations have an impact on the virus characteristics, including transmissibility, antigenicity and devel-
opment of drug and vaccine resistance. This work was pursued to identify the differences that exist in the
papain-like protease (PLPro) from 58 Saudi isolates in comparison to the first reported sequence from
Wuhan, China and determine their implications on protein structure and the inhibitor binding. PLpro is
a key protease enzyme for the host cells invasion and viral proteolytic cleavage, hence, it emerges as a
valuable antiviral therapeutic target. Two mutations were identified including D108G and A249V and
shown to increase the molecular flexibility of PLPro protein and alter the protein stability, particularly
with D108G mutation. The effect of these mutations on the stability and dynamic behavior of PLPro struc-
tures as well as their effect on the binding of a known inhibitor; GRL0617 were further investigated by
molecular docking and dynamic simulation.
� 2021 The Author(s). 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 pandemic outbreak of the 21st century caused by the sev-
ere acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is still
going on for over a year, causing millions of deaths worldwide. The
viral transmission remains uncontrolled in many parts of the globe
leading to high mortality. In fact, the number of deaths has nearly
doubled in six months from approximately 1.8 to 4 million since
the beginning of 2021 (https://covid19.who.int). Although sub-
stantial research progress and countermeasures have been made
to manage the crisis, limiting the ongoing spread of the disease is
still a major bottleneck as multiple waves of the outbreak hit many
countries. Moreover, the emergence of thousands of mutations of
the virus that may cause alterations in the virus characteristics
has aroused significant concerns and their full impacts on virus
characteristics remain unknown (Chand et al., 2020; Gu et al.,
2020; Liu et al., 2021; Pachetti et al., 2020; Reshamwala et al.,
2021; Salpini et al., 2021).

Monitoring the biological and pathological properties of the
SARS-CoV-2 is crucial to better recognize the virus and offers
means for appropriate counter-responses to the pandemic. The
genomic sequences of SARS-CoV-2 were successfully obtained at
an early stage of the outbreak and deposited into the National Cen-
ter for Biotechnology Information (NCBI) GenBank sequence data-
base (isolate Wuhan-Hu-1, accession number NC_045512). The
SARS-CoV-2 belongs to the beta genera of coronaviruses consisting
of a positive-sense single-stranded RNA whose genome is about
29.8 Kb in length and possesses almost 14 open reading frames
(ORFs) encoding 4 structural and 16 nonstructural proteins
(nsp1–16) and at least six accessory proteins. The structural pro-
teins, including a spike protein (S), an envelope protein (E), a mem-
brane protein (M), and a nucleocapsid protein (N), are encoded by
the sub-genomic RNA (sgRNA) and play important roles in attach-
ment to host cell, replication, and assembly of the mature virus
(Wu, et al., 2020a; Wu, et al., 2020b). The nsps are generated
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through a proteolytic cleavage of two large polyproteins (pp1a and
pp1a/b) that are translated from the open reading frames (ORF) 1a/
ab of the RNA. Nsps mediate multiple crucial roles in the life cycle
of the virus such as replication cycle and host pathogenesis. Among
these 16 nsps, the papain-like protease (PLPro; known as nsp3) and
RNA dependent RNA polymerase (RdRp; known as nsp12) are con-
sidered as pivotal targets for antiviral drugs as they mediate vital
overlapping roles inside the host cell starting from the polyprotein
cleavage to viral replication and transcription (Henderson et al.,
2020). On the other hand, the accessory proteins are thought to
regulate interferon signaling pathways and the production of
pro-inflammatory cytokines but are not required for replication
(Liu et al., 2014).

SARS-CoV-2 adapts to a new host environment by genetic evo-
lution and natural selection as all RNA viruses. This subsequently
prompts the emergence of thousands of mutations throughout
the epidemic that might cause problems in the development of
successful vaccines, treatments, and accurate diagnostic assays.
Some of these mutations have relatively high incidences, such as
a non-synonymous mutation (D614G) in the virus’s S protein
(Korber et al, 2020; Zhang et al., 2020). In fact, the genome
sequencing of SARS-CoV-2 has revealed an evolution rate of about
1.12 � 10�3 nucleotide substitution per year per site (Duchene
et al., 2020; Koyama et al., 2020). The key question is whether
the SARS-CoV-2 evolution may affect viral traits such as transmis-
sibility and pathogenicity. Yet, because of the constant mutation,
determining these characteristics with precision is fraught with
many difficulties. Furthermore, according to a study, some SARS-
CoV-2 subtypes have become more contagious and significantly
more infectious strains may emerge (Chen et al., 2020). Thus, rig-
orous monitoring and tracking of SARS-CoV-2 mutations are neces-
sary to fight the virus.

The papain-like protease (PLPro) is a key enzyme contained in
the viral nonstructural protein 3 (nsp3). This protease is of vital
importance for the viral replication through the ORF1ab polypro-
tein cleavage into functional components (nsp1-nsp3). It also pro-
vides the virus with an evasion mechanism against host immune
response through the deubiquitination and deISGylation, removal
of interferon-stimulating gene-15 protein (ISG15) from host pro-
teins, disrupting the innate antiviral response of the host. Essential
activities like deISGylation and deubiquitination of PLPro are also
important for viral replication. (Freitas et al., 2020; Lindner et al.,
2005; Shin et al., 2020). PLPro blocks downstream Interferon induc-
tion by reducing Interferon regulatory factor IRF3 phosphorylation
and thereby suppressing type I interferon (IFN) (Matthews et al.,
2014). Thus, PLPro serves as a target for anti-viral development.

Several mutations have been discovered in SARS CoV 1 and 2
PLPro. These mutations appear to often alter the enzyme specificity,
activity and antiviral activity. Previously, R167E mutation in SARS
CoV-1 PLPro significantly increases deubiquitinase activity and was
nearly 20 times less efficient in hydrolyzing ISG15. Furthermore,
Q233E PLPro favors a more robust deISGylase activity
(Daczkowski et al., 2017). In SARS-CoV-2 PLPro, non-synonymous
mutations (A889V and V843F) were recently found to alter the
protein’s flexibility and reduce the affinity for ISG-15 (Hossain
et al., 2021). Additionally, mutations, such as Y269T and Y268G,
in SARS-CoV-2 PLPro strongly reduced the inhibitory effect of the
putative antiviral agent, GRL0617 (Shin et al., 2020). Mutations in
other SARS-CoV-2 proteins such as the spike protein could also
have substantial effects on the biochemical interactions (Amin
et al., 2020). This shows that mutations must be closely monitored
to ensure a better understanding of the virus behavior.

Here, we determined and characterized novel mutations in the
PLPro protein sequences isolated in Saudi Arabia in comparison to
the ‘Wuhan wet seafood market’ SARS-CoV-2 PLPro (Wu, F. et al.,
2020). The effect of these mutations on the secondary structure
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as well as on the molecular flexibility and dynamic properties of
the 3D structure of PLPro were investigated. The observed effects
on the structures of protein were further assisted using all atom
molecular dynamics simulation. Since protein mutations often
alter protein–ligand binding affinity that could lead to a drug resis-
tance, we monitor the effect of these mutations on PLPro on the
binding and interaction of known non-covalent inhibitor
(GRL0617) using docking and molecular dynamics (MD) studies.
Overall, our results provide a piece of preliminary evidence that
mutations in the PLPro alter the protein’s properties and highlight
the need for further functional studies targeting this virus.
2. Materials and methods

We aim to identify and study the mutation of SARS-CoV-2 PLPro

protein emerging in Saudi Arabia. Our method relies on detecting
amino acid mutations in the protein sequence using a multiple
sequence alignment platform. Then, to determine the exact impli-
cations of these mutations on the protein’s secondary, tertiary
structure, stability and flexibility, we implemented a secondary
structure and free energy (DDG) and vibrational entropy (DDSvib)
prediction tools for each mutated protein in comparison to the
wild type PLPro. Next, molecular dynamic simulation for the wild-
type (WT) sequence and the two identified mutations was con-
ducted in two separate systems, unligated PLPro protein system
and inhibitor-bound PLPro protein system as describes in full
details below.
2.1. Sequence’s retrieval

The sequences of the largest SARS-CoV-2 gene; ORF1ab (length:

7096) were download from the NCBI virus database (https://www.

ncbi.nlm.nih.gov/labs/virus/vssi/#/). As of 21 May 2021, there were
58 SARS-CoV-2 sequences of ORF1ab polyprotein isolated in Saudi
Arabia were available at the NCBI. These sequences were down-
loaded and their accession numbers for protein identification are
included in supplementary Table S1 and used for analyzing the
PLPro protein sequences (1564–1878) in this study. The PLPro pro-
tein sequence of the first sequenced virus from the ‘‘Wuhan wet
seafood market” region (accession number: YP_009724389) was
utilized as a reference for the WT sequence (Wu F. et al., 2020).
2.2. Multiple sequence alignment

All sequences were aligned using a multiple sequence align-
ment platform of Clustal Omega online tool (Madeira et al.,
2019). The SARS-CoV-2 PLPro sequences reported from Saudi Arabia
were aligned and compared with the first PLPro protein sequence
reported in Wuhan, China, to detect mutations present in the pro-
tein structure (Wu F. et al., 2020).
2.3. Secondary structure predictions

The prediction of the secondary structures of mutated PLPro pro-
teins was performed using the Chou-Fasman secondary structure
prediction (CFSSP) online server (Kumar, 2013). This tool applies
Chou-Fasman algorithm using the primary amino acid sequences
as an input. The secondary structure aspects (e.g., a helix, b sheet,
and turns) are predicted based on the analyses of the amino acid
relative frequency in secondary structures of proteins that have
been solved by X-ray crystallography.

https://www.ncbi.nlm.nih.gov/labs/virus/vssi/%23/
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2.4. Protein structure stability and flexibility

The impact of identified mutations on the molecular stability
and flexibility of PLPro protein structures was measure using the

DynaMut web server (http://biosig.unimelb.edu.au/dynamut/)
(Rodrigues et al., 2018). In brief, this server is used to analyze
and visualize the protein conformational dynamics by sampling
the protein’s conformations using Normal Mode Analysis (NMA).
It manifests the effect of mutations on dynamics and stability of
proteins as a result of vibrational entropy changes (i.e., free energy
(DDG) and vibrational entropy (DDSvib) ENCoM between the WT
and the mutants are calculated). For 3D DynaMut protein model-
ing, the RCSB protein ID: 6W9C of WT PLPro was used (Osipiuk
et al., 2020). DynaMut server also provides the three-dimensional
visual representation of fluctuation in protein structure.
2.5. Molecular docking with Autodock Vina

The molecular docking was performed using Autodock Vina
software (Trott and Olson, 2010). The X-ray structure of SARS-
CoV-2 PLPro WT (RCSB ID: 6W9C), as well as the modeled 3D struc-
tures with indicated mutations by the 3D DynaMut protein model-
ing tool, were utilized in this study. The protein structure was
cleaned by removing co-crystallized water molecules and saved
in PDB format using BIOVIA Discovery Studio Visualizer 2019.
The three-dimensional structure of GRL0617 was retrieved from
PubChem (PubChem CID: 24941262) in PDB format. Before dock-
ing, the polar hydrogen atoms of protein and ligand were added
by Autodock Tools (Huey et al., 2012) and structures were then
saved in PDBQT format. The auto-grid tool was used for the deter-
mination of the docking grid map with 1.00 Å spacing and box
dimensions of 20 X � 20 Y � 20 Z Å and centers of 43.186 X � -
8.55 Y � 7.144 Z Å. The interactions between the SARS-CoV-2 PLPro

and the inhibitor GRL0617 were visualized and analyzed by PyMOL
(DeLano, 2002) and UCSF Chimera 1.14 (Pettersen et al., 2004).
Fig. 1. Prediction of the secondary structure of PLPro protein. The differences in the
PLPro secondary structure between the WT and Saudi isolates are indicated in the
box of each panel.
2.6. Molecular dynamic (MD) simulation

The GROMACS 2018.1 package (Van Der Spoel et al., 2005) was
used to conduct the MD simulation in this study using the all-atom
optimized potentials for liquid simulations (OPLS-AA) force field
and TIP3P water model as described previously (Alamri et al.,
2020). Briefly, the high-resolution structure of apo SARS-CoV-2
PLPro (RCSB ID: 6W9C) as well as with mutations were used as ini-
tial structures for MD summation. The PDB files of proteins were
further optimized by the DockPerp tool in UCSF Chimera
(Pettersen et al., 2004). The systems were solvated and neutralized
with 150 mM of Na+/Cl- as counter ions in a cubic box with at least
1 nm spacing from the system. The systems were subjected then to
global energy minimization using the ‘‘steepest descent algo-
rithm”. The system was then equilibrated for 100 ps using ‘‘canon-
ical ensembles NVT” followed by NPT (isothermal–isobaric
ensemble). For the docking study, the top-predicted docked-pose
of GRL0617 against each protein with the lowest binding score
was used as an initial structure for the MD simulation. The ligand
was parametrized using SwissParamwebserver (Zoete et al., 2011).
Finally, a 20 ns production run was performed for each system.
Various MD parameters were analyzed such as root-mean-square
deviations (RMSD), root-mean-square fluctuations (RMSF), number
of hydrogen-bond (HB), and radius of gyration (Rg) and Solvent
Accessible Surface Area (SASA) using GROMACS 2018.1 toolkits
(Van Der Spoel et al., 2005).
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3. Results

3.1. Identification of mutations in SARS-CoV-2 PLPro proteins in Saudi
isolates

We retrieved all PLPro protein sequences submitted in the NCBI
viral database from Saudi isolates up until May 21, 2021. Supple-
mentary Table S1 lists the accession numbers for the PLPro protein
utilized in this investigation. The Clustal Omega program was used
to align various sequences, and the Wuhan virus PLPro protein
sequences were utilized as a reference (accession number:
YP_009724389). Out of the 58 isolates, two mutations were found.
One sequence was found to harbor a mutation Asp108 ? Gly of
PLPro (D108G), while the other mutation was found at position
249 Ala249 ? Val (A249V).
3.2. Mutations cause alteration in the secondary structure of proteins

To evaluate the influence of these mutations on the secondary
structure of PLPro, we carried out a secondary structure prediction
using the CFSSP server. The secondary structure of mutant residues
was then analyzed and compared to the WT sequence.

D108G mutation shows that the substitution of aspartate (D), a
bulky amino acid to glycine (G), the simplest amino acid, at posi-
tion 108 resulted in a distortion of a helical structure at position
107 of the PLPro (Fig. 1). Secondary structure prediction of both
mutants showed changes in or nearby the site of mutation.
A249V mutation, where alanine (A) is replaced with valine (V) resi-
due at the position 249 distorts a helix backbone, hence, beta-sheet
is formed at the same position as compared to the Wuhan type
sequence (Fig. 1). Valine is a bulkier beta-branched amino acid
making a-helical conformations difficult to achieve (Cornish
et al., 1994). These findings imply that the mutations discovered
in PLPro may result in alteration of the secondary structure. How-
ever, further investigation is needed to determine the significance
of the observed mutations’ effect on the secondary structure,
hence, the protease function of PLPro.
3.3. Protein structure stability and flexibility

Proteins are extremely dynamic molecules with molecular
motions that are inextricably linked to their activity. Afterward,
the free energy differences (DDG) between Wuhan PLPro and
mutants were calculated to probe the observed changes in sec-
ondary structure to the stability and tertiary structure dynamics
of the PLPro, the differences in free energy (DDG) between Wuhan

http://biosig.unimelb.edu.au/dynamut/


Table 1
The values of change in DDG DynaMut (kcal mol�1) and DDS ENCoM (kcal mol�1 K�1) due to the mutations in PLPro.

S. No Wuhan Isolate Saudi Isolate AA Position DDG DynaMut Effect DDSVib ENCoM Effect

1 D G 108 �0.418 Destabilizing 0.495 Increase of molecule flexibility
2 A V 249 0.594 Stabilizing 0.053 Increase of molecule flexibility
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WT PLPro and mutants were calculated. Analyzing and visualizing
protein dynamics were accomplished using the DynaMut program,
a web server (Rodrigues et al., 2018). The effect of mutations on the
protein dynamicity and stability was established in terms of the
changes in the vibrational entropy. The server produces the antic-
ipated change in the stability (kcal mol�1) as well as the change in
entropy energy between the WT and the mutant structures (kcal
mol�1 K�1). The DDG � 0 indicates a stabilizing effect, while
mutants that exhibit DDG < 0 cause a destabilization of the pro-
tein. The variations in vibrational entropy energy (DDSVibENCoM)
between the WT and the mutants were also assessed by DynaMut
using the ENCoM tool (Frappier et al., 2014). TheDDSVibENCoM� 0
of the PLPro indicates an increase in flexibility, while DDSVib-
ENCoM < 0 corresponds to rigidification in the protein structure.
These free energies for the WT and the mutants are tabulated in
Table 1.

PLPro stability analysis showed that the D108G substitution
resulted in a slightly more dynamic structure with DDG of �0.41
8 kcal mol�1 (a destabilizing mutation). On the other hand, the
change in the structural stability of PLPro induced by the A249V
mutation indicates that the alanine to valine substitution leads to
stabilization of protein structure, DDG of 0.594 kcal mol�1.

The vibrational entropy energy between the WT and the
mutants (D108G and A249V) yielded DDSVib ENCoM values of
0.495 and 0.053 kcal mol�1 K�1 respectively, which suggests an
increase in overall molecular flexibility in the mutated PLPro pro-
tein (Table 1). However, A249V increased rigidity, while D108G
confers structural flexibility at the site of the mutations in the PLPro

structure (Fig. 2).
3.4. Effect of mutations on the PLPro intramolecular interactions

The mutations with a single amino acid substitution may alter
the complex network of protein intramolecular interactions, affect-
ing protein folding, stability, dynamics, and thus protein function.
Therefore, to assess the alterations on intramolecular interactions
triggered by mutant residues in the PLPro protein, we visualize all
Fig. 2. Changes in Vibrational Entropy Energy between the wild-type and the
mutants PLPro. Ribbon representation showing the change in D Vibrational Entropy
Energy between the wild-type and the mutants PLPro due to (A) D108G and (B)
A249V mutation. Surface representation showing the change in D Vibrational
Entropy Energy between the wild-type and the mutant PLPro due to (C) D108G and
(D) A249V mutation. The residues are colored blue and red, indicating an increased
rigidification and flexibility, respectively.
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covalent and non-covalent interactions of the WT and the mutants
in their respective 3D using DynaMut webserver. The substitution
of the native D residue with mutant shorter G residue changes the
chain length, causing a loss of various intramolecular interactions,
which involves hydrogen bonds and hydrophobic interactions. It
also disrupts the interactions between residues that present in
the proximity to the mutation site, such as W93, V159 and G160
interaction (Fig. 3A&B). Thus, a change from bulkier D to G residue
is likely inducing some changes in the protein folding capability
(destabilizing). The exchange of the hydrophobic residue alanine
with hydrophobic valine residue (A249V) also results in changes
in intramolecular interactions. The valine side chain is bulkier than
alanine, hence, an additional salt-bridge with P247 is introduced as
a result of a shorter special distance, leading to a stabilization
effect (Fig. 3C&D).

Therefore, it can be concluded that these mutations cause alter-
ations in the stability of PLPro and impact several intramolecular
interactions in the protein mutation site.
3.5. Effect of mutations on PLPro structural conformation and dynamic
stability

The MD simulation approach was used to further analyze the
structural stability and dynamic characteristics of the WT PLPro

and the two mutations identified here at atomic resolution to gain
a better appreciation of protein dynamics. We used the GROMACS
program to run 20 ns MD simulations to estimate the root-mean-
square deviation (RMSD), root-mean-square fluctuation (RMSF),
the radius of gyration (Rg) and the solvent-accessible surface area
(SASA). These parameters were employed to deduce the dynamic
behavior of PLPro in each simulated system.

The variations observed during the simulation can be used to
assess the protein’s stability in relation to its conformation. The
fewer the variations exist, the more stable the protein structure
is. The MD analysis for the WT, D108G, and A249V showing the
RMSD values of the PLPro backbone for the simulated structures
is presented in Fig. 4A. The RMSD of the WT shows a deviation
Fig. 3. Effect of mutation on interactions between atoms within PLPro at the
mutation site (A and B) show the contribution of the interatomic interaction of the
wild-type and D108G of PLPro. (C and D) show the contribution of the interatomic
interaction of wild-type and A249V of PLPro. The wild-type and mutant amino acids
are colored cyan and the surrounding amino acids, are shown as sticks.



Fig. 4. MD simulations of the wild-type PLPro, D108G, and A249V. (A) (RMSD) the
root-mean-square-deviation of the Ca atoms backbone of the native and mutants.
(B) |(RMSF) the root-mean-square fluctuation. (C) (Rg) a plot of the radius of
gyration. (D) (SASA) solvent Accessible Surface Area.
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for the PLPro backbone from 0.15 to 0.30 nm in the initial 15 ns of
the simulation then decreased to 0.15 at the end of the simulation
with an average RMSD of 0.16 nm. This deviation might be attrib-
uted to the conformational flexibility nature of the protein. PLPro,
being a cysteine protease, is rich in cysteine and histidine residues
that, in addition to their catalytic contribution, mediate conforma-
tional plasticity due to their capability to induce protonation and
deprotonation states of the protein (Henderson et al., 2020). For
both mutants, the RMSD value in the first 10 ns fluctuated
between � 0.15 and 0.25 nm. Thereafter, the value remained
almost the same within the next 10 ns with some fluctuations.
The RMSD for D108G and A249Vmutants were slightly higher than
WT with average values of 0.17 ± 0.04, 0.18 ± 0.02, 0.19 ± 0.02 nm
for WT, D108G and A249V, respectively (Table 2). These results
point to the stability of these simulated systems.

The residues’ RMSF was computed to pinpoint the residues’
effect on the dynamic behavior of the mutant and WT protein.
The flexibility of each residue is assessed by its root mean square
fluctuation (RMSF). It was noticeable from the RMSF analysis that
simulated structures display higher conformational fluctuations
in certain PLPro domains (Fig. 4B). The PLPro has four main domains,
the N-terminal ubiquitin-binding (UBL) domain (the first 62 aa),
the a-helical thumb domain (residues 63–182), the b-stranded fin-
ger domain (zinc-binding site; residues 183–240) is important for
the structural stability and the enzymatic activity, and the palm
domain (residues 241–314), which coins the catalytic active site
triad (Cys111, His272, and Asp286) and the essential blocking loop
2 (BL2; Gly266–Gly271) near the active site. BL2 is flexible and cru-
cial in PLPro binding to host and viral protein substrate as it results
in an open (unliganded), or closed conformation upon a substrate
or an inhibitor binding to the active site (Osipiuk et al., 2021).
The mean RMSF values calculated from 0 to 20 ns for the WT,
D108G, and A249Vsystems are 0.10 ± 0.05, 0.10 ± 0.05, and 0.09 ±
0.04 nm, respectively (Table 2). Although the overall trend of the
flexibility did not change significantly in all systems, both muta-
tions mainly lead to a higher fluctuation peak of PLPro in residues
Table 2
Effect of mutations on PLPro stability predicted by the molecular dynamic simulations.

System RMSD (nm) RMSF (nm

WT 0.17 ± 0.04 0.10 ± 0.05
D108G 0.18 ± 0.02 0.10 ± 0.05
A249V 0.19 ± 0.02 0.09 ± 0.04
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between � 260–275, indicating more flexible residues (Fig. 4B).
The higher fluctuation seen in this region indicates a more dynamic
conformation that could result in a more flexible loop region mak-
ing the active site more accessible. Moreover, this region encom-
passes key residues, such as Tyr269 and Gln270, for small
molecule binding (Ghosh et al., 2010; Ratia et al., 2008) and the
potential alteration induced by mutation may influence the ligand
binding.

The compactness of PLPro WT and the discovered mutants was
evaluated by assessing and comparing their radius of gyration
(Rg). A compact packing of amino acid residues is known for the
protein’s stability and folding (Lobanov et al., 2008). The variation
in Rg values among the WT and the mutants is depicted in Fig. 4C.
The average Rg values of WT, D108G, and A249V mutations were
found to be 2.32 ± 0.02, 2.35 ± 0.02, and 2.31 ± 0.01 nm, respec-
tively (Table 2). Consistent with the above free energy (DDG) cal-
culation, D108G displayed a greater Rg, indicating lower
compactness of protein, while A249V did not show a significant
change in protein compactness. The compactness, stability, and
ability of proteins to interact with other molecules as well as the
extent of hydrophobicity inside the folded protein can also be
assessed with SASA analysis. The tight folding process usually
translates to a significant decrease in SASA value, which indicates
the smaller accessibility of a protein to the solvent. The protein’s
accessibility to the solvent in the WT and mutant systems is shown
in Fig. 4D. The average molecular SASA for the WT PLPro was
165 nm2. While the D108G mutant exhibits a higher SASA of
167 nm2, A249V demonstrated a lower SASA value of 162 nm2

compared to the WT protein (Table 2). This indicates that D108G
is less compact and more flexible, whereas A249V maintains a
proper folding. It is possible that the transition from D to G in
D108, which is housed in a solvent-exposed cleft close to the PLPro

catalytic triad (Cys111, His272, and Asp286), may reduce steric
hindrance, thus, a higher SASA is observed. Notably, the amino acid
mutated from A to V increases the volume of the amino acid at this
position in A249V. Yet, due to the larger side chain of V, the steric
effect would be attributed to the less SASA. An alternative explana-
tion is that the higher hydrophobicity of V249, which is situated
near to a small druggable hydrophobic cavity containing P247
and P248 and Tyr264, increases hydrophobic interaction with
these residues, hence, restricting the interaction with the external
solvent and decreasing the SASA (Báez-Santos et al., 2014; Bosken
et. al., 2020; Shen et. al., 2021). These data suggest that the identi-
fied mutations can influence PLPro spatial packing and dynamicity.
3.6. MD simulation on ligand binding at 20 ns.

To assess mutation-induced effects of ligand binding, we carried
out an MD simulation on the inhibitor binding to the WT and
mutant PLPro. One of the most promising inhibitors is GRL0617
(N-[1-(naphthalen-1-yl)ethyl]benzamide), a non-covalent inhibi-
tor of SARS-CoV-1 and SARS-CoV-2 PLPro with an IC50 value of 0.6
and 2.3 uM, respectively (Ratia et al., 2008; Osipiuk et al., 2021;
Fu at al., 2020).

The GRL0617 binding site is in the palm domain of PLPro, occu-
pying part of the catalytic active site but does not interact with the
catalytic triad (Fig. 5). GRL0617 binds in the substrate cleft formed
) Rg (nm) SASA (nm2)

2.32 ± 0.02 165.53 ± 1.21
2.35 ± 0.02 167.00 ± 1.27
2.31 ± 0.01 162.92 ± 1.18



Fig. 5. 3D structure of SARS-CoV-2 PLPro WT in complex with GRL0617 (blue)
showing the secondary structure, domains and subdomains.

Table 3
Effect of PLPro mutations on the binding stability of ligand- PLPro predicted by the
molecular dynamic simulations.

System RMSD (nm) RMSF (nm) Rg (nm) HB

WT 0.42 ± 0.05 0.14 ± 0.06 1.66 ± 0.02 2
D108G 0.37 ± 0.04 0.13 ± 0.06 1.62 ± 0.01 3
A249V 0.28 ± 0.06 0.16 ± 0.06 1.69 ± 0.02 3
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between the BL2 loop and the loop connecting a3 and a4 (a3-to-
a4 loop) of PLPro. Two important hydrogen bonds with D164 and
Q269 are essential to PLPro–GRL0617 interaction ( Freitas et. al.,
2020; Fu et al., 2020; Osipiuk et al., 2021; Ratia et al., 2008).

The stability of the protein–ligand complex was estimated by
calculating the RMSD of backbone a carbon atoms of the WT and
mutant PLPro upon GRL0617 binding. The RMSD of PLPro in complex
with GRL0617 gradually increased from � 0.15–0.3 nm from 2 ns
to 5 ns. Afterward, the RMSD remained constant for the rest of
the 20 ns MD run (Fig. 6A). The RMSD values for both D108G PLPro-
GRL0617 and A249V PLPro-GRL0617 complexes exhibited roughly
steady values (average � 0.2 nm) through the 20 ns run with some
negligible fluctuations. Therefore, it can be concluded that all sys-
tems remained in a stable equilibrium conformation. In essence,
the inhibitor bound systems did not introduce any large conforma-
tional change as they remained stable through the time course of
the simulation. Next, we examined the flexibility of different
regions of PLPro WT and mutants in complex with GRL0617 by cal-
culating the RMSF of alpha carbon atoms for all systems (Fig. 6B).
The RMSF profiles of all PLPro-GRL0617 systems exhibited slightly
Fig. 6. MD simulations of GRL0617 in complex with the wild-type PLPro, D108G, and A2
mutants. (B) The root-mean-square-fluctuation plot. (C) A plot of the radius of gyration
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higher conformational fluctuations in comparison to their
inhibitor-free counterparts (Table 2&Table 3). The BL2 loop region
(residues 266–271) shows significantly higher RMSF upon inhibi-
tor binding to WT (+0.23 nm) and D108G (+0.18 nm). This suggests
a higher fluctuation of this loop. A249V exhibited a similar RMSF
value for this loop of � 0.3 nm in free and complex systems. Sim-
ilarly, the Rg values of complexes were consistent with that of PLPro

in apo-form (no ligand-bound) (Fig. 6C). The D108G PLPro-GRL0617
complex was less stable than WT PLPro-GRL0617 and A249V PLPro-
GRL0617 with average Rg values of 1.66 ± 0.02, 1.69 ± 0.02 and 1.
62 ± 0.01 nm for WT, A249V and D108G, respectively. Additionally,
the formation of hydrogen bonds between GRL0617 and PLPro was
assessed over the simulation time (Fig. 6D). The hydrogen bond is
an essential factor for stabilizing the ligand at the active site of the
target protein. The GRL0617 interacts by up to 2 hydrogen bonds
with WT and by up to 3 hydrogen bonds with A249V and D108G
mutants (Table 3). However, hydrogen bonds between GRL0617
and with A249V and D108G mutants were not stable and reduced
to 2 bonds during the last 15 ns (Fig. 6D). These results indicating
that the binding of GRL0617 might be altered by D108G more than
A249V mutation.

4. Discussion

Tracing the mutations occurring in SARS-CoV-2 vital compo-
nent is necessary to understand the possible activity changes and
lay the foundation for the development of potential inhibitors.
Our screening has led us to identify mutational changes in a critical
49V. (A) The root-mean-square-deviation of the Ca atoms backbone of native and
. (D) The number of hydrogen bonds (HB) formed over the simulation time.
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enzyme, PLPro, for SARS-CoV-2 with numerous roles in the viral
pathogenesis host immune suppression (Freitas et al., 2020; Shin
et al., 2020). Only properly folded proteins can supply a protein’s
functional characteristics. Protein scaffolds consist of secondary
structural details, including a -helices, b strands, and turns. Minor
changes in the size or characteristics of an amino acid side chain
can modify or prohibit a protein’s function and affect the ability
to interact with other proteins (Studer et al., 2013; Zhou et al.,
2020). Because the mutated amino acids found in this study differ
in nature, such substitutions can induce a local conformation
change in the PLPro, which can lead to changes in the protein–pro-
tein interactions, ligand interactions or even functional alterations
(Studer et al., 2013). The observed secondary and 3D structural
changes induced by D108G and A249V mutations may have signif-
icant implications on the protease activity, which requires further
investigations.

Interestingly, the two mutation sequences display higher flexi-
bility than the WT PLPro. This is of substantial importance because
earlier reports show that spike protein substitution to glycine in
D614G mutation increases the flexibility due to the shorter side
chain allowing a more efficient cleavage of S protein subunits,
which might explain the improved ACE binding affinity (Ozono
et al., 2021). Furthermore, D614G, due to the higher flexibility,
gains an increase in its thermostability as compared to the WT
virus (Plante et al., 2021).

It is important to note that the activity of PLPro, is dependent on
the availability of optimal substrate binding sites. Thus, the alter-
ations observed in the intramolecular interactions in the mutation
site, particularly with the D108G, are likely to play an important
role in modifying the substrate binding or the protease enzyme
preference for deubiquitination and deISGylation activity. A previ-
ous study has shown that D109 (in SARS-CoV-1; corresponding to
D108 in SARS-CoV-2) makes an H-bond with W94 (W93 in SARS-
CoV-2) to prevent the collapse of the blocking loop (BL1) into the
active site (Ratia et. Al., 2006). The hydrogen bond between D108
and W93 (2.8 Å) also strengthens the conformation of the oxygen
anion hole, which is critical for the stabilization of the tetrahedral
cleavage intermediate. Detailed studies would be needed to
address the substrate binding to these mutations.
5. Conclusion

The high mutation rate of the SARS-CoV-2 virus may hinder the
progress for effective drugs and vaccines. Therefore, studying the
impact of emerging mutations on the key viral proteins’ structure
and function is needed. In this study, two mutations within
SARS-CoV-2 PLPro were identified including D108G and A249V by
analyzing 58 Saudi isolates in comparison to the first sequence
reported in Wuhan, China. These mutations showed to alter the
protein’s structural stability and increase its molecular flexibility
by disrupting the local interaction networks. In addition, the bind-
ing of known inhibitor; GRL0617 to SARS-CoV-2 PLPro might be
affected by these mutations to some extent due to the large flexi-
bility around the active site, particularly with the D108G mutation.
Overall, the results in this work suggest that these two mutations
may have an observable impact on the protein structure and func-
tion and more importantly on the ligand-binding affinity. This
would provide knowledge of future functional studies and more
understanding for the development of antiviral therapeutics.
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