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Abstract
Aim: The Middle East Respiratory Syndrome coronavirus (MERS-CoV) and COVID-19 cause severe acute,
deadly, pneumonia. Papain-like protease (PLpro), is HCoV cysteine protease encoded within the Non-
Structural protein 3.

Materials and Methods: Molecular docking is performed to test the binding performance of six protease
inhibitors against MERS CoV and SARS-CoV-2 PLpro.

Results: The compound, GRL-0667, shows the highest binding a�nity to MERS CoV PLpro, while
Grazoprevir shows the highest binding a�nity against HCV NS3. Moreover, the interaction pattern in the
case of HCV NS3 is the same as in the case of coronaviruses.

Conclusion: The present study shows the ability of some anti-SARS CoV and anti-HCV NS3 drugs to
inhibit MERS CoV PLpro, interestingly, including the newly emerged SARS-COV-2 PLpro.

Introduction
Coronaviruses (CoVs) are non-segmented, enveloped, positive-sense RNA viruses [1]. CoVs are the largest
group of viruses from the Nidovirales order, which includes Coronaviridae, Arteriviridae, Mesoniviridae,
and Roniviridae families [1, 2]. The viral particles are spherical, with diameters of approximately 125 nm.
Coronavirus particles contain four main structural proteins which are the spike (S), membrane (M),
envelope (E), and nucleocapsid (N) proteins, all of which are encoded within the 3′ end of the viral
genome (30kb) [3]. Inside the host cell, different CoV non-structural proteins (NSPs) are translated after
RNA processing by viral and host-cell proteases. NSPs drive viral genome replication and subgenomic
RNA synthesis [4–6].

Human Coronaviruses (HCoV) is a zoonotic disease that transmits from animals to humans [7–9]. There
are seven strains of HCoV: 229E, NL63, OC43, HKU1, Severe Acute Respiratory Syndrome (SARS), Middle-
East Respiratory Syndrome (MERS), and the newly emerged SARS-COV–2 [4, 7, 10–15]. The seven HCoV
strains are classi�ed into alpha (229E and NL63) and beta coronaviruses (OC43, HKU1, SARS, MERS, and
SARS-COV–2) [16, 17].

HCoV encodes either two or three proteases that cleave the viral polyprotein; cysteine protease, a serine
protease, and the main protease (Mpro) which are encoded by NSPs. Most coronaviruses encode two
Papain-like proteases (PLpro) proteins within NSP3, except the γ-coronaviruses [16, 18]. On the other hand,
SARS-CoV and MERS-CoV only express one PLpro. The MERS-CoV encodes many types of proteins such
as the Mpro, which includes the chymotrypsin-like protease (3CL protease), and the PLpro [18]. The �rst
three positions between non-structural proteins are cleaved by PLpro, while the other eleven positions are
cleaved by 3CLpro [18].
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PLpro is a multifunctional cysteine protease that processes the viral polyprotein and hosts cell proteins by
hydrolyzing the peptide and isopeptide bonds in viral and cellular substrates leading to viral replication
[18]. This is required for the cleavage of the polyprotein into its 16 viral proteins that involved in the
formation of a membrane-associated cytoplasmic enzyme complex (the replicase complex), which is
responsible for directing the replication and transcription of the viral genome [4, 18]. PLpro is recognized
to be involved in deubiquitination, de-ISGylation, and viral evasion of the innate immune response [18].
Despite the presence of several solved structures for SARS and MERS PLpro, no solved structure is
available (at the time of writing this manuscript) for the SARS-COV–2 PLpro.

Most of the drugs that inhibit SARS and MERS-CoV targets are encoded in the 50-terminal two-thirds of
the genome, within the two open reading frames (ORF1a and ORF1ab) that encode for the NSPs.
Telaprevir and Boceprevir have approved inhibitors against Hepatitis C Virus (HCV) in the year 2011 by
the US Food and Drugs Administration (FDA), while Grazoprevir was approved by FDA in 2016, against
HCV as well [19–22]. Grazoprevir is a direct-acting antiviral drug used as part of combination therapy to
HCV. It is an inhibitor of NS3/4A, a serine protease, encoded by HCV genotypes 1 and 4 [19]. Additionally,
Telaprevir and Boceprevir belong to the class of organic compounds known as hybrid peptides. [19, 23–
25]. On the other hand, mycophenolic acid is an antibiotic compound derived from Penicillium
stoloniferum. It blocks the de novo biosynthesis of purine nucleotides as it inhibits the enzyme inosine
monophosphate dehydrogenase [26]. Mycophenolic acid, in addition to the two dioxolane derivatives
(GRL–0667 and GRL–0617), inhibits the SARS PLpro [27].

Materials And Methods
MERS CoV PLpro sequences (FASTA) and coordinates (PDB) are downloaded from the Protein Data Bank
database [28]. The PDB IDs of the downloaded MERS CoV PLpro are (4RNA, 5KO3, 4RF1, 5V69, 4PT5,
4REZ, 4RF0, 4R3D, 6BI8 and 4WUR). The resolution of the structures ranges from 1.79Å to 3.16Å, and the
structures are solved during the last �ve years. Multiple Sequence Alignment (MSA) is carried out for the
downloaded sequences using the T-Coffee web server [29]. The MSA is represented by the ESpript 3.0
web server, which provides enhanced graphical information for the aligned sequences [30]. By the aid of
PyMOL software [31], PLpro structures are prepared for the docking step. This includes removing water
molecules, ions, and ligands. Additionally, polar Hydrogens are added, and the processed structures are
saved in the PDB format for the docking study. Zn+2 ions are retained in the structures due to its crucial
role in protein function [32–34].

AutoDock vina [35] is used in this study to perform molecular docking of N-(1,3-benzodioxol–5-
ylmethyl)–1-[(1R)–1-naphthalen–1-ylethyl]piperidine–4-carboxamide (GRL–0667), 5-amino–2-methyl-N-
[(1R)–1-naphthalen–1-ylethyl]benzamide (GRL–0617), Telaprevir, Mycophenolic acid, and Boceprevir to
MERS PLpro active site (C111, H278, and D293). The 3D structures of the inhibitors are retrieved from the
Protein Data Bank with the following PDB IDs: 3MJ5 (GRL–0667 complexed with SARS NS3 protease),
3E9S (GRL–0617 complexed with SARS NS3 protease), 3SV6 (Telaprevir complexed with HCV NS3/4A
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protease), 1JR1 (Mycophenolic acid complexed with Cricetulus griseus Inosine Monophosphate
Dehydrogenase) and 3LOX (Boceprevir complexed with HCV NS3/4A protease) and Grazoprevir.
AutoDock Vina is used with the �exible active site / �exible ligand protocol [35, 36]. MERS PLpro active
site (C111, H278, and D293) is treated as �exible during the docking experiments. Protein-Ligand
Interaction Pro�ler (PLIP) web server is utilized to analyze the docking complexes [37]. Four types of
interactions are established upon docking: H-bonding, hydrophobic interactions, salt bridges, and π-
stacking. The average docking scores and the residues that take part in the interactions are analyzed.

Results
Figure 1A shows the multiple sequence alignment (MSA) of the available solved structures of MERS CoV
PLpro (PDB IDs: 4RNA, 5KO3, 4RF1, 5V69, 4PT5, 4REZ, 4RF0, 4R3D, 6BI8, and 4WUR). The conserved
domains are highlighted in red. The black rectangles mark active site residues (C111, H278, and D293)
dashed columns. The secondary structure is found at the top of the MSA for one of the structures (PDB
ID: 4R3D), while the surface accessibility is at the bottom of the MSA with the default coloring scheme.
On the other hand, �gures 1B and 1C show the pairwise sequence alignment between MERS CoV PLpro

(PDB ID: 4RNA) against both SARS CoV PLpro (PDB ID: 5Y3Q), and HCV NS3/4A protease (PDB ID: 6DIQ),
respectively. Secondary structures and surface accessibilities are shown in the top and bottom of the
alignments, respectively. Active site residues for MERS CoV PLpro (C111, H278, and D293), and SARS CoV
PLpro (C112, H273, and D287) are marked by black-dashed columns, while for HCV NS3/4A protease the
active residues (H1057, D1081, and S1139) are marked by the orange dashed columns.

Figure 2 shows the docking scores calculated using AutoDock Vina software for the docking of the six
compounds into MERS CoV PLpro, SARS CoV PLpro, and HCV NS3 protease active sites. MERS CoV is
represented in blue diamonds with error bars representing the standard deviation (SD). Red and green
lines represent SARS CoV PLpro and HCV NS3 proteases, respectively. The compound GRL–0667 shows
the best result for docking into PLpro of the SARS-COV–2 model (green circle).

Table 1 shows the amino acids involved in the interactions with GRL–0667 for MERS PLpro, SARS PLpro,
SARS-COV–2 PLpro, and HCV NS3. Each interacting residue is listed with the number of formed
interactions. The interactions involve Hydrophobic, H-bonding, salt bridges and π-π stacking.

Table 1 The interactions formed between GRL-0667 and MERS PLpro, SARS PLpro, SARS-CoV-2 PLpro, and
HCV NS3 upon docking. The Star (*) represents salt bridges while the douple stars (**) represent  π-
π contact. 
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  PDB
ID

Docking
score
(kcal/mol)

H-bonding Hydrophobic interaction

Protein number Residues involved number Residues
involved

MERS
PLpro

4PT5 -6.7 3 D293*, Y407 (2) 5 V338, T377,
F397, V404 (2)

4R3D -7.1 1 D293* 3 R296, V338,
F397

4REZ -7.3 2 D293*, D293 6 P291, F397**,
F397 (3), Y407

4RF0 -8.3 1 D293 6 P291, T377,
F397 (2), V404
(2)

4RF1 -8.1 1 D293* 7 D293, R296 (2),
V338, T377,
F397 (2)

4RNA -8.2 2 D293*, Y407 8 D293, R296 (2),
V338 (2), T377,
F397, V404

4WUR -8.6 2 D293*, Y407 7 R314 (2), V338,
F397 (2), Y407

4KO3 -7.4 2 D293*, R296 5 D293, R296,
L297 (2), V404

5V69 -6.5 4 K419, D421, T424,
W431

4 V396, Q398,
D421, T424

6BI8 -8.0 1 D293 6 P291 (2), D293,
F397, V404 (2)

             

SARS
PLpro

5Y3K -9.3 6 W233, C238, G290,
D293*, G398, Y400

5 Y239, L289,
Y391, Y400 (2)

             

HCV NS3 6DIQ -8.7 3 H75, K154, S157 3 Q59, T60, F61

             

SARS-
CoV-2
PLpro

model -7.0 3 W93, K105, W106 7 K92, W106** (3)
W106 (2), A107

Discussion
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MERS CoV PLpro is a multifunctional cysteine protease that processes both viral polyprotein and some
host-cell proteins by hydrolyzing the peptide and isopeptide bonds in the substrates [38]. In order to
perform this function, a conserved active site triad is required [20, 23, 39, 40]. C111, H278, and D293 are
reported to be the active site triad residues in MERS CoV PLpro [1, 2]. As shown in �gure 1A, the active site
residues are water accessible for all solved structures of MERS CoV PLpro (cyan colored boxes under the
residues H278, and D293). Additionally, the active site residues C112, H273, and D287 in SARS CoV PLpro

(PDB ID: 5Y3Q (see �gure 1B)) and H1057, and D1081 in HCV NS3/4A protease (PDB ID: 6DIQ (see �gure
1C)) are water accessible (either blue or cyan boxes under the mentioned residues, where the relative
accessibility is < 0.1). Exceptions are the C111 in MERS CoV PLpro and S1139 in HCV NS3/4A protease
where the relative accessibility is less than 0.1 (white boxes below the pairwise alignment of �gures 1A,
and 1C).

In this study, we used six potent anti-proteases tested earlier against Hepatitis C Virus and SARS CoV (see
�gure 2). GRL–0667, GRL–0617, and mycophenolic acid are anti-SARS CoV PLpro inhibitors currently
under clinical trials, while Grazoprevir, Telaprevir, and Boceprevir are anti-HCV NS3 protease drugs
approved by the FDA. Figure 2 shows the docking score values calculated by AutoDock Vina software for
the docking of GRL–0667, GRL–0617, Telaprevir, mycophenolic acid, Boceprevir, and Grazoprevir into the
active site triads of the available ten MERS CoV PLpro structures, one of the SARS CoV PLpro structures
and one HCV NS3 protease structure. All compounds are succeeded in �tting in the protease active site
with binding energies ranging between –6.3 up to –9.3 kcal/mol (good binding energy). GRL–0667,
GRL–0617, and mycophenolic acid have slightly better binding energies to both SARS CoV PLpro (red line)
and HCV NS3 protease (green line) compared to the MESR CoV PLpro (blue diamonds). On the other hand,
Telaprevir, Boceprevir, and Grazoprevir have better binding energies to HCV NS3 protease compared to the
HCoVs (MERS and SARS); still, the difference is not signi�cant (about 1 kcal/mol).

Our results are in support of the experimental IC50 values for each compound (see �gure 2 B).
Grazoprevir has the best IC50 value against HCV (4–7 pM) [19, 26], while Telaprevir and Boceprevir have
slightly higher values against HCV (50 and 80 pM) [22, 40]. GRL–0667, GRL–0617, and Mycophenolic
acid have IC50 values against SARS HCoV in the range of hundreds of picomolar [27].

In an attempt to test the drugs against the newly emerged Wuhan coronavirus (SARS-COV–2), we built a
model for SARS-COV–2 PLpro then tested the compounds. The best (based on the binding energy)
compound is found to be GRL–0667 with a binding energy of –7 kcal/mol. This value is in the same
range of that for MERS HCoV PLpro (–7.62 ± 0.65 kcal/mol) and slightly less than that of SARS HCoV
PLpro (–9.3 kcal/mol). Table 1 shows the detailed interaction patterns of GRL–0667 with all PLpro of the
coronaviruses under the study and HCV NS3. For MERS PLpro, as indicated in Table 1, some residues
form H-bonds, salt bridges, and hydrophobic contacts with GRL–0667 in most docking trials (in bold)
including; D293 (9 out of 10 trials), V338 (5 out of 10 trials), F397 (8 out of 10 trials), and V404 (5 out of
10 trials). Additionally, P291, R296, T377, and Y407 also contribute (at least 3 out of 10 trials) in the
interaction formed between GRL–0677 and MERS PLpro. The active site residue D293 is involved in the
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interactions between GRL–0667 and SARS PLpro. As we can see from table 1, the main driving force for
binding in case of MERS and SARS PLpro is the H-bonds formed between GRL–0667 and D293 and at
least three hydrophobic contacts around the active residue D287 (P291, R296, V338, T377, F397, V404,
and Y407 in MERS PLpro, and Y239, L289, Y391, and Y400 in SARS PLpro). For SARS-COV–2, the main
residues that take part in the interaction with GRL–0667 are the residues around the active site C111
which are surface exposed like K105, W106, and A107. Figure 3 summarizes the interaction patterns of
GRL–0667 against SARS-COV–2 PLpro, MERS HCoV PLpro, SARS HCoV PLpro, and HCV NS3 protease.

From the calculated binding energies, one can conclude that all the tested compounds can bind to the
PLpro of SARS, MERS, and the SARS-COV–2 strains of coronaviruses with binding energies that depend
on the strain. Further modi�cations of these lead compounds can give more potent inhibitors that can
tightly bound to the active site of PLpro of the newly emerging coronaviruses.

Conclusion
Coronaviruses are repeatedly emerging viruses that infect both animals and humans. The urgent need for
an effective inhibitor of crucial viral proteins is the reason for the development of new testing techniques
and protocols. In this study, drug repurposing is performed to test anti-HCV and anti-SARS drugs against
the Papain-like proteases of MERS CoV and SARS-COV–2. Results suggest a possible inhibitory effect of
the tested drugs against the newly emerged coronaviruses. Besides, these compounds can be optimized
to get more competent and potent new compounds speci�c against different emerging coronaviruses.
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Figure 1

(A) Multiple sequence alignment of the ten available MERS CoV PLpro in the protein data bank. Identical
residues are highlighted in red while highly conserved in yellow. Secondary structures are shown at the
top of the MSA for the structure (4R3D). Surface accessibility is shown at the bottom of the MSA with
blue for highly accessible, cyan partially accessible, and white for buried residues. Black-dashed
rectangles mark the active site triad (C111, H278, and D293). On the other hand, the pairwise sequence
alignment between MERS PLpro and SARS PLpro (B) and HCV NS3 (C). Active site residues for MERS
PLpro and SARS PLpro are both marked by black-dashed rectangles, while orange-dashed rectangles
mark HCV NS3 active site.
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Figure 2

(A) The binding energies of; GRL-0667, GRL-0617, Telaprevir, mycophenolic acid, Boceprevir, and
Grazoprevir, into the active site of HCV NS3 (green line), SARS PLpro (red line) and MERS PLpro (blue
diamonds) calculated by AutoDock Vina software. For MERS PLpro, the average values are represented
with the blue diamonds, while the error bars represent the standard deviation. The green circle represents
the binding energy of GRL-0667 to the SARS-COV-2 PLpro model of coronavirus. (B) The Experimental
IC50 values as reported from literature for the compounds under the study.
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Figure 3

The interaction patterns of the docked GRL-0667 (orange sticks) to SARS-COV-2 PLpro, MERS HCoV
PLpro, SARS HCoV PLpro, and HCV NS3 protease (cyan sticks). Residues are labeled with its one-letter
codes. H-bonds in solid blue lines while hydrophobic interactions are in dashed lines. Additionally, salt
bridges and π-π stacking are represented in yellow spheres connected by dashed lines and green lines,
respectively. Docking scores are listed under each complex in kcal/mol.


