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Abstract: Severe acute respiratory syndrome corona virus2 (SARS-CoV-2) is responsible for the
current pandemic that led to so many deaths across the globe and still has no effective medication.
One attractive target is Papain-like protease (PLpro), which plays a critical role in viral replication.
Several important structural features dictate access to the PLpro narrow active site, which includes a
series of loops surrounding the area. As such, it is difficult for chemical compounds to fit the
SARS-CoV-2 PLpro active site. This work employed a computational study to discover inhibitors
that could bind to the SARS-COV-2 PLpro active site, mainly by virtual screening, molecular
dynamic simulation, MMPBSA and ADMET analysis. Eight potential inhibitors were identified:
carbonoperoxoic  acid,  Chrysophanol-9-anthrone,  Adrenolutin,  1-Dehydroprogesterone,
Cholest-22-ene-21-ol, Cis-13-Octadecenoic acid, Hydroxycarbonate and
1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl) isoquinoline, with binding scores of —4.4, —6.7,
-5.9, 6.7, —7.0, —4.6, —4.5 and —5.6 kcal/mol, respectively. All these compounds interacted with
critical PLpro catalytic residues and showed stable conformation in molecular dynamics simulations
with significant binding energies of —12.73 kcal/mol, —10.89 kcal/mol, —7.20 kcal/mol, —16.25
kcal/mol, —19.00 kcal/mol, —5.00 kcal/mol, —13.21 kcal/mol and —12.45 kcal/mol, respectively, as
revealed by MMPBSA analysis. ADMET analysis also indicated that they are safe for drug
development. In this study, we identified novel compounds that interacted with the key catalytic
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residues of SARS-CoV-2 PLpro with the potential to be utilized for anti-Covid-19 drug development.

Keywords: SARS-CoV-2; PLpro; inhibitors; molecular docking; molecular dynamics simulations;
MMPBSA

1. Introduction

Emerging and re-emerging infectious diseases remain among the greatest threats to human
survival on this planet. Animal Pathogens mutate and evolve continuously, gaining the ability to
become zoonotic or less susceptible to treatment [1].

Coronaviruses are enveloped RNA viruses distributed broadly among reptiles, mammals and birds,
causing respiratory, enteric, hepatic and neurologic diseases. Recently, a severe human respiratory illness
believed to be of animal origin has been responsible for several deaths across the globe [2-4]. The
disease has been declared a global health emergency by the World Health Organization (WHO) [4].
Studies suggested that a new highly infectious strain of Coronavirus (SARS-CoV-2) is responsible for
the pandemic [3]. So far, there is no globally accepted standard therapeutic for its management [2].

Papain-like protease (PLpro) is a coronavirus enzyme that plays an essential role in viral
replication and pathogenesis. It converts viral polyprotein into a functional replicase complex [5].
PLpro exhibits deubiquitinating and delSG15ylating (interferon-induced gene 15) activities in
SARS-CoV and MERS-CoVs [6-9]. The catalytic triad Cys111, His272 and Asp286 is located at the
interface between the thumb and palm sub-domains of the enzyme [6,10,11]. Small chemical
compounds and natural products are rich sources of lead compounds that could be explored for new
drug development. With the recent advancement in computational chemistry, chemical libraries could
be screened for compounds that could interact with biological structures and inhibit the proliferation
and survival of pathogens [12-14]. Several scientists have screened various chemical libraries in an
attempt to discover potent PLpro inhibitors. For instance, Alamri etal. identified three compounds
from a library of more than six thousand protease inhibitors, Hajbabaie etal. screened more than
thirty thousand compounds, Peng etal. identified four promising PLpro inhibitors from a 1.6 million
compound library, and many other similar studies were reported with varying success stories [15,16].
Computational ligand-target prediction has proven reliable in drug discovery [7]. Recent in-vitro
studies imply that Plpro inhibitors that bind to the active or ubiquitin-binding sites are promising
candidates for drug development [6]. C. occidentalis was reported to have demonstrated remarkable
ethnomedicinal properties such as antimicrobial activity, anti-viral properties, anti-carcinogenicity,
anti-proliferation properties and antioxidant properties [17]. Therefore, the present study will utilize
in silico techniques to identify potent Covid-19 PLpro inhibitors with the ability to interact with the
PLpro catalytic residues from C. occidentalis phytochemicals National Cancer Institute (NCI) and
PubChem chemical compounds databases for anti-COVID-19 drug development.

2. Materials and methods
2.1. Ligand retrieval and preparation
More than Fifty C. occidentalis phytochemicals were obtained from the literature [18,19], as
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well as Six thousand chemical compounds from the NCI library (https://dtp.cancer.gov/) and
PubChem (https://pubchem.ncbi.nim.nih.gov/) databases, for the virtual screening. The NCI
compounds employed in this study are NCI diversity set VI compounds tested in the NCI human
tumor cell line screening, while the PubChem compounds were obtained from the PubChem
similarity search of C. occidentalis phytochemicals that bind to the PLpro active site. The Ligands in
SDF format were minimized and converted to PDBQT with PyRx-OpenBabel software.

2.2. Protein target preparation

The PDB structure of SARS-CoV-2 PLpro was retrieved from the Protein Data Bank
(https://www.rcsh.org) (PDB ID: 7cmd). All hetero atoms were removed from the protein molecule
using Discovery Studio software.

2.3. Molecular docking and docking validation

Molecular docking validation was conducted by re-docking the native ligand (GRL0617) of
the 7cmd crystal structure to PLpro. Accordingly, GRL0617 was separated from the protein and
prepared for docking using Discovery Studio (Version 20). The ligand was then docked back into
PLpro’s active site using Auto Dock Vina. The docked complex was superimposed with the X-ray
resolved crystal Plpro (7cmd) bearing the co-crystallized ligand, and the root mean square deviation
(RMSD) value was generated in PyMOL [20]. Site-directed docking around the PLpro active site
was performed with all the Ligands. The receptor molecule remains rigid, and the ligands are flexible.
Binding interactions were analyzed using Discovery Studio [21]. Only compounds that interacted
with the PLpro key catalytic residues will be considered for further studies.

2.4. Molecular dynamics simulation

Molecular dynamics (MD) simulations of the protein and protein-ligand complexes were
performed with a GROMACS 5.0 package [22], using Amber99SB force field and TIP3P water
mode, under periodic boundary conditions with a dodecahedron periodic box set at a minimum
distance of 1.0 between the protein and edge of the box. The system was neutralized with 0.154
moles/liter NaCl. The initial energy minimization process was conducted by applying a simulated
annealing method with a corresponding equilibration of 1ns NVT and 1ns NPT. MD simulation
production was performed at a constant temperature and pressure of 300 K and 1 atm, respectively,
with a time step of 2 fs. The simulation was run in triplicate for 100 ns. Root mean square deviation
(RMSD) and root mean square fluctuation (RMSF) were calculated to determine the stability of the
protein-ligand complex [23].

2.5. Binding free-energy calculations using MMPBSA
The protein-ligand complexes' binding free energies (AGunind) Were computed using the
Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) algorithm, which gives a more

accurate estimation of the free binding energy than the scoring function of docking experiments [24].
The GROMACS compatible g_mmpbsa tool package was used to implement the MM-PBSA
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calculations, and the Python script MmPbSaStat.py provided in the g_mmpbsa package compiled
and estimated the interaction free energies [25]. The total binding free energy (AGtotal) is determined
as the total energy released from the ligand-protein complex, which is contributed by molecular
mechanics binding energy (AEmm) and solvation free energy (AGsol) using the following equations:

AEmM = AEint + AEele + AEvdw
AGso= AGpl + AGnp
AGtota=AEMM + AGsol
AGbind (MM-PBSA) = AEmm + AGsol — ATAS

where AEint stands for internal energy, AEele represents electrostatic energy, AEvaw is for vander Waals
energy, AGpl is for polar energy, AGnp IS for non-polar energy components, and AGsol iS the
contribution to total solvation free energy, while AGoind Stands for the free energy of binding
evaluated after entropic calculations —ATAS [26].

2.6. ADMET analysis

SwissADME  (www.swissadme.ch) and ADMETSAR (http://Immd.ecust.edu.cn/admetsar2/)
servers were employed to evaluate the metabolic and toxicological properties of the Ligands. The
canonical format of the chemical compounds was used as the entry system for ADMET (absorption,
distribution, metabolism and toxicity) calculations [27].

3. Results

3.1. Molecular docking
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Chrysophanol-9- Adrenolutin 1-Dehydroprogesterone
anthrone

1-(4-(4-Methylphenyl)-5-
phenyl-1,3
-oxazol-2-yl)isoquinoline

Carbonoperoxoic acid

Cholest-22-ene-21-ol Cis-13-Octadecenoic Hydroxycarbonate
acid

Figurel. Chemical structures of the identified ligands.
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Tablel. Binding scores and PLpro residues’ interactions with the Ligands.

Compound Name PubChem Binding Hydrogen Bond Other Interactions
CID Score Interaction
(kcal/mol)
Carbonoperoxoic acid 181880 —4.4 Asp 286, lle 285, Leu 118, Thr 115,
Tyr 273 His 275, Ala 114,
Trp 106, Lys 274,
Cys 111 and Gly
287
Chrysophanol-9-anthrone 68111 —6.7 Ser 212, Tyr 305, Glu 252, Tyr 251,
Glu 214 Tyr 213, Thr 257
and Lys 254
Adrenolutin 12556 —5.9 His 175, Ala His 73, Phe 79, Thr
153, Arg 82, 74, Cys 155, Tyr
Asn 156 154 and Asp 76
1-Dehydroprogesterone 247929 —6.7 Lys 232 Leu 185, Thr 207,
Met 208, Arg 166,
Leu 199, Glu 203,
Val 202, Ser 170
and Met 206
Cholest-22-ene-21-ol 129883894 -7.0 Ser 278 Thr 277, Lys 279,
GlIn 122, Gly 256,
Thr 257, Tyr 305,
Lys 217, Tyr 213,
Lys 306, Thr 259
and Phe 258
Cis-13-Octadecenoic acid 5312441 —4.6 Asn 110, Cys Gly 287, Asp 286,
111 Asp 108, His 272,
Asn 109, Ala 107,
Ala 288, Lys 105,
Trp 106, and
Leu 289
Hydroxycarbonate 17887040 -4.5 His 275, lle 285 Cys 111, Asp 286,
and Ser 103 Tyr 273, Lys 274,
Ala 114, Trp 106
and Thr 115
1-(4-(4-Methylphenyl) 272358 —5.6 Trp 106 Asp 286, His 272,

-5-phenyl-1,3
-oxazol-2-yl)isoquinoline

Lys 274, Lys 105,
Thr 265 and Ala
288

Structural-based virtual screening was employed to find the potential inhibitors of SARS-CoV-2
PLpro. The docking and scoring functions were validated before the docking was carried out.
Compounds that interacted with the catalytic site residues of PLpro were selected for further studies

AIMS Biophysics

Volume 10, Issue 1, 50-66.



55

(Figure 1). Carbonoperoxoic acid and hydroxycarbonate were identified from the PubChem
similarity search of the C. occidentalis phytochemicals that bind to the active site, while
1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline was identified from the NCI diversity
set VI library, and the remaining five compounds are Cassia spp. phytochemicals.

The selected chemical compounds have binding scores ranging from —4.4 to 7.0 kcal/mol.
Carbonoperoxoic  acid,  Chrysophanol-9-anthrone,  Adrenolutin,  1-Dehydroprogesterone,
Cholest-22-ene-21-ol, Cis-13-Octadecenoic acid,
Hydroxycarbonateandl1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline showed binding
scores of —4.4, 6.7, -5.9, —6.7, —7.0, —4.6, —4.5 and —5.6 kcal/mol, respectively (Table 1).

3.2. Analysis of the ligands’interactions

The 2D interactions of the eight selected ligands and the SARS CoV-2 PLpro complexes were
visualized with the Discovery Studio software. As shown in Table 1 and Figure 2, carbonoperoxoic
acid binds within the active site of SARS CoV-2 PLpro, forming hydrogen bonds with Asp 286, lle
285 and Tyr 273 residues. It also formed hydrophobic interaction with Cys 111 and other active site
residues, such as Leu 118, Thr 115, His 275, Ala 114, Trp 106, Lys 274 and Gly 287 (Figure 2a).

Chrysophanol-9-anthrone formed three hydrogen bonds with Ser 212, Tyr 305 and Glu 214 and
hydrophobic bonds with Glu 252, Tyr 251, Tyr 213, Thr 257 and Lys 254 (Figure 2b).

Adrenolutin also interacted with His 175, Ala 153, Arg 82, Asn 156 through hydrogen bonds,
with six other, hydrophobic bonds: His 73, Phe 79, Thr 74, Cys 155, Tyr 154 and Asp 76 (Figure
2¢).1-Dehydroprogesterone formed only one hydrogen bond with Lys 232 and many other
hydrophobic interactions with the nearby active site residues, such as Leu 185, Thr 207, Met 208,
Arg 166, Leu 199, Glu 203, Val 202, Ser 170 and Met 206 (Figure 2d).

Cholest-22-ene-21-ol also forms only one hydrogen bond with Ser 278. It also interacts through
hydrophobic bonding with Thr 277, Lys 279, GIn 122, Gly 256, Thr 257, Tyr 305, Lys 217, Tyr 213,
Lys 306, Thr 259 and Phe 258 (Figure 2e).

Cis-13-Octadecenoic acid interacted with all the catalytic triads of SARS-CoV-2 PLpro. It
forms a hydrogen bond with Cys 111 and hydrophobic interaction with Asp 286 and His 272. Others
include an additional hydrogen bond with Asn 110 and hydrophobic interactions with Gly 287, Asp
108, Asn 109, Ala 107, Ala 288, Lys 105, Trp 106 and Leu 289 (Figure 2f). Because the structure of
cis-13-Octadecenoic acid is long, a large part of the molecule is placed outside the active site and lies
under the blocking loop 2 (BL2) in the palm sub-domain. Hydroxycarbonate forms three hydrogen
bonds with His 275, Ser 103 and lle 285 and vander Waals interactions with catalytic Cys111 and
Asp 286.0ther important interactions include Tyr 273, Lys 274, Trp 104 and Ala 114 (Figure 2g). On
the other hand,1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl) isoquinoline forms a Pi-cation bond
with Asp 286, Pi-anion bond with Lys 274 and Pi-donor hydrogen bond with Trp 106. Other
significant interactions are His 272, Thr 265, Lys 105, Leu 289 and Ala 288 (Figure 2h).
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Figure 2. 2 D depiction of SARS-CoV-2 PLpro-Ligands’ interactions complexes.
3.3. Molecular dynamics (MD) simulation
MD simulation is a widely used computational method for analyzing the ligand-protein complex
dynamic behavior and stability under different conditions [23]. The simulation results were analyzed
by RMSD and RMSF.

3.3.1. Root mean square deviation (RMSD)

The structural changes in protein-ligand complex and dynamic behavior were analyzed by the
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RMSD and are presented in Figure 3.

-— PLpro - Cholest-22-ene-21-ol
- Carbonoperoxoic acid —— Cis-13-Octadecenoic acid
— Chrysophanol-9-anthrone — Hydroxycarbonate
— Adrenolutin 1-(4-(4-Methylphenyl)
— 1-Dehydroprogesterone —— -5-phenyl-1,3-oxazol-2-yl)

4 isoquinoline

o 50 100
Time (ns)

Figure 3. Plots of RMSD of the PLpro-ligands complex.

The results show that Carbonoperoxoic acid is highly stable at the active site of PLpro with a
single binding mode; it fluctuates around 0.1 and 0.6 A, with an average RMSD of 0.22 A, which is
even more stable than the Apo-protein. While Chrysophanol-9-anthrone reached stability at around
10 ns, it fluctuated between 0.2 and 1.2 A, with an average RMSD of 0.75 A. Adrenolutin is highly
stable; it fluctuates around 0.6 A throughout the simulation and has an average RMSD value of 0.62
A.1-Dehydroprogesterone has two major fluctuations around 40 ns and 70 ns but becomes stable
after 80 ns of the simulation. Similarly, Cholest-22-ene-21-0l becomes stable at around 30 ns
following a large fluctuation at the beginning of the simulation, with an average RMSD of 1.43 A
Cis-13-Octadecenoic acid remains stable but at a higher average RMSD that ranges between 2.06
and 3.55 A and has a large fluctuation between 30 and 50 ns of the simulation. Hydroxycarbonate is
also stable at the PLpro active site; it fluctuates between RMSD of 0.09 and 0.5 A throughout the
simulation, with an average RMSD value of 0.25 A
1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline has two significant fluctuations
between 16ns and 40ns and between 45 ns and 60 ns but stabilized from 60 ns till the end of the
simulation.

3.3.2.  Root mean square fluctuation (RMSF)
RMSF analysis was conducted to explore the per-residue fluctuations of the system. RMSF
analysis showed that binding of the ligands does not affect the stability of the PLpro catalytic triad

residues, Cys 111, Asp 286 and His 272 (Figure 4). The RMSF value of the Apo-protein reached
equilibrium after an initial increase within the first 1ns, with an average RMSF of 1.2 A.

AIMS Biophysics Volume 10, Issue 1, 50-66.
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Figure 4. The root mean square fluctuation (RMSF).

As shown in Figure 4, the Apo-protein fluctuations during the simulation are shown in black
color; its major fluctuations are at the residues from 66 to 75 (1.82 A), 193 to 209 (2.1 A) and 265 to
271 (1.41 A). Carbonoperoxoic acid-PLPro complex, shown in red, has major fluctuations between
residues 40 and 55 (2.03 A), 183 and 196 (1.93 A) and 264 and 271 (1.36 A). Similarly,
chrysophanol-9-anthrone-PLPro complex, shown in green, has fluctuations between 42 and 53 (2.09
A), 189 and 193 (1.78 A) and 219 and 230 (2.21 A), similar to those of carbonoperoxoic acid.
Adrenolutin-PLPro complex (purple) had major fluctuations between residues 43 and 50 (1.56 A),
189 and 196 (1.77 A) and 214 and 230 (2.21 A). 1-dehydroprogesterone-PLPro complex (orange)
causes fluctuations around residues 14 to 33 (1.55 A), 41 to 55 (1.93 A), 188 to 195 (2.57 A) and 221
to 230 (2.75 A). In contrast, Cholest-22-ene-21-o0l-PLPro complex (represented in blue color)
fluctuates at residues between 39 and 55 (2.36 A), 189 and 192 (1.97 A), 215 and 230 (2.46 A) and
260 and 271 (2.62 A), with an average RMSF higher than that of the Apo-protein.
Cis-3-octadecenoic acid-PLPro complex (brown) major fluctuations are at the residues between 43
and 56 (2.13 A), 59 and 67 (2.64 A), 188 and 195 (1.86 A) and 219 and 230 (2.69 A).
Hydroxycarbonate- PLPro complex (represented in navy blue) major fluctuations are between
residues 36 and 55 (1.65 A), 188 and 194 (1.67 A), 222 and 230 (2.76 A) and 264 and 271 (2.09
A).1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline-PLPro complex fluctuates around
residues 42 to 53 (2.26 A), 189 to 193 (2.01 A) and 218 to 235 (2.11 A).

3.4. Binding free energy of the PLpro-ligands complex using MMPBSA

The binding free energy was calculated to understand more about the interactions between
PLpro and the ligands.

AIMS Biophysics Volume 10, Issue 1, 50-66.
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Table 2. Binding free energy of the PLpro in complex with the ligands.

Ligand-PLpro Complex  Vander Waals Electrostatic Polar Solvation  Apolar Total Binding
Energy Energy Energy Energy Energy (kcal/mol)
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Carbonoperoxoic acid -10.70 .81 —20.46 £2,50  20.60 £1.39 -2.17 £0.02  —12.73+1.39

Chrysophanol-9-anthron  —22.12 £1.41 —2.90 +1.66 16.49 +2.49 —2.36 £0.08  —10.89 +2.05

e

Adrenolutin -12.73 +1.98 -13.59+2.37 21.31+1.39 -2.18+0.14  —-7.20+1.48

1-dehydroprogesterone  —21.61 +1.92 —4.43 +1.66 12.26 £2.07 —247%£0.10 -16.25%1.72

Cholest-22-ene-21-ol —22.57 +2.00 -12.51+2.09 19.15+1.38 -2.90 +0.12  —19.00 +£1.83

Cis-13-Octadecenoic —7.76 =0.66 —28.89 +2.63  32.96 +2.81 -1.22 +0.09  —5.00 £0.92

acid

Hydroxycarbonate —12.75 £2.26 —24.00 £3.32  26.12 £2.23 -257 +£0.06 —13.21+1.61

1-(4-(4-Methylphenyl)-5 —17.62 +1.43 —2.62 +0.86 10.31 +1.67 -252+0.11 1245177

-phenyl-1,3
-oxazol-2-yl)isoquinolin
e

As shown in Table 2, the binding energies of the eight complexes range from —19.00 kcal/mol
to —5.00 kcal/mol. Overall, Cholest-22-ene-21-ol shows the highest binding energy, followed by
1-Dehydroprogesterone. In contrast, Cis-13-Octadecenoic acid has the least binding energy.

3.5. MMPBSA energy decomposition analysis of the residue-ligand interactions

Binding free energy decomposition analysis was conducted to gain insight into the residues’
contributions to the whole system. The energy contribution for each residue is shown in Figure 5.

Ligand-residue interation (kcal/mol)

24

SEEE

Adrenolutin

Chrysophanol-9-anthrone

1-Dehydroprogesterone
Cholest-22-ene-21-ol
Carbonoperoxoic acid

Residue number

Lys217

Ala261 &

-o- Cis-13-Octadecenoic acid

-e- Hydroxycarbonate

1-(4-(4-Methylphenyl)
-o- -5-phenyl-1,3-oxazol-2-yl)

isoquinoline

1
400

Glu295
b Asp286

Figure 5. Energy spectra of the PLpro residues’ interaction with the Ligands.
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Notably, the energy contributions of the carbonoperoxoic acid-PLpro complex residues include
catalytic Cys111(—1.104 kcal/mol), Tyr106(—1.549 kcal/mol), Thr115(—0.88 kcal/mol), Ala114(—0.58
kcal/mol), Leul18(—0.37 kcal/mol), Cys284(—0.72 kcal/mol), Tyr283(—0.49 kcal/mol), Glu295(—2.44
kcal/mol), Tyr296(—0.65 kcal/mol) and Lys297(—0.54 kcal/mol). Similarly, the major binding energy
contributing residues in Chrysophanol-9-anthrone-PLpro complex are Tyr213(-0.95 kcal/mol),
Glu214(-0.62 kcal/mol), Asn267(—0.86 kcal/mol), Tyr264(—0.48 kcal/mol), Tyr268(-0.22 kcal/mol)
and Lys315(—0.53 kcal/mol). On the other hand, Lys217 and Ala261 binding energies were
unfavorable. Adrenolutin—Plpro complex binding energy was contributed by Thr74 (—0.59 kcal/mol),
Phe79 (-0.67 kcal/mol), Arg82 (—1.30 kcal/mol), Tyrl54 (—1.16 kcal/mol) and Asnl156 (—1.56
kcal/mol). Meanwhile, forl-dehydroprogesterone-PLpro complex, they are GIn174(—0.901 kcal/mol),
Val202(—1.23 kcal/mol), Glu203(-0.79 kcal/mol) and Met206(-0.39 kcal/mol). Furthermore,
Cholest-22-ene-21-ol-PLpro complex residues with obvious binding energy contributions are
Gly266(—1.89 kcal/mol), Tyr268(—0.96 kcal/mol), Asn267(—0.90 kcal/mol), Thr265(-0.64 kcal/mol),
GIn269(—0.35 kcal/mol), Gly288(—0.62 kcal/mol), Ala288(—0.39 kcal/mol) and Leu290(0.17
kcal/mol). Hydroxycarbonate-PLpro complex residues with enormous energy contributions are
Try106(—0.74 kcal/mol), Cys111(—1.24 kcal/mol), Alal14(—0.77 kcal/mol), Leu118(-0.28 kcal/mol),
Lys274(—1.33 kcal/mol), Asp286(—2.58 kcal/mol), 11e285(—0.46 kcal/mol), His272(0.11 kcal/mol),
Asp286 (-0.50 kcal/mol) and His275(-0.6 kcal/mol).
Finally,1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline—Plpro complex binding energy
contributing residues include Leul62(—1.38 kcal/mol) and Trpl06(—0.30 kcal/mol), while
GIn269,Asn109 and Asp286 have unfavorable binding energy.

3.6. Drug-likeness properties and ADMET screening

Table 3. Properties of the identified compounds.

Name Log p Log s Rotatable Hydrogen Hydrogen

bonds bond bond

acceptors donors

Carbonoperoxoic acid 0.154 -0.07 1 4 2
Chrysophanol-9-anthrone 2.54142 -4.07 0 3 2
Adrenolutin 0.7303 —1.87 0 3 2
1-Dehydroprogesterone 44995 —-4.28 1 2 0
Cholest-22-ene-21-ol 7.2462  —7.58 5 1 1
cis-13-Octadecenoic acid 6.1085 -5.41 15 2 1
Hydroxycarbonate 0.36 -0.67 2 5 2
1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)i  3.74 —6.32 3 3 0
soquinoline

Swiss ADME and admetSAR servers were used to evaluate the metabolic properties of the
identified SARS CoV-2 PLpro inhibitors. As shown in Table 3, most of the compounds obeyed
Lipinski rules for drug-likeness [28]. Carbonoperoxoic acid has a molecular weight of 78.02 g/mol,
log P of 0.154, four hydrogen bond acceptors (HBA) and two hydrogen bond donors (HBD).
Chrysophanol-9-anthrone compound has a molecular weight of 240.25 g/mol, log P of 2.54, three
HBA and two HBD atoms. Adrenolutin has a molecular weight of 179.17 g/mol, log P of 0.73, log S
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of —1.87, three HBA and two HBD. 1-Dehydroprogesterone has a molecular weight of 312.45 g/mol,
log P of 4.49, log S of —4.28 and two HBA. Cholest-22-ene-21-ol has a molecular weight of 386.65
g/mol, log P of 7.25, log S of —7.58, 1 HBA and one HBD.Cis-13-Octadecenoic acid has a molecular
weight of 282.46 g/mol, log P of 6.1, log S of —5.41, two HBA and one HBD. Hydroxycarbonate has
a molecular weight of 9.402 g/mol,logP of 0.36, two Rotatable bonds, five HBA and two HBD.
1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline has a molecular weight of 362.42
g/mol, logP of 3.74, three rotatable bonds, three HBA and Zero HBD.

Other Pharmacokinetic properties such as absorption, distribution, metabolism, excretion and
toxicity are presented in Table 4. The identified ligands are readily absorbed by the human intestine,
making them good candidates for oral administration. Meanwhile, only Chrysophanol-9-anthrone
and 1-Dehydroprogesterone could pass through the Blood-brain barrier.

Table 4. ADMET of the identified compounds.

Absorption and . i . . . . . .
Ligand1  Ligand 2 Ligand3 Ligand4 Ligand5 Ligand6 Ligand7 Ligand8

distribution

Water solubility ~ Very Moderately  Very Moderate  Poor Moderate  Very Poorly
soluble soluble soluble  soluble

Blood-brain No Yes No Yes No No No Yes

barrier permeant

Human intestinal  High High High High High High High High

absorption

CNS No No No No No No No No

permeability

P-glycoproteinl ~ No No No Yes Yes No No No

inhibitor

P-glycoprotein Il No No No No Yes No No No

inhibitor

Metabolism

CYP450 2C9 No No No yes No No No No

inhibitors

CYP450 2D6 No No No No No No No No

inhibitors

CYP450 3A4 No No No yes Yes yes No Yes

substrate

CYP450 1A2 No yes No No No yes No Yes

substrate

CYP450 2C19 No yes No No No No No Yes

inhibitors

Continued on next page
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Toxicity
AMES toxicity No No No No No No No No
hERG I inhibitor  No No No No No No No No
hERG II No No No Yes Yes No No No
inhibitor
Hepatotoxicity No No No Yes No Yes No No

Note:Ligand 1:Carbonoperoxoic acid, Ligand 2: Chrysophanol-9-anthrone,  Ligand 3: Adrenolutin, Ligand
4:1-dehydroprogesterone, Ligand 5: Cholest-22-ene-21-ol, Ligand 6:cis-13-Octadecenoate acid, Ligand
7:Hydroxycarbonate, Ligand 8:1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline.

4. Discussion

With the recent advancement in computational chemistry, chemical libraries could be screened
for compounds with the potential to be utilized for drug development [17,29]. Several researchers
have screened various chemical libraries in an attempt to discover potent PLpro inhibitors [15,16].
PLpro plays an essential role in the cleavage and maturation of SARS-CoV-2 poly-proteins,
assembly of the replicase-transcriptase complex and disruption of host responses. The enzyme
performs its proteolytic functions through its catalytic cysteine-protease cycle, in which Cysl111
functions as a nucleophile, His272 acts as a general acid/base, and Asp286, linked with the histidine,
assists to align and deprotonate Cys111 [5,6]. Several important structural features dictate access to
the PLpro narrow active site, including a series of loops surrounding the area. One such loop is
situated at the active site's mouth and comprises residues 103-110 [30]. As such, it is difficult for
chemical compounds to fit the active site of SARS-CoV-2 PLpro. However, our study revealed that
some of the identified compounds have the potential to bind to the SARS-CoV-2 PLpro catalytic
triad and form crucial hydrogen bonds with catalytically essential residues of the enzyme and
possibly inhibit its catalytic activity. For instance, carbonoperoxoic acid, cis-13-Octadecenoic acid,
Hydroxycarbonate and 1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline interacted with
at least one of the active site catalytic triad residues of SARS-CoV-2 PLpro. More importantly,
hydrogen bonds were formed between Carbonoperoxoic acid and Asp286, 11285 and Tyr 273, while
cis-13-Octadecenoic acid formed hydrogen bonds with Cys111l and Asn110. Hydroxycarbonate
forms three hydrogen bonds with His 275, Ser 103 and lle 285, and van der Waals interactions with
catalytic Cys111 and Asp286. On the other hand, 1-(4-(4-Methylphenyl)-5-phenyl-1,3-o0xazol-2-yl)
isoquinoline forms a Pi-cation bond with Asp 286, Pi-anion bond with Lys 274 and Pi-donor hydrogen
bond with Trp 106, which are all critical for the enzyme activity. On the other hand, adrenolutin binds
to the pocket in the ubiquitin-binding domain and forms key hydrogen bonds with His 175, Ala 153,
Arg 82 and Asn 156. Recent in-vitro studies imply that PLpro inhibitors that bind to the active or
ubiquitin-binding sites are promising candidates for drug development [6]. In similar studies,
Debnath etal. identified myricetin from Allium cepa and a-hydroxy-hydro-caffeic acid from Mentha
piperita, both of which interacted with the SARS-Cov-2 PLpro [31].

Furthermore, several new molecules with anti-Covid-19 properties were identified by in silico
studies, most of which are comparable to our findings. For instance, Hajbabaie etal. conducted a
virtual screening of more than 300 thousand ligands and identified two compounds with binding
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scores of —9.4 and —9.36 kcal/mol which interacted with Asp 164, Glu 269, Tyr 264 and Tyr 268.
Similarly, a known PLpro inhibitor GLR0617 binds to the cavity near catalytic residues and induces
the blockage of loop2, thereby preventing catalysis as observed in adrenolutin interaction[16]. An
in-vitro study confirmed that a naphthalene-based compound identified by in silico studies has
anti-PLpro activity [15]. Likewise, through virtual screening and enzymatic evaluations, nine natural
biflavones were confirmed to be effective PLpro inhibitors with IC50 values ranging from 9.5 to
43.2 uM [32]. Adam etal. identified a compound that formed a hydrogen bond with Gly 163 and
Alkyl interaction with Cys 111 and Leu 162 [33].

In our study, molecular dynamics simulation revealed that all the selected compounds formed a
stable complex with SARS-CoV-2 PLpro. Similarly, MMPBSA revealed significant binding energies
of the complexes. Cholest-22-ene-21-0l showed the highest binding energy, followed by
1-Dehydroprogesterone, while Cis-13-Octadecenoic acid has the least binding energy.

Metabolic and toxicity studies show that the identified compounds were all soluble and highly
absorbed through the human intestine. Only Chrysophanol-9-anthrone and1-Dehydro progesterone
are permeable to the blood-brain barrier (Table 4). Several studies revealed the therapeutic potential
of the identified chemical compounds. For instance, Chrysophanol, which is a unique anthraquinone,
has broad-spectrum therapeutic potential. It has been reported to possess anticancer, antiviral,
anti-diabetic, anti-inflammatory and anti-protozoal effects [17]. Cholest-22-ene-21-o0l has been
reported to have an anti-inflammatory effect [34].Cis-13-octadecenoic acid is used for therapeutic
uses in medicine and surgery [35], and Hydroxycarbonate is used in the synthesis of
iron-magnesium-hydroxycarbonate  for  the  treatment of  hyperphosphatemia  [36].
1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline modulates signal transduction through
the Pd-1 receptor, which activates t-cells to promote immune response for treating infections, as
reported in PubChem bioassay result.

5. Conclusions

Covid-19 remains the most significant challenge facing the world today, and so far, there is no
standard therapeutic for its management. PLpro plays a critical role in viral replication and
pathogenesis. Our present study has identified eight compounds, some of which form bonds with at
least one of the catalytic triads of the PLpro, which is often difficult to achieve due to the presence of
critical structural features that dictate access to the PLpro narrow active site. These ligands might
have antiviral properties and the capacity to be promising drug candidates for the treatment of
Covid-19. Furthermore, these compounds warrant further lead optimization and in-vitro studies.
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