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Coronavirus disease-19 (COVID-19) is caused by severe acute respiratory syndrome coronavirus -2 (SARS-CoV-
2) and is responsible for a higher degree of morbidity and mortality worldwide. There is a smaller number of
approved therapeutics available to target the SARS-CoV-2 virus, and the virus is evolving at a fast pace. So, there
is a continuous need for new therapeutics to combat COVID-19. The main protease (MP™) enzyme of SARS-CoV-2
is essential for replication and transcription of the viral genome, thus could be a potent target for the treatment
of COVID-19. In the present study, we performed an in-silico screening analysis of 400 diverse bioactive inhibitors
with proven antibacterial and antiviral properties against MP™ drug target. Ten compounds showed a higher
binding affinity for MP than the reference compound (N3), with desired physicochemical properties.
Furthermore, in-depth docking and superimposition revealed that three compounds (MMV1782211,
MMV1782220, and MMV1578574) are actively interacting with the catalytic domain of MP™, In addition, the
molecular dynamics simulation study showed a solid and stable interaction of MMV178221-MP™ complex
compared to the other two molecules (MMV1782220, and MMV1578574). In line with this observation, MM/PBSA
free energy calculation also demonstrated the highest binding free energy of —115.8 kJ/mol for MMV178221-
MP™ compound. In conclusion, the present in silico analysis revealed MMV1782211 as a possible and potent
molecule to target the MP™® and must be explored in vitro and in vivo to combat the COVID-19.

Keywords: COVID-19, virtual screening, molecular docking, ADMET, molecular dynamics simulations.

one-third portion of the genome produces an array of

1. Introduction structural proteins, namely surface glycoprotein (S), a

The first incidence of severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) was reported in
December 2019 in the Wuhan City of Hubei Province,
China,""3 and later on, it spreads worldwide. The
World Health Organization (WHO) on March 11, 2020,
has announced the new coronavirus (COVID-19) out-
break a worldwide pandemic.””! SARS-CoV-2 is a
positive-sense single-stranded RNA virus of 26-32
kilobases and possesses 14 open reading frames
(ORFs) encoding 27 proteins of variable length. The

small envelope protein (E), matrix protein (M), and
nucleocapsid protein (N); and accessory proteins (3a,
3b, 6, 7a, 7b, 8, 9b, 9c and 10). The spike surface
glycoprotein is responsible for the binding of the virus
to the host cell. The spike protein interacts with the
angiotensin-converting enzyme 2 (ACE2) of the host
and is responsible for viral entry inside the cell. Apart
from that, the virus produces an array of non-structural
proteins that are directly related to the survival and
pathogenicity of SARS-CoV-2. The ongoing research is
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utilizing these structural and non-structural proteins
for developing effective therapeutics. An array of
computational studies has been conducted to examine
the inhibitory potential of polyphenols viz. curcumin
as antivirals.”® The studies shows that curcumin play
a role in hindering the formation of S Protein-ACE2
complexes.”! Another compound, 8-Hydroxydihydro-
sanguinarine shows a promising result as an anti-
COVID-19 compound as it distorts the a-helix in the
secondary structure RBD site of S protein, and
interferes in the coupling of S protein and ACE2
receptors.®

Protease enzyme is also an integral part of non-
structural proteins essential for viral replication by
mediating the maturation of viral replicase complex.”
The two proteases, namely papain-like protease (PLP™)
and main protease (MP™) co-translationally cleave the
two polypeptides (ppl1a, and pp1b) into mature non-
structural proteins.''" The release of functional
polypeptides from the polyproteins involves extensive
proteolytic processing, which is mainly accomplished
by SARS-CoV-2 MP. SARS-CoV-2 MP™ processes and
digest the polyprotein at 11 conserved sites, starting
with the autolytic cleavage of this enzyme itself from
ppla and pplab.'>"3 Evolutionary study based on
SARS-CoV-2 MP™ enzyme reveals their conservation
across the entire coronaviridae subfamily. The MP™
plays a crucial role in the viral life cycle by controlling
the viral replication and transcription' and thus
could be an attractive target for designing therapeu-
tics.

Drug repurposing is an exciting approach to design
and check the efficacy of inhibitors against previously
unknown targets. The inhibition potentials of chlor-
oquine, hydroxychloroquine drug compounds have
not been reported to target COVID-19 protease
in vitro." In the present study, we have applied an
integrated approach to identify the key amino acid
residues present at the active site of MP™®. In the next
step, a library of compounds with known antibacterial
and antiviral properties from the pandemic box were
screened to test their efficacy as a potent inhibitor
against SARS-CoV-2 MP™®,

2. Methodology
2.1. Protein Structure Retrieval

The three-dimensional crystal structure of the main
protease (MP™) of SARS-CoV-2 complexed with N3
(PDB ID: 6LU7) is determined using X-ray diffraction
technique.l'” The 3D structure is of 2.16 A resolution
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and downloaded from protein data bank."” The other
two MP™ structures: complexed with N1 (PDB ID:
1WOF) and alpha ketoamide (PDB ID: 6YNQ) ligands
are having resolution of 200A and 1.80A,
respectively.'®'”) Both the structures are predicted
using X-ray diffraction techniques. The ligand-receptor
complexes were preprocessed to make them suitable
for study. The preprocessing steps include the removal
of solvent molecules and accessory ligands. Later on,
different structural features of the MP™ receptor,
including their superimposition and the involvement
of amino acids in defining the active site, were studied
using Chimera, an open-source visualization
software.['8l

2.2. Active Site Prediction

The SARS-CoV-2 MP™ protein interacts with various
small molecules at its active site and performs bio-
logical functions. Identification of the main binding
site is a crucial step in computer-aided drug design.
The possible binding pockets were detected using the
Computed Atlas of Surface Topography of proteins
(CASTp) server,!®2% which can locate, delineate, and
measure a given protein’s geometric and topological
properties structure.

2.3. Ligand Preparation

The pathogen box, available at Medicines for Malaria
Venture (MMV), collects over 400 diverse drug com-
pounds against different pathogens (https://
www.mmv.org/mmv-open/archived-projects/patho-
gen-box). These compounds consist of 201 antibacte-
rial, 153 antivirals, and 46 antifungals with a diverse
mechanism of action.?”! The compounds have not
been tested against any target of COVID-19. The 3D
structure of MMV’'s Pathogen Box compounds was
constructed taking ACD/ChemSketch public domain
software (http://www.acdlabs.com/ resources/ free-
ware/ chemsketch/) in MOL file. Compounds were
edited and optimized using the Avogadro tool.?
Open Babel, a chemical toolbox, was employed to
convert ligand 3D structures in suitable file formats
required for screening.?*!

2.4. Virtual Screening and ADMET Evaluation

Screening is a crucial step in computer-aided drug
design to identify hit compounds based on shape,
size, and ligand-receptor interaction. It records the
activity of compounds at the active site of the
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receptor. We have used PyRx virtual screening tool to
screen library compounds. PyRx is open-source screen-
ing software to screen libraries of compounds {Dal-
lakyan, 2015 #54} (Dallakyan and Olson 2015).

The molecular properties and drug-likeness score
of MMV compounds were investigated using Molsoft
(http://molsoft.com/mprop/P) to evaluate their phar-
macological and biological properties. Lipinski’s rule of
five (Ro5) consists of HBA/ HBD value up to 10 and 5,
respectively; MW less than 500, LogP value less than 5,
and total BBB and drug-likeness score .24

2.5. Molecular Interaction

Docking experiments involve different steps of ligand
preparation, receptor preparation, grid box creation,
and docking. AutoDock Vina software was used for
simulation purposes.””! The ligand preparation step
involves the generation of ligand conformers, charges,
and identification of a number of rotatable bonds.
MP™ receptor protein (PDB ID: 6LU7) is downloaded
from RCSB PDB repository.?) The ligand N3 was
removed from the downloaded 3D structure using
Chimera software.'® Water molecules and heteroa-
toms were removed from the receptor molecule using
ADT.” A Grid box is prepared around the receptor
with dimensions 70x80x 70 XYZ points using a grid
spacing of 1 A, and the grid center is situated at XYZ
coordinates —27.211, 11.241, and 58.511, respectively.
The molecular docking is performed using default
settings were applied with GA run to 300. The best-
docked conformations were further selected for study-
ing their dynamics at the nanoscale.

2.6. Molecular Dynamics Simulation Set Up

The procured hit compounds were subjected to
molecular dynamics (MD) simulation experiments to
study their interaction dynamics taking compound N3
as a control. The receptor protease (PDB ID:6LU7) was
processed with Chimera software, and their topologies
were generated employing GROMOS53a6 force field'®!
implemented in Groningen Machine for Chemical
Simulations (GROMACS 5.4.1) software.?”! Ligands top-
ologies were generated utilizing the PRODRG server.3”
The MP™ protein is surrounded by a Dodecahedron
box that was created using the edit conf module and
with a 10A distance from the edges. A simple point
charge water model (SPC216) is used to study their
dynamics, and later on the system is neutralized by
adding the counterions. The energy minimization step
includes the steepest descent algorithm at 10,000
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steps with an upper force limit lower than 1000 kJ/mol
to stabilize the system. Later on, the system is
equilibrated using number of particles, volume and
temperature (NVT), and number of particles, pressure
and temperature (NPT) at 100 ps at 300 k and 100 ps
at a pressure of 1 bar maintained by Parrinello-Rahman
barostat, constraining the protein backbone.*" Linear
Constraint Solver for Molecular Simulations (LINCS)®?
algorithm was used to restrain heavy atom bonds and
their respective hydrogen atoms. Particle Mesh Ewald
(PME) was utilized to compute the long rage electro-
static interaction taking a cut-off distance of 12 A for
Coulombic and van der Waals interactions.*® MD
simulations were performed up to 50 ns, storing the
coordinate data for every 2fs. We evaluated the
simulation outputs by using XMGRACEE# and Chimera
software.l'8l

3. Results and Discussion

SARS-CoV-2 infections develop several clinical compli-
cations such as pneumonia, acute kidney injury, heart
problems, organ failure, blood clots, and secondary
bacterial and viral infections.*® Because of its dissim-
ilarity to its host, MP™® of SARS-CoV-2 is an appealing
therapeutic target, and it also plays a critical function
in the processing of polyproteins translated from viral
RNA. The present study identified and characterized
the most potent inhibitors available in the Pathogen
Box as a possible therapeutic target against the main
protease using drug repurposing dimensions.

3.1. Structural Analysis of MP" Drug Target

MP™ plays a major role in the replication and tran-
scription of the virus inside human cells."” SARS-CoV-
2 MP™ protein consists of 306 amino acids and shows
96 percent identity with the MP™ of SARS-CoV virus of
the same lineage. The availability of the three-dimen-
sional structure of MP™ provides an opportunity to
look inside the structure for its activity and also pave a
way to identify potential drug candidates that can
able to disrupt its activity. The 3D structure of MP™ co-
crystallized with Michael acceptor inhibitor, N3 is taken
from Protein Data Bank (PDB ID: 6LU7)."" The
structural analysis and visualization show that it exists
in a dimer form where each monomer is a protomer
and is composed of three domains: domain | (8-101
amino acid residues), domain Il (102-184), and domain
[l (201-303). Domain | and Il show antiparallel B-barrel
structure, and domain |l constitutes a globular
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structure with antiparallel arranged five a-helices. A
long loop region usually comprises 15 amino acid
residues that connect domain Il to domain lll.

The other two available 3D structures of MP™
protein (PDB ID-1TWOF and 6YNQ) complexed with N1
and a-ketoamide inhibitors are taken from the protein
database.l'®'”! We did a structural analysis of available
three 3D structures along with their respective ligands
using Chimera software. An overlay of the structures
of SARS-CoV-2 MP-N3 and MP™-q-ketoamide and
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SARS-CoV-1 MP™-N1 show that all the three inhibitors
occupy the same binding site of MP with nearly
similar binding modes as evident from Figure 1. The
structural superimposition result clearly shows a high
degree of similarity between SARS-CoV-2 MP™® -N3
complex (PDB ID-6LU7) and SARS-CoV-2 MP™ with a-
ketoamide inhibitor in terms of their root mean square
deviation of 0.406 A compared to main protease co-
crystallized with N1 inhibitors (RMSD:0.671). However,
the surface loops and a-helices of domain Il are

y

GLY T43A
-

PHE 140.A

Figure 1. Structural Analysis of SARS-CoV-2 MP™ complexed with inhibitors. (A) Superposition of crystal structures of MP™ shown in
ribbon form 6LU7 (Pink), TWOF (Blue), 6YNQ (Lime green) co-crystallized with their respective ligands, N3, N1, and alpha ketoamide
inhibitor in stick forms with atom level color, (B) and (C) Surface view of MP™ active sites where the active site of 6LU7 (cyan), TWOF
(white) and 6YNQ (pink) along with their ligands: N3 (red), N1 (yellow) and alpha ketoamide (black). Chimera software is used for

visualizations.
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showing large variations while the substrate-binding
pockets located in a cleft between domains | and Il are
perfectly superimposed and show the highest level of
conservations among the three MP™ structures. It is
also evident that N3, N1, and a-ketoamide inhibitors
are present in a similar binding mode at the conserved
binding pockets. This will pose more confidence that
disrupting the MP™ active site by drug repurposed
inhibitors may disrupt its normal course of action and
results in decreased SARS-CoV-2 activity.

3.2. Exploring the Potential Binding Site of MP™ Receptor

We performed a ligand-independent binding site
search for MP™ protein using the CASTp server to bring

( CHEMISTRY &
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more robustness in confirming the main binding site
before the screening. The output result showed a total
of 38 binding pockets and other sub-pockets. The
ligand, in general, interacts with the binding pocket
having the largest cavity. The solvent-accessible sur-
face area is 224 A%, with a volume of 180 A3 for the
largest binding pocket (Figure2). The amino acid
residues namely THR24, THR25, THR26, LEU27, HIS41,
THR45, SER46, MET49, PHE140, LEU141, ASN142,
GLY143, SER144, CYS145, HIS163, MET165, GLU166,
HIS172 of chain A; and VAL3, LEU4 of chain C are
mainly involved in constituting main binding pocket
of COVID-19 MP™ receptor. The presence of conserved
residues, HIS41 and CYS145, at the catalytic dyad at

Chain A

SGFRKEMAFPSGKVEGCMVQVTCGTTTLNGLWLDODDVVYCPRHVICTSEDMLNP

NYEDLLIRKSNHNFLVQAGNVQLRVIGHSMQNCVLEKLKVDTANPKTPKYKEFYV
— e — - -

RIQPGQTFSVYLACYNGSPSGVYQCAMRPNFTIKGSFLNGSCGSVGFNIDYDC

VSFCYMHHMELPTGVHAGTDLEGNFYGPFVDRQTAQAAGTDTTITVNVLAWL

YAAVINGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVDILGPLSAQTGIA

Chain C

AV L (B)

VLDMCASLKELLQNGMNGRTILGSALLEDEFTPFDVVRQCSGVTFQ

Figure 2. Binding site prediction using the CASTp server (A) Active site pocket of MP shown in red spheres on residues (B)
secondary structure elements is visible in different colors. Amino acid residues present at the largest binding pocket are highlighted

in cyan color.
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the substrate-binding site of MP™ validates our
hypothesis of active site prediction.

3.3. Virtual Screening of Compounds in Pathogen Box

Screening is a computational technique that can
identify bioactive hit candidates from a collection of
small compound libraries. PyRx is used to identify
potential compounds against MP® enzyme of SARS-
CoV-2. We have selected 400 diverse bioactive inhib-
itors, that were previously useful for targeting other
diseases, from the Pathogen Box available at Medi-
cines for Malaria Venture for screening against the
target enzyme. Jin et al. reported that a small molecule
N3 forms a stable complex with MP™ protein."” So, we
have included the N3 inhibitor as a control to screen
400 diverse compounds to validate our screening
parameters. The presence of N3 inhibitor in the
screening result successfully cross validates our hy-
pothesis. Twelve compounds did not show any bind-
ing, and the remaining compounds bind at the main
cavity with differential binding energies of —4.2 to
—9.0 kcal/mol. We have used the binding energy of
our control (-6.0 kcal/mol) as a cut-off criterion to
filter our screening compounds (Table 7). Total ten
compounds having higher binding affinity to our
control are taken further for in-depth study.

3.4. Study of Physicochemical Properties of Screened
Compounds

The interaction of a compound with its physical
environment determines its physicochemical proper-
ties responsible for the biological activity of com-
pounds. The drug-likeness score is calculated by
considering partition coefficient (log P), molecular
weight, number of hydrogen donors, number of
hydrogen acceptors, and number of violations to
Lipinski's rule (Table 7). The calculated molecular
weight, hydrogen bond acceptors, hydrogen bond
donors of obtained compounds are 422 to 957, 2 to 7,
and 1 to 3, respectively. The molecular polar surface
area is directly related to the passive transport of
drugs through membranes, and their values lie within
the range of 26.92-160.96 A>. The contribution of
each functional group & structural arrangement helps
to determine the lipophilic character and is positively
associated with the permeability and bioavailability of
drugs. The log P values of drugs lie between -0.58
and 6.11. The structural and molecular properties of a
particular compound are similar to the known drugs
or not, is determined by the Drug-likeness score,
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which lies in the range of —0.41 to 2.68. The screened
drugs are likely to be orally active as they agree with
Lipinski's rules with fewer violations and the drug-
likeness score. These compounds classify the basic
drug criterion and are used in the next step of the
drug design process.

3.5. Interaction of Screened Drugs with MP™ Receptor

The selected ten hits from the screening experiments
are further scrutinized using docking studies with
stringent parameters. AutoDock Vina software was
used for docking selected compounds against the MP™
protein. We want to check all the possibilities whether
the ligand conformers bind to the primary binding site
or additional binding site, that's why we have set up a
molecular grid covering the whole receptor. The
docking result showed a more or less similar trend in
binding energy compared to PyRx screening tool
(Table 2). The docking studies using Vina software
shed more light on binding poses and interactions of
ligands at the active site of MP™ receptor in terms of
hydrogen bonding and other non-bonded interac-
tions.

MMV1782220 ligand docked at the main binding
site of MP™ receptor of SARS-CoV-2 with the binding
energy of —8.2 kcal/mol. The amino acid residues
involved in the hydrophobic interactions are HIS41,
THR24, THR25, THR45, GLY143, LEU141, ASN142,
GLU166, HIS163, MET165, where THR45 and GLY143
amino acids of receptor show hydrogen bonding with
inhibitors. The compound MMV1782211 interacted
with residues THR25, THR26, MET49, ARG188, GLN189,
MET165, PRO168 of the receptor with docking affinity
—8.9 kcal/mol. Similarly, MMV1634393 (-8.7 kcal/mol)
and MMV1633966 (-8.8 kcal/mol) interact with
GLN110, VAL202, THR292, PRO293, PHE294, ILE249;
and ARG131, LYS137, ASP197, THR198, THR199,
ASN238, LEU286, LEU287, residues, respectively, one
hydrogen bond generated by MMV1633966 with
residue THR199. Another compound, MMV1593541
showed interactions with residues, namely GLU14,
GLN19, GLY70, GLY71, VAL73, GLY120, SER121, with a
binding affinity of —8.7 kcal/mol.

The amino acid residues, namely LYS137, THR199,
TYR237, TYR239 and GLU290 are involved in holding
MMV1593533 ligand at the binding cavity of MP™
receptor with a binding energy of —8.3 kcal/mol and
with one hydrogen bond made by THR199. The
interaction of MP™ receptor and MMV1593515 involves
TYR237, LYS137, TYR239, ASP289, MET276 with an

www.cb.wiley.com (6 of 17) 202200600

© 2023 Wiley-VHCA AG, Zurich, Switzerland

85U8017 SUOWILLIOD @A 18810 3deoldde ayy Aq peusenob a1e ssjoiie YO ‘8sn Jo SNl 10} ArIq1T8UIIUO A1 UO (SUONIPUOD-PUB-SWLBIW0 A8 | 1M ARIq 1 [BU1|UO//SANL) SUORIPUOD PUe SWie | 8U 88S *[£202/20/90] U0 Akeid)Tauluo A8]IM ‘YoIsay Soisiels oLBY Ueipul Aq 009002202 APGR/Z00T 0T/10p/oo" A3 1M Akeud1|euluo//:sdny woly papeojumod ‘0 ‘088TZTOT


www.cb.wiley.com

Chem. Biodiversity 2023, 20, 202200600 ( CIEMSTRY S

Table 1. Calculation of ADMET properties of screened compounds.

Compounds Molecular Properties and Drug-likeness
Properties Value
MMV1782220 (Cy3H3oN40¢5,) Molecular weight 522.16
Number of HBA 7
Number of HBD 3
MolLogP 2.50
MolPSA 126.41
‘\“H\:/ Drug-likeness model score 0.75
BO§%
A S
MMV1782211 ( C27H21FN4O Molecular weight 436.17
Number of HBA 3
Number of HBD 2
MolLogP 5.55
MolPSA 52.25
>/©, Drug-likeness model score 0.43
MMV1634393 (C,,H,9F3N,0) Molecular weight 454.22
Number of HBA 2
Number of HBD 1
MolLogP 6.60
MolPSA 26.96
Drug-likeness model score 1.26
MMV1633966 (C21H15CI2N7O) Molecular weight 451.07
PN N Number of HBA 4
% \N Number of HBD 4
N\N// MolLogP 4,51
MolPSA 87.44
OJ/ Drug-likeness model score —0.41
N O N
MMV1593541 (Cy5H,9FNg) Molecular weight 42217

NH, F Number of HBA 3
/k Number of HBD 5
N - MolLogP 6.11

N .
O OO
NH,

Drug-likeness model score 0.14
MMV1593533 (C,,H;gF3N305) Molecular weight 429.13
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Compounds Molecular Properties and Drug-likeness
Properties Value
N Number of HBA 4
Q Number of HBD 1
MolLogP 4,68
NS MolPSA 55.82
NH F Drug-likeness model score 0.36
O)\N
—
)
MMV1593515 (CygH33FN,0,) Molecular weight 492.24
7 Number of HBA 5
SN Number of HBD 1
o MolLogP 5.85
° MolPSA 63.59
Drug-likeness model score 0.65
E
MMV1580853 (C3,H,3Ng05) Molecular weight 528.23
o Number of HBA 4
Number of HBD 4
N =N MolLogP 6.12
HN\> MolPSA 90.38
NH Drug-likeness model score 0.46
ooy
N
o
MMV1578574 (C,;H3,FN,Og) Molecular weight 558.21
Number of HBA 10
Number of HBD 7
MolLogP —0.58
MolPSA 148.71
Drug-likeness model score 2.68
MMV639951 (Cs3HgsNO; ) Molecular weight 957.58
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Table 1. (cont.)

( CHEMISTRY &
BIODIVERSITY

Compounds Molecular Properties and Drug-likeness
Properties Value
Number of HBA 14
Number of HBD 3
MolLogP 5.26
MolPSA 160.96
Drug-likeness model score 0.65

Table 2. Interaction of selected drug compounds at the active site of Mpro receptor of SARS-CoV-2.

S.  MMVID Binding plCsy Interacting Residues Hydrogen Bonds
No. Affinity (uMm)
(kcal/mol)
1 MMV1782220 —8.2 0.97  THRA45, HIS41, THR25, THR24, GLY143, LEU141, ASN142, GLU166, = THR45, GLY143
HIS163, MET165
2 MMV1782211 —8.9 0.30  THR25, THR26, MET49, ARG188, GLN189, MET165, PRO168, 0
3 MMV1634393 —8.7 042  VAL202, GLN110, THR292, PRO293, PHE294, ILE249, 0
4 MMV1633966 —8.8 0.35 LEU286, LEU287, THR199, THR198, ASN238, ARG131, ASP197, THR199
LYS137
5 MMV1593541 —8.7 0.42 GLU14, SER121, GLY70, GLY71, GLY120, VAL73, GLN19 0
6 MMV1593533 —83 0.81 TYR237, THR199, TYR239, LYS137, GLU290 THR199
7 MMV1593515 —8.2 0.97 TYR237,LYS137, TYR239, ASP289, MET276 MET276
8 MMV1580853 —8.3 0.81 TYR239, LYS137, LEU287, LEU286, LYS5 LEU287
9 MMV1578574 —8.4 0.69 HIS41, MET49, MET165, HIS164, GLU166, GLY 143, HIS164
10 MMV639951 —-7.9 1.60  ARG188, ASN153, TYR54, ARG40, GLU55, ASN180, ASN84, ARG105, ARG40, TYR54,
GLU178 ARG188
11 N3 com- —-6.0 39.72 PHE294, ASN151, SER158, VAL104, GLN110 0
pound
(control)

affinity of —8.2 kcal/mol. MET276 shows hydrogen
bonding with MMV1593515.

TYR239, LYS137, LEU287, LEU286, LYS5 interacts
with MMV1580853 ligand at the main active site with
binding affinity —8.3 kcal/mol. The ligand showed a
hydrogen bonding interaction with LEU287.

The docking energy of MMV1578574 with the
receptor is —8.4 kcal/mol, and the interacted residues
are HIS41, MET49, MET165, HIS164, GLU166, GLY143,
along with one hydrogen bond involving residue
HIS164. The close contact amino acid residues, namely
ARG40, TYR54, GLUS55, ASN84, ARG105, ASN153,
GLU178, ASN180 and ARG188 are showing interactions

with MMV639951 compound with —7.9 kcal/mol, and
it also forms a strong hydrogen bond network with
ARG40, TYR54, ARG188. Later on, we obtained the
corresponding 1Cs, (uM) values using the compound’s
binding affinity X (kcal/mol):

ICSO — 10)(/1.3633 X 10—6

A complete list of the predicted values selected
compounds is given in the Table 2.
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3.6 In-Depth Binding Analysis of Docked Compounds at
the Main Active Site of MP™ Receptor Protein

The superimposition of all the docked compounds
obtained from the docking experiment showed that
their minimum energy conformers bind at the main
active site and additional binding sites with a differ-
ential binding affinity. The in-depth analysis revealed
that only three compounds, MMV1782220,
MMV1782211, and MMV1578574, were found at the
main active site cavity beside the N3 compound, as
visible from Figure 3. Apart from that, other ligands are
binding to some other binding cavities, suggesting the
presence of additional cavities in the receptor.

The compounds found to be present at the main
cavity are further selected for in-depth interaction
study. The selected three compounds show a signifi-

( CHEMISTRY &
BIODIVERSITY

cant binding affinity at the MP™ active site. The
network of hydrogen bonding patterns is present
between ligands and receptors. The presence of an
array of hydrophobic interactions is also responsible
for holding these ligands at the main binding pocket
of MP™ receptor (Figure 4). Hence it is clear from the
docking study that three compounds (MMV1782211,
MMV1782220, and MMV1578574) are showing satisfac-
tory interactions at the main active site of MP™ drug
target. This experiment needs some additional valida-
tion in terms of pose stability and interaction stability.
The stability and reliability of complexes were further
checked by conducting molecular dynamics simula-
tions.

C

nd
ite with N3

active

and three

‘ MV Ngands
‘ —

Figure 3. Binding of ligands at the MP™ receptor protein. (A) Secondary structure representation B) Surface view; Only three ligands

(MMV1782220 MMV1782211 and MMV1578574) out of 10 binds at the main active site of the receptor (C) enlarged surface view of

the main active site showing three ligands at main active site pocket along with N3 (yellow color). Chimera software is used for

visualization of complexes.
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%;\189
%oﬂﬁs

LD

Figure 4. Binding modes of minimum energy conformers after docking experiments of MMV compounds: 3D structure of M
protein is shown as molecular surface models in Tan color and ligands are represented as ball and stick models on the left-hand
side using Chimera software while ligand-receptor interactions and their close contact residues are visible on the right-hand side
pane using LigPlot program where hydrogen bonds are labeled in green color.

pro
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3.7. Molecular Dynamics Simulation Analysis of Selected
Complexes

The primary objective of performing the MD simula-
tion experiments is to assess the binding stability and
dynamics of selected three compounds at the binding
pocket of MP™ receptor. The four complexes (MP™-
N3, MP°-MMV1782220, MP°-MMV1782211, and MP"-
MMV1578574) were undergone simulation experi-
ments individually up to the duration of 50 ns to check
their stability. The output results of MD simulation
experiments were examined in terms of their RMSD
values, RMSF, hydrogen bond, solvent-accessible area,
and radius of gyration to assess their individual and
complex stability. Average RMSD analysis indicate that
the MP™ structure is more stabilized upon binding
with selected ligands, and their average RMSD varies
from 2.2 to 3.7A, as shown in Figure 5(A). Our

( CHEMISTRY &
BIODIVERSITY

comparative analysis showed that the average RMSD
fluctuations of MMV1782211 complex were the lowest
and showed comparable synchrony with the reference
MP®-N3 complex. The average RMSD fluctuations of
this complex are found to be even more stable than
the reference one.

The RMSF analysis provides more detailed informa-
tion about amino acid motions in MP™ receptor upon
binding of selected compounds. RMSF fluctuations
concerning amino acid residue numbers were plotted
from the 50 ns trajectories (Figure 5(B)). The conver-
gence of the simulation towards equilibrium can also
be inferred from the relaxation of the structure. The
RMSF are captured about each atom about its average
positions. The result shows insight into the flexible
regions of the protein, and corresponds to the
crystallographic b-factors (temperature factors). The
RMSF profile shows that the residues: LEU30, CYS38,

— WprO alone
— N 3-Mpro Complex

06 — MMV1782211-Mpro

) — MMV1782220-Mpro

MMV1578574-Mpro

05— —

RMSD { nm)

04— |l g Il‘l
i
1

(nm)

s 1 : 1 : | . | . 1
o 10000 20000 30000

Time (ps)

(€

40000 5001

Residue
(B)

T T T T T T T T T

| Ml . l\ Il ﬂllwd'l i

Lt
LT il

10000 20000 40000 5001

30000
Time (ps)
(o)

Figure 5. Comparison of molecular dynamics simulation trajectories (A) Root mean square deviation, (B) Root mean square
fluctuations, (C) Radius of gyration, and (D) Number of hydrogen bond formation, for MP™ protein docked with the reference ligand
N3 (black), MMV1782211 (red), MMV1782220 (green), and MMV 1578574 (blue) over the 50 ns simulations. The trajectory graphs are

developed using XMGRACE tool.
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ARG40, HIS41, THR45, GLY143, CYS145, VAL 148,
MET162, PRO168, ALA206 and LEU286, present in the
core region have less fluctuations about the average
position (0.17 nm) compared to the residues (GLU47,
ASP48 MET49, TYR154, ARG222, and ASN277) present
in the surface or loop regions. These results have a
good coherence with crystallographic data of the
protein.

Furthermore, the radius of gyration (Ry) is used to
study a protein’s overall conformational shape and
compactness. The radius of gyration showed no
abnormal behavior throughout the simulation (Fig-
ure 5(C)). The MP™-MMV1782211 complex showed
more compactness in terms of the distribution of mass
around the central axis as compared with the refer-
ence and other ligands.

Hydrogen bonding is a good measure of the
stability of a protein-ligand complex. Intramolecular
and intermolecular hydrogen bonds play a vital role in
the molecular recognition, stability, and overall con-
formation. The number of hydrogen bonds varies from
1-10, with an average of 2.5 during the entire
simulations (Figure 5(D)). Solvent accessible surface
area also varies for different ligands and varies 2-
10 nm? with an average of 0.6 nm? per residue. It is
also noted that residues in the active site region of the
protein-ligand complex have a low solvent-accessible
surface compared to others.

3.8. MM-PBSA Free Energy Decomposition

The MM-PBSA is a popular method for predicting the
free energy of binding due to its good accuracy
compared to most other scoring functions of molec-
ular docking methods.*®! MM-PBSA based binding free
energy of all protein-ligands complexes was calculated
for the last 50 ns trajectories. The binding free energy
was calculated using polar and apolar solvation
energy. The free binding energy was investigated as
electrostatic energy, polar solvation energy, van der
Waals energy, SASA energy, and average binding
energy (Table 3). The reference compound N3 showed
free binding energy of -115.8kJ/mol, whereas
MMV1782211, MMV1782220, and MMV1578574

( CHEMISTRY &
BIODIVERSITY

showed binding energy of —171, -143, and -118 kJ/
mol suggesting MMV1782211 have the highest bind-
ing affinity for SARS-CoV-2 MP™ protein. Binding
Energy of all ligands with protein during MD simu-
lation showed that the binding energy of
MMV1782211 is lowest altogether during the entire
simulation run, which is visible in red color in Fig-
ure 6(B).

The energy contribution of individual amino acid
residues was also calculated using the MM-PBSA
method (Figure 6(C)). The residue peaks in the negative
Y-axis are responsible for the interaction and stability
of ligands. The interacting amino acid residues such as
THR24-26, HIS41, MET49, PHE140, LEU141, GLY143,
SER144, (CYS145, HIS163-164, MET165, GLU166,
PRO168, HIS172, ASP187, ARG188, GLN189, THR190,
ALA191, and GLN192 were found to surround the
ligands within a distance of 4 A.

The main protease of the SARS-CoV-2 plays a
crucial role in the virus infections cycle due to its
contribution in establishing a replication-transcription
complex. Disrupting the normal activity of MP™ protein
will able to halt the progression of the virus. Based on
these observations, various studies have focused MP™
as an essential target for exploring possible interven-
tions against SARS-CoV-2. Different investigations ex-
plored a wide range of molecules such as alkaloids,®”!
plant-derived antiviral compounds,®® plant-derived
natural compounds,*  FDA-approved  antiviral
drugs, ! synthetic ligands derived from coumarins
and quinolines,*" and tested their binding efficiency
against the main protease of SARS-CoV-2. Although
some of the results were promising, most were yet to
be tested invitro or invivo for efficacy. Recently,
another independent in-silico study screened malaria
box compounds and proposed MB 241, MB 250, and
MB 266 best molecules against MP™ activity.*” The
present investigation exploring the antiviral and
antibacterial compounds from the pathogen box of
Medicines for Malaria Venture revealed significant
binding efficiency of MMV178221, MMV1782220, and
MMV1578574. The detailed information about identi-
fied three potent compounds is provided in Table 4.
MMV1782211 aka TTP-8307 is previously reported as

Table 3. Van der Waals, electrostatic, polar solvation, SASA, and binding energy in kJ/mol for each MP™ - drug complex.

Compound ID Van der Waals energy Electrostatic energy Polar solvation energy SASA energy Binding energy
N3 —181+26.0 —344+£135 118+£31.9 —184+29 —115.8+3.5
MMV1782211 —2194+0.88 —222+04 89.6 +.74 —19.7 +.07 —1714+0.9
MMV1782220 —195+16.4 —174+8.4 87.9+16.1 —185+14 —143+19.2
MMV1578574 —1584+0.4 —18.8+9.0 72.6+19.0 —142+20 —-1184+17.3
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Figure 6. (A) Area per residue over the trajectory (B) Binding free energy components (C) Contribution of residues to the binding
energy of MP™ protein docked with the reference ligand N3, MMV178221, MMV1782220, and MMV1578574. XMGRACE tool is used

to prepare the graphs.

Table 4. Information regarding the identified compounds against MP" drug target of SARS-CoV-2.

Compound ID ChEMBL ID Trivial Names Activity
MMV1782211 CHEMBL1163676 TTP 8307 Antiviral

(Rhino- and enteroviruses)
MMV1782220 CHEMBL265948 Cyclopropavir, Filociclovir, MBX-400 Antiviral

(Cytomegalovirus Infection)
MMV1578574 CHEMBL1951095 Eravacycline Antibacterial

(Human intra-abdominal infections)

an antiviral compound which disrupts the replication
of several rhino- and enteroviruses. The compound
binds to the oxysterol-binding protein (OSBP) and
disrupts its lipid shuttling function.>** MMV1782220
aka MBX-400 is also an antiviral agent which is under
investigation in clinical trials. The safety and pharma-

cokinetics of single oral doses of MBX-400 in healthy
volunteers is completed in cytomegalovirus infection.
This is a nucleoside analog that disrupts the UL97
kinase activity in cytomegalovirus.*** |n contrast to
other two compounds, MMV1578574 aka Eravacycline
is a FDA approved drug of the tetracycline antibiotic
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class with a broad spectrum of activity that has
demonstrated efficacy in the treatment of complicated
intra-abdominal infections.*”? However, laboratory and
animal studies are required to validate inhibitory role
of our findings.

4. Conclusion

COVID-19 has emerged as a pandemic and is respon-
sible for enormous mortality and morbidity in the
human population worldwide. However, no approved
therapeutic drugs currently exist to treat the disease,
the prophylactic vaccines are the only available
options, but their efficacy and safety are still concerns.
We aim to combat the COVID-19 crisis by utilizing the
potential of SARS-CoV-2 main protease (MP©) as a
drug target. The superimposition of 3D structures of
MP™ provides information on key amino acids involved
in the interaction at the main binding pocket. We have
screened 10 out of 400 diverse, drug-like molecules of
Pathogen box based on binding affinity compared to
N3, which is used as a control to cross validates
screening protocol. The physicochemical properties of
these compounds lie in the permissible range. Later
on, these compounds are subject to docking experi-
ments using stringent parameters where their binding
affinity lies in the range of —7.9 to —8.9 kcal/mol. The
structural and superimposition analysis of selected
complexes reveal that a total of only 3 compounds,
namely, MMV1782211, MMV1782220, and
MMV1578574, were found to interact at the main
active site pocket of MP™. Later on, the selected
complexes were subjected to molecular dynamics
simulation and MM/PBSA study to investigate their
intermolecular interactions, complex stability, and
binding affinity by considering N3 inhibitor as a
reference point. The molecular docking, simulation,
and MM/PBSA results show that MMV1782211- MP™
complex is the most stable configuration with high
free binding energy compared to N3. This compound
may have the ability to block the expression of the
main protease enzyme, resulting in the disruption of
their replication mechanism. Hence, this compound
can be further evaluated as a SARS-CoV-2 MP®
inhibitor using in vitro and in vivo model studies.
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