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There are several important targets which need to be explored to design and develop COVID-19 inhibitors.
Several reports described the application of pharmacoinformatics in identifying natural product compounds
such as tylophorine, 7-methoxycrptopleurine, scutellarein, luteolin, ferruginol, betulonic acid etc. for
inhibiting the SARS-CoV-2 enzymes. However, efforts to identify species which simultaneously inhibit
multiple enzyme targets are rare. In the current study, pharmacoinformatics analysis has been carried
out to identify natural product inhibitors from the plant sources Murraya koenigii and Vitex negundo. The
chosen SARS-CoV-2 macromolecules are 3CLpro (NSP5), PLpro (NSP3), helicase (NSP13) and
endoribonuclease (NSP15). 3D Crystal structures of the target enzymes have been utilized for molecular
docking-based virtual screening of phytochemicals. Lead compounds were identified based on docking
scores as well as on molecular recognition interactions with the key active site residues of targeted
enzymes. The results indicate that 7,8-dimethylherbacetin-3-O-olL-rhamnoside, bismahanimboline, clauraila
A, mukonal, mukolidine, and mukonidine can exhibit multi-target inhibition and may provide solution to the
COVID-19 treatment. Selected promising compounds were further analysed using molecular dynamics
(MD) simulations to estimate the binding affinity with the target enzymes.

Introduction kDa), which are processed auto-proteolytically by
two viral proteases (PLpro between NSP 1-4 and
CLpro between NSP 4-15) to generate mature 16
viral NSPs. These viral NSPs then assemble into a
large, membrane-bound, replication-transcription
complex, a highly dynamic protein-RNA complex
responsible for facilitating the viral replicative
processes. The remaining one-third genome of SARS-
CoV-2 encodes for subgenomic mRNAs which get
translated into four structural proteins and nine
accessory/regulatory factors.®>® Thus, several viral
SARS-CoV-2 proteins can be used as targets for
inhibitor design with an aim to treat COVID-19
disease. Figure 1 and 2 provide the structures of
important drugs in anti-COVID-19 research.

Coronaviruses (CoV) are a large group of enveloped,
positive-sense, single strand RNA viruses.'? Cov
strains that can infect humans include 229E, NL63,
0C43, HKU1, SARS, MERS and SARS-CoV-2.° While,
229E, NL63, 0C43, HKUL1 infection typically lead to
mild-to-moderate upper respiratory tract problems,
SARS and MERS strains caused severe respiratory
diseases with high morbidity and mortality. However,
SARS-CoV-2 strain of CoV is highly transmissible
and causes severe and fatal pneumonia.l'4 The
genome of SARS-CoV-2 is —30 kb in length and
contains (at its 5’ end) a large replicase gene that
occupies two-third of the entire virus genome and
encodes for non-structural proteins (NSPs),
structural proteins and accessory/regulatory Clinically approved anti-viral drugs for treating viral
factors.®® Due to ribosomal frame shifting, the infections caused by viruses viz. HIV, herpes,
replicase gene encodes 2 open reading frames hepatitis, influenza, SARS-CoV, MERS-CoV and Ebola,
(ORFs). Consequent to the virus entry into the host are now being repurposed for treating Covid-19
cells, these two ORFs are translated into two large disease.®’ Recently, remdesivir, a drug earlier
polyproteins (ppla of ~490 kDa and pplab of ~790 approved for Ebola and favipiravir earlier used for
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influenza are approved for the treatment of Covid-
19 disease.®® Keeping in view of limited efficacy of
the clinically used drugs, it is important and timely
to search for new drug candidates from natural
products and traditional medicine formulations, for
treating Covid-19 disease.

In Ayurveda, several medicinal herbal products are
being used for the treatment and prevention of
several diseases including respiratory viral
infections.® Several of these herbs possess immune
stimulating and inflammation modulating effects that
help in boosting immunity and thus can offer benefits
in treating respiratory viral infections. Further, many
of these herbs exhibited anti-viral, anti-inflammatory
and antioxidant activities that make them favourable
to be considered for activity testing against Corona
viruses.'* A few Indian medicinal plant extracts of
Vitex trifolia, Spaeranthus indicus have been
reported to reduce inflammatory cytokines produced
through NF-xB pathway.lz’13 This pathway has been
implicated in respiratory distress induced in SARS-
CoV-2 infection. Glycyrrhiza glabra and Allium
sativum are known to target viral replication of
SARS-CoV and may be considered as promising
candidates against SARS-CoV-2.**1° Thus, keeping
in view of potential of Indian medicinal plants we
have selected Murraya koenigii (L.). (family:
Rutaceae) and Vitex negundo L. (family:
Verbenaceae) as potential candidates to study
against SARS-COV-2 viral proteins.

Pharmacoinformatics provides information technology
based tools for drug discovery.le’17 This includes
molecular modelling of proteins, small molecules and
their interactions. This also involves virtual screening
of large sets of data towards drug discovery
applications. This technology is being extensively
used in addressing the anti-virus drug discovery
research including COVID-19.'8 Docking-based virtual
screening (DBVS) is one of the well-known screening
approaches of the structure-based drug design
process.lg'21 Many attempts were made to
repurpose known anti-viral compounds by initially
performing pharmacoinformatic analysis.zz'24 Several
studies employed virtual screening approach to
identify new leads for anti COVID-19 activity.25
Molecular docking,26 QSAR,27’28 Pharmacophore
mapping,29 de novo design,30 Molecular dynamics,31'
3 Artificial Intelligence (Al) based analysis,34 etc.
were also carried out. A few of these efforts were
carried out on a set of molecules originating from
natural products also.'3% All these efforts lead to
the identification of new hit molecules, which were
occasionally submitted to molecular dynamics31 as
well as QM/MM analyses.36

To gain detailed insights into the structure and
function of SARS-CoV-2 macromolecules, numerous
'three-dimensional’ structures have been solved using
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Figure 2. Drugs/molecules under clinical-trials for
COVID-19 treatment.*>*°

X-ray diffraction, solution NMR, electron microscopy
techniques and deposited in the Protein Data Bank
(PDB)42 (see Table S1, ESI). Furthermore,
identification of novel drugs through experimental
approaches require huge money as well as time,
hence, pharmacoinformatics approaches are being
increasingly employed to identify new lead
molecules.*®214344 There is a huge scope and
emergency to explore natural product libraries
towards new anti-COVID lead identification. As
mentioned above, Murraya koenigii and Vitex
negundo plants offer extensive set of isolatable
useful phytoconstituents. It is worth exploring the
possible inhibitory potential of these species against
various SARS-CoV-2 enzyme targets using
pharmacoinformatics methods. In this work, 265
natural products from Murraya koenigii and Vitex
negundo (see Table S2, ESI) have been subjected
to virtual screening analysis (Figure 3) using
molecular docking. Six compounds that showed multi-
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target inhibitory effects were identified, and these
six compounds (Figure 4) are suggested as possible
multi-target inhibitors of SARS-CoV-2. The
phytoconstituents from these two species were
subjected to molecular dynamics analysis (in four
SARS-CoV-2 targets) to estimate the AG associated
with the inhibitory complex formation.

METHADOLOGY

Data collection and Ligand structure preparation

The plant Murraya koenigii (curry tree) has been
traditionally used in Indian traditional medicine for
treating various ailments and holds a very high value
in Ayurvedic medicine. It is also popularly known as
'Meetha neem’ in India. About 200 compounds from
this plant have been isolated and characterized.*’
Based on the known lead molecules for SARS-CoV-
2, 98 compounds from this plant have been selected
for pharmacoinformatics analysis, the 2D structure
of all the molecules are provided in Table S2, ESI.
Vitex negundo (Nirgundi) is a shrub that is reported
to be an important medicinal plant used for the
treatment of arthritis and several other bioactivities
in Ayurveda. Around 170 isolable chemicals have
been reported from this plant,“s’49 167 of which are
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considered for this analysis. 2D structures of all
these compounds have been collected from in-house
library of natural products and corresponding 3D
structures were built using ChemDraw software
(version 10.0).50 To prepare ligand(s) for molecular
docking, LigPrep module of Schrodinger software®!
was utilized in which the low energy tautomeric,
ionization and stereoisomeric states at physiological
pH (7.0x2.0) for these molecules were generated
by performing energy minimization using OPLS3e
force field.%%%3

Molecular docking-based virtual screening

The 3D structures of the four targets were prepared
for molecular docking-based screening, from the
reported crystal structures available from PDB. The
structures with PDB IDs: 5R82, 6WUU, 6ZSL and
6X41 have been chosen for the enzyme Main
protease (Mpro/3CLpro: NSP5), Papain-like protease
(PLpro: NSP3), Helicase/NTPase (NSP13) and
Endoribonuclease (NendoU: NSP15) respectively.
This choice is based on the resolution factors,
availability of ligand bound 3D structure, andpresence
of complete functional unit or domain (multiple chains,
minimum missing residues etc.). The protein
preparation wizard of Schrodinger software was

Data collection
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utilized for protein structures preparation
after adopting following steps.54’55 Water
molecules were removed from the
{ | downloaded 3D structures, hydrogen atoms
were added. Deformities related to bond
length, bond order, bond angle, metal ions,
tautomers have been removed and the
preferred geometric isomeric state of the
amino acid side chains was restored. The
ionisation state of the amino acids in these
enzymes was set to pH 7+2. Out of the
four proteins, two proteins lack co-
crystalized ligand (bound ligand) in 3D
structure. So, in order to maintain the
uniformity in the docking protocol, the grid
generation was done with reference to the
centroid of a set of residues which
contribute towards ligand binding domain.
Two concentric boxes of 10x10x10 A3 (inner
box) and 20x20x20 A3 (outer box) were
defined to normalise the docking site for
ligands.

In the final step, to validate the docking
protocol, co-crystalized ligand of one of
the target protein (PDB: 5R82) was docked
in the defined grid. The docked ligand was
very well superimposed with the co-
crystalized ligand and RMSD was < 0.5 A
which confirmed that the chosen docking

Figure 3. Flow chart of the pharmacoinformatics research

reported in this study.
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protocol is satisfactory. Finally, 265
phytochemicals were docked in the grid of
four different protein targets of COVID19.
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Final results were analysed and ranked

on the basis of Glide Gscore® as well as CHO
on the basis of molecular recognition o O O
interactions between protein and /N
ligand(s). Ho 0
Molecular Dynamics Simulations Claurila A

To validate the stability of the enzyme-

ligand complex as well as ligands inside CHO
the active site of protein identified from
molecular docking studies, molecular N
dynamics simulations were performed for CHO —° H

the various protein-ligand complexes, OH Mukolidine
using AMBER 12 package.56 Selectivity N

of the ligands in various SARS-CoV-2 i) . COOMe
targets was inferred on the basis of the vou Mukonal OH
binding free energy contribution of the C‘)H N
selected hits USing MM-GBSA 7,8-Dimethylherbacetin-3- O-alpha-L+hamnoside i
calculations, per residue energy Mukon idine

decomposition and H-bond contributions.
The Antechamber program57 of AMBER12
software was utilized to derive partial
atomic charges for the ligands using the semi-
empirical (AM1) wave function with bond charge
correction (BCC) model.® For the ligand(s) and
protein(s) preparation, General Amber Force Field
(GAFF)59 and Amber ff99SB force field®® incorporated
with in AMBER12 software package were
implemented, respectively to generate necessary
topology and coordinate parameter files. Each of
the system (complex containing protein and ligand)
was solvated using TIP3P? water, with cubical
solvation box extended to 20 A in each direction of
the solute forming a cubic box. To neutralize the
overall charges of the system, Na' or CI” ions as
counter ions were added to the system.

Here, to stabilize the overall protein-ligand
complexes, a three step energy minimization process
was adopted. In the first two steps, the solvated
protein-ligand complexes were subjected to restraint
minimization with 1000 and 500 minimization cycles
using a force field cut-off of 3 kcal/mol/A% and 1
kcal/mol/A? respectively. In the third step, an
unrestrained minimization upto 25000 cycles was
carried out. Afterwards, under constant volume-
constant temperature (NVT) conditions, the systems
were gradually heated from O to 300 K over a period
of 50 ps. In the three steps density equilibration
under NPT ensemble, first 2 steps (50 ps each)
with the weak restraint of 2 kcal/mol/A% and 1 kcal/
mol/A?, respectively followed by an unrestrained
density equilibration of the 100 ps was carried out.
The system was equilibrated on a constant pressure
equilibration (NPT) for 1 ns at 300 K temperature
and 1 atm pressure with pressure relaxation time of
2 ps. Finally, 50 ns production runs were performed
at 300 K temperature and 1 atm pressure under
NPT ensemble (cut-off distance for non-bonded

Figure 4. Suggested multi-target inhibitors for anti-COVID19
treatment. Molecules inbold forwarded for MD simulations.

interactions 12 A). The long-range electrostatic
interactions were treated with the Particle-Mesh
Ewald (PME)62 method. Coordinate trajectories were
recorded after every 1ns for the whole MD simulation
runs and recorded trajectories were analysed using
CPPTRAJ®® program incorporated in AMBER software
to process and analyse molecular dynamics trajectory
data for each complex system. Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA)64 method
was utilized to calculate the binding free energy for
various ligands with protein/receptor for all the
selected protein-ligand complexes over the last 5
ns trajectories to ensure good conformational
sampling and reliable binding energy calculations.
Visual Molecular Dynamics (VMD)65 software was
utilized to perform hydrogen-bond (H-bond)
occupancy analysis between the ligand and active
site residues.

RESULTS AND DISCUSSION

Molecular Docking studies to identify potential
medicinal plants constituents against viral
targets

An in-house phytochemicals library comprised of 265
phytoconstituents from two medicinal plants,
Murraya koenigii and Vitex negundo was screened
using molecular docking technique against four
proven protein targets in SARS-CoV-2 determined
for potent anti-COVID-19 natural compounds. Main-
protease (Mpro) (also known as 3-Chymotrypsin-
like protease, 3CLpro), Papain-like protease (PLpro),
Helicase and Endonuclease are the non-structural
proteins (NSP) vital for viral replication and therefore,
most important targets for the design and
development of SARS-CoV-2 inhibitors. Best 50
molecules for each protein targets were identified
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on the basis of Glide Gscore (molecules which
possess Glide Gscore < -5 kcal/mol) as well as
molecular recognizable interactions with the key
active site residues of targeted proteins. These 50
molecules were also grouped according to selectivity

in multiple targets (see Table S3, ESI).

Main-protease (Mpro): The main protease (Mpro)
is a 306 residue protein, folded into three domains
and shares —96% sequence identity and similar 3D
structure with the Mpro of other coronaviruses.®®
The enzyme plays crucial role in the coronavirus
biology, Mpro is considered as "the Achilles’ heel of
coronaviruses". Mpro recognizes 11 conserved
cleavage sites [Leu-GInl(Ser,Ala,Gly)] in ppla/pplab
polyproteins, between NSP 4-15 and is responsible
for the release of NSP 4-16.%" It is established that
inhibiting the protease activity of this enzyme blocks
viral replication and such inhibitors are considered
as broad-spectrum anti-viral drugs. The enzyme
employs conserved Cys and His residues which serve
as the principal nucleophile and general acid-base
catalyst, respectively, at its catalytic site %68

Molecular docking-based virtual screening of the
chosen phytochemicals against Mpro revealed that
most of them are accommodated comfortably in the
active site. A list of top scoring 20 compounds is
listed in Table 1 along with their docking scores (a
comprehensive list is provided in Table S3). The
top scoring five compounds are -- luteolin-7-0O-f-
D-glucoside (Glide Gscore -8.13), 20,3B-7-0O-
methylcedrusin (-7.50), murrayacinine (-7.41), 1-
hydroxy-7-methoxy-8-(3-methylbut-2-en-1-yl) -
9H-carbazole-3-carbaldehyde (-7.37) and 6-
hydroxy-4-(4-hydroxy-3-methoxyphenyl)-3-
hydroxymethyl-7-methoxy-3,4-dihydro-2-
naphthaldehyde (-7.29).

All the selected hits show single or multiple hydrogen
bond interactions with the key active site residues
i.e. Thr26, Asnl142, Gly143, His164, Glu166, Argl188,
GIn189 and Thrl190. Apart from that, n-n interaction
with the hydrophobic residue His41 was also observed
with most of the selected hits. Hydrogen bonding
with Thr25, His41, Cys44 and Leul4l also observed
in selected hits (see Table S1, ESI). 7,8-
Dimethylherbacetin-3-0O-o-L-rhamnoside showed H-
bond interaction with Asn142, Glul166 and Arg188 in
which Glul66 exhibits multiple h-bond. Similarly,
bismahanimboline (-6.88) showed H-bond
interactions with Glul66 and GIn189 along with n-n
interaction with His41. Clauraila A (-6.52) showed
H-bonding with GIn189 and n-n interaction with
His41. Mukonal (-6.88) exhibited H-bonding with
Asn142 and GIn189 and n-n hydrophobic interaction
with His41. Likewise, mukolidine (-6.73) shows a n-
© interaction with His41. Mukonidine (-6.67) exhibits
H-bonding with Asnl142 and =n-m interaction with
residue His41 (see Figure 5 and Figure S1, ESI).
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Figure 5. Molecular docking 3D structure of selected
two hits in all four protein targets. (A) 5R82-DMR,
(B) 5R82-MKL, (C) 6WUU-DMR, (D) 6WUU-MKL, (E)
6ZSL-DMR, (F) 6ZSL-MKL, (G) 6X41-DMR and (H)
6X41-MKL.

Papain-like protease enzyme: PLpro is the largest,
multi-domain protein (1945 residues) produced by
the SARS-Cov-2.%%%9 Mature PLpro protein is
generated from ppla/pplab polyproteins by
autoproteolysis. PLpro acts as a scaffold protein
and interacts with other viral NSP's and host proteins
and plays an important role in the assembly of viral
RTC (Reverse Transcription Complex).“’se’69 The
enzyme recognizes and cuts the tetrapeptide 'LxGG'
motifs in ppla and pplab polyproteins and releases
viral NSP1, NSP2 and NSP3. Besides this, the enzyme
also harbor two other activities: proteolytic removal
of ubiquitin (DUB activity) and interferon-induced-
gene-15 (delSG activity) from viral and host
proteins.7°'72 PLpro thus plays an important role in
the suppression of host innate immune responses
during viral infection and helps in virus propagation
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in the host.
of PLpro are under development.

Molecular Docking-based virtual screening of PLpro
revealed that the five top scoring compounds are
luteolin-7-0-B-D-glucoside (-9.13), vitegnoside (-
8.92), 7,8-dimethylherbacetin-3-0-o-L-rhamnoside
(-8.27), 2a,3B-7-O-methylcedrusin (-8.24), and
bismahanimboline (-8.09) (Table 1). All the selected
hits show single or multiple hydrogen bond
interactions with the key active site residues Glul61,
Leul62, Glyl63, Aspl64, Glul67, Tyr268, and GIn269.
Apart from that, Tyrl71, Val202, Met206, Met208,
1e222, Tyr264, Tyr273, Thr301, and Glu203 also
are involved in H-bond/n—=n interaction formation with
most of the selected hits (see Table S4, ESI). 7,8-
dimethylherbacetin-3-0-o-L-rhamnoside (-8.27)
shows H-bond interaction with Gly163, Glulé67,
Lys232C, Tyr264 and GIn269 along with =m-cation
interaction with Lys157. Similarly, bismahanimboline
shows H-bond with Glul67, Pro248 and Tyr268 along
with m-cation interaction with Lys157. Clauraila A
shows H-bonding with GIn269 and =n-n interaction
with Tyr207C. Mukonal exhibits H-bonding with
Glul61l and GIn269. Likewise, mukolidine shows
hydrogen bonding (H-bonding) with GIn269.
Mukonidine shows H-bond interaction with GIn269
(see Figure S1, ESI).

Helicase: The NTPase/Helicase of SARS-CoV-2 is
a —66 kDa (601 residues) multifunctional enzyme.
The protein is folded into N-terminal Cys/His rich
(CH) zinc-binding domain and a C-terminal SF1
helicase domain.?? The enzyme exhibits multiple
enzymatic activities: (a) hydrolysis of NTPs/dNTPs,
(b) unwinding of DNA/RNA duplexes with 5'-3'
directionality and (c) RNA 5'-triphosphatase (RTPase)
activity.83'85 During SARS-CoV-2 infection, the
enzyme plays crucial role by facilitating unwinding
of double-strand RNAs (produced during replication
of virus in the host cells) into single strands and
allowing next round of viral ss-RNA replication by
RNA-dependent RNA polymerase (RdRp, NSP12). The
enzyme also folds newly synthesized viral RNAs into
correct secondary and tertiary structures for
polyproteins translation. The RTPase activity is
believed to be involved in viral mRNA capping.sz'84
Thus, viral NTPase/Helicases is an indispensable
component of coronavirus replication complexes and
is recognized as ideal targets for the developing
antiviral drug. Many laboratories across the world
are trying to develop small-molecule inhibitors of
CoVNTPase/Helicase.?%™%°

The molecular docking analysis indicated that the
five top ranked compounds are mukoeic acid (-
7.98), 1,40,5,70-tetrahydro-1-B-D-glucosyl-7-(3’,4’-
dihydroxybenzoyl-oxymethyl)-5-
ketocyclopenta[c]pyran-4-carboxylic acid (-7.89),
p-hydroxybenzoic acid (-7.85), negundoside (-7.83)

and salicylic acid (-7.70) (see Table S4, ESI). These
selected hits exhibit interactions with the residues
Gly285, Thr286, Gly287, Lys288, Ser289, Lys320,
Asp374, Arg443, Gly538, Glu540 as the most common
ones.

Nidoviral RNA uridylate-specific
endoribonuclease (NendoU): CoV RNA uridylate-
specific endoribonuclease (NendoU; NSP15) is a —~39
kDa protein (346 residues) folded into three domains:
N-terminal, middle domain and C-terminal catalytic
NendoU domain containing catalytic residues (His-
His-Lys—Ser/Thr-Asp).91'93 Crystal structure studies
of SARS-CoV-2 NendoU revealed that monomeric
protein unit forms hexamers (dimers of trimers), a
corolla like super structure concentrating six
independent active sites.®! The enzyme displays
an RNA endonuclease activity and can cleave both
ssRNA and dsRNA (and not ssDNA/dsDNA molecules)
at the 37 of uridine and produces 27-37 cyclic
phosphodiester and 5™ -hydroxyl termini. The enzyme
plays important roles in the processing of viral RNAs
and is recognized as an important target for
developing antiviral drug.®*%®

Molecular docking analysis indicated that almost all
the chosen chemicals get accommodated inside the
active site of Nidoviral RNA uridylate-specific
endoribonuclease (NendoU). The top scoring
molecules are 6'-p-hydroxybenzoyl-mussaenosidic
acid (-8.62), salicylic acid (-8.34), p-hydroxybenzoic
acid (-8.32), mukoeic acid (-8.14) and negundoside
(-8.01) are the top five scoring compounds (Table
S4, ESI). The common interactions exhibited by
these molecules are with the residues His235,
Gly248, His250, Lys290, Val292, Thr341, Tyr343,and
Leu346. Apart from that Hydrophilic/Hydrophobic
interactions are also observed with amino acid
residues Asn278, Cys291 and Leu346 respectively.

Common factors

Out of the 50 compounds, six molecules 7,8-
dimethylherbacetin-3-O-o-L-rhamnoside,
bismahanimboline, clauraila A, mukonal, mukolidine
and mukonidine were common (among the top 20
scoring molecules) in all four enzyme targets (see
Figure 4). These compounds showed sufficient
interactions with the residues in the respective
enzymes and also carry significant docking scores.
Hence, these six compounds can be considered as
pan enzyme inhibitors for COVID-19.

Likewise, four molecules +lyoniresinol-30-0-B-D-
glucoside, 6-hydroxy-4-(4-hydroxy-3-
methoxyphenyl)-3-hydroxymethyl-7-methoxy-3,4-
dihydro-2-naphthaldehyde, vitedoin A, vitexdoin F
were common in 3CLpro, PLpro, and Helicase.
Similarly, nine molecules 4’-O-methylmyricetin-3-
O-[4”-0-B-Dgalactosyl]-p-D-galactopyranoside, 6'-
p-hydroxybenzoyl mussaenosidic acid, 1,40,5,70-

CRIPS Vol. 16 No. 4 September-October 2022



Ligands_RMSD
: — - L — i ] — e AL
o WP AR Al padl LXLL TR fedl BEL :

RS [ &)

Fristrsba | 508 it = 1 ni|

Research Article

Protein backbone RSO

5 e BB e LR PAE L widy piak
e - TR < DFELAEL Endi-CdAH

bRl 0,
R e

. l‘.ﬂﬂur #.H'l ik .
: [ 2 file Hﬁ‘l*""l

LI LTHIT Y- B

LS FLLL i Faciiig

L] 5200
Frame (K frame - 1 eg]

Figure 6. Ligands and protein backbone RMSD analysis of all eight
binary protein-ligand complexes.

tetrahydro-1-p3-D-glucosyl-7-
( 3 ’ , 4 ’ -
dihydroxybenzoyloxymethyl) -5-
ketocyclopenta[c]pyran-4-
carboxylic acid, 1-hydroxy-7-
methoxy-8-(3-methylbut-2-en-
1-yl)-9H-carbazole-3-
carbaldehyde, 3,4,5,7,3',4’,5’-
hexahydroxy-6,8-
dimethoxyflavone, 5,7-
dihydroxychromone, 5,8-
dimethoxypsoralen, murrayanine
and negundoside were common
in 3CLpro, Helicase, and
Endoribonuclease. Luteolin-7-0O-
B-D-glucoside and luteolin
molecules were found to be
common in PLpro, Helicase and
Endonuclease. It was also
observed that 5,3'-hydroxy-
6,7,4'-trimethoxyflavone, 5,7,3'-
trihydroxy-6,8,4"-
trimethoxyflavone, acerosin-5-
O-glucoside, iso-orientin and
vitegnoside were common in
PLpro, Helicase and
Endonuclease. Based on the
common molecules reported
above, it is possible to declare
lead compounds for multi-target
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Figure 7. B-factor analysis of all eight binary protein-ligand complexes.
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inhibition of COVID-19 enzymes. All the molecules
maintained in this section (Table S3 and Figure S1,
ESI) can be considered as lead pan inhibitors, among
which molecules listed in Figure 4 are most important.
To validate this, molecular dynamics simulations have
been taken up, results are described in next section.

Molecular Dynamics simulation analysis

MD simulations study was explored to validate the
stability of the selected hits as well as to estimate
the binding affinities of the selected hits against
COVID19 protein targets under the dynamic
conditions. From the molecular docking exercise, best
50 molecules for each utilized target were identified.
Out of 6 molecules (7,8-dimethylherbacetin-3-0O-
o-L-rhamnoside, bismahanimboline, clauraila A,
mukonal, mukolidine and mukonidine) which are
common in all four protein targets, two molecules
namely 7,8-dimethylherbacetin-3-O-o-L-rhamnoside
(DMR) and mukonal (MKL) have been chosen as
representative of these six molecules for further
molecular dynamics simulation analysis. The choice
or selection of molecule is based on size (one is
bigger than other one) as well as docking score in
all four protein targets. Here, two binary complexes
for each protein target/pdb i.e. 5R82-DMR and 5R82-
MKL for 3CLpro/Mpro, 6WUU-DMR and 6WUU-MKL
for PLpro, 6ZSL-DMR and 6ZSL-MKL for Helicase and
6X41-DMR and 6X41-MKL for NendoU, total eight
binary complexes were subjected to MD simulations
for 50 ns each.

The stability of all the eight binary complexes was
analyzed in terms of RMSD from the initial structure.
The RMSD data of whole protein complexes and
protein backbones suggested that all the eight
complexes get stabilized after 30 ns and the last 10
ns simulations RMSD data indicated that all the
complexes maintained their stability throughout the
simulations and RMSD values are in the acceptable
range i.e. < 2 A in all the eight complexes. Similarly,
RMSD values of both the ligands (DMR, MKL) in all
the eight binary complexes suggested that both the
ligands were sufficiently stable during the simulations
run and complexes were consistently stable in last
10 ns simulations run (see Figure 6 and Figure S2,
S3 in ESI) and no major deviations were observed.

H-bond occupancy data of 3CLpro-ligand complex
(5R82-DMR) suggested that DMR showed greater
propensity to form H-bond interactions with the
Leul4l (56.40%) and moderate tendency to form
H-bond interaction with Cys145 (13.80%) and His163
(24.00%). Very weak H-bond formation were also
observed with Ser46 (1.40%), Gly143 (3.00%),
His164 (1.00%), and Glul66 (4.60%) in 5R82-DMR
binary complex. In comparison to the DMR, MKL
shows very weak propensity to form H-bond
interaction with key active site residues. Very weak

H-bond occupancy was observed in 5R82-MKL
complex with Asn142 (2.80%), Gly143 (7.60%), and
Glul166 (8.00%).

Similarly, H-bond occupancy data of PLpro-ligand
complex (6WUU-DMR) suggested that DMR showed
moderate propensity to form H-bond interactions
with the main chain atoms of GIn271 (39.60%) and
weak H-bond occupancies with Tyr266 (19.00%)
and Tyr270 (14.60%). A very weak H-bond formation
tendency was observed with Lys550 (6.80%). In
comparison to the DMR, MKL shows no H-bond
propensity to form H-bond interaction with any key
active site residues in 6WUU-MKL complex. Likewise,
H-bond occupancy data of Helicase-ligand complex
(6ZSL-DMR) suggested that DMR showed greater
propensity to form H-bond interactions with Ala313
(59.60%), Glu319 (45.40%) and Asp374 (88.00%)
and weak tendency to form H-bond interaction with
Lys320 (9.00%). Very weak H-bond formation were
also observed with Ser289 (0.40%) and Ala316
(0.60%). In 6ZSL-MKL binary complex, MKL shows
very weak propensity to form H-bond interaction
with key active site residues. Very weak H-bond
occupancy were observed with Asnl142 (2.80%),
GIn404 (3.00%) for MKL in 6ZSL-MKL binary complex.
H-bond occupancy data of NendoU-ligand complex
(6X41-DMR) suggested that DMR showed moderate
propensity to form H-bond interactions with the side
chain atoms of Glu268 (21.40%) and very weak H-
bond occupancies with GIn348 (0.60%). In
comparison to the DMR, MKL shows no H-bond
propensity to form H-bond interaction with any key
active site residues in 6X41-MKL complex.

B-factor and atomic fluctuation data of all the eight
binary complexes were explored. 5R82-DMR and
5R82-MKL atomic fluctuation data revealed that
there were no major fluctuations at atomic level in
the 3D structure of both the complexes. Only major
displacement had been seen at starting N-terminal
and C-terminal end of Mpro protein. Minor atomic
displacements (< 2 A) were observed for residues
GIn23, Ser46, Asn72, Tyrl54, Aspl55, Alal93,
Gly215, Arg222, GIn273, Asn274 and most of these
residues were part of loop regions which were far
from the active site. Only GIn273 and Asn274
residues were part of a-helix which was very far
from the active site.

Here, dimer of PLpro protein (chain-A and chain-C
formed a dimer unit for PLpro protein) has been
considered for molecular modelling study. B-factor
and atomic fluctuation data of 6WUU-DMR and
6WUU-MKL revealed that there were no major
fluctuations at atomic level in both the complexes.
Only major displacement had been seen for initial 4
residues of N-terminal of A chain, first 5 residues of
C chain and C-terminal end of C chain in PLpro
protein. Minor atomic displacements (< 2 A) were
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observed for residues
Val20A-Tyr27A, Asn60A,
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Table 2. MM-GBSA estimated energy values (in kcal/mol) of all eight binary
complexes which were subjected to molecular dynamics analysis.

Thr63A, Thr191A, —
Thr225A, GlulC, Thr191c, Energy P tein-ligand com plexes
and Thr225C and most of | Compment | 5R82- | 5R82- | 6WUU- |6WUU- | 6zSL- | 6zSL- | 6X4l- | 6X4l-
these residues were part DMR | MKL | DMR MK L DMR MKL DMR | MKL
of loop regions which were Evow 5042 | -5 | 5.7 | -21.38 | -3555 | -27.32 47.27 | -20.60
far from the active site = 4035 | -20.27| -16.% | -1113 | -7138 3.85 -8.06 | -756
(see Figure7). Ecs 5040 | 7.4 5.6 20.75 80.20 16.60 18.64 | 17.98
Esure 625 | -314 697 292 551 3.92 2.27 | -261
Likewise, B-factor and | g . 0077 | 46| 7.3 | 325 | 0694 | -3117 | 253 | -18.15
atomic fluctuation data of | ¢ ., 4415 | 4.7 3.6 17.83 74.69 12.69 16.37 | 15.36
6ZSL-DMR and 6ZSL-MKL G sno 4661 | -21.39| -2.70 | -1468 | -3225 | -18.48 -8.96 | -12.79

revealed that major

displacement had been seen between residues
Asn51-Asp56, Ser74, His75, Lys76, Serl00 and
Lys189 in both the binary complexes but atomic
displacement were high in case of 6ZSL-DMR with
respect to 6ZSL-MKL complex. Similarly B-factor and
atomic fluctuation data of 6X41-DMR and 6X41-MKL
revealed that there were no major fluctuations at
atomic level in both the complexes only initial N and
C terminal residues (Asn0-Ser2, Asp37, and Glul71)
which are part of loop region showing major
fluctuation. Apart from that, in case of 6X41-DMR
major atomic displacement at residues Ser241-
Leu246, Phe259-Lys290 has been observed.

Per-residue decomposition analysis of DMR and MKL
in Mpro revealed that amino acids Met49, Leul4l,
Gly143, Serl44, Cysl45, His163, and Metl65 have
major contribution in the Mpro-DMR binding while
Metl65 major contributors for MKL binding. In the
case of PLpro-DMR complex Lysl57A, Leul62A,
Tyr264A, GIn269A, Cys270A, and Met208C were the
major contributors for binding of DMR in PLpro while
Argl66C, Met206C and Met208C were the major
contributors for MKL (see Figure S4, ESI). Likewise,
amino acids Lys288, Ser289, His290, Ala313, Ala316
and Asp374 showed major influence for DMR binding
in Helicase while Ala313, GIn537 and Gly538 majorly
contributed for MKL in Helicase protein. Lys288
showed negative impact for MKL binding in Helicase.
Per-residue decomposition data of Endoribonuclease-
ligand complexes revealed that Cys291 and Val292
was the major contributor for DMR binding while
Leu201, GIn202 and Phe259 possessed major binding
contribution for MKL in Endoribonuclease-ligand
complexes.

MM-GBSA analysis of all eight binary complexes
revealed that molecule DMR has significant binding
in all four protein targets except Endoribonuclease
where molecule MKL showing greater bind for
Endoribonuclease protein. Binding of MKL is
comparatively low in all targeted proteins (see Table
2). It was observed that van der Waals as well as
electrostatic energy contribution significantly
increases binding of DMR molecule in Mpro, PLpro
and Endoribonuclease. Similarly, non-polar
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contribution to the solvation free energy significantly
increases binding affinity of DMR molecule in Mpro,
PLpro and Endoribonuclease. From MM-GBSA data
it become clear that, DMR is most prominent pan
inhibitor for three SARS-CoV-2 protein targets Mpro,
PLpro and Endoribonuclease.

CONCLUSIONS

Pharmacoinformatics techniques have been
successfully utilized to identify novel inhibitors for
COVID-19. Here, an attempt was made to find out
some pan inhibitors which may act against multiple
enzyme targets of SARS-CoV-2. Total 265
phytochemical constituents of two medicinal plants
Murraya koenigii and Vitex negundo have been
subjected to molecular docking-based virtual
screening against four protein targets namely, Mpro,
PLpro, helicase and endoribonuclease of SARS-CoV-
2. Molecular docking study revealed that out of 265,
six molecules have showed inhibitory effect against
all four SARS-CoV-2 protein targets. These six
natural compounds may be declared as pan enzyme
inhibitors for COVID-19 drug discovery and
development. Molecular dynamics simulations data
of representative two hits suggested that 7,8-
dimethylherbacetin-3-0O-a-L-rhamnoside (DMR) has
more binding affinity with respect to mukonal (MKL)
in Mpro, PLpro and Helicase proteins while
endoribonuclease shows more binding efficacy for
mukonal (MKL). These molecules can be studied
further as anti-COVID-19 pan inhibitors and lead
molecules.

SUPPORTING INFORMATION (ESI)

The following files are available free of charge as
part of supporting information (ESI).

Supporting-Information-COVID19-manuscript.pdf
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