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Severe acute respiratory syndrome coronavirus 2 was originally identified in Wuhan city of China in December
2019 and it spread rapidly throughout the globe, causing a threat to human life. Since targeted therapies are
deficient, scientists all over the world have an opportunity to develop novel drug therapies to combat COVID-19.
After the declaration of a global medical emergency, it was established that the Food and Drug Administration
(FDA) could permit the use of emergency testing, treatments, and vaccines to decrease suffering, and loss of life,
and restore the nation’s health and security. The FDA has approved the use of remdesivir and its analogs as an
antiviral medication, to treat COVID-19. The primary protease of SARS-CoV-2, which has the potential to
regulate coronavirus proliferation, has been a viable target for the discovery of medicines against SARS-CoV-2.
The present research deals with the in silico technique to screen phytocompounds from a traditional medicinal
plant, Bauhinia variegata for potential inhibitors of the SARS-CoV-2 main protease. Dried leaves of the plant
B. variegata were used to prepare aqueous and methanol extract and the constituents were analyzed using the GC-
MS technique. A total of 57 compounds were retrieved from the aqueous and methanol extract analysis. Among
these, three lead compounds (2,5 dimethyl 1-H Pyrrole, 2,3 diphenyl cyclopropyl methyl phenyl sulphoxide, and
Benzonitrile m phenethyl) were shown to have the highest binding affinity (—5.719 to —5.580 kcal/mol) towards
SARS-CoV-2 MP™. The post MD simulation results also revealed the favorable confirmation and stability of the
selected lead compounds with MP™ as per trajectory analysis. The Prime MM/GBSA binding free energy supports
this finding, the top lead compound 2,3 diphenyl cyclopropyl methyl phenyl sulphoxide showed high binding
free energy (—64.377 + 5.24 kcal/mol) towards MP™ which reflects the binding stability of the molecule with
MP™. The binding free energy of the complexes was strongly influenced by His, Gln, and Glu residues. All of the
molecules chosen are found to have strong pharmacokinetic characteristics and show drug-likeness properties.
The lead compounds present acute toxicity (LD50) values ranging from 670 mg/kg to 2500 mg/kg; with toxicity
classifications of 4 and 5 classes. Thus, these compounds could behave as probable lead candidates for treatment
against SARS-CoV-2. However further in vitro and in vivo studies are required for the development of medication
against SARS-CoV-2.

1. Introduction

The World Health Organization (WHO) has acknowledged severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection as a
universal emergency in January 2020. This disease i.e. COVID-19 orig-
inated in Wuhan, China and it merely acquired four months to become a
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pandemic [1,2]. COVID-19 has affected more than 332,617,707 pa-
tients, including 5,551,314 deaths, due to a lack of treatment possibil-
ities and vaccines, particularly in middle and low-income countries [3].
The disease’s etiological agent from the Coronaviridae family is a
single-stranded RNA virus. The virus has been named SARS-CoV-2
because it is phylogenetically related to the SARS-CoV-2 that was
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materialized in 2002 [4]. COVID-19 is categorized by severe infection in
the lungs called pneumonia and, in severe cases results in respiratory
failure [5]. SARS-CoV-2 normally fits the beta-CoVs class with a diam-
eter between 60 and 140 nm with a circular or ovoid shape [6].
SARS-CoV-2 is an RNA virus with positive strands, that encrypts 16
proteins without structural format (Nspl-16), RNA synthesis constitu-
ents, viral RNA dependent RNA polymerase, and a pair of bulky
non-structural polyproteins in part of its genome. The remaining portion
of the genetic makeup encrypts tetrad structural proteins which include
Spike protein (S), an Envelope protein (E), Membrane protein (M),
Nucleocapsid (N), and the supplementary proteins like nonstructural
proteins (Nspl-16). Among these, Nsp3 represents papain-like protease
(PLpro), Nsp5: 3C-like protease (3CLpro), and Nsp12: RNA-dependent
RNA polymerase (RdRp) [7-9]. Furthermore, SARS-CoV-2 encodes its
own miRNAs, which can enter host cells and be undetected by the im-
mune system, causing diseases by targeting host function genes [10,11].

After the declaration of a global medical emergency, the Food and
Drug Administration (FDA) has permitted the use of emergency testing,
treatments, and vaccines to decrease suffering, and loss of life, and
restore the nation’s health and security. The FDA has approved the use
of Remdesivir and its analogs as an antiviral medication, to treat COVID-
19. Additional emergency treatments, including convalescent plasma,
monoclonal antibodies, and other therapeutic combinations, have been
approved by the FDA. Through the hopeful outcome of various vaccines
has been established around the globe, it is widely accredited that
supplementary modifications are of prime and foremost requirement
due to the unforeseen behavior of the virus due to genetic mutations
[12]. It could be a long time before Covid-19 is completely eradicated
from all corners of the globe. The human immune response to the virus is
not completely understood, and its experimental exhibitions are not
entirely implicit either [13,14]. Therefore, in the current global
epidemic scenario, there is an immediate necessity to explore bioactive
compounds with the potential to combat this viral infection as well as
provide our organs with resistance and strength to battle against the
disease.

According to our ancient science, ‘Ayurveda’, Indian medicinal herbs
have been utilized for the development of medications and to toughen
our immune systems for a variety of diseases. Indigenous herbal plants
have a number of biochemical and bioactive ingredients. These bioac-
tive substances could be used to minimize the risk of getting a variety of
dangerous viral infections by targeting specific viral receptors. Medici-
nal plants and natural products have been studied as prophylactics,
treatments, and other helpful applications in recent years, depending on
healing traditions or scientific evidence [15]. Herbal medicine has
plentiful compensations, including the fact that it is naturally accessible,
helps with hormones and metabolism, anti-inflammatory, and boosts the
immune system [16]. For example, Sulphated polysaccharides have
immunomodulatory and bioactive characteristics. Consumption of
Tinospora cordifolia leaves could boost IgG antibody production in the
body, which leads to macrophage activation. It improves humoral im-
munity [17].

B. variegata can be found in the tropical and temperate Indian sub-
continent, Southeast Asia, and China. According to Ayurveda, the stem
bark and blooms of this plant are frequently utilized as medication in
treatment in pharmaceutical formulations; it has been used in the folk-
lore remedy for diverse purposes such as; Galaganda (Goiter), Ganda-
mala (Lymphadenopathy) [18], Ashthila which is also called as Benign
Prostatic Hyperplasia (BPH)], Kapha-Pitta Dosha diseases, and Arbuda
means tumor. These are all conditions where Kachnar bark is recom-
mended. The flowers, on the other hand, have Rakta Pradaraghna i.e. for
treating the dysfunctional uterine hemorrhage, Pittaghna i.e. for curing
Pitta Dosha, Kshyaghna i.e. for treatment of tuberculosis, and Kaasghna
i.e. utilized in the management of cough. However, it is also used to treat
a variety of cancers [19]. Mohamed Shaheen et al. studied various ex-
tracts of B. variegata for antiviral activity. After the application of ex-
tracts to infected cells, the aqueous extract was found to be more
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effective against rotavirus infection, decreasing virus infectivity by
11.5% when compared to virus control. This finding suggested that the
B. variegata extract could reduce virus infectivity by interfering with one
or more steps of the viral replication cycle following entry into the host
cell [20].

According to a review, irrespective of the fact that Bauhinia varie-
gata’s phytochemical constituents have a wide range of therapeutic
applications, there has been inadequate research conducted to sub-
stantiate the beneficial claim in a systematic manner. Plants involved in
the genus Bauhinia are a rich source of flavonoids, steroids, alkaloids,
terpenes, and phenolic compounds [21]. The present research work
deals with the objective to discover the therapeutic potential of
B. variegata against the SARS-CoV-2 main protease by implementing
computational methods including docking of molecules and molecular
dynamics simulation to discover the probable medication for COVID-19.
The results are very promising and show that B. variegata has the
competence of being effective in the management of SARS-CoV-2. The
molecular docking process helps to forecast the binding affinity with
help of scoring functions amongst protein and ligand [21]. Many
computational studies have revealed possible inhibitors of SARS-CoV-2
target proteins from various sources [22-25]. In order to screen possible
targets in a short amount of time, computational methodologies could be
used [26-29]. Since many of the SARS-CoV-2 proteins have
high-resolution structures, we were able to discover lead therapeutic
candidates for SARS-CoV-2 quickly using in silico screening methods. It
allocates and utilizes a range of conformation search strategies to re-
ceptors and ligands, as well as anticipates potential binding ability by
establishing chemical interactions between them [30]. While perform-
ing simulations in molecular dynamics, there is the amalgamation of
Newton’s laws of motion for producing sequential conformations of the
evolving system which offers trajectories that stipulate the velocities and
locations of the elements over time [31].

2. Materials and methods
2.1. Plant collection, processing, and soxhlet extraction

Leaves of B. variegata plant were collected, shade dried and pulver-
ized in the Pune region Maharashtra, India in the month of January
2020. These powdered leaves were used for further Soxhlet extraction
using organic solvents.100 gm powdered leaves were subjected to a
continuous Soxhlet extraction unit with various organic solvents one by
one as per polarities such as petroleum ether (60-80 °C), chloroform,
and methanol and water respectively. The process is continued until the
crude leaves powder has been completely exhausted, at which time a
solvent pouring from the extraction chamber leaves no residue. This
approach works well with plant materials that are partially soluble in the
solvent of choice, as well as plant materials that contain insoluble con-
taminants. The requirement of solvent in this process is less as compared
to maceration [32,33]. The obtained methanol and aqueous extract were
dried and further used for Gas chromatography and mass spectrometry
analysis. (GC-MS).

2.2. GC-MS analysis

In recent years FTIR, GC-MS, and LC-MS have frequently used
techniques for the identification of functional groups and secondary
metabolites of respective medicinal plant extracts. Some recent data-
bases like MMEASE, NOREVA and ANPELA are also being used to
identify the compound from the natural resources [34-38]. A gas
chromatography along with a mass spectrometry (GC-MS) system was
used to conduct the analysis of B. variegata aqueous as well as methanol
leaves extract (model; QP2010 Ultra, Shimadzu Corporation, Kyoto,
Japan). A capillary column of 30 m long, 0.25 mm i.d. coated with a
0.25 m film thickness stationary phase-separated the sample compo-
nents (Rtx-5MS, Restek Corporation, Bellefonte PA, U.S.A). By keeping
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the linear velocity constant, of 36.3 cm/s, helium gas (99.999%) was
used as the carrier gas. The AOC-20i + s auto-injector was used to inject
a 1 pl sample volume. In split-less mode, at 260 °C the injection port was
set. The temperature of the GC oven was set at 50 °C for initial 5 min,
then increased to 300 °C at 2 °C per minute and kept for 10 min [39,40].

Ion source temperature was set to 240 °C in mass spectroscopy,
whereas the interface was set to 240 °C. For the m/z range of 40-800, a
total ion chromatogram (TIC) was generated. The mass spectra of GC
peaks were linked to the National Institute of Standards and Technology
database to identify them (NIST). By comparing the peak area of each
constituent to the overall area of peaks in the chromatogram, the rela-
tive percentage amount of each component was computed.

2.3. Molecular docking calculations

2.3.1. Retrieval of secondary metabolites of B. variegata and their
preparation

The 57 natural secondary metabolites (19 common compounds from
aqueous and methanol extract and 57 from methanol extract) of
B. variegata (Kanchnar) were identified from Gas chromatography-mass
spectroscopic analysis (aqueous and methanol extract), and utilized as
ligand dataset for the present study (Supplementary Table S1). Further,
the 3-D structures of these identified phytochemicals were downloaded
from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and
saved in SDF file format. Before docking, all compounds were energy
minimized using the Ligprep module of Schrodinger with OPLS3e force
field till an energetically stable conformation was achieved. The prep-
aration of ligands was done by keeping the pH to 7.0 + 2.0.

2.3.2. Absorption, distribution, metabolism, excretion and toxicity
(ADMET) profiling of the phytoconstituents

The retrieved 57 phytocompounds from B. variegata leaves extract
were evaluated for the determination of ADME properties, and drug-
likeness with the QikProp module of Maestro Schrodinger designed by
Professor William L. Jorgensen. The QikProp module of Schrodinger is a
simple, precise, and easy-to-use tool for absorption, distribution, meta-
bolism, and excretion forecast that generates specific ADME character-
istics. It predicts physicochemically important descriptors as well as
pharmacokinetically important features based on Lipinski’s rule of five,
which indicates the drug-like action of ligand molecules. Rule of five
proposed by Lipinski [41,42], which is frequently used to examine
possible correlations amongst proposed leads and targeted bio-
molecules, analyses a compound’s tendency to have a pharmacological
or biological influence. The rule is worthwhile for screening promising
therapeutic agents/drugs as a filter from the commencement of the
project, slashing production costs, plummeting the expense of clinical
drug development exercises, as well as, to a significant part, preventing
late-stage clinical failures [43,44]. These secondary metabolites have
the potential to act as lead compounds against SARS-CoV-2. Compared
to existing computational models, the ProTox-II is a freely available
computational toxicity web server that offers significant advantages.
The ProTox web software is based on machine learning algorithms that
act on both chemical and molecular targets. The ProTox-II website is
unique in that it categorizes the prediction scheme into distinct cate-
gories of toxicity, such as oral toxicity, organ toxicity (hepatotoxicity),
and toxicological endpoints (such as mutagenicity, carcinogenicity,
cytotoxicity, and immunotoxicity) [45,46]. The LD50 values for selected
lead compounds are provided via the ProTox-II servers. After being
exposed to a material, the LD50 is the dose at which 50% of test par-
ticipants die [47-49].

2.3.3. Crystal structure of SARS-CoV-2’s main protease (MP™)

The X-ray crystal structure of the SARS-CoV-2 main protease (MP™)
complexed with inhibitor N3 has been retrieved from the Protein Data
Bank with PDB ID: 6LU7 [50]. Chains A and B comprise the homodi-
meric MP™, In this study, chain A has been selected which was prepared
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using Schrodinger’s Protein Preparation Wizard and utilized for
next-level investigation. Input data of the receptor must be compiled by
determining the receptor atoms, calculating the essential hydrogen
atom’s position, and defining and specifying the atoms of the binding
site [51,52].

2.3.4. Receptor grid generation and molecular docking

The area of interaction between the protein and the ligand is defined
by the Receptor grid. The tool in maestro 13 named the receptor grid
generation tool was used to characterize the area around the active site
in terms of coordinates x, y, and z. The determination of the grid box was
done by using a co-crystallized peptide inhibitor i.e. N3 of 6LU7, to
ensure that the center of each docked ligand had the identical binding
box dimensions of the crystal ligand. Amino acids present in MP©®'
binding site are, His41, Gln192 Cys44, Met49, Glu166, His172, Phel81,
Pro52, Leul41, Gly143, His164, Thr24, Thr26, Leu27, Ser139, Phel40,
GIn189, Thr190, and Asn142. Also, these binding site residues were
confirmed with a literature survey [53,54].

Interaction between compounds of B. variegata and MP™ was ach-
ieved through molecular docking simulation. Glide’s (v93137, Release:
2021-4) standard precision (SP) mode was used to conduct a rigid re-
ceptor docking process based on the OPLS3e force field [55-57]. During
the docking simulations, the prepared structure of MP™ is reserved as
rigid; whereas the ligands were flexible during the docking process. All
molecules were docked into the binding site of the SARS-CoV-2 MP™ and
used to estimate binding poses for the extracted compounds [58,59].
The ligand interaction tool was used to see how the ligands interacted
with the residues in the target protein’s active site. Also, a detailed
interaction analysis of protein-ligand complexes has been performed
using the PDBsum server (www.ebi.ac.uk/pdbsum/) [60] by providing
docked complexes of lead compounds with SARS-CoV-2 Mpro protein.

Anti-COVID-19 medicines such as Remdesivir (antiviral), Ivermectin
(anti-parasitic), Favipiravir (anti-influenza), Hydroxychloroquine (anti-
malarial and anti-rheumatic diseases), and arbidol are now being stud-
ied (anti-influenza) by various researchers [61-64]. FDA-approved
drugs (commercially available) acting on SARS-CoV-2 MP™ target pro-
teins like Ritonavir, Ribavirin, Remdesivir, Lopinavir, Ivermectin, Ima-
tinib, Flavipiravir, Azithromycin, Baricitinib and Aspirin were
downloaded from DrugBank database (https://go.drugbank.com/).
[65]. These target proteins were compared with lead compounds using
Glide SP of Schrodinger suite 2021-4.

2.4. Molecular dynamics simulation

The Desmond module of the Schrodinger suite was implemented for
Molecular Dynamics (MD) simulation on a Linux system. The SARS-CoV-
2 MP™ complexes with the topmost three ranked compounds were
subjected to MD Simulation analysis for 100 ns (ns) to determine the
docked complexes’ stability [56]. The Desmond had been used to
examine the complexes in the specified solvent system with the
OPLS-2005 force field. For a 10 A buffer region, the solvation of the
molecular system was done with explicit water (TIP3P) molecules by
keeping under cubic periodic boundary conditions.

Neutralization of the system was completed by adding Na + as
counter ions, which removed the overlying water molecules. To keep the
temperature at (300 K) and pressure at (1 bar) of the systems constant,
an ensemble (NPT) of Nose-Hoover thermostat and barostat was used
[58]. The researchers used a hybrid energy minimization approach
which involved 1000 steps of steepest descent which are followed by
coupled gradient algorithms. Furthermore, RMSD and RMSF values
were calculated for the assessment of the stability and dynamic prop-
erties of these complexes [66,67].

The backbone RMSDs of the SARS-CoV-2 MP™ structure were used to
investigate the structural and dynamic characteristics of the protein-
ligand complexes across a simulation period of 100 ns. To measure the
flexibility of each amino acid residue in the complexes of protein-ligand,
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the root-mean-square fluctuations (RMSF) were determined and plotted.
For all of the complexes, the RMSF of the protein-ligand composites
represented the least variation.

Energy minimization experiments after molecular dynamic simula-
tion were conducted utilizing Prime (v3.000, Release 2021-4) molecular
mechanics-generalized Born surface area (MM-GB/SA) to forecast the
free energy of binding for a group of ligands in a complex with a receptor
[68,69]. Trajectories were captured at intervals of 10ns from the 1000
snapshots generated during 100ns of MD simulation along with initial
conformation (docking pose) for free energy calculations and provided
cumulative average energies with standard deviations [70-73]. These
postures were used as inputs for minimizing the energy of protein-ligand
complexes (Ecomplex), free proteins (Eprotein), and free ligand (Eli-
gand). Using the OPLS3e force field and the generalized born/surface
area (GB/SA) continuum VSGB 2.0 solvent model, the energy for a
minimal glide docked position of the ligand-receptor complex was
computed [74-76]. The binding free energy Gbind was calculated using
the following formula:

AGbind = Gecomplex — (Gprotein + Gligand)

The Gcomplex represents complex energy, Gprotein is the receptor
energy and Gligand is the unbound ligand energy [77-79].

3. Results and discussion
3.1. Characterization of phytoconstituents from B. variegata

3.1.1. GC-MS analysis

The Gas chromatography—mass spectrometry analysis of B. variegata
leaf extracts in distilled water and methanol revealed a total of 19 and 57
peaks respectively corresponding to phytoconstituents which were
identified by comparing peak retention time, peak area (percent), height
(percent), and mass spectral fragmentation patterns to those of known
compounds in the National Institute of Standards and Technology
(NIST) library (Fig. 1). As the complex and challenging samples like
plant extracts are analyzed with GC-MS analysis over the temperature
range 40-800 °C m/z peaks of top docked compounds i.e 2,5 dime-
thylpyrrole,2,3 diphenyl cyclopropyl, methyl phenyl sulphoxide, and
benzonitrile m phenethyl was matched as per NIST library and illus-
trated in Fig. 2. The horizontal axis of a mass spectrum is expressed in
units of m/z, which represents mass divided by charge number. Because
z is virtually always 1 in GCMS, the m/z number is frequently taken as
the mass. Peak percentage areas covered by 2,5 dimethylpyrrole is
0.52% with retention time 6.140-6.150 min and 4.92% for both 2,3
diphenyl cyclopropyl, methyl phenyl sulphoxide, and benzonitrile m
phenethyl with retention time in between 91.215 and 91.225 min.
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3.2. Catalytic position of the SARS-CoV-2 MP™

SARS-CoV-2 MP™ relates to the MEROPS peptidase C30 class, with
Cys145 and His41 creating an active or catalytic dyad in the catalytic
domain. As per the conserved domain search, MP™® comprises three
functional domains, the first two of which include anti-parallel beta
barrels and the third of which is made up of alpha-helices. The catalytic
residues are situated between the first two domains in a cleft (Fig. 3).
His41 is vital for the deprotonation of the catalytic Cys145 in order to
bind the glutamine backbone at the peptide substrate’s P1 site. As a
result, His41 was replaced with aspartate and glutamate, which were
thought to serve as generic bases for the deprotonation of Cys145 in
SARS-CoV-2 MP™, Additionally, Cys145 was replaced with serine, as in
the catalytic triad of serine proteases, where serine serves as a nucleo-
phile throughout catalysis. The catalytic activity of SARS-CoV-2 MP™
was not affected by serine substitution of Cys145. SARS-CoV-2 MP™ was
inactivated by all amino acid changes analyzed [77-80].

3.3. Molecular docking

The compounds identified by GC-MS analysis of aqueous and
methanol extracts of B. variegata leaves were docked against SARS-CoV-
2 main protease (PDB ID 6LU7) using advanced molecular docking
software i.e., the Glide module of the Schrodinger Suite. Binding affinity
was represented by a lower docking score and Glide score (Table 1 and
Table 2). Based on the docking score, the best three compounds 2,5
Dimethyl 1-H-Pyrrole (CID12265) (Fig. 4 (a)), 2,3 diphenyl cyclopropyl
methyl phenyl sulphoxide (CID562543) (Fig. 4 (b)) and Benzonitrile m
phenethyl (CID141877) (Fig. 4 (c)) from B. variegata were screened
whose energy value was ranged from —5.719 kcal/mol to —5.589 kcal/
mol 1. The successfully docked other compounds with their docking
score are provided in Supplementary Table S2. The bioactive phyto-
compound 2,5 dimethyl 1-H Pyrrole showed the maximum binding af-
finity for MP™ (6LU?7), with a glide score of —5.719 kcal/mol. The results
of the molecular docking studies showed the presence of non-bonded
interactions between receptors and ligands which included hydrogen
bonds, electrostatic bonds, and hydrophobic bonds. These three com-
pounds were selected for further evaluation for their thermodynamic
stability. The known FDA-approved drugs Favipiravir [81,82], Remde-
sivir [83], and Ritonavir [84], were also docked to protease enzyme.
These drugs showed good interaction with the enzyme with a binding
score of —5.560 kcal/mol with Favipiravir, —5.260 with remdesivir, and
—5.153 with ritonavir. Favipiravir showed the best binding with the
protease followed by Remdesivir and then Ritonavir. A similar obser-
vation was also reported by Tiago da silva et al. [84] when they tried to
study their interaction. The lead compounds (Table 1) of B. variegata
showed better binding interaction with the SARS-CoV-2 MP™ as
compared to the FDA-approved drugs (Table 2).
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Fig. 1. Total Ionic chromatogram (TIC) of (a) aqueous and (b) methanol extract of B. variegata leaves by GCMS.
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Fig. 3. The crystal structure of SARS-CoV-2 MP™ (PDB ID: 6LU7). Residues (His41 and Cys145) involved in the catalytic dyad of the SARS-CoV-2 MP™ are shown in

CPK representation.

3.3.1. Interaction analysis of lead compounds with SARS-CoV-2 MP™
Maestro was used to examine the interactive prototype and binding
mechanism of these docked lead compounds with the MP™’s crystalline
structure. Table 1 shows the comprehensive docking analysis with their
interaction pattern. It is reported that the novel series of compound 2,5
dimethyl pyrrole and its derivatives are used as anticancer agents
against the MDA-MB-435 cell line of melanoma having good projected
oral bioavailability, [77]. Derivatives of this compound showed
considerable antiviral activity as HIV fusion inhibitors targeting gp41
[85,86] In present research work, 2,5 dimethylpyrrole had proved an
effective lead compound to hinder SARS-CoV-2 main protease as it
demonstrated superior binding affinity compared to other molecules.

2,5 dimethylpyrrole showed the docking score of - 5.719 kcal/mol
which advocates strong binding of this molecule to the inhibitory site of
the MP™ crystal structure. The binding pose of the 2,5 dimethylpyrrole
in the inhibitory site of MP™ has been exposed in Fig. 5 (a). 2,5 dime-
thylpyrrole formulate one hydrogen bond and one pi-pi stacking with
main protease. The hydrogen bond is a force between two molecules
holding two or more molecules together. The basic amino acid histidine
(His164), as well as (HIS 41) are involved in the formation of hydrogen
bonding and pi-pi stacking with 2,5 dimethylpyrrole. The HIS 164 forms
a hydrogen bond with 2,5 dimethylpyrrole with a bond distance of 1.86
A, whereas HIS 41 forms pi-pi stacking with a bond distance of 4.05 A.
The detailed PDBsum interaction analysis of 2,5 dimethylpyrrole
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Table 1
The binding affinities and detailed interaction studies of lead compounds from
B. variegata with SARS-CoV-2 MP™,

Compound Binding Interacting Type of Bond
Affinity Amino Acid Intermolecular Distance
(kcal/mol) Bond A
2,5 Dimethyl 1-H- -5.719 His41 Pi-Pi Stacking 4.05
Pyrrole His164 Hydrogen bond 1.86
2,3 diphenyl —5.690 GIn189 Hydrogen bond 2.05
cyclopropyl His164 Hydrogen bond 2.65
methyl phenyl His164 Aromatic HB 2.21
sulphoxide His41 Pi-Pi Stacking 4.09
Glu189 Aromatic HB 2.69
Benzonitrile-m —5.580 His41 Pi-Pi Stacking 5.03
Phenethyl His163 Hydrogen bond 2.00
N3 —5.444 Glul89 Hydrogen Bond  2.04
Glul89 Hydrogen Bond  2.93
Phel40 Hydrogen Bond  1.70
Table 2

The binding affinities and detailed interaction studies of FDA Approved Drugs
with SARS-CoV-2 Mpro.

Compound Binding Interacting Type of Bond
Affinity Amino Acid Intermolecular Distance
(kcal/mol) Bond A
Favipiravir =~ —5.560 Glul66 Hydrogen bond 2.27
Phel40 Hydrogen bond 2.40
Hipl63 Hydrogen bond 2.18
Hip163 Hydrogen bond 2.25
Remdesivir ~ —5.262 Gly 143 Hydrogen bond 2.31
Asn142 Hydrogen bond 2.30
Ritonavir —5.153 Asn142 Hydrogen bond 2.10
Gly143 Hydrogen bond 2.43
Glul66 Hydrogen bond 2.64
His41 Pi-Pi Stacking 4.76
Aspirin —4.512 Glul66 Hydrogen bond 2.18
Glul66 Hydrogen bond 1.83
His163 Hydrogen bond 2.12
Lopinavir —4.203 His41 Pi-Pi Stacking 5.38
Asn142 Hydrogen bond 2.15
GIn189 Hydrogen bond 2.26
Imatinib -3.820 His41 Hydrogen bond 1.97

interacted with SARS-CoV2 Mpro via one hydrogen bond along with 17
non-bonded contacts (Supplementary Fig. S1 and Supplementary
Table S3).

Fig. 5 (b) demonstrates the intermolecular interactions of second
docked lead compound i.e. 2,3 diphenyl cyclopropyl methyl phenyl
sulphoxide with the crystalline structure of SARS-CoV-2 MP™. This
compound is from a class of stilbenoids. Stilbenoids are formed when
one or more hydroxyl groups are added to a phenyl ring. These mole-
cules are structurally linked since they all have the same stilbene
backbone, but the substituent groups on the rings are different with
regard to type and positions. Stilbene-based compounds have been
intensively investigated in recent years due to their various biological
effects on human beings [86,87]. 2,3 diphenyl cyclopropyl methyl
phenyl sulphoxide is proven to act as a promising potential therapeutic
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agent against ovarian cancer stem cell lines [88,89]. The compound 2,3
diphenyl cyclopropyl methyl phenyl sulphoxide forms two hydrogen
bonds with acidic amino acid glutamate (GIn189) and basic amino acid
histidine (His141) with bond distances of 2.05 A and 2.65 A respec-
tively. With histidine (His141) and Glutamate (GIn189) this compound
also formed aromatic hydrogen bonds at distances of 2.21 A and 2.69 A.
Likewise, the pi-pi stacking was detected with interacting amino acid
His41 with a bond distance of 4.09 A. The docking score of 2,3 diphenyl
cyclopropyl methyl phenyl sulphoxide is —5.69 kcal which recommends
that this molecule is also capable of obstructing SARS-CoV-2 MP™, A
study also revealed a similar kind of interaction between Favipiravir and
protease enzymes. It showed interaction with HIS 164 and HIS 41. In our
docking study also similar interactions were observed through binding
energy. The detailed PDBsum interaction analysis of 2,3 diphenyl
cyclopropyl methyl phenyl sulphoxide with SARS-CoV-2 MP™ shows one
hydrogen bond along with 84 non-bonded contacts (Supplementary
Fig. S2 and Supplementary Table S4).

Fig. 5 (c) illustrates the intermolecular binding interactions of the
third top docked compound i.e. Benzonitrile m phenethyl with the
crystalline structure of MP™. In a dose-dependent manner, derivatives of
benzonitrile m phenethyl showed a considerable effect on duplication of
zika virus ribonucleic acid and expression of virus protein at small
micromolar concentrations [90]. The derivatives of this compound also
combat the rhinovirus and enteroviruses [91]. Benzonitrile m phenethyl
formed a hydrogen bond with a bond distance of 2.00 A and pi-pi
stacking with a bond distance of 5.03 A. Amino acids which are
responsible for interactions are HIS163 and HIS41 respectively. The
detailed PDBsum interaction analysis of Benzonitrile m phenethyl with
SARS-CoV-2 MP™ shows 37 non-bonded contacts (Supplementary
Fig. S3 and Supplementary Table S5).

In the present docking research, it has been discovered that the
diamino-monocarboxylic amino acid histidine (His164) and (His41) is a
critical residue for holding and building a firm complex of testified lead
compounds by generating hydrogen bonds and pi-pi stacking. In addi-
tion to that, polar charged acidic amino acid i.e. glutamic acid (Gln189)
has also played an essential role in the formation of a stable complex.

Fig. 6 demonstrates the intermolecular interactions of the top FDA-
approved drug i.e. Favipiravir with the crystalline structure of SARS-
CoV-2 MP™, Favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxamide),
also known as T-705, was developed as a structural analog of 3-hydroxy-
2-pyrazinecarboxamide (T-1105). Favipiravir selectively inhibits the
RNA-dependent RNA polymerase (RdRp) of RNA viruses and induces
lethal RNA transversion mutations, with the help of the production of a
nonviable virus phenotype [92]. Because of its distinct antiviral prop-
erties, Favipiravir could be a promising treatment option for RNA viral
infections that are currently untreatable. In current in silico docking
analysis, Favipiravir forms four hydrogen bonds with SARS-CoV-2 MP™
with bond distances 2.27 A, 2.40 A, 2.18 ;\, and 2.25 A. Amino acids
which are crucial for these bond formation are Glutamate (Glul66),
Phenylalanine (Phe140), and Histidine (His163). The Co-crystal ligand i.
e., N3 gives —5.444 kcal/mol binding affinity towards SARS-CoV-2 MP™.
Three hydrogen bonds formed between N3 and MP™. The residue
Glul89 forms two hydrogen bonds and Phel40 is involved in one
hydrogen bond with MP™ at bond distances of 2.04 A, 1.93 A, and 1,72

a) b)

\ 7/ !

: &

\

Fig. 4. The 2D structures of top 3 lead compounds: (a) 2,5 Dimethyl 1-H-Pyrrole (CID12265), (b) 2,3 diphenyl cyclopropyl methyl phenyl sulphoxide (CID562543),

(c) and Benzonitrile m phenethyl (CID141877).
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Fig. 5. Intermolecular interactions between (a) 2,5 dimethyl 1-H Pyrrole with SARS-CoV-2 MP™, (b) 2,3 diphenyl cyclopropyl methyl phenyl sulphoxide with SARS-
CoV-2 Mpro, (c¢) Benzonitrile-m Phenethyl with SARS-CoV-2 MP™.

<GLU 166

Fig. 6. Intermolecular interactions between Favipiravir and SARS-CoV-2 MP™.
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A, respectively. It was observed that the selected lead compounds form a
conformation very similar to co-crystal ligand i.e. N3 within the binding
pocket of SARS-CoV-2 MP°,

The data regarding the biological activity of some selected FDA-
approved drugs with SARS-CoV-2 MP™ has been collected and corre-
lated with our predicted docking score to show the consistency between
the calculated binding score and the reported target activities. The ac-
tivities of Remdesivir (ICsp = 10.11 pM/L, pICso = 4.995 pM/L) [93,94],
Ritonavir: (ICso = 13.7 pM/L, pICso = 4.863 pM/L) [95]; Favipiravir
(ICso = 9.60, uM/L, pICso = 5.017, pM/L) [96], and Imatinib: (ICso =
3.24, pM/, pICsp = 5.489 pM/L) [97] were compared with the Glide
docking score. The resulted coefficient correlation between docking
score and biological activity of these drugs has been obtained. (R? =
0.81) (Supplementary Fig. S4) It suggests a significant predictive ability
of the Glide docking technique used in this study.

3.4. Calculation of RMSD and RMSF

The rigid crystal conformation of SARS-CoV-2 MP™ was further uti-
lized for molecular dynamic simulation. The behavior of the receptor-
ligand complex was studied by means of molecular dynamics simula-
tion to interrogate the consistency of linked conformation upon binding
of lead molecules inside the main protease cavity. The values of the Root
Mean Square Fluctuation and Root Mean Square Deviation of the C-a
atoms in the main protease evaluation were utilized to determine ther-
modynamic complex stability during a 100-ns timeframe. Additionally,
using the Simulation Event Analysis (SEA) panel of Schrodinger, 1000
conformational structures captured during the molecular dynamics
simulation were collected and structurally aligned on the crystal struc-
ture of SARS-CoV-2 MP™ which was initially used in ".dat" format.

RMSD of the protein-ligand complex was observed to be in the range
between 1 and 3 A which is perfectly acceptable. If the RMSD value is
greater than 3 A, the protein structure has undergone a significant
conformational shift. The simulation was performed on Desmond sys-
tems up to 100 ns individually to explore the structural stability and
variations of protein-ligand complexes. In this investigation, 100 ns
simulation was performed, which is enough for the Ca atoms of SARS-
CoV-2 main protease to rearrange in complexes with selected lead
compounds. The RMSD plot (Fig. 7) reveals that these three lead mol-
ecules i.e. 2,5 dimethylpyrrole, 2,3 diphenyl cyclopropyl methyl phenyl
sulphoxide, and Benzonitrile m phenethyl are in the acceptable range of
RMSD. The obtained averaged RMSD value is 2.16 A, specifying that all
the testified lead molecules are bound firmly inside the MP™ cavity.
After examining the RMSD graph (Fig. 7) all the complexes reached the
equilibrium from 30 ns to 100 ns in the RMSD range of 2.09 A to 2.26 A
resulting from the averaged RMSD value of 2.16 A.

RMSF values for C-o atoms of all the amino acid residues were
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calculated to scrutinize the binding affinity of 2,5 dimethyl 1 H pyrrole
(CID12265), 2,3-Diphenyl cyclopropyl methyl phenyl sulphoxide
(CID562543) and Benzonitrile m phenethyl (CID141877) with SARS-
CoV-2 MP™, based on 100 ns MD Simulation data. The average RMSFs
measured for MP™ upon binding of lead compounds is 1.11 A. Since all of
the residues oscillated in the RMSF range of 1.0 Ato3.0A (Fig. 8), the
SARS-CoV-2 MP™ exhibited the least fluctuation and relative secondary
conformational stability when bound to the reported lead compounds.
MD trials resulted, with lead 2,5 dimethylpyrrole, 2,3 diphenyl cyclo-
propyl methyl phenyl sulphoxide and Benzonitrile m phenethyl have
proven to be promising lead compounds for novel class drug design and
development against SARS-CoV-2 MP™.

3.5. Hydrogen bonds

Drugs’ binding affinity to the catalytic position of the desired protein
relies heavily on hydrogen bonding. The number of hydrogen bonds
between protein-ligand complexes has a major role to maintain the
stability of the ligand within the binding cavity of the receptor. Hence,
the number of hydrogen bonds formed by the selected docked com-
pounds i.e. 2,5 dimethylpyrrole, 2,3 diphenyl cyclopropyl methyl
phenyl sulphoxide, and Benzonitrile m phenethyl with the MP™ was
calculated for complex systems by examining conformations after every
100 ps during 100ns of MD simulation. Lead compounds formed a
maximum of three hydrogen bonds until 100ns simulation time.

The hydrogen bond profile of SARS-CoV-2 MP™-Benzonitrile-m
Phenethyl complex indicates 1-2 hydrogen bonds formed between
100ns MD simulations (Fig. 9 (a)). In Fig. 9 (b), the SARS-CoV-2 MP™©-2,3
diphenyl cyclopropyl methyl phenyl sulphoxide complex formed 1-2
hydrogen bonds during 100ns MD simulations, also at 93ns, there are 3
hydrogen bonds formed between the 2,3 diphenyl cyclopropyl methyl
phenyl sulphoxide and SARS-CoV-2 MP™. Fig. 9 (c) shows only one
hydrogen bond formation between 2,5 dimethyl 1-H Pyrrole and SARS-
CoV-2 MP™ as the molecular structure of 2,5 dimethyl 1-H Pyrrole didn’t
have any branched functional group over the pyrrole ring. Therefore,
these compounds improve the strength and stability of the
ligands-receptor interaction considerably. Fig. 9 (d) shows the hydrogen
bond profile of the SARS-CoV-2 MP™-Favipiravir complex. It formed 4
hydrogen bonds initially from Ons to 20ns and thereafter 2 hydrogen
bonds formation occurred up to 70ns. During the 70s to 90ns, a single
hydrogen bond between protein and ligand complex was formed. From
90ns to 100ns again 2 hydrogen bonds are formed during MD simula-
tions. The consistency of H-bonds was not observed during MD
simulation.

—6LU7_2,5 Dimethyl 1-H Pyrole
6LU7_Benzonitrile M-Phenethyl
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Fig. 7. Root Mean Square Deviation (RMSD) Plot of SARS-CoV-2 MP™ structure (C-o atoms) when complexed with lead compounds during 100ns MD simulation.
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Fig. 8. Root Mean Square Fluctuation (RMSF) Plot of SARS-CoV-2 MP™ structure (C-a atoms) when complexed with lead compounds during 100ns MD simulation.
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Fig. 9. Intermolecular hydrogen bond profile between lead compounds with SARS-CoV-2 MP™ during 100ns MD simulation. (a) SARS-CoV-2 MP™-Benzonitrile-m
Phenethyl complex, (b) SARS-CoV-2 MP™-2,3 diphenyl cyclopropyl methyl phenyl sulphoxide complex, (c) SARS-CoV-2 MP™-2,5 dimethyl 1-H Pyrrole complex, (d)

SARS-CoV-2 MP™-Favipiravir Pyrrole complex.

3.6. Prime MM/GBSA energies of lead compounds with SARS-CoV-2
Mpm

Determination of MM/GBSA is the most appropriate approach for
computing free binding energies (AG Bind), which articulates the out-
comes in terms of hydrophobic, van Der Waals forces, and solvation

components. The screened ligands (2,5 dimethylpyrrole, 2,3 diphenyl
cyclopropyl methyl phenyl sulphoxide, and Benzonitrile m phenethyl)
were exposed to an ensemble-averaged Prime MM/GBSA system for an
extensive period of MD simulation. Table 3 expresses the computed
binding free energies of three complexes utilizing ensemble-averaged
MM/GBSA. The top docked receptor-ligand complex’s stability is

Table 3
Binding free energies between SARS-CoV-2 MP™ and lead compounds using Prime.
Complex AG Bind AG Bind AG Bind AG Bind AG Bind AG Bind Receptor
Coulomb Covalent Hbond Lipo vdw Energy
6LU7_2,3 diphenyl cyclopropyl methyl phenyl —-64.377  —9.722 1.630 -0.111 —34.481 —35.821 —9945.677
sulphoxide +5.24 +2.15 +0.54 +0.10 +2.84 +1.93 +56.53
6LU7_Benzonitrile M Phenethyl —31.254 —4.585 0.715 —0.174 —16.55 —21.183 —9970.835
+3.57 +2.69 +0.56 +0.06 +3.335 +3.68 +55.68
6LU7_2_5-Dimethyl Pyrrole —16.900 —4.115 0.130 —0.158 —8.69 —10.808 —9909.906
+3.848 +2.31 +0.11 +0.07 +2.364 +2.54 +63.84
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directly proportional to the negative calculated values of binding free
energies [98].

The maximum negative binding free energy obtained from the data is
characterized to have the value of —64.377 kcal/mol, which deliberates
the binding stability of the 2,3 diphenyl cyclopropyl methyl phenyl
sulphoxide to be higher towards SARS-CoV-2 MP™. However, other
compounds i.e. Benzonitrile m phenethyl and 2,5 dimethylpyrrole also
expressed favorable binding free energy with SARS-CoV-2 MP™, These
MM/GBSA conclusions indicate that the obtained lead molecules are
capable of forming a stable complex with SARS-CoV-2 MP™ using the
prime MM/GBSA technique and that all of the predictions of the en-
ergies produced by the prime module MM/GBSA are thermodynamically
stable.

3.7. ADME profile of the top 10 compounds

The pharmacokinetics of all lead compounds were studied, as well as
the ADME features, and the rules of five (RO5) of future drug molecules
stated by Lipinski were justified with the QikProp application of
Schrodinger software. All of the lead compounds chosen have strong
pharmacokinetic characteristics and maintain the RO5. This is signifi-
cant while assessing the efficacy of the lead molecule to be drug mole-
cules. The parameters such as drug-likeness, dipole moment, molecular
weight, hydrogen bond donor, acceptor traits, solvent accessible surface
area, octanol/water coefficient, water-solubility, number of probable
metabolic reactions, binding affinity to serum albumin, coefficient of
brain/blood barrier and oral absorption of the drug molecule. The
toxicity properties of the drug with good ADME properties were used to
determine the adverse effect on people or animals [44]. The selected
lead compounds were proven to have no or little toxicity after toxicity
testing (Table 4). Also, ADME profile ADME profiles have been provided
for all the compounds obtained from B. variegata in Supplementary
Table S6. The test metabolites utilized in this research are expected to
have a significant solubility and intestinal permeability, allowing them
to penetrate the bloodstream or the intestinal wall for further action
[99]. The lead compounds showed acute toxicity (LD50) values ranging
from 670 mg/kg to 2500 mg/kg; with toxicity classifications of 4 and 5
classes (Supplementary Table S7). Toxicity classifications are deter-
mined using a globally harmonized system of chemical classification and
labeling (GHS). The lead molecules have minimum toxicity profiles, as
predicted by these studies.

4. Conclusion

There is currently no effective medication against SARS-CoV-2.
Because of their severe side effects, synthetic medications are not al-
ways appropriate for human health. As a result, there is an urgent need
for the discovery of a non-toxic, novel, and cost-effective treatment to
battle this fatal virus is crucial. Drugs from natural origin have the po-
tential to fight in this situation; as of their minimum toxicity. Further,
they have a vast array of applications in human health and disease
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without creating any negative adverse effects.

In the present situation, inventors from all around the world have
been researching hard to identify prospective lead molecules from nat-
ural sources along with medicinal plants and natural resources which
are effective against SARS-CoV-2 [100,101]. Till now no fixed treatment
for SARS-CoV-2 is followed; and all parts of our experimental plant
B. variegata were known to be used in folklore medicine for treating
various disorders like bronchitis, leprosy, and tumors [102]. B. variegata
extracts on oral administration with a specific time interval with tumor
inoculation exhibited a significant decrease in the tumor volume [103].
B. variegata methanolic extract was also effective against
rotavirus-induced gastroenteritis which proved that the plant is not
having any toxic side effects. This phytochemical constituent has a
number of well-established pharmacological actions that could help
with the overall treatment of COVID-19, with antiviral activities being
the most important [104]. As a result, the present research aims to use
computational drug design methodologies to discover novel natural
MP™ inhibitors in order to combat the existing disastrous scenario
caused by SARS-CoV-2.

In the present research, it has been hypothesized that phytocon-
stituents from the B. variegata plant could be capable of inhibiting the
main protease of SARS-CoV-2. For the present investigation, a molecular
docking technique was done against the main protease of SARS-CoV-2.
Binding affinity and free energies between lead compounds and the
MP™ enzyme recommended that all three compounds showed good
interaction with the binding site of this MP™. The energetic behavior of
SARS-CoV-2 MP™ on phytocompounds from B. variegata binding was
examined using comparative molecular dynamic simulations. It was
observed that the values obtained from the root mean square deviation
for the SARS-CoV-2 MP™ C-o atoms are in 2.5 A suggests that the re-
ported lead compounds 2,5 dimethylpyrrole,2,3 diphenyl cyclopropyl
methyl phenyl sulphoxide and Benzonitrile m phenethyl could form a
strong complex with SARS-CoV-2 MP™, as per molecular dynamics cal-
culations. Furthermore, the observed RMSF values for binding site res-
idues indicate that when lead compounds bound to the binding pocket
SARS-CoV-2 MP™, the least fluctuations occurred. The calculated
Prime MM/GBSA binding free energies are found to be thermodynam-
ically favorable. The binding free energy of the complexes was strongly
influenced by His, Gln, and Glu residues. These compounds possess
comparatively good ADMET parameters therefore further could be
considered for formulation and clinical trials. Thus it could be concluded
that the top three compounds 2,5 dimethylpyrrole,2,3 diphenyl cyclo-
propyl methyl phenyl sulphoxide and Benzonitrile m phenethyl have the
potential to prevent the activity of SARS-CoV-2 MP™ and result in
obstructing the duplication of SARS-CoV-2 into the human host cytosol.
Further studies could be helpful in finding a potent molecule or
formulation that could be promising to treat the disease with less
adverse effects.

Table 4

The ADME profile of the top 10 screened compounds from in silico study.
Compound Name MolMW QP log QPlog QP QP Human Oral PSA Rule of Rule of

S HERG logBB logKp Absorption Five Three

2_3-Diphenyl-cyclopropyl_methyl_phynyl_sulphoxide 334.475 —6.383 —7.067 —0.098 -0.015 1 22198 1 1
2_5-Dimethyl_1_H_Pyrole 95.144 —1.294 —-3.272 0.409 —1.531 3 13.376 0 0
Benzonitrile m-phenethyl_ 207.274 —4.377 —5.625 —0.338 —1.199 3 25.794 0 0
1_2 Benzenedicarboxylic_acid_butyl_2_methyl propyl ester_. ~ 278.347 —-3.72 —4.639 —0.509 -1.627 3 59.025 0 0
1_2 propandiol_3_Benzyloxy-1_2-diacetyl 266.293 —-3.48 —5.666 -1.05 —2.278 3 82.474 0 0
1_5_Anhydroglucitol 452.885 —9.082 —-3.767 —0.665 0.425 1 29.45 0 1
1-Tetradecene 198.391 —8.903 —4.774 1.39 3.531 1 0 1 1
2-_Aziridinylethil amine 86.136 0.773 -3.361 0.19 —-4.713 3 36.217 0 0
2_2 Dimethoxybutane 118.175 —1.593 —2.49 0.168 —1.581 3 14.033 0 0
2_3-Butanediol 90.122 0.357 —2.401 —0.198 —2.669 3 40.098 0 0
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