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Abstract

The SARS-CoV-2 deadly virus has infected more than 618 million people and caused nearly 6.5 million deaths worldwide.
It contains a single-stranded RNA and polypeptides encoding structural and non-structural proteins; used for recognizing
specific receptors followed by their penetration into the human cells. Vaccines and medications to date against the virus show
varying levels of efficacy along with severe side effects. So, plant-derived drugs pose favorable alternatives with specific
activities and minimum side effects. In this study, the antiviral potential of phytochemicals was investigated with special
emphasis on “Flavonoids™'. Based on this, five major flavonoids and four standard synthetic drugs were subjected to molecular
docking analysis against the crucial receptor proteins of COVID-19 (3CLP™, MP™, and ACE2). According to our results,
Apigenin (flavone) and Epigallocatechin Gallate (flavanol) show the best docking intensities with our chosen target proteins,
proving them to be efficient candidates against the SARS-CoV-2 virus. The docking results were evaluated from their binding
free energy values showed comparatively lower binding affinities of the synthetic drugs than the selected phytochemicals.
The feasibility, favorable conformation and stability of the receptors were further validated using the Ramachandran plot. The
two best flavonoids were then further tested against the paramount Delta and Omicron variants of SARS-CoV-2 virus. The
results of the in silico study reflect that Epigallocatechin Gallate and Apigenin had maximum affinity to the target proteins
of the Omicron and Delta variants respectively, implying its speculated antiviral potency. This study hence opens up a new
avenue of utilizing the compounds mentioned above to disrupt the integrity and virulence of the virus.
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ACE2 Angiotensin-converting enzyme 2 3CLP® 3-Chymotrypsin-like protease

COVID-19 Coronavirus disease 19

MERS Middle east respiratory syndrome

MPr Main protease Introduction

RBD Receptor-binding domain

SARS-CoV-2 Severe acute respiratory syndrome corona-  Coronavirus Disease 19 (COVID-19) global pandemic has
virus 2 infected more than 618 million people and claimed the lives

of over 6.5 million people worldwide as reported on Sep-
tember 21, 2022. The scenario in India is alarming itself
with more than 44 million cases reported to date and more
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virion. This virus belongs to Beta CoV family and invades
mammalian upper to lower respiratory tract and infect the
gastrointestinal tract by unknown mechanisms [3, 7, 19].
Patients suffering from respiratory problems along with
other comorbidities are more prone to the SARS-CoV-2
virus and thus require rapid medication with potent drugs
[24]. The recent mutant variants of the virus (Delta, Omi-
cron) have eventually increased the graphs of daily active
cases and mortality rates. Until now, the vaccines and syn-
thetic drugs certified by the World Health Organisation
(WHO) against the virus have shown low effectiveness,
detrimental side effects, and deaths have been reported even
after the completion of vaccination doses.

Plant-derived compounds on the other hand offer higher
efficacies, safe and secure, and act as dependable alterna-
tives for treatment with no to minimum side effects [2, 14].
Therefore, our study aims to identify natural antiviral com-
pounds based on molecular docking results to inhibit the
high infection rate of COVID-19. Since the traditional drug
discovery cycle involves a long time period starting from
a search of drugs to its trials, and an even larger sum of
money, hence new methodologies are now put to test for
faster results. Computational docking is thought to be an
effective strategy and a widely used technique in the drug
discovery process for understanding the molecular aspects of
proteins and protein-ligand interactions. It involves molecu-
lar modeling technique that characterizes the role of specific
amino acids present in surface contact areas of the SARS-
CoV-2 virus and its receptor proteins [24]. Thus, in-silico
techniques have been used to find the best flavonoid showing
inhibitory effects against viral or host receptor protein, based
on their docking scores obtained after evaluation. Different
flavonoid classes have been docked to three target receptors
and parallelly checked altogether to get antiviral drug for-
mulations as fast as possible [8, 13]. Furthermore, visuali-
zation software analyses detailed qualitative assessments of
interactions between ligands and receptors by estimating the
strength and nature of bonds formed between them.

Target Receptor proteins used in our study

The receptor proteins studied include 3-chymotrypsin-like
protease (3CLP™), Main protease (MP") of SARS-Cov-2
virus and other accessory proteins like Angiotensin-Con-
verting Enzyme 2 (ACE2) of the host cell. The 3CLP"
enzyme is a three-domain cysteine protease with an active
site highly conserved in Middle East Respiratory Syndrome
(MERS), SARS-CoV, and nowadays SARS-CoV-2. After
infection, viral RNA molecules produce polyproteins that
undergo cleavage at distinct locations induced by 3CLP™
which is essential for viral replication [1, 10, 25, 27]. ACE2
is a dipeptidyl carboxypeptidase and a type 1 transmembrane
protein present in the alveolar and bronchial respiratory
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epithelial cells of the host as a receptor commonly used for
SARS-CoV-2 viral entry by binding to the receptor-binding
domain (RBD). Amino acids like Leu, Phe, Glu, Ser, Asp,
and Tyr present in the RBD domain usually interact with
ACE2. Thus, a change in the conformation of the ACE2
catalytic pocket by the bioactive molecule is necessary to
disrupt or block the interaction [9, 11, 25, 29]. MP™, plays
an important role in cleaving polyproteins(pp) la and lab
for triggering viral replication and transcription; and is thus
used as a potential drug target [7, 14, 16, 24].

The new variants of the virus, Delta (B.1.617.2) and Omi-
cron (B.1.1.529) were first documented in October, 2020,
and November, 2021 respectively in multiple countries. The
Delta variant had shown a transmissibility rate of 40-60%
more than Alpha and twice as the original Wuhan strain of
SARS-CoV-2. A Center of Disease Control study showed 9
deaths/1000 cases during the Omicron surge, compared to
13 deaths/1000 cases during the Delta surge. Health experts
reported that Omicron causes milder symptoms than previ-
ous variants, but it spreads quickly and has infected people
very fast.

Flavonoids and its chemistry

Flavonoids are plant phenolic compounds based on a flavan
nucleus and have a skeleton consisting of two benzene rings
(A and B) linked via a heterocyclic pyrene ring (C ring).
They can be divided into various groups, but our study deals
with flavones (Apigenin), flavonols (Quercetin, Kaempferol),
and flavan-3-ols (Catechin, Epicatechin, Epigallocatechin
Gallate) based on their antiviral nature [30]. The number of
replacements in hydroxyl groups in their nuclear structure
determines the biological potency of flavonoids. It mediates
its antioxidant effects by scavenging free radicals and chelat-
ing metal ions from hydroxylated phenolic compounds syn-
thesized in plants in response to microbial infection [26]. All
flavonoid groups differ in the level of chemical modifications
and pattern of substitution of A and B benzene rings. Fla-
vonoids are widely distributed in different plant parts such
as nuts, seeds, fruits, and vegetables that people consume
frequently [30]. The readily soluble nature of flavonoids
plays a major role in therapeutic efficacy. Polyphenols can
interrupt the life cycle of viruses and block viral replication,
immune-boosting responses, and have anti-inflammatory
effects against infections [26]. They have potential biologi-
cal benefits such as anticancer, antibacterial, antifungal, and
antiviral activities [24, 30]. Since flavonoids have extensive
health-beneficial properties, they could be of considerable
importance for strengthening the host defense mechanism
against viral diseases by lowering infection and by down-
regulation of cytokine production [10, 26]. The antiviral
effects of flavonoids were studied in-silico by docking and
virtual screening to predict the binding affinity, which may
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be indicative of the drug’s ability to inhibit the proteolytic
activity of the target receptor molecules. Plant-derived drugs
are thoroughly evaluated in terms of their potency, efficacy,
bioavailability, adverse effects on non-target sites, safety,
different stages of preclinical and clinical trials, etc. before
being available for public use [12, 28].

Apigenin, a major flavone compound has the ability to
sharply decrease interleukin-6 supports the anti-inflamma-
tory nature. It is also reported to have antiviral properties
by inhibiting viral coat protein synthesis and disrupting
viral RNA association with transcription factors [21, 30].
The hydroxyl group of quercetin recognizes specific amino
acid residues on 3CLP™ and Mpro of SARS-CoV-2 and
theoretically provides 50% inhibitory activity. It is known
that Vitamin C and quercetin application together show
high anti-inflammatory activities and further inhibit virus
entry and block the formation of viral life cycle enzymes
[4, 21]. Kaempferol shows inhibitory activity against the
3aion channel of coronavirus, formed by 3a-coded proteins
and it has the potential to inhibit viruses. Docking analy-
sis further demonstrated the potential to inhibit viruses due
to the presence of high affinity binding of kaempferol to
the ACE2 receptor and regulate the T-cell receptor [21, 26,
30]. Among flavan-3-ols, the antiviral activity of catechin
and its derivatives Epicatechin and Epigallocatechin gallate
(EGCG) found in tea have been reported [7, 20]. ). EGCG
is a well-known antioxidant and shows anti-inflammatory
activities. Natural catechins largely appear to have different
mechanisms of action such as they may inhibit viral envel-
oped DNA, (+) or (—) stranded RNA viruses; while EGCG
exhibits a high ability to block the early stages of infection
by inhibiting reverse transcriptase in vitro and in vivo [13,
15, 16, 31].

Materials and methods
Selection and Preparation of Ligands and Receptors

The 3D structures of five potent flavonoids i.e. Epicatechin
(PubChem ID:72,276), Epigallocatechin Gallate (PubChem
ID:65,064), Quercetin (PubChem ID:5,280,343), Kaemp-
ferol (PubChem ID:5,280,863) and Apigenin (PubChem
1D:5,280,443) downloaded from PubChem crystal database
server (https://pubchem.ncbi.nlm.nih.gov/) in sdf format
were docked with important receptor molecules of COVID-
19 involved in virus replication and entry. The 3D structures
of the original Wuhan strain of SARS-CoV-2 target proteins:
3CLP™ (PDB ID: 6M2N); MP™ (PDB ID: 7BRO) and ACE2
complexed with spike glycoprotein (PDB.ID:7DMU) were
downloaded from RCSB Protein Data Bank in PDB format
(http://www.rcsb.org/) [5, 6]. According to our study, the
flavonoids with the best docking scores were further tested

for their bonding with the Open state of Delta variant spike
protein (PDB ID: 7W92) and Omicron Spike B.1.1.529
(PDB ID: 7Q0O7) of SARS-CoV-2. The reference articles
and physicochemical properties of ligands have been tabu-
lated in supplementary files 1 & 2 respectively. For a bet-
ter comparative study, Catechin (PubChem ID:9064) as the
natural control drug and Chloroquine (PubChem ID:2719)
as the synthetic control drug have been used as ligands for
docking analysis. Furthermore, three other synthetic drugs,
Remdesivir (PubChem ID:121,304,016), Arbidol (PubChem
ID:131,411), and Doxycycline (PubChem ID:54,671,203),
were put to test with our selected proteins to significantly
show the comparison based on the binding energy intensi-
ties with natural drugs. The pdb files of ligands were created
using the Online SMILES Translator and Structure File Gen-
erator (https://cactus.nci.nih.gov/translate/), and later were
converted to pdbqt file format using in Auto Dock Tools [7,
11, 13].

Receptor structure validations

PROCHECK and ERRAT web server tools were used to
validate the stability, structural quality, and reliability of the
protein structures. Good high-resolution structures generally
produce quality factors of around 95% or higher. Figures 5a
and 6a, and 7a show the Ramachandran plots and Figs. 5b
and 6b, and 7b show the Overall Quality Factor of the recep-
tor models. All the structural details supporting the protein
models were listed in Supplementary file 3.

Molecular docking and visualisation

Auto Dock Vina software helps us in docking the target pro-
tein receptors with the ligands (http://vina.scripps.edu/). The
active binding pocket sites and the amino acid residues in it
were generated and were run to determine the binding affini-
ties and analyze them by AutoDockVina software [17, 18,
22, 23]. Accordingly, the grid dimensions 40 x 40X 40A and
center coordinates for docking were set as 12.239, —13.251,
and 5.144 for 7BRO; —45.272, —29.842 and 27.319 for
6M2N; 60.86, —56.197, and 45.075 for 7DMU. The lowest
Root Mean Square Deviation (RMSD) values were selected
to evaluate binding energies [7]. PYMOL and DiscoveryS-
tudioVisualizer visualization software was used to analyze
the 3D docked receptor-ligand complexes; and ProteinPlus
program to study their interactions.

Results and discussion
The huge number of COVID-19 infections worldwide has

compelled us to find a solution to this viral pandemic. This
study was designed to determine the binding capacities of
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several phytochemicals with three crucial receptor proteins.
The major plant-derived compounds chosen for our study are
Epicatechin, Epigallocatechin gallate, Quercetin, Kaemp-
ferol, and Apigenin (Supplementary Fig. 1). The target pro-
teins from the virus are reported to be essential for their
growth, infectivity, and survival. The chosen viral targets
are 3CLP™, MP™, and ACE2 (Supplementary Fig. 2). These
phytochemicals were put to test based on their medicinal
properties, efficacy, etc. and computational docking was
carried out to determine their binding to the target proteins.
Supplementary Fig. 3 represents the flowchart of the com-
putational docking study. Computational binding deals with
the orientation of small flexible ligand to a target receptor
protein as well as conformation of ligand-receptor complex
when bound to each other. Firstly, the selected protein struc-
tures of study are thoroughly analyzed in AutoDockTools
and then drug molecules of interest are docked into the bind-
ing pockets of the target proteins. The process of evaluation
of a particular pose/conformation is done by counting the
number of favourable intermolecular hydrogen bond interac-
tions, Vander-Waals interaction and hydrophobic contacts.

QUERCETIN
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. —

\ “l' v A
Wil2

EPIGALLOCATECHIN
'GALLATE

Secondly, docking study helps to conclude the outcome of
a receptor-ligand interaction, which may be either “Tight/
High, Moderate/Intermediate or Loose/Low” binding affinity
depending on the free binding energies in kcal/mol. The pro-
cess of classifying which ligands are most likely to interact
favourably to a particular receptor is based on the calculation
of free binding energy values in kcal/mol from the negative
RMSD (Root Mean Square deviation) values done by Auto-
DockVina software. The binding affinity increases as the
free energy value becomes more negative. Negative values
indicate favourable formation of ligand-receptor complexes
with high affinity. The affinity value with 0 RMSD is con-
sidered to be the best value. For the first selected enzyme
3CLP™, Apigenin showed the lowest binding energy value
of —8.6 kcal/mol. Then on studying the interaction between
them in ProteinsPlus it was seen that efficient hydrogen
bonds stabilize the active site pockets (Fig. 1). For ACE2
and MP™, Epigallocatechin Gallate showed higher interac-
tions, —7.4 kcal/mol, and — 8.8 kcal/mol respectively, as it
binds much more tightly to the receptors thus rendering our
docking results to be structurally stable and reliable (Figs. 2

EPICATECHIN APIGENIN

Fig. 1 3D and 2D interactions of flavonoids against 3CLP™ receptor (PDB ID: 6M2N) depicting the binding energy values in each case and the

best value marked in red
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Fig.2 3D and 2D interactions of flavonoids against ACE2 receptor complexes with spike glycoprotein (PDB ID: 7DMU) depicting the binding

energy values in each case and the best value marked in red

and 3). As shown in supplementary Fig. 4, we observe that
the binding affinities ranged from (—6.1 to —8.8) kcal/mol,
also depicted in Table 1. The lower the binding energy value,
the faster the chance of binding of ligands (phytocompounds
in this case) to the receptor proteins thus blocking the entry
pathway of SARS-CoV-2 or its replication process. In the
interaction of flavonoids and the RBD domain of spike pro-
tein, bonds interlinking Phe and Leu remained weak, while
other residues interact more effectively. Apigenin and Epi-
gallocatechin gallate were observed to be the most effective
molecules against all protein targets as they remained in the
proximity of the receptor with the least rearrangements.
Also in our study, two control drugs, Catechin as the
natural control drug and Chloroquine as the synthetic con-
trol drug, having high effectivity against RNA viruses were
utilized to show that our selected phytochemicals are more
favorable (Supplementary Fig. 4). Catechin shows bind-
ing energy values of (—7.2) kcal/mol, (—6.0) kcal/mol,
and (—7.5) kcal/mol and Chloroquine shows (—5.6) kcal/
mol, (—5.0) kcal/mol, and (—5.8) kcal/mol against 3CLP™,
ACE2, and MP" respectively. Some other well-known

synthetic drugs showing efficient antiviral properties like
Remdesivir, Arbidol, Doxycycline, etc have also been tested
against the receptor proteins of SARS-CoV-2. These drugs
cannot bind efficiently to the active site pockets of the recep-
tors and show an overall average binding energy value of
—6.5 kcal/mol. So, these drugs are now removed from the
recent treatment protocol guidelines for COVID-19. Multi-
ple measurements to calculate receptor-ligand interaction
can also be undertaken using the ‘central tendency’ param-
eter where average docking score values of each component
are considered. Therefore, a comparison of binding energy
values of each data set to standard scores of control drugs
helps us in ranking them accordingly. The effectivity of the
phytochemicals and synthetic drugs against each receptor
protein based on the average docking score values in kcal/
mol are tabulated in Table 1.

We can observe that Apigenin and catechin derivatives,
Epicatechin and Epigallocatechin Gallate can bind much
more tightly than flavonols (Quercetin and Kaempferol) to
the active site of receptor proteins, thus preventing virus
replication and also the entry of the virus into the host. All
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Fig.3 3D and 2D interactions of flavonoids against the MP™ receptor (PDB ID: 7BRO) depicting the binding energy values in each case and the

best value marked in red

the drugs are shown to obey “Lipinski’s rule of five”. Also,
the drug molecules satisfy the ADMET properties with
good metabolic rates and are not reported to show any toxic
or carcinogenic effects by the Hazardous Substances Data
Bank (HSDB) of the PubChem database. Our selected syn-
thetic drugs do not show efficient docking with our selected
receptor proteins as depicted by their binding energy values
and also cause environmental hazards and may also induce
alterations of metabolic rates in humans and some may serve
as irritants.

Some additional supplementary studies have been done
to indicate the structural stability and efficacy of the recep-
tor proteins used as targets by the drug molecules. For this,
the PROCHECK web server was used to show the differ-
ent Ramachandran Plot statistics which determine the most
favored, allowed, and disallowed regions of the active sites
(Supplementary Fig. 5a, 6a, and 7a).On the other hand, the
ERRAT web server depicts high-resolution models of all
the receptors based on Overall Quality Factor values which
have been graphically plotted in supplementary Fig. 5b, 6b,
and 7b.

@ Springer

Vander Waals interactions, classical and non-classical
hydrogen bonds, and hydrophobic and electrostatic interac-
tions play an important role in receptor-ligand interaction
which ultimately helps in the determination of good results
by increasing the docking scores. The structural fold of the
protein is stabilized by the various inter and intra-hydrogen
bonds which play crucial roles to accommodate the ligand
at the active site of a protein. So, we next evaluated the
structural and thermodynamic stability of the complexes by
identifying the pattern of intermolecular interactions. The
ProteinsPlus showed efficient hydrogen bond interactions
of all the proteins with their selected ligands. Table 2 repre-
sents the amino acid compositions and drug score values of
the best-docked subpockets of the 3D structure of receptor
proteins with the drugs. Also, the hydrogen and hydrophobic
bond interaction values are tabulated which helps in stabi-
lizing the active site pockets. The assay and docking results
indicate the following — firstly, flavonoids have a wide range
of binding affinity to the proteases of SARS-CoV-2 due to
the presence of hydrophobic aromatic rings and hydrophilic
hydroxyl groups, and secondly, the presence of carbohydrate
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groups highly influences the binding affinity thus providing
best docking scores.

The best two flavonoids i.e., Apigenin and Epigallocat-
echin gallate, were further tested against the SARS-CoV-2
Delta and Omicron variant Spike proteins, which are
regarded to be the most violent and contagious. The aver-
age free binding energy values in kcal/mol indicate that
not only do Apigenin and Epigallocatechin gallate bind

significantly more strongly to those variants than our syn-
thetic drug, Doxycycline, but they also have higher binding
affinities to them than our chosen receptors (Table 3). The
3D and 2D interactions of the receptor-ligand complexes
were obtained after visualizing in PyMol and DiscoveryS-
tudioVisualizer respectively (Figs. 4 and 5). This provides a
new avenue for determining the antiviral potential of natural
phytocompounds like flavonoids. These new variants carry

Table 3 Binding Energy values (kcal/mol) obtained by Docking Analysis of the two best flavonoids (Apigenin, and Epigallocatechin gallate) and
the best synthetic drug (Doxycycline) interacting with the most virulent Delta and Omicron variants of SARS-CoV-2

Compounds Delta variant spike protein (PDB Omicron spike B.1.1.529 Average binding
ID:7W92) (PDB ID: 7Q07) energy values (kcal/
mol)
1. Apigenin (Natural) -9.7 -9.2 -9.45
2. Epigallocatechin gallate (Natural) -9.0 -94 -9.20
3. Doxycycline (Synthetic) -8.0 -89 —8.45

The significant values such as the lowest in a particular group have been highlighted in bold font. The cumulative average values have also been

depicted in the same manner
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Fig.4 a 3D interactions of Apigenin against the Delta variant (PDB
ID: 7W92) visualized in PyMol b 3D interactions of Epigallocatechin
Gallate against the Delta variant spike protein (PDB ID: 7W92) visu-
alized in PyMol ¢ 2D diagram depicting the different types of bond
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interactions between Apigenin and Delta variant spike protein visual-
ized by DiscoveryStudioVisualizer d 2D diagram depicting the differ-
ent types of bond interactions between Epigallocatechin Gallate and
Delta variant spike protein visualized by DiscoveryStudioVisualizer
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Fig.5 a 3D interactions of Apigenin against the Omicron spike
B.1.1.529 (PDB ID: 7Q07) visualized in PyMol b 3D interactions of
Epigallocatechin Gallate against the Omicron spike B.1.1.529 (PDB
ID: 7Q07) visualized in PyMol ¢ 2D diagram depicting the differ-
ent types of bond interactions between Apigenin and Omicron spike

some genetic changes that lead to significant community
transmission with an increase in the number of daily cases
and mortality rates over time. This prominently highlights
the disease severity and suggests an emerging risk to global
health.

Conclusive remarks and future outlook

Phytomedicine, the use of medicinal plants for the preven-
tion and treatment of diseases, has emerged worldwide. The
potential use of medicinal herb extracts to prevent the spread
of the virus by their different mechanisms of action such
as inhibiting replication and proliferation of SARS-CoV-2
may offer a reliable solution to this deadly virus without any
adverse side effects. It has been reported that natural sub-
strates from Traditional Chinese Medicine (TCM) seemed
to have a more positive impact on patients suffering from
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B.1.1.529 visualized by DiscoveryStudioVisualizer d 2D diagram
depicting the different types of bond interactions between Epigallo-
catechin Gallate and Omicron spike B.1.1.529 visualized by Discov-
eryStudioVisualizer

SARS-CoV, SARS-CoV-2, and influenza viral diseases than
conventional therapeutics [6, 25, 30]. A more detailed exam-
ination of pharmacological techniques, long-term toxicol-
ogy, and bioavailability as well as further studies on herbal
drug interactions with an emphasis on safety, sustainabil-
ity, and evidence of efficacy are required in near future for
the disclosure of novel antiviral agents. The plant sources
chosen in our study produce the different groups of second-
ary metabolites of flavonoids that have immense medicinal
importance and are a major target used to extract and study
several unique compounds that have immunomodulatory
properties. Also, the receptor proteins selected here are
quite common ones which are considered major pillars of
COVID-19, involved in envelope formation, virion assem-
bly, and viral pathogenesis, and can be used as a target by
many drugs due to their conserved amino acid residues. The
molecular docking results of the protein-ligand complexes
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led to the establishment of structurally compact and strong
bonding dynamics. As SARS-CoV, SARS-CoV-2, and
MERS-CoV share high similarities due to the presence of
several homologous viral proteases, the proposed flavonoids
may demonstrate attractive antiviral substrates against the
SARS-CoV-2 virus. The combinatory effects of flavonoids,
especially when used together with other known standard
antiviral drugs may seem to work with better efficiency.
A pharmacophore mixture of all the five flavonoids might
actively block the majority of virus replication and entry
pathways. In vitro, cell-free, and cell-based studies are pre-
dominantly compared with studies on animal models to
standardize the existing evidence. Furthermore, the appro-
priate design of clinical trials to demonstrate a prophylactic
and therapeutic effect in humans remains challenging. These
trials would help to potentially confirm experimental find-
ings into recommendations for use in COVID-19 viral dis-
ease. By docking study, we have tried to analyze the potency
of the natural drugs to combat receptors for the development
of antiviral compounds against coronavirus. As they need
several months or years to develop a well-approved thera-
peutic drug, therefore, for immediate antiviral treatment, fla-
vonoids may serve as favorable agents and help the research-
ers seeking an effective medication or vaccine production.
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