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A B S T R A C T

The outbreak of Coronavirus Disease 2019 (COVID-19) has been declared as a Public Health Emergency of In-
ternational Concern (PHEIC) by the World Health Organization (WHO), which is being rapidly spread by the
extremely spreadable and pathogenic 2019 novel coronavirus (2019-nCoV), also known as SARS-CoV-2.
Pandemic incidence of COVID-19 has created a severe threat to global public health, necessitating the develop-
ment of effective drugs or inhibitors or therapeutics agents against SARS-CoV-2. Spike protein (S) of the SARS-
CoV-2 plays a crucial role in entering viruses into the host cell by binding to angiotensin-converting enzyme 2
(ACE-2), and this specific interaction represents a promising drug target for the identification of potential drugs.
This study aimed at the receptor-binding domain of S protein (RBD of nCoV-SP) and the ACE-2 receptor as a
promising target for developing drugs against SARS-CoV-2. Over 100 different flavonoids with antioxidant, anti-
inflammatory, and antiviral properties from different literatures were taken as a ligand or inhibitor for molecular
docking against target protein RBD of nCoV-SP and ACE-2 using PyRX and iGEMDOCK. Top flavonoids based on
docking scores were selected for the pharmacokinetic study. Selected flavonoids (hesperidin, naringin, ECGC, and
quercetin) showed excellent pharmacokinetics with proper absorption, solubility, permeability, distribution,
metabolism, minimal toxicity, and excellent bioavailability. Molecular dynamics simulation studies up to 100 ns
exhibited strong binding affinity of selected flavonoids to RBD of nCoV-SP and ACE-2, and the protein-ligand
complexes were structurally stable. These identified lead flavonoids may act as potential compounds for devel-
oping effective drugs against SARS-CoV-2 by potentially inhibiting virus entry into the host cell.
1. Introduction

On 30th January 2020, WHO declared the outbreak of COVID-19 as a
Public Health Emergency of International Concern (Rodríguez-Morales
et al., 2020). The outbreak was first reported from Wuhan City, Hubei,
China (Lee and Hsueh, 2020) as an unexplained case of pneumonia on
Dec 31, 2019, and was published in The New York Times. It was soon
identified as a new SARS strain and named it 2019-nCoVorSARS-CoV-2
(Zhou et al., 2020). As of December 09, 2020, WHO has reported 6,88,
45,410 SARS-CoV-2 cases, including 15,68,876 deaths globally. The
exponential growing cases worldwide indicate this outbreak as one of the
worst pandemics. Unfortunately, there are no specific vaccines or ther-
apies against the new virus.

SARS-CoV-2 is a positive-sense single-stranded RNA virus belonging
to the subgenus Sarbecovirus (beta-CoV lineage B). It has been reported
that this strain is quite divergent from the other betacoronavirus,
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including the SARS I virus (Walls et al., 2020). ACE-2 is the unique re-
ceptor responsible for the virus's attachment to the host cell membrane
(Andersen et al., 2020; Huang and Herrmann, 2020). Recently published
reports also suggest that the 2019-nCoV binds to the human
angiotensin-converting enzyme 2 (ACE-2) receptor through densely
glycosylated spike (S) protein to penetrate human cells (Hoffmann et al.,
2020). The S protein binds ACE-2 through its receptor binding domains
(RBD), and the RBD "up" conformation of the S protein is a prerequisite
for the formation of the RBD-ACE-2 complex (Wrapp et al., 2020). ACE-2
is the only necessary and essential receptor for binding the
receptor-binding domain of S protein (RBD of nCoV-SP) of 2019-CoV and
was targeted in the present study. Due to the unavailability of a
high-resolution crystal structure, the task of rapid virtual screening
against highly essential target proteins is relatively lackluster.

Flavonoids are an extraordinary group of natural substances with
variable phenolic structures. Over 4,000 varieties of flavonoids have
March 2021
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been identified (Groot and Rauen, 1998) and possess various favorable
biochemical and antioxidant effects associated with various diseases
(Burak and Imen, 1999). Albert Szent-Gyorgyii reported the first evi-
dence of flavonoids' biological activity in 1938 (Narayana et al., 2001).
After that, a wide range of biological functions such as antioxidant,
antiviral, anti-inflammatory, and anticancer has been described for fla-
vonoids (Xia et al., 2010; Khan et al., 2013; Gorlach et al., 2015; Iran-
shahi et al., 2015; Nabavi et al., 2015). The concern of the antiviral
effects of flavonoids have been the subject material of various reports
(Gescher et al., 2011; Roh and Jo, 2011; Chen et al., 2012) with reported
antiviral activities through blockage of cellular receptors, blocking viral
antigenic determinants, loss of enzymatic activities and inhibition of
particle biosynthesis (Bae et al., 2000; Calzada et al., 2001; Chang et al.,
2003; Savi et al., 2010). The natural product has been used during two
earlier coronavirus outbreaks of SARS-CoV andMERS-CoV as a medicinal
treatment, which suggests the probable ability of flavonoids to be useful
for the ongoing epidemic of 2019-CoV (Li et al., 2005; Lin et al., 2005;
Lau et al., 2008).

A flowchart of the methodology is depicted in Figure 1. In this study,
different flavonoids and their subclasses with antioxidant, hep-
atoprotective, antibacterial, anti-inflammatory, anticancer, and antiviral
properties from different literatures (Kumar and Pandey, 2013; Panche
et al., 2016) were screened against our modeled structure of the
receptor-binding domain of S protein (RBD of nCoV-SP) of 2019-CoV and
FOR RBD OF SARS-CoV-2 spike protein

Related structure iden fica ons (Templates).

Template Selec on.

Alignment of the target sequence 
with the template sequence.

Build the target model structure of 
using the informa on from the 
template sequence and structure.

Model evalua on and model 
selec on.

Energy minimiza on of the model 
and valida on.

Model OKNO YES

Figure 1. Flowchart of the methodology followed
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human angiotensin-converting enzyme 2 (ACE-2). While examining the
RBD of nCoV-SP and ACE-2 docking interactions and pharmacophore
analysis, we have observed that flavonoids may inhibit SARS-CoV-2 cell
entry into host cells.

2. Materials and methods

2.1. Sequence retrieval and homology modeling

Genbank ® of the National center for biotechnology information
(NCBI) facilitates retrieving the biological information of the explored
and assembled data (Sayers et al., 2019). The sequence for the
receptor-binding domain (RBD) of the 2019-CoV spike protein (nCoV-SP)
was collected from the NCBI database in FASTA format (GenBank
accession number: MN908947.3). Low resolution and conformation of
3.5 Å of Cryo-EM structure (Wrapp et al., 2020) make it unreliable for
virtual screening, and hence a homology model of the receptor-binding
domain (RBD) of nCoV-SP was built with the help of MODWEB, an
indispensable component of MODBASE (Eswar et al., 2003). This is fol-
lowed by validation using PROCHECK at the EBI server (Laskowski et al.,
1993) and saved in PDB format. The crystal structure of the human ACE-2
receptor protein (ACE-2) (PDB ID: 1R42) was also downloaded (Towler
et al., 2004) and used for studying the interaction of our choice of in-
hibitors with the viral receptor.
FOR HUMAN ACE-2 receptor protein                

Binding site residue           from literature 

Protein structure from protein database.

Imported to Pymol; removal of water 
molecules and op miza on; saved in PDB 
format.

Energy minimiza on of the protein. 

Binding site grid genera on.

Ligands from Pubchem; imported in 
SMILES format; converted to pdbqt file by 
OPENBABEL.

Interac on analysis of the docked 
complexes through Ligplot and PyMol.

Pharmacokine c profiling of the top hit  
ligands.

Docking using PyRx.

In silco pharmacologically ac ve ligands 
selected for further MD simula on run 
and analysis.

while docking target protein to the ligands.
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2.2. Energy minimization and model validation

YASARA Energy Minimization Server (Krieger et al., 2009) was used
for energyminimization of protein model for RBD of nCoV-SP and human
ACE-2 receptor to obtain a high stable model with minimum energy.
Structural quality and authenticity of the RBD of nCoV-SPwere evaluated
through ERRAT, Verify3D, and ProSa (Colovos and Yeates, 1993;
Eisenberg et al., 1997; Wiederstein and Sippl, 2007).

2.3. Binding site identification

Previous studies on protein-protein docking, molecular dynamics,
and virtual screening studies on SARS-CoV-2 spike glycoprotein (nCoV-
SP) as well human ACE-2 receptor already evaluated the binding pockets
and essential residues in the RBD and their interaction with the hotspots
in ACE-2 receptor (Wu et al., 2011; Shang et al., 2020; Wan et al., 2020;
Xu et al., 2020; Senathilake et al., 2020). Based on the above findings, the
binding site residues for both RBD of nCoV-SP and the human ACE-2
receptor were selected in this study, and docking was carried out.

2.4. Ligand selection and ligand file preparation

Different flavonoids with antioxidant, hepatoprotective, antibacte-
rial, anti-inflammatory, anticancer, and antiviral properties from
different literatures were considered (Kumar and Pandey, 2013; Panche
et al., 2016). Flavonoids possessing antiviral activity against some vi-
ruses, including coronavirus, were also taken into consideration (Kaul
et al., 1985; Bae et al., 2000; Li et al., 2005; Kiat et al., 2006; Savi et al.,
2010; Zandi et al., 2011; Frabasile et al., 2017; Yang et al., 2017;
Zakaryan et al., 2017; Juc�a et al., 2018; Sarwar et al., 2018; Song, 2018;
Dai et al., 2019; Jo et al., 2020). However, no study on the molecular
level of flavonoids has been reported against nCoV-SP, so over 100
different flavonoids were considered in this computational study against
RBD of nCoV-SP affinity towards spike protein and probable interfere
with the viral-receptor binding and decrease the viral load and infection.
SMILES of the flavonoids were taken from the PubChem database, and
the smi file of the compounds was generated and stored in a single file.
The smi file was converted to pdbqt (AutoDock PDBQT format) and mol
(MDL MOL format) file by OPENBABEL, a chemical file format converter
according to our molecular docking protocols.

2.5. Molecular docking of flavonoids against RBD of nCoV-SP and human
ACE-2 receptor (ACE-2)

For better reliability and precise results, two docking software, PyRx
(Dallakyan and Olson, 2015) and iGEMDOCK (Hsu et al., 2011), utilizing
two different algorithms, were used. PyRx uses AutoDock 4 and Auto-
Dock Vina as docking software implying the Lamarckian Genetic Algo-
rithm and Empirical Free Energy Scoring Function. On the other hand,
iGEMDOCK implies the Generic Evolutionary Method for molecular
docking, limiting the risk of false-positive results from a ligand library file
efficiently (Raj et al., 2014). iGEMDOCK tool is utilized for docking
purposes providing the interface for every single ligand and binding
pocket of the targeted protein for interaction. Using the PyRx platform,
macromolecule of the receptor-binding domain (RBD) of nCoV-SP as well
as ACE-2 receptor protein and ligands were prepared. Docking was car-
ried out taking the binding site residues for both RBD of nCoV-SP protein
and ACE-2 inside a grid box with co-ordinates along X, Y, and Z-axis and
dimensions conformed to 35.81 Å � 16.23 � Å �31.14 Å and 23.13 Å �
12.03 Å � 8.22Å, respectively. On the other hand, 'Stable docking' with
population size (N¼ 800), 80 generations, and ten solutions were carried
out with our choice of ligands in iGEMDOCK against both the protein
models (Raj et al., 2014; Kashif et al., 2017). Interactions between the
RBD of nCoV-SP and ACE-2 with the ligands were studied using Ligplot
(Wallace et al., 1995) and visualized in PyMol Molecular Visualization
Software (Lill and Danielson, 2011).
3

2.6. Pharmacological analysis

The pharmacological analysis of the selected flavonoids included
Lipinski's rule of five (Lipinski, 2004), drug-likeness, and ADMET studies.
The analysis was carried with various software like Lipinski's rule of 5,
Molsoft L.L.C.: Drug-Likeness and molecular property prediction for
drug-likeness, and admetSAR prediction tool for ADMET studies.

2.7. Molecular dynamics (MD) simulation

The protein-ligand complexes were considered for Molecular dy-
namics simulation. GROMACS was used to do the MD simulation of RBD-
Hesperidin, RBD-Naringin, RBD-EGCG, and ACE2-Quercetin (Van Der
Spoel et al., 2005). Gromacs topology files were created individually. The
topology and force field's parameter files were constructed by Automated
Topology Builder (ATB v1.0) webserver (Malde et al., 2011), along with a
1.0 nm side's cubic box within which the RBD-ACE-flavonoid complexes
were centered. Before the energy minimization of the protein-ligand
complexes, the steepest descent and conjugate gradient methods were
followed (Knyazev and Lashuk, 2008). AMBER force fields were used to
detect all the bonded and non-bonded interactions of our query complex.
The charge of the complete system was neutralized by the addition of
ions before minimization. The particle mesh Ewald (PME) method was
used to calculate the system's energy (Darden et al., 1993; Wang et al.,
2010). Ewald summation was utilized at a reckoning cost computation-
ally, while the Linear constraint solver (LINCS) (Hess et al., 1997) was
applied for covalent bond constraints. Finally, the MD simulation was
carried at 300K temperatures and one bar pressure, where Berendsen's
weak coupling method regulated the system's pressure and temperature
(Syed et al., 2017). MD simulation was done for 100 ns, and trajectories
files were saved for further analysis using Xmgrace.

3. Results

3.1. Homology modeling and model validation

Sequence similarity between the template and the query sequence
determines the modeled protein (Azam et al., 2014). Protein BLAST
evaluated SARS-CoV spike glycoprotein (PDB ID: 2GHV) with a sequence
similarity of 73% with our query sequence of RBD of nCoV-SP and,
hence, was selected as the template to build the protein model of RBD of
nCoV-SP. MODWEB (Eswar et al., 2003) was used to build the model and
validated by the Ramachandran plot using PROCHECK (Laskowski et al.,
1993). Model number 2 was selected for further studies as it had 99.4%
residues covering favored, additionally allowed, and generously allowed
regions while only 0.6 % in the disallowed region, as shown in Figure 2A.

YASARA was used for energy minimization for both model 2 and
human ACE-2 receptors (PDB ID: 1R42). Verify3D, Errat, and ProSa
further evaluated the optimized structure of and validated it (Colovos
&Yeates, 1993; Eisenberg et al., 1997; Wiederstein and Sippl, 2007;
Krieger et al., 2009). The overall quality of ERRAT and Verfy3D for the
energy-minimized model was found to be 95.26% & 92.29%, respec-
tively (Figure 2B and C) with a z-score of -5.08 (Figure 2D) and energy
plots by ProSa (Figure 2E).

3.2. Binding site identification

Previous studies on RBD of nCoV-SP revealed TYR 449, GLN 493, GLN
498, THR 500, ASN 501, and GLY 502 to interact with human ACE-2
receptor with TYR 505 well exposed for initial contact with ACE-2 re-
ceptor (Xu et al., 2020; Senathilake et al., 2020). Other studies suggested
LEU 455, PHE 486, GLN 493, and SER 494 residues of RBD of
SARS-CoV/SARS-CoV-2 S protein to interact with hotspot 31 (LYS 31),
whereas residues ASN 487 and SER 494 are described to interact with
hotspot 353 (LYS 353) of human ACE-2 receptor (Wu et al., 2011; Shang
et al., 2020; Wan et al., 2020). Previously published data suggest that
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hotspot 31 is made up of a salt bridge between LYS 31 and GLU 35, and
hotspot 353 comprises of a salt bridge between LYS 353 and ASP 38, both
buried in a hydrophobic environment (Wu et al., 2011). It is also reported
that SER 494 of RBD of nCoV-SP reinforces the structural stability of
hotspot 353 (LYS 353) of the ACE-2 receptor (Wu et al., 2011) and hence
Figure 2. Modeled structure (RBD of nCoV-SP) validation by Procheck and ProSa.
nCoV-SP model. Black bars represent a distantly located misfolded region from the act
represent regions with a lower rate of protein folding. (C) Verify3D plot of the RBD
determined by X-ray crystallography (light blue) or NMR spectroscopy (dark blue) re
with a black dot and (E) ProSA-web energy plot of RBD of nCov-SP. A thick line rep
average energy with a window size of 10 residues in the plot's background.
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justified the importance of these residues for selection criteria as our
binding site residues in this study (Table 1) and carry out our docking
studies for interaction analysis.
(A) Ramachandran plot of the optimized model. (B) ERRAT plot of RBD of the
ive site; gray bars display the error region between 95% and 99%, and white bars
of nCoV-SP structure. (D) ProSA-web z-scores of all protein chains in PDB is

garding their length. The z-score of RBD of nCoV-SP is -5.08 and is highlighted
resents average energy over each 40-residue fragment. The thin line represents



Table 1. Summary of binding sites of the model (RBD of nCoV-SP) as well as human ACE-2 receptor from literature.

Binding site for RBD of CoV-SP and human ACE-2 Residues at the binding site References

RBD binding site 1 TYR 449, GLN 493, GLN 498, THR 500, ASN 501, GLY 502, TYR 505 (Xu et al., 2020)

RBD binding site 2 LEU 455, PHE 486, GLN 493, ASN 487, SER 494 (Wan et al., 2020)

RBD binding site 3 TYR 449, GLN 493, SER 494, GLN 498, THR 500, ASN 501, GLY 502, TYR 505 (Senathilake et al., 2020)

ACE-2 binding site LYS 31, GLU 35, ASP 38, LYS 353 (Wu et al., 2011)
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3.3. Docking result of the flavonoids with receptor binding domain (RBD)
of nCoV-SP

Computational chemistry holds a firm position in predicting and
analyzing the correct mode of ligands' binding pattern into a protein-
binding site (Azam et al., 2014). This study compiled the previous
knowledge on the interaction of the RBD of nCoV-SP with the human
ACE-2 receptor and indicated the residues TYR 449, GLN 493, SER 494,
GLN 498, THR 500, ASN 501, GLY 502, and TYR 505 to be much more
appealing toward the human receptor (Senathilake et al., 2020). The
Pymol visualization of the selected binding site residues of RBD of
nCoV-SP is depicted in Figure 3.

Docking with PyRx showed excellent and satisfactory results with
the flavonoids. Hesperidin showed best-docked energy, followed by
naringin and epigallocatechin gallate (EGCG). Hesperidin showed the
lowest binding energy of -8.6 kcal/mol, followed by naringin and
ECGC with energy -8.3 kcal/mol and -8.1 kcal/mol, respectively
(Table 2), whereas docking with iGEMDOCK revealed EGCG to be the
best flavonoid with binding energy -145.74 kcal/mol followed by
hesperidin and naringin with energy -139.72 kcal/mol and -136.03
kcal/mol (Table 3).

Thus, docking with PyRx and iGEMDOCK showed reliable outputs
and indicated a strong affinity of these considered flavonoids with the
RBD of nCoV-SP and indicator of a potential inhibitor of SARS-CoV-2.
The best docking poses of Hesperidin, Naringin and ECGC were shown
in Figures 4A, 4B, and 4C, respectively.
Figure 3. Pymol visualization of the important residues (purple) in RBD of n
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3.4. Interaction analysis of the flavonoids with receptor binding domain
(RBD) of nCoV-SP

Interaction studies between flavonoids and RBD of nCoV-SP were
carried out with Ligplot (Wallace et al., 1995) and visualized by PyMol
(Lill and Danielson, 2011). Ligplot studies showed that hesperidin
formed H-bonds with residues ASP405, LYS417, SER494, and TYR505 of
RBD of nCoV-SP (Figure 5A). Naringin formed H-bonds with GLN 493
and SER 494, whereas EGCG formed H-bonds with the residues GLN 498
and ASN 501 apart from other residues in the RBD of nCoV-SP
(Figures 5B and 5C, respectively). These data demonstrate the affinity
of these flavonoids to RBD of nCoV-SP.

Previous computational studies on RBD of nCoV-SP revealed the
importance of amino acid residues and their interaction with ACE-2 re-
ceptor with residues TYR449, THR 500, GLN493, GLN498, ASN501, and
GLY502 to interact with human ACE-2 with TYR505 well exposed for
initial contact with ACE-2 receptor (Senathilake et al., 2020). Another
study revealed the two hotspots' recognition in the human ACE-2 re-
ceptor by RBD of nCoV-SP by the residue GLN493 and LEU 455, which
recognize the hotspot LYS 31 whereas residues LEU 455, PHE 486, and
SER 494 recognize hotspot LYS 353 (Wu et al., 2011). It is also docu-
mented that SER494 of RBD of nCoV-SP strengthens the structural sta-
bility of hotspot LYS 353 of the human ACE-2 receptor (Wan et al., 2020).
Thus, interaction analysis of our three best flavonoids selected for further
pharmacological analysis indicated a precise and efficient mode of
binding and utilizing critical residues, i.e., GLN 493, SER 494, GLN 498,
ASN 501, and TYR 505 of RBD of nCoV-SP, and might interfere with the
CoV-SP (red) participates in interaction with the human ACE-2 receptor.



Table 2. Binding energy values (docking score) and interactions between the top 3 flavonoids and key residues of RBD of nCoV-SP in PyRx along with the respective H-
bonds and bond lengths.

Flavonoids Binding energy (kcal/mol) Key residues interraction H-bonds Bond length (Å)

Hesperidin -8.6 SER 494 O6-O 2.71

TYR 505 O11-OH 3.05

Naringin -8.3 GLN 493 O14-OE1 3.09

SER 494 O11-O 2.92

Epigallocatechin gallate (EGCG) -8.1 GLN 498 O6-NE2 2.81

ASN 501 O8-ND2 3.23

Table 3. Docking results of top 3 flavonoids against RBD of nCoV-SP by iGEMDOCK tool.

Flavonoids Energy (kcal/mol) VDW (kcal/mol) H-Bond (kcal/mol)

Hesperidin -139.72 -102.32 -37.40

Naringin -136.03 -99.25 -36.75

Epigallocatechin gallate (EGCG) -145.74 -109.51 -47.22

Figure 4. Pymol visualization of interaction (Docking results of top 3 ligands). (A) flavonoid hesperidin (blue) with residues SER 494 and TYR 505. (B) flavonoid
naringin (green) with residues SER 494 and GLN 493. (C) the flavonoid EGCG (black) with residues GLN 4948 and ASN 501 of RBD of nCoV-SP (red). H-bonds are
depicted in yellow.
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binding of the spike protein with human ACE-2 receptor and further
loading of the virus on to its respective human receptors. might
contribute to the inhibition of binding of the S protein with human ACE-2
receptor.

3.5. Docking result of the flavonoids with human ACE-2 receptor

Docking result of the flavonoids with ACE-2 receptor also showed an
excellent result with quercetin to be the best docked among other fla-
vonoids followed by epigallocatechin gallate (EGCG) and gallocatechin
gallate (GCG) with the docked value of -6.0 kcal/mol, -4.5 kcal/mol and
-4.3 kcal/mol respectively in PyRx (Table 4). Docking with the iGEM-
DOCK tool also revealed quercetin as the best flavonoid with binding
energy -144.09 kcal/mol, followed by EGCG and GCG with energy
-131.15 kcal/mol and -130.56 kcal/mol, respectively (Table 5). The best
docking pattern of quercetin was shown in Figure 6. Interactions were
further examined for bond lengths and Hydrogen bonds, as illustrated in
Ligplot, as shown in Figure 7.

Hesperidin and naringin did not show any efficiency and other fla-
vonoids with no affinity or weak energy towards the ACE-2 receptor in
both the docking software. Thus, the docking results indicated quercetin
6

to be much more efficient towards the human ACE-2 receptor than RBD
of nCoV-SP. The docking score of quercetin with RBD of nCoV-SP was
-5.3 kcal/mol and -97.15 kcal/mol in PyRx and iGEMDOCK, respectively.
This indicates that quercetin might act by blocking the human ACE-2
receptor, thus preventing interaction upon viral entry with their
respective target.

3.6. Interaction analysis of flavonoids with human ACE-2 receptor

Interaction studies revealed quercetin to interact with the residue
ASP38 of human ACE-2 that formed the salt bridge with LYS 353 and
forms the hotspot LYS353, which is utilized by the residues LEU 455, PHE
486, and SER 494 of RBD of nCoV-SP, SER 494 additionally enhancing
the stability of this hotspot (Figure 8) (Wu et al., 2011). In human ACE-2,
without any viral control or hold, LYS353 does not form any salt bridge
with ASP 38, clearly indicating that the virus binding hotspot does not
pre-exist on human ACE-2, and the salt bridge is only induced upon viral
entry and load (Wu et al., 2011). ECGC and GCG were also found to form
H- bond with ASP 38 of the human ACE-2 receptor with a relatively low
binding efficiency than that of their binding efficiency and affinity to-
wards the RBD receptor, as noticed in PyRx and iGEMDOCK docking



Figure 5. Diagrammatic sketch illustrating the interaction between binding site residues of RBD of nCoV-SP and top 3 ligands of (A) flavonoid hesperidin (B)
flavonoid naringin (C) the flavonoid EGCG by LigPlot. Ligand is shown in purple and: green dashed lines indicate hydrogen bonds with distance in angstrom (Å),
spoked red arcs indicate hydrophobic contacts, atoms are shown in black for carbon, Ligand is shown in purple, and: green dashed lines indicate hydrogen blue for
nitrogen and red represents oxygen.

Table 4. Binding energy values (docking score) and interactions between the top 3 flavonoids and key residue of human ACE-2 receptor in PyRx along with the
respective H-bond and bond length.

Flavonoids Binding energy (kcal/mol) Key residue interraction H-bond Bond length (Å)

Quercetin -6.0 ASP 38 O3-OD2 2.70

Epigallocatechin gallate (EGCG) -4.5 ASP 38 O11-OD2 2.82

Gallocatechin gallate (GCG) -4.3 ASP 38 O11-OD2 2.73

Table 5. Docking results of top 3 flavonoids against human ACE-2 receptor by iGEMDOCK tool.

Flavonoids Energy (kcal/mol) VDW (kcal/mol) H-Bond (kcal/mol)

Quercetin -144.09 -92.46 -51.64

Epigallocatechin gallate (EGCG) -131.15 -91.36 -23.4

Gallocatechin gallate (GCG) -129.56 84.18 -18.32
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software. Thoughwith their low binding efficiency, we do not nullify that
they also bind with the human ACE-2 receptor, thus interfering with the
viral load and interaction with the human receptor.

3.7. Pharmacological analysis

Pharmacological analyses of the selected flavonoids based on Lip-
inski's rule of five were performed and are listed in Table 6. While EGCG
and quercetin satisfied the Lipinski rule very well, violations were
observed with hesperidin and naringin in properties such as molecular
mass, hydrogen bond donor, hydrogen bond acceptor, and molar
refractivity. Lipinski's rule of five indicated hesperidin and naringin to be
a poor drugs for an oral route. Nevertheless, previous experiments sug-
gested that both hesperidin and naringin possess inhibitory activity in
vitro against infection with rotavirus, where hesperidin showed the
maximum inhibition among the flavonoids followed by naringin with an
IC50 value of 10μM and 25μM, respectively (Bae et al., 2000). Thus, the
two flavonoids' strong antiviral efficacy could not be underestimated and,
therefore, was considered for further pharmacological analysis. The
water: octanol partition coefficient (LOGP) of the considered flavonoids
suggested a good permeability across the membrane with a value of less
than 5 (Table 6) (Lipinsk, 2004).
7

Compounds with negative drug scores are generally not considered
potential drug candidates (Chandrasekaran & Thilak Kumar, 2016). All
the selected flavonoids showed outstanding drug-likeness drug scores in
Molsoft L.L.C.: Drug-Likeness and molecular property prediction
(http://www.molsoft.com/mprop/) and are listed in Table 6. Naringin
possessed the best drug-likeness score of 1.05, followed by hesperidin
and quercetin, respectively, of 0.94 and 0.52.

The ADMET properties of the flavonoid compounds revealed through
admetSAR are presented in Table 7. The solubility of the flavonoids was
checked and found that all the selected flavonoids possessed optimal
water solubility (>-4) (Mokhnache et al., 2019). The selected flavonoids
have excellent human intestinal absorption (HIA) and good permeability
values in Caco2 permeability analysis (Caco-2 permeability is a tech-
nique that calculates the degree of a flux of a compound throughout
polarized Caco-2 cell monolayers and it can be used to calculate in vivo
absorption of drugs). They are expected to be highly absorbed in the
intestine as they possessed an excellent score and indicated high ab-
sorption upon oral administration (Table 7) (Sood et al., 2018). Hes-
peridin showed the lowest HIA value and indicated a little poor
absorption due to its high molecular weight. A lower molecular weight
drug boosts the absorption rate, and thus, most of them are kept at their
lowest possible molecular weight. Moreover, the flavonoids showed no

http://www.molsoft.com/mprop/


Figure 6. Pymol visualization of the interaction of the flavonoid quercetin (cyan) with the important residue ASP 38 of human ACE-2 receptor (pink). H-bonds are
depicted in yellow.
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characteristics of inhibiting P-glycoprotein (P-gp). The blood-brain bar-
rier (BBB) value of the flavonoids was excellent, indicating better pene-
tration and distribution across the barrier (Table 7).

In terms of metabolism, we found that only hesperidin was a substrate
(but non-inhibitor) of cytochrome P450 (CYP 450), indicating its proper
metabolism by CYP450, while only quercetin was a non-substrate but
inhibitor of CYP 450 (Table 7). A non-inhibitor of CYP450means that the
molecule will not hamper the biological transformation of drugs
metabolized by the CYP 450 enzyme (Nisha et al., 2016). All the flavo-
noids were non-AMES toxic and non-carcinogens (Table 7).

Comparing the predicted LD50 doses, a compound with a lower dose
is more lethal than the compound having a higher LD50 (Nisha et al.,
2016). From our observation in admetSAR, we found that all the flavo-
noid compounds have optimal LD50 doses indicating they are nonlethal
(Table 7).

All the ADMET parameters of the selected flavonoids were compared
with the controls taken into consideration in this study, i.e., remdesivir,
chloroquine, and hexochloroquine that are currently used to treat
COVID-19 (Norkin, 1995; Wang et al., 2020). Our selected flavonoids
showed excellent values in the ADMET studies, with some even fulfilling
the parameters much better than the ongoing clinical drugs and are listed
in Table 7.

3.8. Molecular dynamic (MD) simulation studies

Based on the molecular docking and pharmacokinetics study, the top
and the best flavonoids against RBD and ACE-2 proteins were considered
for MD simulation investigations. MD simulation for the protein-ligand
complex was carried out using GROMACS (Van Der Spoel et al., 2005).
Root Mean Square Deviation (RMSD) and Root Mean Square Fluctuations
(RMSF) were examined for seeing the deviation of Cα atoms of the pro-
tein from its backbone and also the fluctuations correlated with the
protein residues throughout the MD simulation (Malathi et al., 2019; Li
et al., 2019). MD simulation results show that the RMSD for the
protein-ligand complexes, fluctuations for RBD-EGCG were observed
only during the initial 20ns MD simulation apart from the other
protein-ligand complexes, which showed less fluctuation and more sta-
bility up to 100ns simulation (Figure 9A-B). RMS fluctuations for the
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protein-ligand complexes, including RBD-EGCG, were less than 0.4 nm,
which ultimately showed the complexes' remarkable structural stability
(Jeyaram et al., 2019; Zhang et al., 2020).

The RMSF analysis of the RBD and ACE-2 protein was studied to
understand the protein-ligand complex's fluctuations and flexibility. The
RMSF results showed the fluctuations of the protein's individual residues
in the presence of the ligand in bound conformation. RMSF fluctuations
were declined and less during the initial 50 residues for the protein-
ligand complex for quercetin, which indicated ACE-2-Quercetin to be
stable as the residue ASP 38 was the binding site at ACE-2 taken into
account in this study (Figure 9A-B). The residues from 490-510, centered
as the binding site residues for RBD protein that interact with the ACE-2
receptor protein, showed the lowest fluctuations for the complex RBD-
Hesperidin followed by RBD-EGCG with fluctuations value less than
0.3 nm. Results showed that these residues and active site residues for
ACE-2 are relatively rigid and stable and hence displayed outstanding
stability in the dynamic environment (Figure 9B) (Bhowmik et al., 2020;
Suvannang et al., 2011).

Further, all four complex conformation stability was determined by
the radius of gyration (Rg), which defines the protein's structural
compactness. The average Rg values for RBD-EGCG, RBD-naringin, and
RBD-hesperidin complex were calculated as 1.75 nm, whereas Rg for
ACE2-Quercetin complex was calculated as 2.6 nm (Figure 9C). The Rg
plot shows no fluctuation throughout the simulation for all four com-
plexes (Figure 9C).

The changes in complexes' structural features have also been analyzed
by computing the solvent-accessible surface area (SASA). Thus, it helps to
calculate protein-inhibitor complexes' structural stability under the sol-
vent environment. Figure 9D shows that the RBD-EGCG, RBD-naringin,
and RBD-hesperidin complexes have average SASA values around 110
nm2. Simultaneously, the SASA value for the ACE2-quercetin complex
has average SASA values of 350 nm2 (Figure 9D).

The hydrogen bond investigation through the gmx H-bond revealed
stable and effective hydrogen bond interaction of EGCG with RBD fol-
lowed by the RBD-Hesperidin and RBD-Naringin complex. EGCG. Nar-
ingin and hesperidin could form a hydrogen bond with the binding site
residues without leaving the pocket throughout the 100ns MD simulation
run (Figure 9E). On the other hand, quercetin formed at least one H-bond



Figure 7. Diagrammatic sketch illustrating the interaction between binding site residues of ACE-2 receptor and flavonoid quercetin by LigPlot. Ligand is shown in
purple and: green dashed lines indicate hydrogen, blue for nitrogen, and red represents oxygen.
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with ACE-2 during the 100ns simulation run (Figure 9E). Thus, MD
simulation of our RBD-ACE-2-flavonoids complexes leads to establishing
our complexes to be basically and structurally stable and reliable
(Bhowmik et al., 2020).

4. Discussions

The present study emphasizes modeling the receptor-binding domain
(RBD) of nCoV-SP and generating a stable protein model. Flavonoids
with their broad biological activity, including antiviral activity against
other viruses as well as SARS (Kaul et al., 1985; Bae et al., 2000; Kiat
et al., 2006; Zandi et al., 2011; Frabasile et al., 2017; Yang et al., 2017;
Zakaryan et al., 2017; Juc�a et al., 2018; Sarwar et al., 2018; Song., 2018;
Dai et al., 2019; Jo et al., 2020) were taken under consideration in this
study, as molecular works of flavonoids against SARS-CoV and
SARS-CoV-2 have not been done yet.

The present study focused on the importance of densely glycosylated
spike protein of the RBD of nCoV-SP that binds with the human ACE-2
receptor, ultimately forming the RBD-ACE-2 complex (Hoffmann et al.,
2020; Wrapp et al., 2020). Viruses or viral proteins infect by attaching to
their specific receptor on a susceptible host cell's surface and thus prepare
their way for cell entry (Norkin, 1995). Thus, it led to the perspective of
molecular docking and interaction analysis of the flavonoids against both
RBD of nCoV-SP and human ACE-2 receptors. Homology model of RBD of
9

nCoV-SP was prepared by MODWEB (Eswar et al., 2003) with PDB ID:
2GHV as a template for its high similarity sequence (73%) with our query
protein while PDB ID: 1R42 for human ACE-2 receptor was considered,
and the energy minimized YASARA generated model for both the
protein.

A previous study revealed the essential residues in the RBD of nCoV-
SP that interact with the viral hotspots in human ACE-2 receptors (Shang
et al., 2020; Wan et al., 2020). It is also experimentally determined that
the viral hotspots are formed only upon viral entry and are not preexis-
tent (Wu et al., 2011), strongly favoring our consideration of these two
proteins for docking analysis.

Docking studies with PyRx (Dallakyan and Olson, 2015) and iGEM-
DOCK (Hsu et al., 2011) provided a reliable and extremely satisfying
result. Hesperidin, naringin, and EGCG showed the best docking result
with good binding energy in both the docking software than other fla-
vonoids under consideration, indicating their strong affinity against the
RBD of nCoV-SP. Interaction analysis revealed hesperidin, naringin, and
EGCG to form H-bond with some critical residues in the RBD of nCoV-SP
that interact with the ACE-2 receptor indicated that these selected fla-
vonoids might interfere with the viral binding onto its respective
receptors.

On the other hand, quercetin was evaluated as the best-docked
flavonoid against the human ACE-2 receptor (PDB ID: 1R42) in both
the docking software. Thus, docking results indicated quercetin to have a



Figure 8. Pymol visualization of the important residues (green) in human ACE-2 receptor (pink) with the residues participating in a salt bridge (shown in blue
dots) formation.

Table 6. The ligand parameters to satisfy Lipinski's rule of 5 with a drug-likeness score byMolsoft L.L.C.: Drug-Likeness andmolecular property prediction of the selected
flavonoids after docking.

Flavonoids Mass (<500) Hydrogen bond donor (<5) Hydrogen bond acceptor(<10) LOGP (<5) Molar Refractivity (40–130) Drug likeness (>0)

Hesperidin 610.00 8 15 -1.15 140.69 0.94

Naringin 580.00 8 14 -1.16 134.14 1.05

Epigallocatechin gallate (EGCG) 458 8 11 2.23 108.92 0.23

Quercetin 302.00 5 7 2.01 74.05 0.52
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high affinity to interact with ACE-2 receptor than RBD of nCoV-SP; thus,
it indicated another probable route of viral inhibition by blocking the
respective receptors for viral interaction and inhibit from cell entry.

Hesperidin and naringin were involved in Lipinski's violation of
pharmacological analysis but were already experimented with antiviral
activity against rotavirus infection (Bae et al., 2000). So their antiviral
property and efficacy cannot be neglected, and further pharmacological
analysis was concluded. EGCG and quercetin gently passed the Lipinski's
violation with good drug scores listed in Table 6.

All the ADMET parameters of the selected flavonoids were compared
with the controls taken into consideration in this study, i.e., remdesivir,
chloroquine, andhexochloroquine that are currently used to treatCOVID-19
(Gautret et al., 2020; Wang et al., 2020). Our selected flavonoids showed
Table 7. ADMET profile of the selected flavonoids along with the controls performed

Inhibitors Log S (>-4) Blood Brain
Barrier (BBB)

Human Intestinal
Absorption (HIA)

P-glycoprotein
substrate/inhi

Hesperidin -2.64 0.94 0.63 Substrate/Non

Naringin -2.53 0.84 0.86 Substrate/Non

Quercetin -2.99 0.57 0.96 Substrate/Non

Epigallocatechin gallate (EGCG) -3.31 0.60 0.88 Substrate/Non

Gallocatechin gallate (GCG) -3.31 0.60 0.88 Substrate/Non

Remdevisir -3.47 0.74 0.88 Substrate/Inh

Chloroquine -4.34 0.74 0.99 Substrate/Non

Hydroxychlhoroquine -3.56 0.56 0.98 Substrate/Inh
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good values in the ADMET studies, with some even fulfilling the parameters
much better than the ongoing clinical drugs and are listed in Table 7.

The selected flavonoids were even compared with some controls to
better evaluate our selected flavonoids as potent drug candidates against
nCoV-SP and quercetin to potentially block the ACE-2 receptor, which
might interfere with the viral receptor interaction and inhibit viral from
cell entry. Remdesivir, chloroquine, and hexochloroquine were taken
under this study as the control for their current use in clinical trial
treating COVID-19 (Norkin, 1995;Wang et al., 2020), and to our concern,
our selected flavonoids showed good values in the ADMET studies, with
some even fulfilling the parameters much better than the ongoing clinical
drugs and were listed in Table 7.
in admetSAR.

bitor
CYP substrate/inhibitor AMES

toxicity
Carcinogenecity LD50 (Rat Acute

Toxicity) (mol/kg)

-inhibitor Substrate/Non-inhibitor Non-toxic Non-carcinogen 2.62

-inhibitor Non-substrate/Non-inhibitor Non-toxic Non-carcinogen 2.26

-inhibitor Non-substrate/Inhibitor Non-toxic Non-carcinogen 3.02

-inhibitor Non-substrate/Non-inhibitor Non-toxic Non-carcinogen 2.66

-inhibitor Non-substrate/Non-inhibitor Non-toxic Non-carcinogen 2.66

ibitor Substrate/Non-inhibitor Non-toxic Non-carcinogen 2.71

-inhibitor Substrate/Non-inhibitor Non-toxic Non-carcinogen 2.95

ibitor Non-substrate/Non-inhibitor Non-toxic Non-carcinogen 2.63



Figure 9. The 100 ns MD results of four protein-ligand complexes (RBD-Hesperidin, RBD-Naringin, RBD-EGCG, and ACE2-Quercetin complex). (A) RMSD value of
carbon alpha atoms of the complex. (B) RMSF of carbon alpha of complex structure. (C) Rg of backbone atoms. (D) SASA of the ligands. (E) Total number of H-bonds
between ligands and Protein.
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Lastly, MD simulation results support that the strong interaction
of EGCG followed by hesperidin and naringin with the RBD protein
while quercetin with ACE-2 receptor through H-bonding. The
protein-ligand complex was stable during the 100 ns simulation run
as interpreted by the RMSD and RMSF plots (Figure 9A-B). The
present in-silico study proposed that EGCG, hesperidin, and quer-
cetin may be potent inhibitors against RBD of nCoV-SP and human
11
ACE-2 receptors eventually prevent the 2019-nCoV entries into the
human cell.

5. Conclusion

The present study demonstrated that the flavonoid hesperidin, nar-
ingin, and ECGC were potent inhibitors of RBD of nCoV-SP, while
quercetin demonstrated an affinity towards the human ACE-2 receptor.
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While hesperidin, naringin, and ECGC found to be more efficient towards
the viral spike glycoprotein, quercetin was demonstrated to efficiently
block the human ACE-2 receptor by binding to a vital residue ASP38 and
hinders the formation of the salt bridge with LYS353 and ultimately the
hotspot LYS353 which is well recognized by the virus. Binding to the
residues ASP38 also holds a strong point that the viral hotspot is not
recognized and forms only upon viral load and entry (Wu et al., 2011).
On the other hand, hesperidin, naringin, and ECGC were found to
interact with some of the essential residues of RBD of nCoV-SP that
interact with the human ACE-2 receptor. Our in silico results revealed that
selected flavonoids have excellent ADMET properties and may have
inhibitory effects against 2019-nCoV. The MD simulation results sug-
gested EGCG and hesperidin have strong interaction with RBD while
quercetin with host receptor ACE-2 without leaving the pocket during
simulation, as seen from RMSD and RMSF graph. This indicated our
stronghold on inhibitors' choice and their potential interaction with the
RBD of nCoV-SP and human ACE-2 receptors that might inhibit viral
interaction with its respective receptors and further viral load. Never-
theless, further in vivowork would be needed to establish these inhibitors'
effectiveness and surety against SARS-CoV-2.
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