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KEYWORDS Abstract The Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2) pandemic has
SARS-CoV-2; become a global challenge based on its replication within the host cells that relies on non-
Flavonoids; structural proteins, protease (MP™). Flavonoids, an important class of naturally occurring com-
Molecular docking; pounds with medicinal importance, are frequently available within fruits and vegetables. Herein,
Kinetics; we report the in silico studies on naturally occurring flavonoids consisting of molecular docking
Structure activity studies and evaluation of theoretical kinetics. In this study, we prepared a library of nine different
relationship classes of naturally occurring flavonoids and screened them on Autodock and Autodockvina. The

pharmacokinetic properties of most promising compounds have been predicted through ADMET
SAR, inhibition constants, ligand efficiency and ligand fit quality have been worked out theoreti-
cally. The results revealed that naturally occurring flavonoids could fit well in the receptor’s cat-
alytic pocket, interact with essential amino acid residues and could be useful for future drug
candidates through in vitro and in vivo studies. Moreover, MD simulation studies were conducted
for two most promising flavonoids and the protein-ligand complexes were found quite stable. The
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selected natural flavonoids are free from any toxic effects and can be consumed as a preventive mea-

sure against SARS CoV-2.

© 2021 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The severe acute respiratory syndrome corona virus-2 (SARS-
CoV-2) belongs to the family Coronaviridae and is known to
cause respiratory disorders and digestive tract infections (Hui
et al., 2020) in both humans and animals. In humans, coron-
avirus infection caused acute lung injury that changed to
ARDS (acute respiratory distress syndrome) and resulted in
the COVID-19, a condition associated with person-to-person
transmission. Emerging and reemerging new coronavirus
strains have become a global challenge for public health con-
cerns and become a global pandemic. Different countries
adopt various strategies to treat COVID-19, including social
distancing, self-quarantine, and anti-HIV and anti-malarial
drugs (Colson et al., 2020, Musarrat et al., 2020). The high rate
of recombination and novelty of the 2019n-CoV are major rea-
sons for its abrupt damage and widespread. Hence to combat
the COVID-19, the search for new antiviral agents is of great
interest rather than vaccine therapy.

The SARS-CoV-2 is an enveloped virus containing a non-
segmented single-stranded positive-sense RNA, and the envel-
ope possesses the glycoprotein projections. The genome of n-
CoV revealed six open reading frames (OFRs), and the first
OFRs encode the two large proteins, polyprotein la, and
polyprotein 1b (pplb). These polyproteins being responsible
for viral replication and transcription, are processed by Chy-
motrypsin like Protease (3CLP™®) or Main Protease (MP™)
and Papain-like Protease into sixteen non-structural proteins
(16 nsps). The remaining OFRs encode the four structural pro-
teins, including spike (S), membrane (m), envelope (E), and
nucleocapsid (N) proteins (Ziebuhr et al., 2000, Tufan et al.,
2020). The spike protein binds to the host cell, namely ACE2
(angiotensin-converting enzyme 2), and leads the entry of
SARS-CoV-2 to the host cell (Walls et al., 2020). Precisely
speaking, papain-like protease (PL,) and 3-chymotrypsin-
like Protease (3CLP™) or MP™ is indispensable for CoV repli-
cation and also play a role in the inhibition of immune
responses (Baez-Santos et al., 2015, Amin et al., 2020). Thus,
any interruption in the main Protease is of prime significance
for blocking viral replication. The proteases have very little
similarity with human proteases and make the drugs less toxic
to humans (Anand et al., 2002). Hence targeting the main Pro-
tease appears crucial for COVID-19, including SARS (Drosten
et al., 2003, Zhong et al., 2003) and MERS-CoV (Zaki et al.,
2012) treatment.

The absence of specific therapy for COVID-19 leads to
medicinal herbs in several regions of the world. Flavonoids
are natural phytochemical compound with several biological
activities such as anti-inflammatory, analgesic, antibacterial,
antifungal, antiviral, anticarcinogenic, carbonic anhydrase
and cholinesterase inhibitory properties (Havsteen, 1983,
Pietta, 2000, Imran et al., 2020). Although flavonoids have
been reported to have antiviral activity against several types
of viruses, the molecular mechanism was rarely known. The

compounds like Kaempferol, Narigenin, Epigenin, and Quer-
cetin show a pharmacophore similar to nelfinavir, a protease
inhibitor, effective against HIV (human immunodeficiency
virus) (Dabeek and Marra, 2019, Salehi et al., 2019,
Yamamoto et al., 2004). ACE2 is a receptor of the coron-
avirus; thus, compounds that can inhibit the activity of the
ACE2 enzyme are also considered helpful in COVID-19 treat-
ment (Zhang et al., 2020, Li et al., 2003). Some citrus flavo-
noids have been reported to bind the ACE2 enzyme. In most
severe COVID-19 patients, a cytokine storm was observed
(Huang et al., 2020b). The host immunity’s antiviral response
involves producing several pro-inflammatory cytokines and
activating the T-cells, which are essential for controlling the
viral replication, inflammation, and cleaning the cells (Li
et al., 2020, Ivashkiv and Donlin, 2014). However, the exces-
sive immune responses lead to cytokine stormcytokine storm
formation, known as macrophage activation syndrome
(MADS), to further tissue damage (Tufan et al., 2020). The cyto-
kine storm in COVID-19 patients blocks airways, changes vas-
cular permeability and is a cause of exacerbation and even
death (Huang et al., 2020a, Xu et al., 2020, Wu et al., 2020).
Recent studies on flavonoids showed that flavonoids could
be the active ingredients to suppress cytokine release, eliminate
inflammation and alleviate the immune response (Wu et al.,
2020, Yang et al., 2020, Zhonga et al. 2019). In this study, a
flavonoids library consisting of nine different subcategories
of flavonoids (consisting of 51 natural flavonoids) was pre-
pared to evaluate in silico interactions and binding affinities
against SARS-CoV-2 main Protease and structure—activity
relationship  (SAR). The physicochemical ADMET
(absorption, distribution, metabolism, excretion, and toxicity)
properties were also worked out. The kinetic aspects of these
compounds have also been worked out. Moreover, the
food sources consumed as a preventive measure against
SARS-CoV-2 have been figured out from our results.

2. Materials and methods

The docking studies were carried out through Vina (Trott and
Olson, 2010) interlinked with MGL tools (Morris et al., 2009).
The binding pattern was explored using visualization tools,
including Biovia discovery studio (Studio, 2008) and Pymol
(DeLano, 2002). The compounds possessing efficient binding
affinity were selected for further analysis of absorption, distri-
bution, metabolism, excretion profiling through AdmetSAR
(Cheng et al., 2012), http://lmmd.ecust.edu.cn/admetsar?/, a
ligand property evaluating tool.

2.1. Preparation of ligands

A ligand library of flavonoids was built (Fig. 1), composed of
nine different subcategories of flavonoids. It contains eight
prenylated flavonoids (Artonin E, kurarinone, Papyriflavonol
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A, kuraridin, isoxanthohumol, Kuwanon C, Sophoraflavanone
G, morusin), two Biflavonoids (Amentoflavone, Robustafla-
vone), three chalcones (isobavachalcone, Helichrysetin, Chal-
conaringenin), two flavan-3-ols (Catechin, Epicatechin), seven
Isoflavones and their sugar derivative (Daidzein, Biochanin,
Genistein, Daidzin, Genistin, Glycitein, Neobavaisoflavone),
one Isoflavane (Glabridin), sixteen Flavone (Chrysin, Baica-
lein, apigenin, Vitexin, Saponarin, Luteolin, Diosmetin, Tricin,
Tangeretin, Gossypetin, Nobiletin, Sinensetin, Wogonin,
Oroxylin A, Scutellarein, Cirsilol), six Flavonones (Naringenin,
Taxifolin, Dihydrokaempferide, Naringin, Eriodictoyl, Hes-
peritin) and six flavonols (Quercetin, Kaempferol, Myricetin,
Fisetin, Morin, Galangin).

The ligands three-dimensional structures were obtained
from the PubChem database (National centre for biochemistry
Information, U.S. National Library of Medicine) https://pub-
chem.ncbi.nlm.nih.gov/ in .sdf format, and structures were
drawn on Marvin
ucts/marvin) after the literature survey. The molecular energy
optimization of ligands was performed using UCSF Chimera
(Pettersen et al., 2004). AutoDock tools (ADT1.5.6) [28] were
used to set the number of torsions for the flavonoids and
COVID-19 3CLP™/Mpro, and vina files were prepared and
saved in pdbqt format.

sketch (https://chemaxon.com/prod-

2.2. Protein preparation

The crystal structure of COVID-19 3CLP*®/Mpro complexed
with inhibitor N3 (PDB ID: 6lu7) was downloaded from the

||
0 0 OHT
0 X

morusin

= Naringenin

Glabridin

The basic skeleton of flavonoids and the subcategories used in this study.

protein data bank and used as a target in the screening of
selected flavonoids. In preparing the receptor co-crystallized
ligands, chain B and water molecules were excluded, and Gas-
teiger charges were added for a protein using UCSF chimera
(Pettersen et al., 2004). The grid size was set to 60 x60 x 60
X.y.z points having grid spacing of 0.375 A, and grid recenter
(X, y, z): —9.732, 12.695, 69.958, respectively was designated.
The NCBI conserved domain (https://www.ncbi.nlm.nih.gov/

Structure/cdd/wrpsb.cgi database was used to showed the con-
served residues of main protease structure. Aminoacids that
are present in the vicinity of 6.5 A from the N3 inhibitor are
considered as main binding residues. The residues such as
Thr24, His41, Cys44, Phel40, Thr26, Gly123, His164, Leu27,
Glul66, His 172, Leul4l, Thr190, Asnl42, GInl89 and
GIn192 are present in the catalytic pocket of main protease

(Fig. 2).

2.3. Molecular docking

Molecular docking studies between the retrieved compounds
and main protease were carried out by using AutoDock Vina
interlinked with AutoDock MGL tools. The binding pocket
of the receptor was well selected using the grid box generation
process of AutoDock MGL tools. All the optimized flavonoids
are then subjected to docking process, to evaluate their binding
pose and binding energy in the active site of main protease.
The flavonoids with best confirmations and binding affinity
with main protease are evaluated by intermolecular
interactions.
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Fig. 2
2.4. Molecular dynamic simulation

The compounds with best docking score (i.e. Amentoflavone
and Morusin) were further used for molecular dynamic simu-
lation studies. Molecular dynamic was performed for
Amentoflavone-MP™ complex and Morusin-MP™® complex
using Desmond module of Schrodinger suite. The complexes
were simulated for 100 ns of timescale for understanding the
interaction pattern and dynamic behavior (Guo et al., 2010).
The prepared complexes were solvated using orthorhombic
solvent box conditioned for 10 A buffer region (Jorgensen
et al., 1983). The system in each case was neutralized by adding
desired number of counter ions, and the total system consisted
of 39,326 atoms and 7697 water molecules. An ensemble
(NPT) of Nose-Hoover thermostat used to maintain the con-
stant temperature of 300 K and Martyna-Tobias-Klein baro-
stat was applied to maintain the pressure (Martyna et al.,
1992). 1000 steps of steepest descent energy minimization fol-
lowed by conjugate gradient algorithms were utilized. Smooth
particle mesh Ewald method was used to evaluate the short
range interactions with cut-off radius of 9 A and long range
coulombic interactions were estimated. Reference system prop-
agator algorithms (RESPA) integration was used in the
dynamic study of non-bonded interactions. Trajectories were
documented for every 100pc, and the obtained results was ana-
lyzed with Maestro graphical interphase.

3. Results and discussion

3.1. Catalytic domain of main protease

NCBI CD results showed that catalytic dyad of MP™ com-
posed of two residues like His41 and Cysl145, present at the
cleft of two domains (domain I and II). Main protease com-
prises three domains, domain I (amino acid 8-101), domain
1T (102-184) and domain IIT (201-303) presented in Fig. 3.

Structure of main protease of SARS-CoV-2 (PDB ID: 6LU7).

3.2. Molecular properties of selected flavonoids

The flavonoids in nine different scaffolds having the lowest
binding energies and highest bonding interactions in the main
Protease‘s catalytic pocket are presented in Table 1. Moreover,
Lipinski’s rule of five (ROS) and Veber’s rule have been
employed to determine the drug-likeness and oral activity of
compounds under study, respectively. (Lipinski et al., 1997,
Lipinski, Giménez et al., 2010, Lipinski, 2004a, 2004b).

It has been found that twelve flavonoids show no violation
of ROS5 and represent the drug-like molecular nature. Their log
P values are within the range of —0.79 to 4.54. Molecular
weight, hydrogen bond donor, and hydrogen bond acceptor
are within the accepted range except for Amentoflavone and
Naringin, which showed two and three violations. Amentofla-
vone showed a violation of molecular weight and the number
of hydrogen bond donors, while Naringin showed a violation
of molecular weight, the number of hydrogen bonds, and the
acceptor. All the selected flavonoids except Amentoflavone ful-
filled the criteria of Veber’s rule (Veber et al., 2002) with the
number of rotatable bonds and TPSA (total polar surface
area) within the range for oral bioavailability. The number
of rotatable bonds for drug-like candidates should be less than
seven to improve oral bioavailability (Veber et al., 2002). A
polar surface area equal to or less than 140 A is essential for
good oral bioavailability. Oral bioavailability is the fractional
extent of administered drug that finally reach the site of action
(Benet et al., 1996, Kim et al., 2014)

3.3. ADME profiling

The flavonoid’s pharmacokinetic properties of all the com-
pounds were calculated using SwissADME (http://www.swis-

sadme.ch/) as shown in Table 2. All flavonoids showed good
gastrointestinal absorption, with the probability of the absorp-
tion of 96 to 98%. The low absorption rate of the molecules is
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Alpha helices
(domain Il1)

Fig. 3 3D structure of SARS-CoV-2 main protease. Catalytic dyad comprises two residues His41 and Cys145 presented as blue spheres.
Table 1 Molecular properties of selected flavonoids.
Name AffinityKcal/mol Lipinski’s rule of five Veber’s Rule
Molecular Hydrogen Hydrogen Logp Violations Roatatable tPSA  Heavyatom
weight g/mol  bond donor  bond acceptor bonds A~
Amentoflavone —9.9 538.46 g/mol 6 3.62 2 3 181.80 40
Kaempferol —8.0 286.24 4 1.58 0 1 111.13 21
Baicalein —8.0 270.24 g/mol 3 S 224 0 1 90.90 20
Catechin -7.6 290.27 5 6 085 0 1 110.38 21
Naringin —8.2 580.53 g/mol 8 14 -0.79 3 6 225.06 41
Naringenin =7.7 272.25 g/mol 3 5 1.84 0 1 86.99 20
Galangin -7.8 270.24 g/mol 3 S 1.99 0 1 90.90 20
Kuwanon C —8.1 422.47 g/mol 4 6 4.54 0 S 111.13 31
Morin —8.0 302.24 g/mol 5 7 1.20 0 1 131.36 22
Morusin —8.3 420.45 3 6 435 0 3 100.13 31
Scutellarein —-8.3 286.24 g/mol 4 6 1.81 0 1 111.13 21
Wogonin -82 284.26 g/mol 2 5 2.54 0 2 79.90 21
Apigenin —8.3 270.24 g/mol 3 S 2.11 0 1 90.90 20
Fiestin —8.0 286.24 g/mol 4 6 1.55 0 1 111.13 21

correlated with their high molecular weight. However, despite
its high molecular weight, the Amentoflavone showed an
increased absorption of 97%. The solubility range lies between
—1 and —5 (Tsaioun and Kates, 2011), and the aqueous solu-
bility of the flavonoids ranges from —3.78 to —2.77 presented
moderate to high solubility. The high solubility of flavonoids is
due to hydroxy groups that participate in hydrogen bonding
with water molecules. The blood-brain barrier is a semi-
permeable border present within endothelial cells. It prevents
the passage of pathogens and large or hydrophilic molecules
into the extracellular fluid of the CNS (central nervous system)
passage of small polar and hydrophobic molecules (Obermeier
et al., 2016). BBB (blood-brain barrier) is the layer of endothe-
lial cells that prevents the entry or exit of solutes from blood
stream to the extracellular space. It may be easily evaluated
by considering the compound’s concentration in the brain’s
concentration in blood (Obermeier et al., 2016). In the central
nervous system, active drugs and high penetrations of the
blood-brain barrier are necessary. In contrast, in non-central
nervous system active drugs, low penetration reduces the

CNS side effects. The selected flavonoids are not good
blood-brain barrier permeant.Table 3

ADMET properties of a useful drug-like compound
accepted the following parameters: such as i) absorb the
CaCOj; permeability ii) non-toxic iii) non-carcinogenic iv) it
must absorb in the human intestine (HI) it must pass the
Blood-brain barrier. In the cytochrome p450 inhibitory activ-
ity, almost all the selected flavonoids are an inhibitor of
CYP to show the drug-drug interactions. CytochromeP450
(CYP) is a family of an enzyme involved in the metabolism
of polyunsaturated fatty acids, metabolism of endogenous
and exogenous chemicals, and metabolism of toxic com-
pounds, including drugs bilirubin (Berka et al., 2011,
Waxman et al., 1991). The apigenin, wogonin, and morusin
show the high human colonic adenocarcinoma cell line Caco-
2 permeability than other selected compounds. In the case of
acute oral Toxicity Apegenin, wogonin, and morusin fall into
class III (classification given by the Center for Drug Evalua-
tion and Research) labeled as slightly toxic (Osterberg and
See, 2003, Onawole et al., 2018). All the selected flavonoids



Table 2 ADMET properties of potential Flavonoids.

Absorption
Amentoflavone Fiestin Morin 1 Apegenin Scutellarin Wogonin Morusin
Blood-Brain Barrier BBB+ BBB+ BBB+ BBB+ BBB- BBB- BBB-
0.66 0.51 0.62 0.57 0.63 0.64
Human Intestinal HIA + HIA + HIA + HIA + HIA + HIA + HIA +
Absorption 0.97 0.98 0.98 0.98 0.96 0.97 0.98
Caco-2 Permeability Caco2- Caco2- Caco2- Caco2 + Caco2- Caco2 + Caco2 +
cm/s 0.70 0.40 0.79 0.89 0.22 0.91 1.25
Solubility —3.36 —3.08 —3.14 =2.71 —-2.99 —3.22 —3.78
LogS
P-glycoprotein Substrate Substrate Substrate Substrate Substrate Substrate
Substrate
Metabolism
CYP450 1A2 Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor
Inhibitor
CYP450 2C9 Inhibitor Inhibitor Inhibitor Inhibitor Non-Inhibitor Inhibitor Inhibitor
Inhibitor
CYP450 3A4 Inhibitor Non-— Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor Non-— Inhibitor
Inhibitor

CYP450 2C9 Substrate

Excretion
Biodegradation

Toxicity

AMES Toxicity
Carcinogens
Acute oral
Toxicity

Non-substrate

Not ready
biodegradable

Non AMES Toxic
Non-carcinogens
11

0.62

Non-substrate

Not ready
biodegradable

Non AMES Toxic
Non-carcinogens
1T

0.71

Non-substrate

Not ready
biodegradable

Non AMES Toxic
Non-carcinogens
11

0.62

Non-substrate

Not ready
biodegradable

Non AMES Toxic
Non-carcinogens
111

0.70

Non-substrate

Not ready
biodegradable

Non AMES Toxic
Non-carcinogens
11

0.73

Non-substrate

Not ready
biodegradable

Non AMES Toxic
Non-carcinogens
111

0.73

Non-substrate

Not ready
biodegradable

Non AMES Toxic
Non-carcinogens
111

0.70

‘Te 32 ueIwy ‘A



In silico screening, SAR and kinetic studies of naturally occurring flavonoids against SARS CoV-2 main protease

Table 3 Bioactivity prediction of selected flavonoids

KipM LE LEgae LELP B.E FQ
Kcal/mol

Amentoflavone 0.05 0.24 0.244 15.0 -9.9 0.9
Kaempferol 1.4 0.38 0.44 4.15 —8.0 0.8
Baicalein 1.4 0.4 0.45 5.6 —8.0 0.8
catechin 2.7 0.36 0.44 2.36 —7.6 0.8
Naringin 1 0.2 0.23 -3.95 —-8.2 0.8
Naringenin 2.3 0.38 0.45 4.84 =7.7 0.8
galangin 1.9 0.39 0.45 5.1 -7.8 0.8
Kuwanon C 1.9 0.26 0.32 17.46 —8.1 0.8
morin 1.4 0.36 0.42 33 —8.0 0.8
morusin 0.8 0.26 0.32 16.7 —8.3 0.8
Scutellarein 0.8 0.39 0.44 4.64 —8.3 0.8
Wogonin 1 0.39 0.44 6.5 —8.2 0.8
Apigenin 0.8 0.41 0.45 5.1 —8.3 0.9
Fiestin 1.4 0.38 0.44 4.07 —8.0 0.8

are predicted to be not readily biodegradable, but all are non-
carcinogenic. All the chosen flavonoids showed no AMES
toxicity.

3.4. Structure-activity relationships

The structure—activity relationship of flavonoids is derived
from the interactions with the main protease active site. The
flavonoids of different categories have similar molecular
weight values, several rotatable bonds, total polar surface area,
and hence activity can be related to hydrogen bond acceptor
and donor hydroxyl groups are essential in demonstrating
the SARs of flavonoids, especially at positions 3 of ring C, 3’
of ring B, and 7 of ring A (Fig. 4). Herein, we applied a library
of flavonoids composed of nine different subcategories.
Apegenin, wogonin and scutellarein, cirsilol, tangeritin, bai-
clain belongs to subclass flavones having the binding energies
of —8.3, —8.2, —8.3, —7.4 and —6.4, —8.1 Kcal/mol, respec-
tively. The lower the binding affinities of scutellarein, ape-
genin, baiclain, and wogonin with higher interactions were
due to hydroxyl group at carbon seven. Scutellarein, baiclain,
apegenin, and wogonin have four, three, three, and two hydro-
xyl groups, respectively. These groups participate in forming a
conventional hydrogen bond with active residues (Thr24,
His41, Cys44, Pheld40, Thr26, Glyl23, Hisl64, Leu27,
Glul66, Hisl72, Leul4l, Thrl190, Asnl42, GInl89, and
GIn192). Hydrogen bonds have an essential role in stability

Fig. 4 General structure and numbering pattern of flavonoids.

and macromolecular recognition (Klaholz and Moras, 2002).
Hydrogen bonds also play a crucial role in several biological
processes; hence, hydrogen bonds have a primary role in deter-
mining pharmacological receptors. The presence of bulky
methyl groups in tangeritin and cirsilol reduces the interactions
and increases the binding energy. The binding modes of some
representative compounds are presented in Fig. 5. The binding
pose of baiclain in the active site of the main protease and 3D
interactions are shown in Fig. 6.

According to docking results of prenylated flavonoids, the
binding energies of kuwanon C, morusin, Artonin E were
—8.1, —8.3 and —9.0 Kcal/mol. Their lower binding energies
and higher efficient in silico are demonstrated due to the pres-
ence of five types of interactions. These interactions are the
conventional hydrogen bond, pi-donor hydrogen bond, pi-
sigma, pi-alkyl and alkyl type. Although Kuwanon C formed
the five conventional hydrogen bonds with active residues,
the binding energy of Artonin E was much lower than Kuwa-
non C. It may be due to the presence of other types of interac-
tion that stabilized the ligand-receptor complex. Moreover,
from docking results it was cleared that hydrophobic sub-
stituent may enhanced the bioactivity of the compounds. The
binding pattern of prenylated flavonoids is represented in
Fig. 7.

Naringenin, Eriodictoyl, kaempferide, Hesperetin belong to
the subcategory flavanones. The binding energy of no one
compound was less than —8.0Kcal/mol, although they have
a hydroxyl group at position seven. The binding affinity of Eri-
odictoyl was —7.4Kcal/mol, and it formed the conventional
bonds with critical residues. Naringenin formed the six con-
ventional hydrogen bonds with Thr190, Glul66, His163, and
Leul4l, having the binding affinity of —7.7 Kcal/mol. Narin-
gin is a disaccharide derivative of naringenin that presented
the binding affinity of —8.2Kcal/mol. It means that sugar resi-
due by substituting hydroxyl group resulted in a decrease in
binding energy with higher interactions. The binding modes
of Hesperetin, Naringenin are depicted in Fig. 8. In bioflavo-
noids, namely Amentoflavone, robustaflavone presented the
lowest binding affinity in the whole library of flavonoids.
The binding affinity of Amentoflavone (Bioflavonoids) was
—9.9 kcal/mol. It showed six types of interactions (Van der
Waals, conventional hydrogen bond, pi-donor hydrogen bond,
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Fig. 6 The binding pose of baiclain in the active site of SARS-CoV-2 main Protease.

pi-sulfur, pi-pi T-shaped, and pi-Alkyl). Two conventional
hydrogen bonds formed by His163 and Thr26 were shown as
green dotted lines, and one was pi-sulfur interaction shown
by Cys145 with benzopyran ring of Amentoflavone. The Amen-
toflavone showed one of the pi-donor hydrogen bond interac-
tion type with Glul66, a pi-alkyl type with Leul4l, Metl65,
and a pi-pi T-shaped interaction with His41. Hydrophobic
contact formed by the GInl89, Argl88, Aspl87, Tyr54,
Met49, Hisl64, Hisl72, Phel40, Serl44, Leuldl, Glyl43,
Leu27, Thr25, Thr26, and Asn142 that ligand-receptor com-
plex illustrated in Fig. 8 and the Fig. 9 showed the binding
pose of Amentoflavone in the pocket of SARS-Cov-2 main Pro-
tease. Amentoflavone showed the higher bioactivity than the
parent compound (apegenin). While the robustaflavone
showed the interactions with residues of domain III of 6LU7.

Among the studied flavonoids, flavonols like Morin, Fise-
tin, Quercetin have binding energies of —8.0, —8.0, and —7.2
Kcal/mol. Morin showed four types of interaction, including
conventional hydrogen bond, pi-sulfur, pi-alkyl, and pi-
sigma. Morin formed six conventional hydrogen bonds with
Tyr54, Cys145, Leuldl, GInl89, and Glul66 residues of the
pocket. Morin showed the pi-sulfur interaction, pi-alkyl, and
pi-sigma with Met165, Met49, and His41. The Fisetin (Flavo-
nol) inhibitor showed three types of interactions with MP™ of
COVID-19, four hydrogen bonds with His41 (2.87 A), His163
(2.20 A), Leul4l (2.01 A), and Phel40 (1.86 A) and pi-alkyl
interactions with Met165, Met49, Cysl45. Fisetin also has
strong hydrophobic contact with Aspl87, Gly143, Asnl42,
Ser144, His172, Glul66, His164, GIn189 Argl8 8. The pre-
dicted 2D interaction was depicted in Fig. 10. The docking
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N141

Fig. 10 The binding pose and 3D interactions of Morusin in the active site of SARS-CoV-2 main Protease.

results of isoflavones showed that Daidzein’s two hydroxyl
groups formed the four hydrogen bonds with Argl88,
Leuldl, Cysl45 and Glyl43 with the binding affinity of
—7.5Kcal/mol Fig. 10. In Chalcones and Flavan-3-ols, the
lower binding energy (-7.1Kcal/mol) was observed in Chal-
conaringenin has four free hydroxyl groups that formed
hydrogen bonds with His163, Leul4l, Glyl43, and Argl88
(Fig. 10). While in Flavan-3-ols the lower binding energy (-
7.6Kcal/mol) of Catechin may be due to presence of five free
hydroxyl groups and in these four conventional hydrogen
bonds was observed with Phel40, Glul66, and GInl189 key
residues. The type and amount of bonding exhibited by the
inhibitor in the protein’s active site showed the compounds’
affinity toward the drug. In flavonoids, the number and posi-
tion of hydroxyl groups are essential in determining the inhibi-
tory potential. In addition to conventional hydrogen bonds,
other types of interactions like van der waals, pi-sigma, pi-
sulfur, pi-alkyl, and carbon-hydrogen bonds are also impor-
tant in accelerating the inhibitory potential of flavonoids.

3.5. Bioactivity prediction of best docked flavonoids

The AutoDcok vina score presented in Tablel has been further
used to calculate the inhibition constant (Ki) using Eq. (1). The

compounds with low inhibition constant values, usually in the
micromolar range had a higher likelihood of pharmacological
promiscuity (Onawole et al., 2018). All the flavonoids with effi-
cient binding affinity showed the inhibition constant within the
micromolar range and qualified as lead compounds. The inhi-
bition constant was calculated using Eq. (1). Other derivable
ligand efficiency metrics were estimated using Eqs. (2)—(5).
The other metric ligand efficiency (LE) is used to calculate
potency’s efficiency per heavy atom in a ligand. The threshold
value of ligand efficiency and fit quality (FQ) for drug-like can-
didates should be between 0.3 and 0.8, respectively (Murray
et al., 2014, Keseri and Makara, 2009, Leeson and
Springthorpe, 2007, Reynolds et al., 2007, Schultes et al.,
2010). The ligand efficiency in lipophilicity is known as ligand
efficiency lipophilic price, denoted as LELP, is expected to be
within the range of —10 to 10. All the selected flavonoids pre-
sented in Table 4 except Amentoflavone, Kuwanon C and
Morusin have LELP values within the expected range. For
fit quality, all the chosen flavonoids have values within the
stipulated range.

Ki= 1O[bindingenergy+l4366] (1)

Ligand efficiency(LE) = —B.E+ H.A (2)
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Table 4 Classification and food sources of some dietary flavonoids

Class Flavonoids Dietary source References

Flavones luteolin, apigenin, luteolin Fruit skin, red wine, red pepper, tomato skin, parsley, capsicum (Miean and Mohamed, 2001,
glycoside pepper, Chinese cabbage, grapes, bell pepper Hertog et al., 1992)

Flavonols Querectin, kaemferol, Onion, red wine, olive oils, grape fruits, apples, tomatoes, bell ~ (Stewart et al., 2000, Dabeek
myricetin, baicalein, Morin  pepper and Marra, 2019)

Flavanones Hesperitin, naringin, Citrus fruits, grape fruits, lemons, oranges (Rouseff et al., 1987, Salehi
naringenin, hesperidin et al., 2019, Dr, 2005)

Isoflavone Genistin, daidzein, glycitein ~ Soy flour, soy beans, soy milk, beef, fava beans (Zhang et al., 1999,

Flavan-3-ols

Anthocyanins
Biflavonoids

Prenylated
flavonoids

Catechin, cianidanol
epicatechin,
Cyanidin, apigenidin
Amentoflavone,
Robustaflavone
Morusin, kuwanon C

Green tea, beans cherry, chocolate,

Cherry, strawberry,
Japanese tallow or wax tree

Barks of Morus nigra

Thompson et al., 2006)
(Egert and Rimbach, 2011)

(Kumar and Pandey, 2013)
(Khan and Khan, 2020)

(ABD EL-MAWLA et al.,
2011)

LE e = 0.873¢ 020<HA- _ (064

FQ = LE =+ LEai

Ligand — efficiency — dependent lipophilicity(LELP)

= LogP + LE

Protein RMSD (A)

Fig. 11

Protein-Ligand RMSD

Time (nsec)
CommLig fit Prot]

3.6. M D simulation

The 100 ns MD simulations of MP™ complexed with Amento-
flavone and Morusin were performed using Desmond. The
fluctuation and stability of the receptor-ligand complexes dur-
ing simulations in each case was analyzed and resulting trajec-

tory was made with backbone root mean square deviation.
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Molecular dynamics trajectory analysis of Amentoflavone (A) RMSD of the protein and ligand with respect to the first frame
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B

Fig. 12 Timeline representation of the interaction and contacts, top panel show specific contact of amentoflavone and protein during

100 ns simulation.

It was observed that overall protein ligand was stable dur-
ing entire simulation. Some fluctuations in protein were
observed for first 10 ns then it remained stable for next
90 ns. Some ligand fluctuations were observed that might be
due to hydrogen bond formation (Fig. 11A). Root mean
square fluctuation (RMSF) was studied to recognize the major
fluctuations in the domain of protein. Peaks in the plot indi-
cated that the major fluctuation in the loop region of protein
was observed after 300 residues. This might be due to that
alpha helices and beta strands were more rigid than unstruc-
tured (loop region) of the protein (Fig. 11B). A total of 27
ligand contacts were observed with residues of protein, from
Thr24 to Leu50, Asnl42 to Cysl45, His163 to Thr169 and
Val186 to GIn192. These residues formed four types of interac-
tions including Hydrogen Bonds, Hydrophobic, Ionic and
Water Bridges. It was observed that ligand achieved stability
by forming polar and hydrophobic interaction with the active
residues (Fig. 11D). The schematic details of ligand atoms two
dimensional interactions with protein residues is presented in
Fig. 11 C. It showed the actual percentage of interactions

between ligand and protein. In this case, residues such as
Glul66 (20%), Vall86 (38%) and His41 (32%) formed the
hydrogen bond during most of the time of simulation. Differ-
ent types of contacts such as H bond, hydrophobic, ionic and
water bridges between protein and ligand during simulation
were observed and presented in Fig. 12. Top panel indicated
the total contacts that MP™® makes with the amentoflavone
over the course of the trajectory whereas specific residues level
interaction with the ligands in each trajectory frame are shown
in bottom panel. In addition to that, multiple specific contacts
with amentoflavone were formed with some residues which are
represented by dark orange shade. Furthermore in first 40 ns
Glul66 formed the hydrogen bond along with other type of
interactions. Fig. 13 presents the MD trajectory analysis data
for the morusin-Mpro complex. Ligand-protein complex
remained almost stable throughout the simulation and the
RMSD value ranged from 0.8 to 3.0 A for both morusin and
main protease complex (Fig. 13A). The flexibility of protein
was also checked by evaluating the Root mean square fluctua-
tions (RMSF) of individual residues of main protease. The
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Fig. 13  Molecular dynamics trajectory analysis of Morusin (A) RMSD of the protein and ligand with respect to the first frame (B)
Protein RMSF (C)) Ligand-protein contacts (D) Protein-ligand contacts histogram.

entire main protease had an RMSF value between 0.5 and
1.5 A except for the terminal amino acid residues this might
be due to that N and C terminal move rapidly than any other
part of the protein (Fig. 13B). The interaction between moru-
sin and active residues of main protease is depicted in Fig. 13C
and it presented the actual percentage of interaction. It was
observed that Glul66 (72% and 46%), GInl189 (64%) and
GIn192 (79% and 46%) interact through hydrogen bonding.
The Fig. 13D showed the fraction analysis of morusin with
main protease during 100 ns simulation period. The major
active residues were found to interact through hydrogen bond-
ing and water bridges with ligand. Finally, a timeline of the
morusin-main protease interactions is plotted in the form of
hydrogen-bonds, hydrophobic contact, ionic interaction and
water bridges during 100 ns of simulation period. The top
panel presents the total contacts of morusin-main protease
complex and the bottom panel indicates residue level interac-
tion of the morusin. Overall, the morusin interacted well with
the main protease binding pocket, especially, Glul166 GIn192
showed the efficient contact with ligand throughout the simu-
lation period (Fig. 14).

3.7. Comparison of inhibitors of M"™ or 3CL pro with
experimental results

The experimental results recently reported for some of the fla-
vonoids against MP™® have been presented in Table 5 which
supported our findings through molecular docking and MD
simulation studies. The experimental data also showed that
bioactivity of the compounds against SARS MPro depended

on the modifications in their molecular structures. Amentofla-
vone, a biflavone in proved to be more potent than apegenin
(parent compound). The compounds with substituted groups
exerted stronger inhibition than parent compound. Moreover
prenylated flavonoids (Morusin, Kuwanon C) having the
hydrophobic substituent were presented in literature with good
inhibitory potential against influenza virus. Generally the
prenylation of flavonoids generally enhanced the bioactivity
and bioavailability of the compounds (Grienke et al., 2016).

3.8. Food sources of some common flavonoids

The food sources for some common dietary flavonoids belong-
ing to nine different subcategories are presented in Table 4.
These dietary sources are rich in flavonoids contents and
may be used without any special precautions or trials for the
prevention from the risk of COVID-19.

4. Conclusion

The present study aims to identify the inhibitory activity of
various flavonoids against SARS-CoV-2 MP™. This study dis-
covered the strong bonding interactions of flavonoids (Amen-
toflavone, scutellarin, moursin, apigenin, wogonin,
kaempferol, fiestin, kaempferol, kuwanon C and morin with
catalytic site of main Protease. The study also concluded that
bioflavonoids, prenylated flavonoids, Flavones, Flavanones,
and Flavan-3-ols showed better interaction and binding affin-
ity in the active site of main Protease. At the same time, Isofla-
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Fig. 14 Timeline representation of the interaction and contacts, top panel show specific contact of morusin and main protease during

100 ns simulation.

Table 5 Comparison of theoretical findings to experimentally
reported data

Substance B.E SARS 3CLpro or Mpro
Kcal/mol IC50 puM
Flavonole Ksaempferol —8.0 116.3 (Jo et al., 2020)
Flavones  Amentoflavone —9.9 8.3 (Jo et al., 2020)
Apegenin —8.3 280 (Jo et al., 2020)
Scutellarein —8.3 0.86 against nspl3

(Keum and Jeong, 2012)

vone and isoflavone have not presented the prominent binding
affinities. Moreover, the strong binding affinity of flavones
(especially amentoflavone and morusin) with MP™ was further
supported/strengthened by the results achieved from molecular
dynamic simulation, where the complexes of ligands with main
protease remained stable over a time of 100 ns. The flavonoids
with the lowest binding energies were analyzed for their

pharmacokinetic properties. These studies revealed that these
flavonoids from medicinal plants could be used as strong drug
candidates against the main Protease of SARS CoV-2. In light
of the above results, we further conclude that flavonoids may
serve as future drug candidates against SARS CoV-2 and
encourage the in vivo and in vitro investigation of these com-
pounds. Moreover, the use of food sources listed in Table 4
may serve as an essential preventive measure against SARS
CoV-2 and helpful in adjuvant therapy of SARS CoV-2
patients.
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