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ABSTRACT ARTICLE HISTORY
The recent outbreak of SARS-CoV-2 has quickly become a worldwide pandemic and generated panic Received 30 July 2020
threats for both the human population and the global economy. The unavailability of effective vac- Accepted 22 November 2020

cines or drugs has enforced researchers to hunt for a potential drug to combat this virus. Plant-derived
phytocompounds are of applicable interest in the search for novel drugs. Bioflavonoids from Rhus suc-
cedanea are already reported to exert antiviral activity against RNA viruses. SARS-CoV-2 Mpro protease
plays a vital role in viral replication and therefore can be considered as a promising target for drug
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development. A computational approach has been employed to search for promising potent bioflavo- biflavonoids; molecular
noids from Rhus succedanea against SARS-CoV-2 Mpro protease. Binding affinities and binding modes docking; molecular
between the biflavonoids and Mpro enzyme suggest that all six biflavonoids exhibit possible inter- dynamics simulation

action with the Mpro catalytic site (—19.47 to —27.04 kcal/mol). However, Amentoflavone (—27.04 kcal/
mol) and Agathisflavone (—25.87 kcal/mol) interact strongly with the catalytic residues. Molecular
dynamic simulations (100 ns) further revealed that these two biflavonoids complexes with the Mpro
enzyme are highly stable and are of less conformational fluctuations. Also, the hydrophobic and
hydrophilic surface mapping on the Mpro structure as well as biflavonoids were utilized for the further
lead optimization process. Altogether, our findings showed that these natural biflavonoids can be uti-
lized as promising SARS-CoV-2 Mpro inhibitors and thus, the computational approach provides an ini-
tial footstep towards experimental studies in in vitro and in vivo, which is necessary for the
therapeutic development of novel and safe drugs to control SARS-CoV-2.

RESEARCH HIGHLIGHTS

1. Rhus succedanea biflavonoids have antiviral activity.

2. The molecular interactions and molecular dynamics displayed that all six biflavonoids bound with
a good affinity to the same catalytic site of Mpro.

3. The compound Amentoflavone has a strong binding affinity (—27.0441 kcal/mol) towards Mpro.

4. The binding site properties of SARS-CoV-2-Mpro can be utilized in a novel discovery and lead
optimization of the SARS-CoV-2-Mpro inhibitor.

1. Introduction malarial and anti-HIV drugs (Etaware, 2020; WHO, 2020). To
date, no specific and potent drugs have been manufactured
At the end of December 2019 a sudden outbreak of SARS- against SARS-CoV-2. Therefore, there is an urgent need to

CoV-2, a new class of coronavirus, which causes COrona . . .

) . T develop and design potent drug and/or vaccine candidates
Vlrus Disease in the year 2019 (COVID-19), had initially against this pandemic causing virus (Kumar et al, 2020;
appeared in Wuhan, China and very soon spread worldwide Pandeya et al.,, 2020).
generating a pandemic condition. Nearly 47,362,304 infected The SARS-CoV-2 viral genome encodes around 20 pro-
people and around 12,11,986 (till 05 November 2020) deaths  tajns, amongst which chymotrypsin-like cysteine proteinase
by this virus posed a serious civic health problem, as (3CLpro or Mpro) is vital for virus replication. The activity of
reported by WHO (World Health Organization, 2020) and  Mpro is thought to be regulated by cleavage site-specificity.
continue to do so at an alarming rate. The major strategies This protease has 11 putative cleavage positions indicating
employed by different countries to treat SARS-CoV-2 are per- its prevalence in proteolytic processing (Yang et al., 2003;
sonal care by a physical intervention such as self-quarantine  Zhang et al,, 2020). The Mpro has been found as a potential
services and physical/social distancing, administration of anti- target to design and developing drugs against SARS-CoV-2
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(Amin et al, 2020; Amin & Jha, 2020; Enmozhi et al., 2020;
Ghosh et al.,, 2020; Goyal & Goyal, 2020; Li & Kang, 2020;
Ullrich & Nitsche, 2020; ) since very little similarity with
human proteases makes the drugs less toxic to humans
(Anand et al, 2002; Joshi et al, 2020). Therefore, finding
promising natural inhibitors for the Mpro can hinder the
SARS-CoV-2 virus replication in the host cell and reduce its
infectivity (Havranek & Islam, 2020; Dong & Gao, 2020).

Since ancient times in traditional medicine, plants derived
flavonoids have been utilized as a source of non-toxic and
safe bioactive compounds, to treat several viral infections
(Cazarolli et al., 2008; Harborne & Williams, 2000). Recently,
several studies have revealed that many bioactive com-
pounds from different medicinal plants act as promising
inhibitors against coronavirus (in review, Siddiqui et al.,
2020a, 2020b). Recently, Surti and coworkers have discovered
that llimaquinone (marine sponge metabolite) as a novel
inhibitor of SARS-CoV-2key target proteins in comparison
with suggested COVID-19 drugs (hydroxychloroquine, azith-
romycin, favipiravir, ivermectin and remdesivir) (Surti et al.,
2020). In addition, many antiviral phytocompounds from
green tea (catechins or polyphenols); from Indian spices
(Rosmanol, Carnosol and Arjunglucoside-l); from buriti oil
(Mauritia flexuosa L.) are proposed to be promising against
SARS-CoV-2 Mpro protease (Costa et al, 2020; Das et al.,
2020; Ghosh et al., 2020; Umesh et al., 2020)

R. succedanea (formerly Toxicodendron succedaneum) also
known as ‘japanese tallow or wax tree’ belonging to the
Anacardiaceae family is one of the plants with many medi-
cinal properties. This plant is widely distributed in Asia and
used as an Ayurvedic remedy for quite a long time to treat
common cold, cough, asthma, diarrhea and dysentery. In
addition, it has antioxidant activity and the potential to sup-
press gastritis (Khan et al., 2016; Kim et al., 2018; Shrestha
et al,, 2013; Wu et al,, 2002). To date, several bioactive phyto-
components such as tannins, biflavonoids, and phenols from
different parts of R. succedanea have been extracted, charac-
terized and analyzed for anti-viral activity (Chen & Lin, 1975,
1976; Fa-Ching et al,, 1974; Khan et al., 2020). Information on
the molecular structure of biflavonoids offers a chance to
explore and identify promising pharmacological activity
against SARS-CoV-2 (Sharma et al., 2020).

In this context, the projection and development of novel
non-toxic drugs have marched in the last two decades, from
the use of innovative complementary techniques such as
computational tools (Meng et al., 2011). Molecular docking
and molecular dynamics simulation are two major computa-
tional methods that provide great applicability in pharma-
ceutical research industries in search of novel drugs in a
short duration time and assist experimental studies (Alonso
et al.,, 2006). The molecular docking technique assists to pre-
dict the best fit of the screen ligand in the catalytic cavity of
a targeted protein which has been previously reported
(Wang & Zhu, 2016). While as, molecular dynamics simulation
analyzes the distribution and physical movements of the
atoms and molecules for a fixed period which provides a
view of the dynamic evolution of the protein-ligand system
(De Vivo et al.,, 2016).

The several medicinal applications of Rhus succedanea are
well reported. However, in the current pandemic situation of
SARS-CoV-2, its anti-viral properties are greatly significant. All
together due to its anti-viral, anti-oxidant and immunomodu-
latory potentials, this plant’s biflavonoids could become a
promising therapeutic alternative against Covid-19. The pre-
sent work carried out preliminary in silico analysis with the
application of molecular docking and molecular dynamics of
the biflavonoids from R. succedanea against SARS-CoV-2
Mpro, in order to find out promising enzyme inhibitors
against the Mpro protease to control Covid-19.

2. Materials and methods

2.1. The in silico preparation of Mpro crystal structure
and its sequence analysis

The three-dimensional (3D) X-ray crystalized structure of
SARS-CoV-2 Mpro which is complexed with N3 inhibitor (PDB
ID: 6LU7) (Jin et al, 2020) was downloaded from the RCSB
Protein Data Bank (https://www.rcsb.org/). The structure of
Mpro contains two chains (Chain A and Chain B) which are
homodimeric forms. In this study, we have selected Chain A
of Mpro and prepared the structure using Schrodinger’s
Protein Preparation Wizard (PPW) and used it for the molecu-
lar docking calculations.

To reveal the conserved residues of the functional domain
that are related to the molecular function of the SARS-CoV-2
Mpro structure, the NCBI CD (Conserved Domain) database
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)  was
used. The binding site residues are considered which are pre-
sent within the vicinity of 6.5A from co-crystal ligand, i.e. N.
3. The binding site residues, Thr24, His41, Cys44, Phe140,
Thr26, Gly143, His164, Leu27, Glu166, His172, Leul4T,
Thr190, Asn142, GIn189, and GIn192 have occupied the bind-
ing cavity of Mpro.

2.2. Retrieval of biflavonoid compounds of
R. succedanea

The two-dimensional (2D) structures of biflavonoids from like
Amentoflavone (CID 5281600), Agathisflavone (CID 5281599),
Robustaflavone (CID 5281694), Hinokiflavone (CID 5281627),
Rhusflavanone (CID 466314), and Succedaneaflavanone (CID
12114301) were downloaded from the PubChem (https://
pubchem.ncbi.nlm.nih.gov/) (Figure 1). These retrieved six fla-
vonoids compounds were subjected to energy minimization
using the Maestro software (Schrodinger Release 2019-4)
with an OPLS-2005 force field, the process of energy mini-
mization continued till an energetically (thermodynamically)
stable confirmation is achieved. These stable and processed
conformers of flavonoids compounds were subjected to
molecular docking calculations with COVID-19 Mpro.

2.3. Molecular docking calculations

Intermolecular interaction between R. succedanea biflavo-
noids and Mpro, molecular docking simulation, was achieved
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Agathisflavone CID: 5281599

Robustaflavone CID:5281694

Rhusflavanone CID: 466314

Hinokiflavone CID: 5281627

Succedaneaflavanone CID:12114301

Figure 1. The 2D chemical structure of biflavonoids with their PubChem CID from R. succedanea plant.

by using commercial FlexX software (LeadIT version 2.3.2;
BioSolvelT, 2017). The prepared structure of Mpro is kept as
a rigid structure throughout the docking simulations. The
binding pocket of the Mpro was well-defined using the
receptor preparation panel of FlexX considering above men-
tioned binding site residues. The prepared biflavonoids com-
pounds are then subjected to molecular docking
calculations, to evaluate the binding pose/conformations and
binding affinity in the binding cavity of Mpro. The docking
calculations were calculated with FlexX software by imple-
menting systematic ligand conformational expansion fol-
lowed by its placement in the binding cavity of the Mpro.

The docking energy of FlexX not only depends on H-bond
interaction but also on the scoring function, short-ranged
electrostatic interactions and van der Waals interactions, the
solvation energy and loss of entropy after ligand binding.
The best conformations of a flavonoid compound with good
binding affinity with Mpro are evaluated by binding energy
and intermolecular interaction.

2.4. Molecular dynamic (MD) simulation

To assess the binding intensity/strength and stability of
reported biflavonoids with SARS CoV-2 Mpro, 100ns time
scale molecular dynamic simulations were performed using
Desmond software (Schrodinger Release 2019-4: Desmond)
which is a highly integrated tool that set up the biological
and chemical system simulations integrated with a molecular

modeling environment. The MD simulation computes the
dynamic behavior of the receptor upon binding of macro-
molecule or ligand. Desmond’s system builder utility avail-
able in the Maestro program was used for the solvation and
ionization of the SARS-CoV-2 receptor complexed with lead
compounds. The explicit solvent i.e. three-point (TIP3) water
model was immersed to solvate the SARS CoV-2 Mpro-bifla-
vonoids complex system in the cubic box of 10A buffer size
having a periodic boundary condition to approximate the
infinite system (Lokhande et al., 2019). The total number of
water molecules and the used counter ions to neutralize the
complex are reported in Table 1.

The steepest descent method was used to minimize the
complex system energetically with the OPLS-2005 force field.
The 100 ns time scale MD simulations for each complex were
performed at constant NPT (N=Number of Atoms,
P =Pressure, and T=Temperature) ensemble. Throughout
the equilibrations, systems were coupled with the Martyna-
Tobias-Klein barostat method for controlling pressure at
1atm and the temperature was regulated by using velocity
rescaling Nose Hoover chain thermostat method at 300K.
The M-SHAKE algorithm was used to constrain the bond
length of hydrogen atoms. Cut off for short-range electro-
statics and Van Der Waals interactions are maintained at
1 nm. Also, the long-range Coulomb electrostatic interactions
were calibrated through particle mesh Ewald (PME) summa-
tion. The leap-frog algorithm was used to compute the equa-
tion of motion with a time step of 2fs (Lokhande et al.,
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Table 1. Details of Molecular dynamics simulation.

Immersed water

Total charge of

Biflavonoid with SARS-CoV-2 Mpro molecules (TIP3P) the complex Counter ion Counter ion concentration
Amentoflavone 17,995 —4 4Na™ 4,042 uM
Agathisflavone 17,995 —4 4Na" 4,042 uM
Robustaflavone 17,990 —4 4Na™ 4,042 uM
Rhusflavanone 17,991 —4 4Na* 4,042 uM
Hinokiflavone 17,992 —4 4Na™ 4,042 uM
Succedaneaflavanone 17,991 —4 4Na™ 4.042 uM

2020a). The conformational changes in the SARS-CoV-2 Mpro
C-a backbone atoms of the after binding of biflavonoids
were compared with the initial conformations of a crystal
structure (PDB ID: 6LU7) in terms of Root Mean Square
Deviation (RMSD). Also, the fluctuations in the amino acids
of SARS-CoV-2 Mpro after binding of the lead compounds
were computed using the trajectories generated during the
100ns MD simulation and presented as Root Mean Square
Fluctuation (RMSF) graph.

2.5. Binding free energy calculations

The Prime (Jacobson et al., 2004) module of the Schrodinger
software was used to compute the binding free energies for
the complexes of SARS-CoV-2 Mpro and lead compounds in
terms of Molecular Mechanics, the Generalized Born Model
and Solvent Accessibility (MM/GBSA). The various compiled
van der Waals interactions and the nonpolar solvent access-
ible surface area along with advanced OPLS-2005 force field,
polar solvation (GSGB), Molecular Mechanics Energies (EMM),
and non-polar solvation (GNP) were used in the Prime to cal-
culate binding free energies of bound complexes. The follow-
ing equation was employed to compute the binding free
energies changes during the 100 ns MD simulation of SARS-
CoV-2 Mpro complexes with reported lead compounds.

AG'bind = Gcomplex_ (Gprotein + Gligand)r
G = GSGB + EMM + GNP

where Geomplex is the Protein-Ligand complex energy, Gprotein
is the Protein-energy, Gjigang is the unbound ligand energy.
Also, the EMM, SGB and GSGB represent molecular mechan-
ics energies, nonpolar solvation model and polar solvation
model respectively.

2.6. Hydrophobic and hydrophilic surface maps for
SARS-CoV-2-Mpro structure

Hydrophobic/philic Surfaces panel of Maestro was used to
generate hydrophobic and hydrophilic Surface maps on the
SARS-CoV-2-Mpro structure as well as biflavonoids com-
pound. The Hydrophobic/philic map is calculated to help in
visualizing favored locations and properties of ligand atoms
in receptor active site. Given a Mpro structure, the accessible
space by the ligand in the active site is partitioned into
hydrophobic and hydrophilic regions. In this report, hydro-
phobic and hydrophilic map assist to reveal favorable hydro-
phobic and hydrophilic ligand groups in the binding pocket
of SARS-CoV-2-Mpro. Also, we have reports, the hydrophobic
and hydrophilic surface area of ligand atoms in the SARS-

CoV-2-Mpro cavity, which can aid in the design and develop-
ment of new ligands.

3. Results and discussion
3.1. The SARS-CoV-2-Mpro catalytic domain

The NCBI CD search results revealed the catalytic dyad which
is formed by two amino acid residues like His41 and Cys145
forms in Mpro structure. Also, the Mpro structure comprises
three domains, the anti-parallel beta barrels in the first two
domains and the alpha-helices arrangement in the third
domain. The cleft of the first two domains comprises the
His41 and Cys145 residues that are present in the catalytic
cavity of SARS-CoV-2-Mpro (Figure 2).

3.2. Molecular docking analysis

The docking energy of biflavonoid compounds along with
crystal ligand i.e. N3 and their complete interaction studies is
summarized in Table 2. The intermolecular interaction
between docked biflavonoid compounds and Mpro was
visualized by using Maestro software. The docking analysis
suggests that the compound Amentoflavone has a strong
binding affinity (—27.0441 kcal/mol) towards Mpro.

Figure 3(a) shows Amentoflavone creates five hydrogen
bonds and one aromatic hydrogen binding with Mpro cata-
lytic domain. Amentoflavone binds with Thr26 radiuses by
creating two hydrogen bonds at 1.86 A and 1.99 A distances.
Also, Asn142, His163, Glu166 involved in the formation of
hydrogen bonds with Amentoflavone at 2.08A, 1.824, and
2.23A bond distances. Glu166 also makes the aromatic
hydrogen bond with Amentoflavone at bond distance
of 2.59A.

Similarly, the second lead compound Agathisflavone is
shown to interact with Mpro by forming hydrogen bonds as
well as aromatic hydrogen bonds (Figure 3b). The nonpolar
residues Phe140 forms hydrogen bonds and aromatic hydro-
gen bonds with Agathisflavone with a 2.00A and 1.98A
bond distance respectively. Also, the three hydrogen bonds
were seen by Gly143, His164 and GIn192 residues and the
amino acid Leu141 forms another aromatic hydrogen bond-
ing with Agathisflavone at 2.51 A bond distance.

In the case of Robustaflavone and Rhusflavanone com-
pounds, the binding affinity towards SARS-CoV-2-Mpro was
more similar to —23.6106 kcal/mol and —23.3624 kcal/mol,
respectively. The intermolecular interaction analysis was
shown in Table 1. Figure 4(a) shows the binding pose of
Robustaflavone in the Mpro binding pocket. This binding
pattern shows that residues Thr26 are tightly bound with
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Catalytic dyad Alpha-helices

3D Crystal Structure of SARS-CoV-2 M""’ (PDB ID:6LU7)

Figure 2. The 3D structure of SARS-CoV-2 Mpro. The first two domains contain anti-parallel beta barrels shown in pink ribbon, catalytic dyad formed by the resi-
dues His41 and Cys145 presented in blue CPK representation and the alpha helices shown in blue color.

Table 2. The intermolecular interactions of R. succedanea biflavonoids with SARS-CoV-2-Mpro.

Biflavonoids PubChem CID Binding energy (kcal/mol) Interacting residues Bond type Bond distance (A)
Amentoflavone 5281600 —27.0441 Thr26 2HB 1.86, 1.99
Asn142 HB 2.08
His163 HB 1.82
Glu166 HB 223
Glu166 Ar-HB 2.59
Agathisflavone 5281599 —25.8761 Phe140 HB 2.00
Phe140 Ar-HB 1.98
Leu141 Ar-HB 2.51
Gly143 HB 1.63
His164 HB 1.85
GIn192 HB 1.62
Robustaflavone 5281694 —23.6106 Thr26 2HB 1.60, 1.80
Asn142 HB 2.01
His163 HB 1.76
Ser144 Ar-HB 2.49
Rhusflavanone 466314 —23.3624 Gly143 HB 1.75
Glu166 HB 1.69
Glu166 Ar-HB 1.85
GIn189 3HB 1.65, 1.90, 2.00
Thr190 Ar-HB 2.64
Asn142 Ar-HB 241
Hinokiflavone 5281627 —20.3386 Thr24 HB 1.60
Thr24 Ar-HB 2.16
Gly143 HB 1.66
Glu166 Ar-HB 2.11
GIn189 HB 1.88
GIn192 HB 2.23
Succedaneaflavanone 12114301 —19.4708 Thr26 HB 2.20
Thr24 Ar-HB 2.63
Phe140 HB 1.79
Asn142 Ar-HB 244
Gly143 HB 1.38
Ser144 HB 2.19
Glu166 Ar-HB 1.96
Crystal Ligand (N3) PDB ID: 6LU7 —18.5693 Gly143 HB 2.01
Mpro GIn189 2HB 2.04, 2.04
Glu166 2HB 1.82, 1.89
His164 HB 2.29

Phe140 Ar-HB 1.70
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Figure 3. Intermolecular interaction and binding pose of (a) Amentoflavone and (b) Agathisflavone within the binding cavity of Mpro. The crystal structure of
Mpro represented as ribbon form, interacting amino acids shown in the tube model and respective bound ligand shown as ball and stick model. The black and
blue dotted line represents hydrogen bond and aromatic hydrogen bond interactions, respectively.

SER 144

ASN 142

GLN 189
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Figure 4. Intermolecular interaction and binding pose of (a) Robustaflavone and (b) Rhusflavanone with Mpro crystal structure. The crystal structure of Mpro is rep-
resented in ribbon form, amino acids shown in the tube model and respective bound ligand shown as ball and stick model. The black and blue dotted line repre-

sents hydrogen bond and aromatic hydrogen bond interactions, respectively.

Robustaflavone by forming strong two hydrogen bonds.
Also, the residues Asn142, His163 and Ser144 form hydrogen
bonds and aromatic hydrogen bond with Mpro. Figure 4(b)
shows the interaction between Rhusflavanone and Mpro. The
compound Rhusflavanone interacted with Mpro by forming
five hydrogen bonds and three aromatic hydrogen bonds.
This binding is mainly due to the amino acid residues like
Asn142, Gly143, Glu166, GIn189, and Thr190 which are pre-
sent in the Mpro binding cavity (Chen et al., 2020; Bzéwka et
al., 2020).

The lead compound Hinokiflavone was observed to bind
with SARS-CoV-2-Mpro with docking energy of —20.3386.
Figure 5(a) represents the docked conformation of
Hinokiflavone within the binding cavity of Mpro. Two types
of bonds (hydrogen bond and aromatic hydrogen bond) are
formed by Thr24 with Hinokiflavone. Also, the residues like
Gly143, Glu166, GIn189, and GIn192 stabilizes the
Hinokiflavone-SARS-CoV-2 complex by forming hydrogen
bonds as well as aromatic hydrogen bond to the
Hinokiflavone compound. The Succedaneaflavanone-Mpro
complex showed in Figure 5(b) having —19.4708 kcal/mol
docking energy. It also forms the four hydrogen bonds and

three aromatic hydrogen bonds with Mpro. The residues
Thr26, Phe140, Gly143 and Ser144 are involved in hydrogen
bonding at 2.20A, 1.79A, 1.38 A, and 2.19A a bond distances
respectively. Also, this complex is stabilized by aromatic
hydrogen bonds between residues Thr24, Asn142, Glu166
and Succedaneaflavanone compound. From this docking
analysis, we can interpret that these biflavonoids have a
binding affinity towards SARS-CoV2-Mpro and Thr26, Asn142,
Gly143, Ser144 and Glu166 are the crucial amino acids in
Mpro for the binding of biflavonoid compounds. Also, the
reported lead compounds having a more binding affinity
than the crystal (in-bound) ligand, i.e. N3. Previous computa-
tional docking reports and our recent report on Mpro from
SARS-CoV-2 demonstrated the interaction of similar key
amino acids in the binding cavity (Lakshmi et al, 2020;
Lokhande et al., 2020b).

These biflavonoids from R. succedanea have been
recorded as promising antiviral agents against HIV-1 reverse
transcriptase which mitigate the HIV-1 activity in infected pri-
mary human lymphocytes (PBM) (Lin et al., 1997). In addition,
Robustaflavone has been reported to acts as a potent inhibi-
tor of Hepatitis B Virus (HBV) replication in human
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Figure 5. Intermolecular interaction and binding pose of (a) Hinokiflavone and (b) Succedaneaflavanone with the crystal structure of Mpro. The crystal structure of
Mpro is represented in ribbon form, amino acid residues shown in the tube model and respective bound ligand shown as ball and stick model. The black and blue
dotted line represents hydrogen bond and aromatic hydrogen bond interactions, respectively.

hepatoblastoma 2.2.15 cells (Zembower et al., 1998). The
potential inhibitory activities of these biflavonoids against a
large number of human infected viruses such as respiratory
viruses (influenza A and B, Para-influenza type 3, respiratory
syncytial, type 5 Adenovirus and Measles), Herpes Simplex
Virus (HSV types 1 and 2) and Varicella Zoster Virus (VZV)
were investigated earlier (Lin et al., 1999). Besides, herbal
medicinal plant-derived flavonoids such as herbacetin, rhoifo-
lin and pectolinarin were found to efficiently block the SARS-
CoV 3CLpro enzymatic activity (Jo et al, 2020). Altogether,
the reported antiviral properties of R. succedanea biflavo-
noids prompted our research interest to predict its inhibitory
activity against SARS-CoV-2.

3.3. Dynamic behavior of biflavonoids with SARS-CoV-
2-Mpro

The SARS-CoV-2-Mpro crystal structure was considered rigid
through the FlexX protein-ligand docking calculations, to
acquire a more realistic model of interaction patterns
between biflavonoids and Mpro, the docked complexes were
solvated in explicit solvent (TIP3 water model) PBC box for
100 ns simulation. The time-evolutionary structural changes
in the SARS-CoV-2 Mpro after biflavonoid binding were
determined in terms of RMSD and RMSF. Besides structural
changes in the binding site residues also recorded during
the 100 ns MD simulation, the average RMSF values of bind-
ing site residues were shown in Table 3. The RMSD graphs of
the SARS-CoV-2 C-o atoms as shown in Figure 6, illustrate
that throughout the 100ns MD simulation period all com-
plexes of SARS-CoV-2 Mpro and reported biflavonoids were
remained in the equilibration state from 1.5A to 3.0 A RMSD.
In the simulation of the SARS-CoV-2-Agathisflavone complex,
the slight deviation observed in C-a atoms (backbone) dur-
ing 70ns to 97ns, suggest that after binding of
Agathisflavone, the SARS-CoV-2 Mpro structure slightly devi-
ate from other complexes.

Also the separate RMSD graph of lead compounds biflavo-
noids reported as shown in Figure 7 to reveal the

conformational stability and mobility of docked biflavonoids
within the binding pocket of SARS-CoV-2-Mpro. From the
lead compound RMSD graph (Figure 7), it is clearly noticed
that the RMSD values of all the docked biflavonoids are
within 2.5A, reveal that all the docked biflavonoids are very
stable in the binding cavity of Mpro. In the case of
Amentoflavone, Agathisflavone and Succedaneaflavanone
the RMSD lies within the 1.5A RMSD while Rhusflavanone
and Hinokiflavone achieve a different equilibration state in
the binding cavity of SARS-CoV-2 Mpro. The Rhusflavanone
initially very stable within 0.5 A RMSD up to 40 ns simulation,
afterwards, the Rhusflavanone deviate from 0.5A to 1.7A
within the cavity and maintain the second equilibration state
up to 100 ns MD simulation time.

On other hand, Hinokiflavone forms three equilibration
state within the cavity, first, equilibration was seen up to 18 ns
with RMSD value about 1.5A, second equilibration state
slightly deviates the Hinokiflavone from 1.5A to 2.00 A RMSD
(18-68 ns), afterwards, it again achieves the initial equilibration
within the 1.5 A RMSD. In the case of Robustaflavone, it devi-
ates initially just after the simulation started to 2.0 A and main-
tains the conformational stability within the binding cavity.
Although Rhusflavanone, Hinokiflavone and Robustaflavone
showed different equilibration states, they are not moving
from the cavity and able to maintain the stable conformations
within the binding pocket of SARS-CoV-2-Mpro during the
100 ns MD simulation.

The RMSF values were calculated to explore the effect of
biflavonoids upon the flexibility of SARS-CoV-2 Mrpo C-ao
atoms (Figure 8). The RMSF graph suggests that the fluctu-
ation in the SARS-CoV-2 Mrpo C-a atoms is minimum within
the RMSF value 2.0 A when it binds with the reported bifla-
vonoids. In some of the regions, the fluctuation goes up to
3.0A, but the fluctuation in the binding site region is very
low (Table 3). Overall these results indicate that biflavonoids
make the protein-ligand complex more stable throughout
the 100ns MD simulation. Also, we have computed the
Radius of gyration. The Radius of gyration (Rg) evaluation is
employed to investigate the compactness level and the
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Table 3. RMSF values (A) of the binding site residues of SARS-CoV-2 Mpro upon binding with biflavonoids.

Binding site residues Amento-flavone Agathis-flavone Robusta-flavone Rhus-flavanone Hinoki-flavone Succedanea-flavanone
Thr24 1.57 2.276 1.477 1.774 1312 1.747
Thr26 1.043 0.837 0.923 1.222 0.807 0.858
Phe140 1.428 1.126 1.256 141 0.975 1.567
Leu141 1.638 1.224 14 1.573 1.154 1.875
Asn142 1.56 1.219 1.394 1.709 1.184 1.652
Gly143 1.306 0.953 1.122 1.24 0.95 1.157
His163 0.606 0.547 0.702 0.562 0.527 0.606
His164 0.675 0.573 0.733 0.767 0.663 0.683
Glu166 0.879 1123 0.972 0.787 0.859 1.047
Thr190 2.758 1.39 1.329 1.451 1.334 1.361
GIn192 2.042 1.394 1.342 1.721 1.16 1.271
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Figure 6. The Root Mean Square Deviation (RMSD) graph of the SARS-CoV-2 Mrpo C-a atoms when complexed with biflavonoids during 100ns time-
scale simulation.
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Figure 7. The Root Mean Square Deviation (RMSD) graph for the biflavonoids when complexed with the SARS-CoV-2 Mrpo structure during the 100ns
MD simulation.

folding properties of protein structure as well as protein-lig- the compactness of the protein-ligand complex. Figure S1,
and complex structures. Distribution of atoms from the cen- supplementary material, illustrated that the Radius of gyr-
ter of mass computed by the Rg analysis, which resulted in ation for SARS-CoV-2 Mpro structure complexed with
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Table 4. The Prime MM/GBSA (ensemble-averaged) binding free energies (kcal/mol) of biflavonoids with SARS-CoV-2 Mpro during the 100 ns MD simulation.

Lead compound

complexed with SARS- MM/GBSA dG bind MM/GBSA dG bind

MM/GBSA dG bind Solv MM/GBSA dG bind vdW Complex energy

CoV-2 Mpro (kcal/mol) Coulomb (kcal/mol) GB (kcal/mol) (kcal/mol) (kcal/mol)
Amentoflavone —72.650 —34.477 27.9036 —46.603 —8846.248
+15.778 +8.372 +3.797 +9.877 +68.264
Agathisflavone —47.773 —14.350 17.788 —33.776 —8830.648
+9.993 +5.804 +5.918 +9.349 +95.240
Robustaflavone —60.157 —19.889 25.519 —45.781 —8812.960
+7.745 +8.744 +4.634 +6.245 +53.844
Rhusflavanone —70.950 —18.877 26.491 —57.145 —8822.949
+7.585 +8.251 +5.465 +8.594 +69.059
Hinokiflavone —87.003 —25.501 24.377 —57.840 —8781.250
+10.804 +7.325 +2.941 +4.806 +73.606
Succedaneaflavanone —71.518 —28.819 28.383 —51.597 —8838.326
+9.473 +9.197 +5.416 +4.479 +82.159

reported biflavonoids least fluctuation within 2.2nm (22 A) to
2.3nm (23 A). Thus, the SARS-CoV-2 Mpro-biflavonoids com-
plexes are thermodynamically stable and more compact dur-
ing 100 ns MD simulation.

3.4. Prime MM/GBSA binding free energies of
biflavonoids-SARS-CoV-2-Mpro complex

The MM/GBSA has been studied to compute the binding free
energies i.e. AG Bind that affirms the outcomes in terms of
solvation, VDW, and hydrophobic, VDW components. The
docked biflavonoid, complexed with SARS-CoV-2 Mpro struc-
ture (PDB ID: 6LU7) were subjected to binding free energy
(Prime MM/GBSA) calculation for a 100 ns time-scale molecular
dynamic simulation. The computed Prime MM/GBSA energies
of the six biflavonoids complexed with SARS-CoV-2 Mpro were
described in Table 4. The stability of the receptor-ligand com-
plex is considered strong when the computed values of bind-
ing free energies are more negative (Lokhande et al., 2020b).
The obtained binding free energies of all reported biflavo-
noids with SARS-CoV-2 Mpro have the binding free energies

less than —70 kcal/mol except biflavonoid like Robustaflavone.
In the case of Robustaflavone, the resulting binding free
energy is —60.57 kcal/mol suggesting that it make a slightly
weaker complex with SARS-CoV-2 Mpro than the other biflavo-
noids. However, other biflavonoids shows the favorable Prime
MM/GBSA binding free energy after binding with Mpro of
SARS-CoV-2, signifying that reported biflavonoids forms a sta-
ble and strong binding with the SARS-CoV-2-Mpro and these
complexes are thermodynamically favorable.

3.5. Binding pocket properties of SARS-CoV-2-Mpro

The generation of the hydrophobic and hydrophilic surface
on structure enlightens the binding pocket properties of the
SARS-CoV-2-Mpro receptor, reveals the preferred ligands
atoms in terms of their physicochemical properties that can
be fitted well in the region of binding site with minimum
steric clashes. Figure 9 illustrates that the hydrophobic/
hydrophilic surface and all docked biflavonoid compounds
within the Mpro binding cavity. Interestingly, the binding
cavity of SARS-CoV-2-Mpro is occupied by both the region,
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[ Hydrophilic Surface

I Hydrophobic Surface
B Docked Ligand Poses
[l Mpro in Ribbon Form

Figure 9. Graphical illustration of the SARS-CoV-2-Mpro surface, occupied by the hydrophilic and hydrophobic surface. The docked ligand poses shown in the ball
and stick model with blue color, the secondary structure of the receptor is presented in ribbon form with green color. The hydrophilic and hydrophobic surface

area is shown in turquoise and orange color, respectively.
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Figure 10. The hydrophilic and hydrophobic surface area is formed by docked biflavonoids within the SARS-CoV-2-Mpro.

suggesting that the ligand having hydrophobic as well as
hydrophilic the functional group atoms are also known as
nonpolar molecules and polar atoms.

The total surface area of SARS-CoV-2-Mpro was found to
be 11,545.574 A? also in Figure 10, we have reported the
hydrophobic and hydrophilic surface area of docked biflavo-
noid poses to know which ligand atoms properties are most
favorable for the binding affinity. Figure 11 illustrates that
the comparative hydrophobic and hydrophilic surface area
shows that the compound Amentoflavone having a more or
less similar surface area in context with hydrophobic
(230.973 A% and hydrophilic (195.418 A?) surface area on it
and it was shown higher binding affinity (—27.0441 kcal/mol)
toward the SARS-CoV-2-Mpro as compare to other biflavo-
noids. From this study, we can conclude that the structures

having both the functionality are favorable to binds with
SARS-CoV-2-Mpro and exert its inhibitory effect. Also, we
have computed the pharmacokinetic (ADME) properties for
reported biflavonoids using the QikProp application of
Schrodinger software. All the reported bioflavonoids having
the Bioavailability score ranges from 0.17 to 0.55 and
Synthetic accessibility in between 4.05 and 4.66, this study
help to design biflavonoids derivatives with greater potency.

4. Conclusion

At present, there is no any promising drug or vaccine against
SARS-CoV-2. Chemical drugs are not always suitable for
human health due to their adverse effect. Therefore, there is
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¢)

Figure 11. Graphical illustration of the hydrophilic and hydrophobic surface formed by docked biflavonoid within the SARS-CoV-2-Mpro and shown in turquoise

and orange color, respectively.

an urgent need to search for a non-toxic and novel drug
against this deadly virus. Natural compounds have received
immense attention due to their wide range of applications in
human health and diseases without causing any side effects.
Molecular docking is an important tool for drug discovery as
this method provides effective screening in a short time for
probable drugs. In this study, we hypothesized that natural
biflavonoids could act as promising inhibitors to SARS-CoV-2
Mpro. To investigate this, we employed a molecular docking
tool against SARS-CoV-2 Mpro. Binding energy and affinities
between biflavonoids and the Mpro enzyme suggest that all
six biflavonoids demonstrate promising interaction with the
catalytic site of this Mpro enzyme. Comparative molecular
dynamic simulations were carried out to reveal the effect
dynamic behavior of SARS-CoV-2 Mpro upon binding of bifla-
vonoids. One interesting finding revealed from MD studies is
that the RMSD values for the SARS-CoV-2 Mpro C-oo atoms
are within 2.5A suggest that the reported biflavonoids can
make a strong complex with SARS-CoV-2 Mpro. Also, the
reported RMSF values for the binding site residues suggest
that the minimum fluctuations occur when biflavonoids
binds in the binding pocket SARS-CoV-2 Mpro. The com-
puted Prime MM/GBSA binding free energies are thermo-
dynamically favorable. In addition, hydrophobic and
hydrophilic surface mapping on the SARS-CoV-2 Mpro struc-
ture as well as biflavonoids were exploited for the further
lead optimization process. Future in vitro and clinical studies
against SARS-CoV-2 should be considered to get fundamen-
tal activities and mechanisms of these biflavonoids.
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