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The widespread outbreak of the novel coronavirus called severe acute respiratory syndrome coronavirus-
2 (SARS-CoV-2) has caused the main health challenge worldwide. This pandemic has attracted the atten-
tion of the research communities in various fields, prompting efforts to discover rapid drug molecules for
the treatment of the life-threatening COVID-19 disease. This study is aimed at investigating 4H-chromen-
4-one scaffold-containing flavonoids that combat the SARS-CoV-2 virus using computational and in vitro
approaches. Virtual screening studies of the molecule’s library for 4H-chromen-4-one scaffold were per-
formed with the recently reported coronavirus main protease (Mpro, also called 3CLpro) because it plays an
essential role in the maturation and processing of the viral polyprotein. Based on the virtual screening,
the top hit molecules such as isoginkgetin and afzelin molecules were selected for further estimating
in vitro antiviral efficacies against SARS–CoV–2 in Vero cells. Additionally, these molecules were also
docked with RNA-dependent RNA Polymerase (RdRp) to reveal the ligands-protein molecular interaction.
In the in vitro study, isoginkgetin showed remarkable inhibition potency against the SARS-CoV-2 virus,
with an IC50 value of 22.81 lM, compared to remdesivir, chloroquine, and lopinavir with IC50 values of
7.18, 11.63, and 11.49 lM, respectively. Furthermore, the complex stability of isoginkgetin with an active
binding pocket of the SARS-CoV-2 Mpro and RdRp supports its inhibitory potency against the SARS-CoV-2.
Thus, isoginkgetin is a potent leading drug candidate and needs to be used in in vivo trials for the treat-
ment of SARS-CoV-2 infected patients.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

In the COVID-19 pandemic caused by the virulent nature of
human coronavirus called severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) [1,2], the number of people infected
globally is increasing rapidly [3-5]. In the current scenario, SARS-
CoV-2 has caused>38 million COVID-19 cases and more than one
million deaths globally (https://www.worldometers.info/coron-
avirus/) compared to the more virulent and less transmitted
SARS-CoV outbreak in 2002–2003 (which caused only 800 cases
and 774 deaths) [6]. Now, there is an urgent need for antiviral drug
molecules to treat COVID-19 patients.

SARS-CoV-2 is a single-stranded RNA enveloped virus and
encodes two overlapping viral polyproteins named pp1a and
pp1ab. It has a 96.2% similarity with the SARS-CoV virus from
the 2003 SARS epidemic in that both initiate angiotensin-
converting enzyme 2 (ACE2) mediated entry into the host; both
belong to the same Nidovirales virus family, and both originated
from the same part of China. Viral polyproteins are essential for
viral replication and transcription. Viral encoded proteases include
a papain-like protease (PLpro), and the main protease (Mpro), also
known as 3CLPro, where Mpro cleaves to the viral polyproteins at
11 positions, primarily at conserved Leu Gln; Ser Ala Gly;
sequences, and leads to the assemblage of the viral replicase com-
plex [7-9].

As a reported vital role of the SARS-CoV-2 Mpro in virus replica-
tion [10], the SARS-CoV-2 Mpro is an essential molecular drug tar-
get for the development and discovery of antiviral drug
molecules against the novel coronavirus causing COVID-19. Equiv-
alent cleavage specificity has not yet been described for human
proteases, and thus, inhibition of the SARS-CoV-2 Mpro is unlikely
to cause any toxicity in humans [11]. Recently, the X-ray structure
of the SARS-CoV-2 Mpro has been elucidated (PDB ID: 6Y2F) [10],
and this offers a means of discovering its inhibitors. In general,
for the development or repurposing of the antiviral drug against
the SAS-CoV-2, S protein, ACE2, TMPRSS2 (transmembrane pro-
tease serine 2) RNA-dependent RNA polymerase (RdRp), and PLpro

(papain-like protease) are also broadly considered as foremost tar-
gets for the antiviral drugs towards SARS likely SARS-CoV-2 and
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other coronaviruses[12]. Some old drug molecules have been
repurposed against the SARS-CoV-2 such as dexamethasone,
remdesivir, and avifavir [13]. One of them, remdesivir is an adeno-
sine analogue that inhibits viral RNA polymerase with RdRp.
Hence, RdRp is another alternative target for the discovery and
development of possible targeted molecules for the treatment of
COVID-19 patients.

Moreover, in COVID-19 patients, it has been observed that
inflammatory molecule levels (e.g. pro-inflammatory cytokines,
IL-1b, IL-6, IL-7, IL-8, IL-9, IL-10, reactive protein fibroblast growth
factor, granulocyte-colony-stimulating factor, IFN, tumor necrosis
factor, granulocyte–macrophage colony-stimulating factor, macro-
phage inflammatory protein 1 a, and vascular endothelial growth
factor) are higher in the cells of the lung, and lead to acute respira-
tory distress, severe injury, and death [14,15].

Because there are fewer options of marketed repurposed antivi-
ral drugs against the SARS-CoV-2. Owing to the lack of toxicity of
natural flavonoids, and the fact that their ability to synergize with
conventional drug candidates was established, their functional
groups easily interact with cellular targets, and they interrupt var-
ious pathways [16]. Thus, these features make flavonoids possible
candidates for interacting with the coronavirus life cycle. From the
chemical site, flavonoids have the hydroxylated phenolic group
that is responsible for their antioxidant activity and are designed
with two benzene rings (A- and B-rings) and linked with the hete-
rocycle group pyrene scaffold (C-ring). As previously reported, var-
ious pharmacological activities of 4H–chromen-4-one synthetic
scaffolds [17], and the significant advancement of natural flavo-
noids containing 4H-chromen-4-one scaffold have exhibited good
antiviral, antibacterial, anti-inflammatory, anticancer, and antioxi-
dant effects, and they also interrupt the RNA picornavirus and
interfere with the replication cycle of DNA viruses [16,18,19]. Addi-
tionally, ginkgetin, isoginkgetin, and bilobetin are natural flavo-
noids that these molecules have the 4H-chromen-4-one scaffold
and possess significant pharmacological activities [20-22]. Thus,
the importance of all these pharmacological factors has attracted
the attention of various research groups to discover and explore
the role of 4H-chromen-4-one scaffolds against the current
COVID-19 pandemic. Previous in silico studies of various flavonoids
with the SARS-CoV-2 Mpro have recently been reported [23-28],
which suggest that natural flavonoids might be effective drug
molecules against SARS-CoV-2. In these previous studies, ginkge-
tin, isoginkgetin, and bilobetin are among a hundred hits, but no
one has been yet reported any computational stabilities of isogink-
getin and afzelin with the SARS-CoV-2 Mpro or an antiviral in vitro
assay against SARS-CoV-2.

4H–chromen-4-one containing flavonoids possess a broad
range of biological activities including anti-inflammatory effective-
ness [29]. Based on the previous anti-inflammatory role of H–
chromen-4-one, we hypothesized that these molecules may be
effective drug candidates for the treatment of COVID-19 because
the level of the proinflammatory cytokines is high in the lung cells
of COVID-19 patients [30]. Likewise, the recent advantage of the
RdRp and SARS-CoV-2 Mpro targets in the translation of the viral
RNA makes them important molecular targets for the development
SARS-CoV-2 inhibitors. Additionally, the possible binding of 4H-
chromen-4-one scaffold with RdRp and SARS-CoV-2 and its previ-
ous biological activities can make them an effective scaffold for the
discovery of potential lead molecules against the COVID-19 pan-
demic. Consequently, 4H-chromen-4-one containing flavonoids
maybe act not only suppressing the level of the proinflammatory
cytokine in the lung cells of COVID-19 patients but also blocking
the RdRp or SARS-CoV-2 Mpro active binding site, leading to inhibi-
tion of the translation of viral RNA. To corroborate this hypothesis,
we performed virtual screening of a series of 4H–chromen-4-one
containing flavonoids with the SARS-CoV-2 Mpro target. Further,
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the higher binding energy molecules were selected and redocked
with RdRp or SARS-CoV-2 Mpro to confirm the conformation bind-
ing. The molecular dynamic simulation was further performed to
analyze the ligand-receptor complex conformation behavior in
aqueous media. Additionally, density functional theory was used
to reveal the reactivity of molecules. Finally, in vitro antiviral activ-
ities of two flavonoids (namely isoginkgetin and afzelin) were car-
ried out against the SARS-CoV-2 in infected Vero cells. This is the
first report on molecular simulation and in vitro antiviral activities
of isoginkgetin, and afzelin.
2. Materials and methods

2.1. Ligands and SARS-CoV-2 Mpro protein collection

Ligands structures were collected from the PubChem library.
The crystal structure of the SARS-CoV-2 Mpro protein (PDB: 6LU7)
[31] and RNA-dependent RNA polymerase (RdRp), PDB: 6 M71
were retrieved from the RCSB protein database (https://www.
rcsb.org/) at a resolution of 2.16, 2.90 Å, respectively [32]. To refine
the proteins’ structure, the proteins preparation wizards’ tool of
the Schrodinger suite was used. Extra co-crystallizing molecules
of water were deleted, with the essential number of required
hydrogens was included in the complex structure of the SARS-
CoV-2, and RdRp proteins.
2.2. Preparation of ligands and structure-based virtual molecules
screening

Two-dimensional structures of 4H-chromen-4-one containing
flavonoids (total 96) were downloaded in a simulation description
format (SDF) from the PubChem data bank (https://pubchem.ncbi.
nlm.nih.gov/). Flavonoids structures were prepared using LigPrep
tools of the Schrodinger suite, and all molecular structures were
optimized over minimum energy to ensure the essential proper
arrangement of molecules in space using a density functional the-
ory (DFT) approach, Gaussian 09 suite [33,34]. Conformations and
bond orders were minimized and refined using the OPLS 2005
force field [35]. After the energy minimization, all molecular struc-
ture was saved in pdb files. These prepared ligand libraries were
subjected to analysis for structure-based virtual screening with
an active binding pocket of the SARS-CoV-2 Mpro [36]. First, the
active binding pocket of the SARS-CoV-2 Mpro was predicted by
the CASTp server (Fig. 1). Also, the CASTp server predicted the
active binding site of the SARS-CoV-2 Mpro was again confirmed
by VINA random 25 runs between ligands and the SARS-CoV-2
Mpro (Fig. S1). Afterward, the predicted active site was assigned
for the grid to the virtual screening, where drug molecules were
treated as rigid entities although the assigned active pocket of
the receptor was treated as a flexible entity [37,38]. To ensure
the precision of docking results (such as reliability, validation,
and reproducibility), a comparative study of molecular docking
was achieved by two molecular docking methods, namely AUTO-
DOCK [39] and VINA [40]. Also, binding energies, as well as
ligand-receptor interactions, were revealed between natural flavo-
noids and the SARS-CoV-2 Mpro by the two computational
approaches [39]. For the docking with RdRp protein, ARG553,
THR556, THR687 and ALA685 was assigned active pocket. To cap-
ture the visualization of complex structure interactions of afzelin
and isoginkgetin with the protein, BIOVIA Discovery Studio Visual-
izer was used.

https://www.rcsb.org/
https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/


Fig. 1. Ribbon structures of the SARS-CoV-2 Mpro: (A) Possible ligand binding active site predicted by the CASTp server (http://sts.bioe.uic.edu/castp/index.html), where red
indicates more suitable binding, whereas blue and green show a moderate conformation binding pocket. (B) The active binding cavity on the rigid surface of the SARS-CoV-2
Mpro with the interaction of a–ketoamide 13b (a positive control) as a previously reported potent inhibitor of SARS–CoV–2 [41].
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2.3. ADME analysis

For the estimation of pharmacokinetic characteristics of top hit
targeted molecules, we carried out ADME study using the QikProp
software and swissADME, selecting as following properties; topo-
logical polar surface, gastrointestinal absorption, blood–brain bar-
rier permeability, Lipinski violations, bioavailability score, Log Kp
(skin permeation), and CYP1A2 inhibitor. An orally active pharma-
ceutical agent must not have molecular weight > 500 g/mol,
LogP > 5, hydrogen-bond-donating atoms > 5, hydrogen-bond-
accepting atoms > 10, and topological polar surface > 140.
2.4. Estimation of conformational stabilities of flavonoids with SARS-
CoV-2 Mpro by molecular dynamic (MD) simulation

To analyze the conformation stabilities of isoginkgetin and afze-
lin with the SARS-CoV-2 Mpro, molecular dynamic simulations
were carried out in an explicit water solution using YASARA
dynamic software [42] on a SAMSUNG Intel Core i5-CPU with
4 GB RAM running the Windows 7 enterprise version (64-bit).
The best molecular docking binding conformations of complexes
were subjected to evaluation of their binding energy, as well as
RMSD with the SARS-CoV-2 Mpro, over the MD run from 0 to
50.7 ns. For the complex structure of natural flavonoids with the
SARS-CoV-2 Mpro, simulation cells were defined using periodic cell
boundaries and were filled with an explicit water solvent at
0.997 g/L (density). A periodic simulation cell boundary, with a size
of X = 61.30 A�, Y = 82.84 A�, and Z = 52.14 A�, was built around the
whole complex system. The required amount of chloride and
sodium ions was arbitrarily placed to attain the desire charge for
the neutrality of the complex system. Pka values were only pre-
dicted for the sidechains of His, Asp, Lys, and Glu residues [43]. Ini-
tially, 298 K temperature was assigned and gradually increased to
achieve equilibrium. Afterward, an AMBER14 molecular dynamic
3

force field was selected under physiological conditions at 0.9%
NaCl, and pH 7.4 for MD simulation [44]. The total energy of the
system was minimized initially via steepest descent minimization,
as in a previously described method [45]. Finally, the complex sys-
tem structure was submitted to an MD run of>100 ns at a 310 K,
constant temperature, and 1 ps pressure. MD trajectories were
saved for every 250 ps for further analysis. These MD trajectories
were subjected to evaluate the RMSD of backbone, heavy atoms
by the YASARA template file (md_analysis.mcr). Also, the binding
energy of each conformation of complexes was analyzed by the
YASARA template file (md_analyzebindenergy.mcr) [42]. The usual
conformation stabilities of models were assessed from simulations
and root means square deviations (RMSDs). According to the
YASARA manual, free binding energies were analyzed without
the participation of the entropy term. YASARA delivers positive
binding energies, and thus, higher positive energies show favorable
binding with a receptor in the assigned force field, although nega-
tive binding energies specify a weak binding. Finally, trajectory
analysis data were found via MD simulation and denoted graphi-
cally using SigmaPlot 10.0. The flavonoids–SARS-CoV-2 Mpro bind-
ing conformation complexes were visualized using the Discovery
Studio visualization software.

2.5. Structural stability of natural flavonoids determined by density
functional theory

To optimize and evaluate the stability of the chemical struc-
tures of flavonoids, frontier molecular orbitals (FMOs) including
lowest unoccupied molecular orbitals (LUMO), and highest occu-
pied molecular orbitals (HOMOs) were analyzed using DFT [46].
Also, to determine the stability and reactivity of the orbitals of nat-
ural flavonoids, HOMO–LUMO energy gaps for flavonoid molecules
were analyzed with the following equation [47]:

DE ¼ ELUMO � EHOMO ð1Þ

http://sts.bioe.uic.edu/castp/index.html
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Chemical hardness (g) and chemical potentials (l) were calcu-
lated using the energy associated with HOMOs and LUMOs:

l ¼ ELUMOþ EHOMO
2

ð2Þ
g ¼ ELUMO� EHOMO
2

ð3Þ

Electronegativity (v) and electrophilicity (x) were estimated by
using ionization potentials (I), which are mostly defined as nega-
tive EHOMO values, while electron affinity (A) was defined as being
equal to negative ELUMO values:

v ¼ I þ A
2

ð4Þ
x ¼ l2
2g

ð5Þ

For optimization of flavonoid chemical structures, B3LYP level
theory with acetone as a solvent media was used with a program
of the Gaussian 09 suite, where a large gap between HOMO and
LUMO orbitals showed better stability in the chemical structure
of molecules, and theg value indicates the reactivity of a molecule,
i.e. a higher value for g shows less reactivity of the chemical scaf-
fold [46].
2.6. In vitro assessment of antiviral potency of natural flavonoids
against SARS-CoV-2

The antiviral activities of flavonoids were estimated per a previ-
ously described method [48], and for this process, viral infected
cells were used for antibodies specific to the viral nucleocapsid
(N) protein. A dose–response curve (DRC) was made for individual
compounds. The images were analyzed with immunofluorescence
using Columbus software (Perkin Elmer). From the American Type
Culture Collection (ATCC-CCL81), Vero cells were obtained for
in vitro drug screening assays. Cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM; Welgene) containing 1X antibi-
otic–antimycotic solution (Gibco) and 10% heat-inactivated fetal
bovine serum (FBS) in a 5% CO2 atmosphere at 37 �C. The SARS-
CoV-2 virus (bCoV/KOR/KCDC03/2020) was obtained from the
Korea Centers for Disease Control and Prevention (KCDC) and
was propagated in Vero cells. Institute Pasteur South Korea sup-
ported this research, which was performed with the agreement
of, and rules issued through, the Korea National Institute of Health
(KNIH), South Korea, using Level 3 biosafety control procedures in
laboratories approved for use by the KCDC.
2.7. Drug and reagents

Isoginkgetin (MW-566.51 g/mol), % purity � 98% (HPLC) and
afzelin (432.38 g/mol), % purity � 90% (LC/MS-UV) were purchased
from Sigma-Aldrich, and chloroquine, lopinavir, and remdesivir
(used as reference compounds) were bought from Sigma-Aldrich,
SelleckChem, and MedChemExpress, respectively. The anti-SARS-
CoV-2 N protein antibody was purchased from Sino Biological
Inc. (China), with Hoechst-33342 and the Alexa Fluor-488 goat
anti-rabbit IgG (H + L) secondary antibody purchased from Molec-
ular Probes. Also, paraformaldehyde (PFA) (a 32% aqueous solu-
tion) and normal goat serum were obtained from Vector
Laboratories, Inc. (Burlingame, CA) and Electron Microscopy
Sciences (Hatfield, PA), respectively. Chloroquine was mixed in
Dulbecco’s Phosphate-Buffered Saline (DPBS; Welgene). For
in vitro studies, all reagents were well mixed in DMSO.
4

2.8. Dose-response curve analysis using an immunofluorescence
method

DRC analysis was performed using the immunofluorescence
method in the previously described protocol [48]. Briefly, 384-
tissue culture lClear plates (Greiner Bio-One) were inoculated
with Vero cells (1.2 � 104 cells/well) in a 1X antibiotic–antimycotic
solution (Gibco) and DMEM containing 2% FBS in black, were per-
mitted to stand for 24 h, and afterward, a 100 lM concentration of
compounds was prepared at 10 points via serial dilution twice in
DMSO. After 1 h, the compound treatment was moved into a
BSL-3 containment facility, and plates were infected with SARS-
CoV-2 added at a MOI of 0.0125 and kept at 37 �C for 24 h. Later,
cells were fixed with a 4% PFA and an anti-SARS-CoV-2 nucleocap-
sid (N) primary antibody and treated with the Alexa Fluor 488-
conjugated goat anti-rabbit IgG secondary antibody and Hoechst.
Later, fluorescence images of infected cells were analyzed via
immunofluorescence imaging using the Operetta system (Perkin
Elmer). Images were acquired using Columbus software. The total
number of cells in each well was calculated by the number of
nuclei stained with Hoechst, and the number of infected cells
was calculated as the number of cells expressing the N protein.
Therefore, the infection ratio of the N protein was calculated as
the number of expressed cells to the total number of cells. The
infection ratios, cell numbers, and antiviral activity were normal-
ized versus negative (0.5% DMSO) and positive (mock) controls.
DRCs were fitted using the following sigmoidal dose–response
model: Y = Bottom + (Top - Bottom)/(1 +(IC50/X)Hillslope), using
Prism software. Finally, IC50 values were calculated from the nor-
malized activity data set–fitted curves. IC50 and CC50 values were
calculated in duplicate, and the quality of each assay was verified
using the coefficients of variation and Z’ factors.
3. Results

3.1. Molecular docking of flavonoids with the SARS-CoV-2 Mpro to
explore the molecular interactions

To reveal the interactions between natural flavonoids and the
SARS-CoV-2 Mpro, we performed virtual screening of a series of
4H-chromen-4-one scaffold-containing natural flavonoids in total
96 (Table S1). The binding domain of the active pocket of the
SARS-CoV-2 Mpro was confirmed by the CASTp server and random
25 dockings with the SARS-CoV-2 Mpro, where we found that
domain 1 of SARS-CoV-2 is the main binding pocket for the drug
molecules, which is similar to the previously reported positive con-
trol a-ketoamide 13b binding [41]. All 4H-chromen-4-one
scaffold-containing molecules were screened with the same pre-
dicted active binding site of the SARS-CoV-2 Mpro, and as a result,
all compound’s binding affinities were found in the range
�6.0 kcal/mol to �9.7 kcal/mol (VINA) (Table S1). Furthermore,
redocking studies using AUTODOCK were carried out for three
good binding flavonoids (below �9 kcal/mol) with the SARS-CoV-
2 Mpro, showing that binding energies range between �11.3 and
13.5 kcal/mol (Table 1). Thus, three highly ranked flavonoids, such
as isoginkgetin, bilobetin, and afzelin, were selected to reveal their
interaction with the SARS-CoV-2 Mpro. For example, isoginkgetin
exhibited good binding with the active binding domain of the
SARS–CoV-2 Mpro at �13.58 kcal/mol, compared to positive control
a-ketoamide (13b), chloroquine, remdesivir, and lopinavir at
�9.50, �6.99, �9.13 and �8.93 kcal/mol, respectively. Also, it
was found that isoginkgetin formed eight p-p bonds, and one
hydrogen bond with amino acid residues Thr26, Gly113, Asn142,
Cys145, His163, Met165, and Glu166 of the SARS-CoV-2 Mpro,
which have common binding amino acid residues similar to those



Table 1
Molecular binding affinities of isoginkgetin, bilobetin, afzelin, a-ketoamide 13b, chloroquine, remdesivir, and lopinavir with the SARS-CoV-2 Mpro. Commonly observed amino
acid residues are indicated in a blue font, where isoginkgetin, bilobetin, and afzelin are the test molecules while a-ketoamide 13b, [41] chloroquine, remdesivir, and lopinavir are
a positive control.

Name
(PubChem ID)

Chemical
structure

Binding
energy:
VINA
(kcal/mol)

Binding energy:
AUTODOCK
(kcal/mol)

Interacting amino acids Bonds

Isoginkgetin
(5318569)

�9.38 �13.58 Thr26, Gly 113, Asn142, Cys145, His163, Met165, Glu166 8p-p,
1H

Bilobetin
(5315459)

�9.75 �12.13 His41, Asn142, His163, Met165, Pro168, Gln189, Thr190,
Gln192

6 p-p,
4H

Afzelin
(5316673)

�9.02 �11.36 His41, Met165, Glu166, Asp187, Gln189 10p-p,
1H

a-Ketoamide 13b
(PC)

�7.11 �9.50 His41, Cys145, Met165, Glu166, Leu167, Gln189 6 p-p,
6H

Chloroquine
(PC)

�5.71 �6.99 Leu27, His41, Met49, Cys145, Met165, Glu166, Gln189 7 p-p,

Remdesivir
(PC)

�7.89 �9.13 Asn142, Ser144, Cys145, His164, Glu166, Thr190 4 p-p,
6H

Lopinavir (PC) �6.97 �8.93 Leu27, His41, Met49, Asn142, Gly143, Cys145, Pro168, Gyn189 9 p-p,
2H

Fig. 2. Three-dimensional conformations of ligand-SARS-CoV-2 Mpro protein interactions for (A) Afzelin, (B) Isoginkgetin, (C) a-Ketoamide 13b (D) Chloroquine, (E)
Remdesivir, and (F) Lopinavir (positive control). Dotted green lines show hydrogen bonds between amino acid residues of the SARS-CoV-2 Mpro and ligands.
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of positive controls Cys145, Met165, and Glu166 (Fig. 2). Addition-
ally, isoginkogetin exhibited a better binding conformation com-
pared with chloroquine, remdesivir, and lopinavir as shown in
Table 1. Bilobetin and afzelin showed binding energies of �12.13
and �11.36 kcal/mol, respectively, along with bonds of six p-p,
four hydrogens, and ten p-p, one hydrogen, compared to the pos-
itive control (at �9.50 kcal/mol). Isoginkgetin has a structural sim-
ilarity with bilobetin, therefore among them, we have selected
isoginkgetin and afzelin for further study. Importantly, molecular
docking results collectively suggested that His42, Cys145,
Met165, Glu166, and Gln189 are the common binding amino acids,
which are required for binding with the active pocket domain of
the SARS-CoV-2 Mpro (Table 1).

The inhibition constant (Kipredicted) values of analyzed docking
complexes were calculated by the following equation.

DG ¼ RTðKipredictedÞ

Kipredicted ¼ eDG=RT

where gas constant R is 1.985 � 10�3 kcal mol�1 K�1, DG is the
binding energy of ligand-complex (kcal/mol), and room tempera-
ture T is 298.15 Kelvin.

The inhibitory constant Ki was found for isoginkgetin and afze-
lin are 22.94 and 19.19 mM, respectively.

Additionally, to discover the significant binding conformational
of top three score molecules with the active pocket of RdRp, iso-
ginkgetin, bilobetin, and afzelin were re-docked, and the result
was compared with the three positive marketed drugs, chloro-
quine, remdesivir, and lopinavir. The binding affinities were esti-
mated in terms of negative values. As shown in the Table S2,
isoginkgetin exhibited the �8.30 kcal/mol binding energy with
RdRp compared to the positive control. Remarkably, all three mole-
cules along with three positive controls exhibited residence in the
selective binding cavity of RdRp. On the other hand, redocking of
targeted ligands also exhibited considerable alignment with the
crystal structure of RdRp. Therefore, these findings suggested that
docked ligand molecules occupied the selective pocket in the RdRp
Fig. 3. Three-dimensional conformations of ligand-RdRp (PDB; 6 M71) protein interaction
(F) Lopinavir (positive control). Dotted green lines show hydrogen bonds between amin

6

as three molecules. Consequently, the used docking protocol
endorses that identified ligands might work as a selective inhibitor
of RdRp.

Likewise, each selected pose of 4H-chromen-4-one scaffold
with RdRp was analyzed for binding affinity and molecular con-
traction between ligand and active pocket of the receptor, includ-
ing hydrogen and p–p bonding with amino acid residues (Fig. 3.).
Among all dock complexes, isoginkgetin-RdRp complex revealed
the highest �8.30 kcal/mol docking score through the formation
of hydrogen bonds and p–p interactions with RdRp amino acid
residues (Table S2). While afzelin-RdRp showed �7.17 kcal/mol
lowest docking score by a substantial contribution of 4 p–p and
4 hydrogen bonds interaction. Consequently, isoginkgetin has bet-
ter conformational binding stability with the active domain of
RdRp compared to afzelin. The molecular conformation binding
of isoginkgetin with Mpro and RdRp suggests that isoginkgetin
can bind with both targeted proteins.
3.2. Druggable pharmacokinetic profile

Regarding the estimation of molecules sorted from Mpro tar-
geted library with their pharmacokinetic characteristic are shown
in Table 2. Based on the calculated pharmacokinetic profile of tar-
geted molecules isoginkgetin, bilobetin, and afzelin, a low level of
gastrointestinal absorption was found. Additionally, the one viola-
tion of the Lipinski rule was shown by isoginkgetin, and bilobetin
due to their > 500 g/mol molecular weight while afzelin exhibited
the one violation of Lipinski rule owing to NH or OH > 5H-bond
donors. As reported that 80 % of the compounds that fail to rule
of five are not permeable while 48 % of those that pass are not per-
meable. All these tested compounds exhibited a considerable range
of bioavailability scores. Hence, these parameters collectively indi-
cate that these molecular are further needed to be investigated
in vivo pharmacokinetic parameters.
s for (A) Afzelin, (B) Bilobetin, (c) Isoginkgetin, (D) Chloroquine, (E) Remdesivir, and
o acid residues of the RdRp and ligands.



Table 2
Various physicochemical parameters of flavonoids to reveal the possible ADME
properties.

Parameters Value

Isoginkgetin Bilobetin Afzelin

Formula C32H22O10 C31H20O10 C21H20O10

Molecular weight 566.51 g/mol 552.48 g/mol 432.38 g/mol
H-bond acceptors 10 10 10
H-bond donors 4 5 6
Topological polar

surface area
159.80 Å2 170.80 Å2 170.05 Å2

Gastrointestinal
absorption

Low low Low

Blood-brain barrier
permeability

No No No

Lipinski violations Yes; 1
violation:
MW > 500

Yes; 1
violation:
MW > 500

Yes; 1 violation:
NH or OH > 5

Bioavailability
score

0.55 0.55 0.55

Log Kp (skin
permeation)

�5.72 cm/s �5.86 cm/s �8.07 cm/s

CYP1A2 inhibitor No No No

Table 3
DFT calculation results of isoginkgetin and afzelin for quantum chemical parameters.

Quantum chemical parameters (eV) Isoginkgetin Afzelin

HOMO �5.73 �5.66
LUMO �1.58 �1.47
Energy gap (DE) 4.15 4.18
Chemical potential (m) �3.65 �3.56
Electron affinity (A) 1.58 1.47
Global hardness (g) 2.07 2.09
Ionization potential (I) 5.73 5.66
Electronegativity (v) 3.65 3.56
Electrophilicity (x) 3.20 3.03
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3.3. Stability conformation study of natural flavonoids via density
functional theory (DFT)

Density functional theory was used to determine the frontier
molecular orbitals, the highest occupied molecular orbitals, and
the lowest unoccupied molecule orbitals, of natural flavonoids.
According to the FMO, the HOMO acts as an electron donor
whereas the LUMO acts as an electron acceptor. To reveal the factor
affecting such biological properties, molecular reactivities, ioniza-
tion, and electron affinities of molecules, FMO theory for HOMOs
and LUMOs is essential. Thus, it can be suggested that FMO studies
can explore significant insights into the molecular mechanism of
the active drug molecule. As a result of DFT calculations, isoginkge-
tin and afzelin showed a similar pattern of energy gaps between
HOMOs and LUMOs of 4.15 and 4.18 eV, respectively (Table 3).
The slightly similar energy gaps between both the isoginkgetin
and afzelin the orbitals suggest that both molecules have similar
stabilities. As shown in Fig. 4, the HOMO is located at the 5,7-dihy
droxy-2-(4-hydroxyphenyl)-4H-chromen-4-one scaffold and the
oxygen of the 2H-pyron ring, while the LUMO is at the 5,7-dihy
droxy-2-(4-hydroxyphenyl)-4H-chromen-4-one scaffold of afzelin.
For isoginkgetin, the HOMO is shown at 5,7-dihydroxy-2-(4-meth
oxyphenyl)-4H-chromen-4-one, and the LUMO is displayed at
another similar 5,7-dihydroxy-2-(4-methoxyphenyl)-4H-chro
men-4-one scaffold because isoginkgetin is the dimeric structure
of two fused similar 5,7-dihydroxy-2-(4-methoxyphenyl)-4H-chro
men-4-one scaffolds. Therefore, that suggests a single monomeric
scaffold of isoginkgetin may participate in biological activity, while
the other one, 7-dihydroxy-2-(4-methoxyphenyl)-4H-chromen-4-
one scaffold may contribute to pharmacokinetic profiles due to
the bulkiness of the isoginkgetin structure. Thus, 5,7-dihydroxy-2
-(4-methoxyphenyl)-4H-chromen-4-one scaffold of isoginkgetin
and afzelin will form an interaction with the active binding pocket
of the SARS-CoV-2 Mpro, giving rise to the desired biological activ-
ity. As shown in Table 3, the reactivity order of molecules is as fol-
lowing; isoginkgetin > afzelin. The optimized structure of natural
flavonoids shows that the oxygen of the pyron ring and the ketonic
oxygen of the chromene ring have a higher electronic charge and a
lower atomic charge at �0.47 and �0.49, respectively. Therefore, it
is assumed that oxygen of the pyron ring and ketonic oxygen of the
chromene ring are favored to interact with the positively charged
atoms of amino acid residues of the active binding pocket of the
receptor, compared to other oxygens atoms of isoginkgetin and
afzelin rings.
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3.4. Evaluation of flavonoid–SARS-CoV-2 Mpro complex stabilities via
molecular dynamic (MD) simulation

In the solution medium, the motion and conformation stabili-
ties of flavonoid–SARS-CoV-2 Mpro complexes were analyzed using
MD simulation. The root-mean-square deviation (RMSD) and
ligand binding energies were analyzed by using generated trajecto-
ries of ligand-receptor complexes overtime over>100 ns (Fig. 5).
The average binding energies of isoginkgetin and afzelin were
found to be 46.12 and 51.23 kcal/mol, respectively. These binding
energies as per the selected force field suggested that isoginkgetin
bound strongly with the SARS-CoV-2 Mpro throughout the MD runs
compared to afzelin. Isoginkgetin–SARS-CoV-2 Mpro complexe
showed equilibrium in trajectories after 60 ns and indicated RSMD
complex stability during the 100 ns MD run. While afzelin–SARS-
CoV-2 Mpro complex exhibited more backbone fluctuation during
MD run. The binding energies of the afzelin complex showed rela-
tively high fluctuations (-100 to 300 kcal/mol) compared to iso-
ginkgetin (-100 to 200 kcal/mol), indicating the afzelin complex
with the SARS-CoV-2 Mpro has less stable conformational over
100 ns during MD run. The RMSD backbone of isoginkgetin–
SARS-CoV-2 Mpro has better conformation stability compared to
the afzelin–SARS-CoV-2 Mpro complex. Supporting the isoginkgetin
was tightly bound with the active pocket SARS-CoV-2 Mpro. Addi-
tionally, the stability profiles of the SARS-CoV-2 Mpro with isogink-
getin and afzelin complexes from the MD simulation are
represented in Fig. 5, where the starting complex poses of isogink-
getin was similar to the last complex binding pose, while afzelin
was dissimilar to the binding position in the initial and last com-
plex poses (Fig. 5E, F). These observations suggest that isoginkgetin
is the stable molecule with the active binding domain of the SARS-
CoV-2 Mpro.
3.5. Assessment of in vitro antiviral potencies of isoginkgetin and
afzelin against the SARS–CoV-2 virus

According to the virtual screening results of flavonoids with the
SARS-CoV-2 Mpro, two natural flavonoids, isoginkgetin and afzelin,
were assigned to be evaluated for their in vitro antiviral activities
using SARS-CoV-2–infected Vero cells, as previously reported
[48]. Confocal microscope images of the viral N protein and the cell
nuclei were evaluated using the Operetta system (Parkin Elmer),
and a DRC was estimated for each distinct tested molecule
(Fig. 6). Three standard drugs (chloroquine, remdesivir, and lopina-
vir) were used as positive controls; they have an IC50 of 11.63, 7.18,
and 11.49 lM, respectively, which is similar to earlier reported
studies [48]. Isoginkgetin exhibited remarkable antiviral activity
against SARS-CoV-2 (an IC50 value of 22.81 lM) compared to the
three positive controls (IC50 values from 7.18 to 11.63 lM). How-
ever, afzelin showed an IC50 of>100 lM against SARS-CoV-2 (i.e.,
it showed ineffectiveness against SARS-CoV-2). Isoginkgetin also
exhibited higher inhibition of the SARS-CoV-2 virus at a concentra-



Fig. 4. Optimized molecular geometries differentiated into LUMO and HOMO, along with the energy gap of (A) isoginkgetin and (B) afzelin, were calculated using the DFT
approach, and the optimized structures of (C) isoginkgetin and (D) afzelin are labeled with the atomic numbering of the electron distribution around the respective molecules.

Fig. 5. The plots show the stability study of the interactions between afzelin, isoginkgetin, and SARS-CoV-2 Mpro complexes in an MD simulation over time, respectively. (A-B)
RMSD and binding energy profiles of isoginkgetin–SARS-CoV-2 Mpro complex estimation during the MD simulation, determined using YASARA. (C-D) RMSD and binding
energy profiles of afzelin–SARS-CoV-2 Mpro complex estimation during the MD simulation using YASARA. CA is Ca atoms of proteins while heavy atoms are all except
hydrogen. The comparative binding positions of flavonoid–SARS-CoV-2 Mpro complexes were analyzed before and after long runs of MD simulations for (E) isoginkgetin and
(F) afzelin with the SARS-CoV-2 Mpro.
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tion of 50 lM (�84 %), and the Vero cell survival ratio was � 61%
(Fig. 6). Also, it was noticed that inhibition of the SARS-CoV-2 virus
increased with increased concentrations (at a 100 lM concentra-
tion, �90% inhibition), but the host cell survival ratio slightly
decreased at a concentration of 100 lM (�50%). Therefore,
�50 lM of isoginkgetin is relatively safe for inhibiting the SARS-
CoV-2 in vitro.

4. Discussion

With the rapid global spread of the COVID-19 pandemic,
there are still limited options for the treatment of infected
8

patients [49], leading to attention from the scientific community
and efforts to discover a rapid alternative drug molecule for the
treatment of COVID-19. In the present work, we attempted to
discover potent flavonoid drug molecules against SARS-CoV-2,
because natural flavonoid molecules have a broad range of bio-
logical activities with minimal, or no cytotoxicity [50]. We repur-
posed natural flavonoids for antiviral potency against SARS-CoV-
2 using computational and in vitro approaches. From the compu-
tational studies, we found that isoginkgetin, bilobetin, and afze-
lin showed better binding with the well-known SARS-CoV-2 MPro

active binding pocket, and these results were compared to the
previously reported MPro inhibitor namely a-ketoamide 13b



Fig. 6. Dose-response curve analysis of three control drugs (chloroquine, remdesivir, and lopinavir) and the two flavonoids (isoginkgetin and afzelin). The blue line represents
inhibition of SARS-CoV-2 infection (%) and the red line denotes Vero cell viability (%). Mean ± SD was calculated from the results in duplicate experiments. All values are in
lM, where IC50, CC50, and SI mean 50% inhibition, 50% cytotoxicity, and selectivity index, respectively.

Fig. 7. A plausible mechanism of isoginkgetin binds with SARS-CoV-2 Mpro and RdRp; Structure features of SARS-CoV-2 and its main SARS-CoV-2 Mpro, where the main
SARS-CoV-2 Mpro plays an important role in host lung cells for releasing SARS-CoV-2 RNA and translation of the viral genome RNA to produce viral replicase polyproteins pp1a
and 1ab and their subsequent cleavage by viral proteinases into small viral proteins. Furthermore, viral proteins and genome RNA gather into virions in the ER and Golgi.
Additionally, RdRp forms RdRp complex and with geneomic and subgenomic RNA and leads to the translation of subgenomic mRNA into structural and necessary proteins.
Consequently, forming the virion such as SARS-CoV-2 and transported in vesicles to the extracellular compartment [32].
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[41]. On the other hand, isoginkgetin shows substantial complex
stability after 60 ns in MD simulation with the active binding
pocket of the SARS-CoV-2 Mpro (Fig. 5) and also exhibits chemi-
9

cal structural stability during the DFT calculation. Based on in sil-
ico results and structure similarity between bilobetin, and
isoginkgetin, two molecules such as isoginkgetin and afzelin
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have been selected for further in vitro antiviral assays (Table 1
and Fig. 6). Among two flavonoids, in vitro antiviral assay, iso-
ginkgetin showed remarkable antiviral activity against SARS-
CoV-2, and the result was compared with three marketed drugs
as positive controls such as chloroquine, remdesivir, and lopina-
vir (Fig. 6). A recent study reported that isoginkgetin affects pre-
mRNA splicing may be modulating RNA polymerase elongation
rates [51,52]. Based on this previous report[53] of isoginkgetin
effect towards pre-mRNA splicing and our current study about
the effectiveness of isoginkgetin towards the SARS-CoV-2 suggest
that isoginkgetin can be an effective drug candidate for the
development of COVID-19 inhibitor. Additionally, the earlier
reported anti-inflammatory activity of isoginkgetin, by activating
a macrophage suggests that might be a better alternative to
reduce the inflammatory markers in the lung[54]. Because
inflammatory cytokines are high in the lung cell of COVID-19
patients. To confirm the further anti-inflammatory activity of
isoginkgetin towards the lung cells, in vitro and in vivo anti-
inflammatory studies are needed. Although, 12–18 mg/kg doses
of isoginkgetin were reported safer in vivo in an animal model
for the treatment of cancer [55]. Hence, collectively previous
reports and our current study outcomes suggested that isogink-
getin might work against the SARS-CoV-2 [54,55]. Thus, further
in vivo estimation of isoginkgetin against the COVID-19 is part
of future interest.

Based on previous biological activities and current COVID-19
research, the plausible mechanism of isoginkgetin can be sug-
gested to inhibit the SARS-CoV-2 because it is well known that
the structural features of SARS-CoV-2 contain several proteins
like spike glycoprotein (S), the SARS-CoV-2 Mpro, chymotrypsin-
like main protease, RNA polymerase, and papain-like protease
(Fig. 7) [56]. The S-protein of SARS-CoV-2 initiates host viral
entry through binding with an ACE2 (cellular receptor) using
an endosomal pathway [57-59], which leads to the release of
viral RNA. Importantly, remdesivir was reproposed for targeting
RNA-dependent RNA polymerase (RdRp) and inhibits the viral
RNA synthesis [60]. The critical role of this enzyme in the viral
lifecycle, RdRp is an attractive target for the treatment of
COVID-19. The molecular docking result of the current study
reveals the binding interaction of the targeted molecule with
RdRp. For the support of this interaction study, in vivo study is
part of interest.

The released viral RNA starts the viral translation by convert-
ing the viral genome RNA into replicase polyproteins 1ab and
pp1a, which are cleaved by the SARS-CoV-2 Mpro and a papain-
like protease into essential small viral proteins (Fig. 7). Further-
more, genome RNA and viral proteins accumulate into virions in
the ER and Golgi, and SARS-CoV-2 is transported in vesicles to
the extracellular compartment. Throughout this process, M1
pro-inflammatory macrophages and T-helper cells secrete inter-
leukins and induce inflammation inside lung cells [61,62]. Thus,
the significant role of SARS-CoV-2 Mpro protein in the translation
process of viral RNA inside side the host cell is another promi-
nent drug target. Although there is no similar viral protease in
the host identified yet. Consequently, SARS-CoV-2 Mpro targeted
inhibitors highly exert selectivity towards SARS-CoV-2 instead
of human cells. The result of molecular docking of our present
study suggests that isoginkgetin shows a better binding affinity
with SARS-CoV-2 Mpro.

With the above-mentioned important role of the SARS-CoV-2
Mpro and RdRp in viral translation, and the current collective con-
sequences of our computational molecular docking, ADME, DFT,
MD simulation, and the in vitro antiviral potencies of isoginkgetin
against SARS–CoV-2, it can be predicted that Mpro and RdRp are a
target for isoginkgetin. It would be fascinating to verify this predic-
tion in vivo.
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5. Conclusion

In summary, this study was conducted to repurpose natural fla-
vonoids for antiviral activity against SARS-CoV-2. Combining sev-
eral computational tools and in vitro effectiveness of isoginkgetin
against SARS-CoV-2 in infected Vero cells, we can conclude that
isoginkgetin has antiviral activity against SARS-CoV-2 and further
molecular binding interaction revealed that isoginkgetin can bind
with the active pocket domain of SARS-CoV-2 Mpro or RdRp against
SARS-CoV-2 and may inhibit the active binding pocket of these tar-
geted proteins. These outcomes collectively support our purposed
hypothesis that 4H-chromen-4-one scaffold containing isoginkge-
tin might work as an effective drug candidate against the SARS-
CoV-2, in vitro and further conformation binding of isoginkgetin
revealed the binding pattern with Mpro or RdRp proteins. These
facts are useful to understand the mechanistic aspects to inhibit
viral protein translation, participating in SARS-CoV-2 Mpro or RdRp
by screened ligands and support to understand the stability and
interaction of protein-ligands complexes. The current in vitro effi-
cacy of isoginkgetin as an antiviral agent and conformation interac-
tion studies collectively suggest that isoginkgetin may be used as a
potential molecule to develop the antiviral drug against the SARS-
CoV-2.
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