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A B S T R A C T   

Molecular docking studies were done to show the inhibitory effect of two naturally occurring biflavone based 
anti-HIV agents, hinokiflavone and robustaflavone against the SARS-CoV-2 spike (S) protein mediated attack on 
the human ACE2 receptors via membrane fusion mechanism. Nefamostat, a FDA approved drug, well-known as a 
serine protease inhibitor for MERS-CoV infection, was used as the reference compound. Both the biflavones, 
showed potential as inhibitors for SARS-CoV-2 S protein-mediated viral entry. The binding affinities of these 
naturally occurring biflavones for RBD-S2 subunit protein of SARS-CoV-2 were explored for the first time. Such 
binding affinities play a critical role in the virus-cell membrane fusion process. These biflavones are able to 
interact more strongly with the residues of heptad repeat 1 and 2 (HR1 and HR2) regions of S2 protein of SARS- 
CoV-2 compared to nefamostat, and thus, these biflavones can effectively block the formation of six-helix bundle 
core fusion structure (6-HB) leading to the inhibition of virus-target cell-membrane fusion.   

1. Introduction 

By the end of 2019, scientists came to know about a novel Corona 
virus, SARS-CoV-2 [Severe Acute Respiratory Syndrome-Corona virus- 
2] causing COVID-19 (Corona Virus Disease-19). This initially affected 
people of Wuhan city of China. Later, this virus became the root cause of 
deaths and untold sufferings of millions of people around the globe due 
to the unavailability of specific medicine/vaccine or therapeutic 
strategies. 

Corona viruses (CoVs) are a family of RNA viruses, responsible for 
mild as well as a range of severe respiratory disease outbreaks and ep-
idemics in human in last two decades e.g. Severe Acute Respiratory 
Syndrome (SARS) and Middle East Respiratory Syndrome (MERS) 
(World Health Organization, 2019; Masters, 2006; Corman et al., 2019; 
Lu et al., 2015; WHO, 2004; WHO, 2016). Like, SARS-CoV and 
MERS-CoV, the very deadly SARS-CoV-2 belongs to β genus of CoVs 
containing positive-strand RNA (Wu et al., 2020). The size of the 
genome of SARS-CoV-2 falls in the range of ~30 kb involving 6 to 11 
open ring frames (ORFs) (Song et al., 2019). Approximately, 67% of the 
entire genome is mainly located in the first ORF (ORF1a/ORF1b) which 
processes two polyproteins, pp1a and pp1ab and also encodes 16–17 

non-structural proteins (NSPs) e.g. 3-chymotrypsin-like protease 
(3CLpro), papain-like protease (PLpro), helicase and RNA-dependent RNA 
polymerase (RdRp) (Dömling and Gao, 2020). The remaining ORFs 
encode accessory and structural proteins (Cui et al., 2019). Though 
SARS-CoV-2 genome has large size (characteristic of RNA virus), it 
genome encodes for fewer structural proteins; among which four major 
structural proteins are worth of mentioning: the structural spike (S) 
glycoprotein, small envelop (E) protein, nucleocapsid (N) protein and 
membrane (M) protein. These are essential for reproduction of a struc-
turally complete virus particle (Dömling and Gao, 2020). 

The spike (S) glycoprotein of CoVs, is responsible for the crown-like 
shape of the virus (Scheme 1 (a)) and belong to class-I viral fusion 
proteins, which facilitates the viral entry process into host cells through 
the binding with the receptors of the host cells, host tropism and path-
ogenesis (Lu et al., 2015; Millet and Whittaker, 2014). The binding of 
viral S protein through its receptor-binding domain (RBD) to the host 
cells instigates various vital steps necessary for viral infections e.g. 
fusion of viral and host membranes (Li, 2016; Zhu et al., 2018). The S 
proteins attacks the angiotensin-converting enzyme2 (ACE2) receptors 
of the host via its RBD and triggers a cascade of inflammation in the 
lower respiratory tract (Ksiazek et al., 2003; Kuba et al., 2005). Trimeric 
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spike (S) glycoprotein is comprised of two functional subunits proteins, 
among them S1 subunit is responsible for binding to the host cell ACE2 
receptors and induces concomitant changes in the conformation in the 
S2 subunit; which in turn, facilitates the infection of human cells via 
membrane fusion mechanism (Scheme 1) (Jaimes et al., 2020a). 

Recent structural and biophysical data showed the evidence of the 
binding affinity of SARS-CoV-2 S protein with ACE2 receptors of host 
cells (Hoffmann et al., 2020; Wrapp et al., 2020). Furthermore, such 
effect is much more pronounced in case of SARS-CoV-2 S protein. 
Because the binding affinity of S1 subunit of SARS-CoV-2 is higher than 
that of the SARS-CoV. This is attributed to the higher infectivity of novel 
SARS-CoV-2 compared to SARS-CoV (Hoffmann et al., 2020; Wrapp 
et al., 2020). Comparative analysis of spike (S) glycoprotein by protein 
sequence alignment of SARS-CoV-2 with SARS-CoV shows 76% of 
sequence identity [Scheme 1(b)] (Zhou et al., 2020; Jaimes et al., 
2020b). Therefore, to develop specific SARS-CoV-2 fusion inhibitors, it 
is very much necessary to study the fusion capacity of SARS-CoV-2 
compared to that of SARS-CoV. As an alternate strategy, various 
research groups target the viral S protein for the inhibition of the 
membrane fusion and entry processes of SARS-CoV-2 in host cells with 
ACE2 receptors (Dömling and Gao, 2020; Jordan et al., 2018). 

Heptad repeat 1 (HR1) and 2 (HR2) domains of S2 subunit play a 
crucial task in the SARS-CoV fusion with target cells (Scheme 1). Upon 
binding of S protein through RBD in S1 to the ACE2 receptor on the 
target cell, HR1 and HR2 domains combine to form a six-helix bundle 
core fusion structure (6-HB) and bring the viral envelop and the cellular 
membranes into close proximity; necessary for effective fusion and 
infection (Bosch et al., 2004). Therefore, FDA approved anti-viral drugs 
target the HR1 and HR2 regions in the S2 subunit domains and such 
drugs are now being extensively explored as the potential therapeutic 
option for COVID-19. 

Identification of the genome sequence, 3D-structure and mechanism 
of action/pathogenesis of SARS-CoV-2 is necessary for developing 
effective treatment strategies to combat COVID-19 (Masters, 2006; 
Corman et al., 2019; Cui et al., 2019; Zhang et al., 2020; Guan et al., 
2003; Al-Tawfiq and Memish, 2014). One of such therapeutic strategies 
targets the main protease (Mpro) of SARS-CoV-2 i.e. 3CLpro, having high 
genomic sequence similarity with SARS-CoV and plays a crucial role in 
COVID-19 pathogenesis. In this direction, a large number of U.S. Food 
and Drug Administration (FDA) approved protease inhibitors (showing 
efficacy in case of SERS, MERS and HIV) are put into trials (Dömling and 
Gao, 2020; Ryu et al., 2010a, 2010b; Shamsi et al., 2020; Cinatl et al., 

2005; Jo et al., 2019, 2020). In this connection, it is worth to mention 
the efficacy of nefamostat (1), a serine protease inhibitor [Fig. 1] which 
is a FDA approved drug for the treatment of cystic fibrosis and acute 
pancreatitis (Yamamoto et al., 2016). During the in-vitro screening (with 
the help of Dual Split Protein (DSP) reporter fusion assay) of more than 
1000 FDA-approved drugs to find out effective drug to combat MERS 
disease, it was observed that compound (1) has the potential to inhibit 
effectively the MERS-CoV S protein initiated membrane fusion and this 
study also proposed that (1) could be an effective candidate for inhib-
iting MERS-CoV infection (Yamamoto et al., 2016). However, despite 
having potentials, such protease inhibitors are not extensively explored 
for their inhibitory activity towards the SARS-CoV-2 S protein triggered 
membrane fusion and related infections. In this connection, plants 
sources and their active components used in traditional Chinese medi-
cine and having antiviral activity are also being extensively explored in 
China (Dömling and Gao, 2020; Ryu et al., 2010a; Li et al., 2020; Xu and 
Zhang, 2020; Ang et al., 2020; Ling, 2020). Medicinal plants are the 
largest and the best combinational libraries of natural products. 
Although many drugs are made by synthetic chemistry but most of the 
core structures or scaffolds for synthetic drugs are based upon the nat-
ural products which are used in traditional medicines (Newman and 
Cragg, 2007, 2016; Harvey et al., 2015). The flavones represent a 
sub-class of one of the most diverse and wide-spread of plant-derived 
natural products i.e. flavonoids. Structure of parent flavone moiety (2) 
is shown in Fig. 1. These compounds have wide spectrum of biological 
and pharmacological applications as cardio protective, antimicrobial, 
antiviral, anti-allergic and hepato-protective agents (Kanakis et al., 
2007; Pietta, 2000; Silva et al., 2002; Tsutomu et al., 1993; Vitorino and 
Sottomayor, 2010). It is believed that most of these bioactivities of fla-
vonoids are originated from their behaviors as antioxidants. The pres-
ence of different number of varied substituents e.g. hydroxyl, alkoxy 
and/or glycosidic groups at various positions of basic skeleton of these 
compounds gives rise to their remarkable structural diversity which in 
turn control their biological activities. Wang et al. isolated a series of 
antioxidant biflavone compounds [having (C6–C3–C6)2 system] e.g. 
amentoflavone, hinokiflavone and robustaflavone from the plant, 
Selaginella doederleinii Hieron plant which are reported to show anti-
viral activity (Wang et al., 2015). Recently, an appreciable number of 
studies are being done to evaluate the viral (MERS-CoV and SERS-CoV) 
protease inhibiting activity of various plant derived flavonoinds 
(Dömling and Gao, 2020; Ryu et al., 2010a; Jo et al., 2019, 2020; But 
et al., 2001; Wilsky et al., 2012; Li et al., 2019; Zembower et al., 1998; 

Scheme 1. (a) Representation of structure of SARS- 
CoV-2 showing its different structural proteins, viz., 
Spike (S), Membrane (M), Envelop (E) and Nucleo-
capsid (N) proteins. Enlarged view of SARS-CoV-2 
spike proteins (at pre-fusion stage) shows its 
receptor-binding subunit S1 and the membrane- 
fusion subunit S2 [constituted of HR1 (heptad 
repeat 1) and HR2 (heptad repeat 2)]. (b) A com-
parison of SARS-CoV and SARS-CoV-2 S proteins. The 
residue numbers of each of the subunits and their 
position in S protein of SARS-CoV and SARS-CoV-2 
are shown schematically. S1 subunit of SARS-CoV-2 
S proteins contains NTD (14–305 aa), RBD 
(319–541 aa), and RBM (437–508 aa) residues; 
whereas its S2 subunit contains FP (788–806 aa), HR1 
(912–984 aa), HR2 (1163–1213 aa), TM (1214–1237 
aa) and CP (1238–1273 aa) residues.   
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Lin et al., 1997a, 1997b; Coulerie et al., 2012; Konoshima et al., 1988; 
Miki et al., 2007). Ryu et al. reported that the SARS-CoV 3CLpro inhib-
itory activity of some hydroxyflavones, like apigenin, luteolin and 
quercetin in addition to four biflavones e.g. amentoflavone, bilobetin, 
ginkgetin and sciadopitysin, isolated from the plant, Torreya nucifera. 
Among these biflavones, amentoflavone (5) [Fig. 1], was found to be the 
most potent inhibitor (Ryu et al., 2010a). Besides, SARS-CoV, the 
biflavones like amentoflavone showed antiviral activity towards a range 
of other viruses (Ryu et al., 2010a; But et al., 2001; Wilsky et al., 2012; Li 
et al., 2019). Apart from amentoflavones, the antiviral activity of 
biflavones like, hinokiflavone (3) (isolated from the plants, Rhus succe-
danea, Garcinia multiflora or Dacrydium balansae) and robustaflavone (4) 
(constituent of the plants, Rhus succedanea or Garcinia multiflora) are 
note-worthy. Hinokiflavone (3) showed efficacy as RNA polymerase 
(DV-NS5 RdRp) inhibitors of dengue 2 virus; in addition to this, the 
HIV-1 inhibitory activity of hinokiflavone is also reported (Lin et al., 
1997b; Coulerie et al., 2012; Konoshima et al., 1988). On the other hand, 
robustaflavone (4) showed viral inhibitory activity against various viral 
species e.g. Hepatitis B virus (HBV) and HIV-1 (Zembower et al., 1998; 
Lin et al., 1997a, 1997b). However, in spite of the potent viral inhibitory 
activity of (3) and (4) towards other viral species, these biflavones were 
not explored for their inhibitory activity towards the SARS-CoV-2 S 
protein triggered membrane fusion and related COVID-19 infections. 
This prompted us to perform the present study involving the biflavones, 
hinokiflavone (3) and robustaflavone (4) [Fig. 1]; both of them showed 
similar inhibitory activity against HIV-1 reverse transcriptase (RT) and 
thus, these were identified as anti-HIV agents of natural product origin 
(Lin et al., 1997b). The inhibitory effect of these two plant derived 
anti-HIV or anti-viral biflavones, (3) and (4) against the SARS-CoV-2 
S-mediated membrane fusion was explored with the help of molecular 
docking studies. Binding interactions of these compounds with RBD of S 
protein of SARS-CoV-2 have been studied. Such interactions are very 
much necessary to prohibit the exposure of RBD-S of SARS-CoV-2 

towards ACE2 receptors of host cells, which is a key step for preventing 
viral infection initiation. In this study, nefamostat (1), showing potential 
towards inhibiting the MERS-CoV S protein initiated membrane fusion, 
was employed as the reference compound so that we can make a 
comparative assessment of (3) and (4) with a known RNA virus inhibi-
tor, (1). 

Our molecular docking study suggests that the biflavones, (3) and (4) 
can function as anti-viral inhibitors against SARS-CoV-2 S protein- 
mediated viral entry. Interestingly, these showed higher anti-SARS- 
CoV-2 efficacy over the reference, (1). Furthermore, this study, for the 
first time, sheds light on the role of two anti-HIV biflavones, (3) and (4) 
in controlling a critical step of the SARS-CoV-2 infection i.e. their af-
finity and the binding interactions with the S2 subunit spike protein of 
SARS-CoV-2 which indirectly blocks the propagation of virus at an early 
stage by inhibiting SARS-CoV-2 fusion with the host cells and thus, 
minimizing the chance for the entry of the virus into the host cells. 
Therefore, (3) and (4) may be explored as the fusion inhibitor-based 
potent therapeutics and prophylactics for the treatment and preven-
tion of infection related to SARS-CoV-2. However, for this, higher levels 
of molecular simulations as well as in vivo/clinical studies are needed to 
be done which are beyond the scope of the present work. 

2. Method for molecular docking studies 

Molecular Graphics Laboratory (MGL) and AutoDock Vina tools were 
utilized to set up and perform blinded molecular docking studies on the 
intermolecular interactions of ligand molecules (Trott et al., 2010; Xu 
et al., 2018) [i.e. either nefamostat (1)/hinokiflavone (3) or robusta-
flavone (4)] with the receptor binding domain (RBD) of spike (S) gly-
coproteins i.e. termed as RBD-S. 

The crystal structure of post fusion core of SARS-CoV-2 S2 subunit 
(PDB ID: 6LXT; https://www.rcsb.org/structure/6lxt) was obtained 
from Protein Data Bank (PDB) (Xia et al., 2020). At the beginning of the 

Fig. 1. Chemical structures of nefamostat (1), hinokiflavone (3) and robustaflavone (4), used as the test drug/ligands against the spike protein of SARS-CoV-2 in the 
present molecular docking studies. Structures of parent flavone moiety (2) and two 3CLpro inhibitors for SARS-CoV i.e. amentoflavone (5) and apigenin (6) are 
also shown. 

S. Mondal et al.                                                                                                                                                                                                                                 

https://www.rcsb.org/structure/6lxt


Virology 556 (2021) 133–139

136

docking study, water molecules were separated from the PDB files and 
polar hydrogens were added simultaneously to the same PDB file. On the 
other hand, PDB structures of ligand molecules were created using ACD 
chemsketch software (https://www.acdlabs.com/resources/freewar 
e/chemsketch/), which were subsequently changed into pdbqt format 
with the help of AutoDock Vina software. RBD-S of SARS-CoV-2 was 
enclosed in a grid box and the dimensions of the grid box were fixed at 
114 x 108 x 126 with grid spacing value of 0.375 Å. The centre of the 
grid was positioned at − 12.508, − 0.032 and − 7.904 Å respectively. The 
Lamarckian genetic algorithms (GA) modules available with AutoDock 
were employed to execute present ligand docking calculations. The 
default settings available with AutoDock programme were selected to 
denote other parameters (Sanner, 1999; Morris et al., 1998). The lowest 
energy docked conformations, obtained from the AutoDock Vina scoring 
function were considered as the preferred binding mode between the S 
protein receptor and the selected ligand molecule. The output of the 
AutoDock calculation was viewed by Python Molecular Viewer software 
(Stefano Forli, Olson Molecular Graphics Laboratory, The Scripps 
Research Institute, San Diego, CA). 

3. Results and discussion 

Molecular docking studies of biflavones, hinokiflavone (3) and 
robustaflavone (4) along with a known RNA virus inhibitor, nefamostat 
(1) with spike (S) glycoproten of SARS-CoV-2 were done to understand 
binding interactions of these ligands towards the RBD-S of this deadly 
virus and showing their potentials as anti-viral therapeutic agents for 
SARS-CoV-2. As shown in Scheme 1(b), its S1 subunit (14–685 aa) 
consists of N-terminal domain (NTD, 14–305 aa), receptor-binding 
domain (RBD, 319–541 aa), and receptor-binding motif (RBM, 
437–508 aa) and S2 subunit (686–1273 aa) is made of fusion peptide 
(FP, 788–806 aa), heptad repeat 1 (HR1, 912–984 aa), heptad repeat 2 
(HR2, 1163–1213 aa), transmembrane domain (TM, 1214–1237 aa) and 
cytoplasmic domain (CP, 1238–1273 aa). The residue numbers of each 
region are related to their corresponding positions in the S proteins of 
SARS-CoV-2 as it was also observed for SARS-CoV. The literature data 
indicates that the S1/S2 cleavage site for SARS-CoV-2 S protein located 
at R685/R686 (Xia et al., 2020). 

Present molecular docking study focused on the repurposing of FDA 
approved drug, (1) and two naturally occurring anti-HIV biflavones, (3) 
and (4) against the main spike (S) glycoprotein mediated attack of SARS- 
CoV-2 to ACE2 receptors of host cells through membrane fusion mech-
anism. Post fusion core of SARS-CoV S2 subunit that has been reposi-
tioned and structured in PDB file recently (Xia et al., 2020) and we 
selected to a potential target to predict the mode of interaction between 
this target protein and the ligands/drug. Because such interactions may 
block this active site of the viral protein and thus, the spread of the 
infection by SARS-CoV-2 can be prevented. Results of the docking 
studies are summarized in Tables 1–5. Strength and the affinity of a 
specific ligand, which binds to the pocket of a target protein, can be 
expressed in terms of binding energy (ΔG) and the ligand having lower 
binding energy is preferred as a potential drug candidate. This 

Table 1 
Lengths of selected bonds between the interacting active site residues of SARS- 
CoV-2 S2 subunit (6LXT) and nefamostat (1) in the docked structure.  

The interacting active site residues of Bonds lengths (Å) 

6LXT Nefamostat (1) 

ASN1194 (C––O) -NH2 2.65 
ASN1194 (N–H) -NH2 3.12 
GLN935 (N–H) -NH- 2.33 
GLU1195 (C––O) -NH 1.98 
LYS1191 (C––O) -NH2 1.95 
GLN1201 (N–H) -NH2 2.94 
ASN928 (N–H) -O- 3.00  

Table 2 
Lengths of selected bonds between the interacting active site residues of SARS- 
CoV-2 S2 subunit (6LXT) and hinokiflavone (3) in the docked structure.  

The interacting active site residues of Bonds lengths (Å) 

6LXT Hinokiflavone (3) 

GLN1201 (N–H) -O- 1.94 
GLN926 (N–H) -OH 2.34 
GLN926 (N–H) -OH 2.57 
GLN926 (N–H) -OH 2.34 
GLN926 (N–H) -OH 2.94 
GLU1195 (C––O) -OH 2.90 
LEU1197 (C––O) -OH 2.96 
ASN928 (N–H) (C––O) 3.06 
GLU918 (C––O) -OH 2.45 
ASN919 (N–H) -OH 2.52  

Table 3 
Lengths of selected bonds between the interacting active site residues of SARS- 
CoV-2 S2 subunit (6LXT) and robustaflavone (4) in the docked structure.  

The interacting active site residues of Bonds lengths (Å) 

6LXT Robustaflavone (4) 

ASP936 (COOH) -OH 2.76 
GLN926 (N–H) (C––O) 3.14 
LYS1191 (N–H) –OH 2.68 
LYS1191 (N–H) (C––O) 2.71 
GLU1195 (C––O) -OH 3.82 
ASN928 (N–H) -OH 2.43 
ASN928 (N–H) -OH 3.37 
ASN928 (N–H) -OH 2.25 
ASN928 (C––O) -OH 2.87  

Table 4 
A comparison of binding free energies of test drug/ligands for potential binding 
domain of SARS-CoV-2 S2 (PDB: 6LXT) as obtained from molecular docking 
studies.  

Test drug/ligands -ΔG (Gibb’s free energy) (kcal mol− 1) 

Nefamostat (1) 8.40 
Hinokiflavone (3) 9.60 
Robustaflavone (4) 9.40  

Table 5 
ADME Properties of selected SARS-CoV-2 S2 fusion inhibitor [SWISSADME 
prediction (http://www.swissadme.ch/)]5.8.  

Test drug/ligands ADME properties (Lipinki’s Rule of Five) Drug likeliness 

Properties Value 

Nefamostat (1) Molecular weight 347 YES 
LogP 1.35 
H-bond donor 4 
H-bond acceptor 4 
Molar Refractivity 101.24 
Violations NO 

Hinokiflavone (3) Molecular weight 538 YES 
LogP 3.06 
H-bond donor 6 
H-bond acceptor 10 
Molar Refractivity 147 
Violations NO 

Robustaflavone (4) Molecular weight 538 YES 
LogP 3.53 
H-bond donor 5 
H-bond acceptor 10 
Molar Refractivity 146 
Violations NO  
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parameter was compared for each of the test compounds in order to 
understand their effectiveness as the active antiviral agents for 
SARS-CoV-2 mediated attack on human ACE2 receptor cells. 

We have performed molecular docking studies with several FDA 
approved antiviral drugs of natural product origin using AutoDock Vina 
tools on the basis of their highest binding affinity with S2 domain of the 
spike protein of SARS-CoV-2 and these three compounds (1), (3) and (4) 
were selected for the present work. Nefamostat (1) was considered as the 
reference compound, which exhibited docked score of binding energy 
(ΔG) as − 8.4 kcal mol− 1 with SARS-CoV-2 S2 protein. Fig. 2 shows the 
SARS-CoV-2 S2 protein docked structures of (1) along with the residues 
of the protein with which the molecule (1) interact. Selected bond 
lengths of SARS-CoV-2 S2 protein-(1) docked structure are shown in 
Table 1. These results reveal that SARS-CoV-2 S2 protein interacts with 
(1) mostly via its aromatic amino acid residues e.g. ASN 1194, GLN 
935, GLU 1195, LYS 1191, GLN 1201 and ASN 928. These amino acid 
residues are found to participate in the interactions with (1) through 
non-covalent bond formation, like hydrogen bonds (H-bonds) with the 
binding pocket of SARS-CoV-2 S2 protein [Fig. 2]. Results of the mo-
lecular docking of (3) and (4) with SARS-CoV-2 S2 protein are shown in 
Figs. 3 and 4 respectively. As evidenced from the SARS-CoV-2 S2 pro-
tein-(3) docked structure (Fig. 3), (3) forms H-bonds with GLN 1201, 
GLN 926, GLU 1195, LEU 1197, ASN 928, GLU 918, ASN 919 amino 
acid residues of S2 domain of the spike protein of SARS-CoV-2. Selected 
bond lengths of SARS-CoV-2 S2 protein-(3) docked structures are shown 
in Table 2. Fig. 4 denotes the SARS-CoV-2 S2 protein docked structures 
of (4). It was observed that (4) interacts with the ASP 936, GLN 926, 
LYS 1191, GLU 1195, ASN 928 amino acid residues the S2 domain of 
SARS-CoV-2 through H-bonding interaction. Selected bond lengths of 
SARS-CoV-2 S2 protein-(4) docked structures are shown in Table 3. Both 
(3) and (4) showed relatively higher binding affinity compared to the 
reference compound (1) as evidenced from the comparison of their 
binding energy (ΔG) values (Table 4), obtained from molecular docking 
studies. It was interesting to note that (3) as well as (4) displayed lowest 
and almost identical binding energy values of − 9.6 and − 9.4 kcal mol− 1 

respectively. Result indicates that these reported anti-HIV agents 
showed similar binding preferences for S2 domain of the spike protein of 
SARS-CoV2. Despite of having similar preferences for the S2 domain, the 
presence of additional –OH group on the chromone ring of (3) and (4) 
affected the extent of their hydrogen bonding interactions compared to 
(1) (Fig. 1). This has been reflected in ΔG value of (1) indicating its 
lowest binding affinity for the binding site of SARS-CoV-2 S2. Moreover, 
these results strengthen our observation that the selected biflavones, (3) 
and (4), can interact strongly with the residues of the HR1 and HR2 
regions of S2 protein of SARS-CoV-2, thereby they can be as active as to 
block the formation of six-helix bundle core fusion structure (6-HB). This 
ultimately prompts the inhibition of the fusion between the virus and 

target cell membranes. The plausible route of this inhibitory effect of 
plant-derived biflavones (3) and (4) is shown in Scheme 2. 

All the naturally occurring biflavones used in this study satisfied the 
Lipinski’s rule of five that mainly determines the prime requisition of a 
compound to be a potential drug on the basis of its different molecular 
properties e.g. absorption, distribution, metabolism and excretion 
(ADME) (Lipinski, 2004). The ADME characteristics of our selected drug 
candidates i.e. (1, 3 and 4) shown in Table 5, indicates the fulfillment of 
Lipinski’s rule of five by these compounds. 

4. Conclusion 

Molecular docking based in-silico studies were done to find out 
naturally occurring bio-friendly compounds based novel anti-COVID 
agents which can bind the SARS-CoV-2 and thus, inhibit its binding af-
finity towards the ACE2 receptors of human cells. Present study showed 
that two naturally occurring biflavone based anti-HIV agents, hinoki-
flavone (3) and robustaflavone (4) can be effective against the SARS- 
CoV-2 spike (S) protein mediated attack of the human ACE2 receptors 
via membrane fusion mechanism. Both (3) and (4) strongly bind with 
SARS-CoV-2 S protein which can prohibit its attack to ACE2 receptors of 
the host cells. The biflavones, (3) and (4) can interact more strongly with 
the residues of HR1 and HR2 regions of S2 protein of SARS-CoV-2 
compared to (1) due to the presence of additional OH group on the 
chromone ring of (3) and (4) largely influence their hydrogen bonding 
interactions. Hence, these can effectively block the formation of six- 
helix bundle core fusion structure (6-HB) leading to the inhibition of 
virus-target cell-membrane fusion. Structures of any flavonoid class of 
compounds greatly control their pharmacological activity. Amento-
flavone (5), showed most potent 3CLpro inhibitory effect in case of SARS- 
CoV, could be attributed to the presence of an apigenin moiety (6) 
[Fig. 1] at 3′ position of ring-B of the flavone skeleton (Ryu et al., 
2010a). Interestingly, in our present study, both (3) and (4), have api-
genin moiety on their parent flavone skeletons, which showed inhibitory 
activity against the SARS-CoV-2 spike protein invade of target cells by 
membrane fusion. It is note-worthy that huge number of structural an-
alogs of various flavonoids with diverse substituent ranges/structural 
patterns can also be synthesized in the laboratory with the help of easily 
implementable synthetic protocols. On the other hand, flavones are well 
known antioxidants and reported that such antioxidant substances 
promote improvement in complications induced by human coronavirus 
in mice. This protective effect occurred through the reduction of the 
oxidative stress, cerebral lipid peroxidation, and regulation of inflam-
mation (Do Carmo et al., 2008; Ganfornina et al., 2008). So, with the 
help of higher level molecular simulations, more task specific biflavones 
with desired structural patterns can be designed and their subsequent 
synthesis can be done as well as their in-vivo/clinical studies will help us 

Fig. 2. Molecular docking showing the interactions 
between SARS-CoV-2 S2 subunit [6LXT] and nefa-
mostat (1): 3-dimensional structures of (a) SARS- 
CoV-2 S2 subunit [6LXT] and (b) nefamostat (1) 
before docking study. (c) 3-dimensional representa-
tion of [6LXT]-docked structure of (1). (d) Surface 
representation of the 6LXT-nefamostat binding, 
showing the active sites. (e) Ribbon docking model 
showing interactions between the active site residues 
of 6LXT and (1) (f) Close-up view.   
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to develop potential fusion inhibitor-based therapeutics and pro-
phylactics to fight against SARS-CoV-2. 
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