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Background and aim: The year 2020 begins with the outbreak of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) that cause the disease COVID-19, and continue till today. As of March 23,
2021, the outbreak has infected 124,313,054 worldwide with a total death of 2,735,707. The use of
traditional medicines as an adjuvant therapy with western drugs can lower the fatality rate due to the
COVID-19. Therefore, in silicomolecular docking study was performed to search potential phytochemicals
and drugs that can block the entry of SARS-CoV-2 into host cells by inhibiting the proteolytic cleavage
activity of furin and TMPRSS2.
Experimental procedure: The protein-protein docking of the host proteases furin and TMPRSS2 was
carried out with the virus spike (S) protein to examine the conformational details and residues involved
in the complex formation. Subsequently, a library of 163 ligands containing phytochemicals and drugs
was virtually screened to propose potential hits that can inhibit the proteolytic cleavage activity of furin
and TMPRSS2.
Results and conclusion: The phytochemicals like limonin, gedunin, eribulin, pedunculagin, limonin
glycoside and betunilic acid bind at the active site of both furin and TMPRSS2. Limonin and gedunin
found mainly in the citrus fruits and neem showed the highest binding energy at the active site of furin
and TMPRSS2, respectively. The polyphenols found in green tea can also be useful in suppressing the
furin activity. Among the drugs, the drug nafamostat may be more beneficial than the camostat in
suppressing the activity of TMPRSS2.
© 2021 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the seventh human coronavirus is highly contagious that caused
the disease COVID-19.1 After the first infected person identified
from Wuhan, China in December 2019, the virus SARS-CoV-2
outbreak worldwide and infected 124,313,054 with a total death
of 2,735,707 as of March 23rd, 2021. The viral strain of SARS-CoV-2
belongs to beta coronavirus and suspected of zoonotic transfer via
bat to human beings. The research study revealed that the
pangolin-CoV and batCoV RaTG13 are closely related to SARS-CoV-
em.svnit.ac.in (S.K. Sahoo).
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2, and expected to be the proximal source of SARS-CoV-2.2 It is
important to mention here that there are no recommended ther-
apeutics available against the known human coronaviruses, i.e., the
two highly pathogenicity coronaviruses (SARS-CoV, MERS-CoV
outbreak in 2002 and 2012 respectively), and the other four path-
ogenic coronaviruses (HCoV-229E, HCoV-OC43, HCoV-NL63, and
HCoV-HKU1 outbreak in 1966, 1967, 2004 and 2005, respectively).3

Also, there was no recommended therapeutics available at the
beginning of the spread of SARS-CoV-2, which triggered expo-
nential growth in research from the beginning of the year 2020 to
understand the morphology, genomic sequence and virus-host cell
interactions of SARS-CoV-2 to formulate suitable therapeutic ap-
proaches to fight against COVID-19.4e6

SARS-CoV-2, the enveloped and spherical-shaped virion with an
approximate diameter of 120 nm contains a positive-sense ssRNA
genomeof about 30000 bp. The genomeencodeswith four important
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structural proteins (nucleocapsid, membrane, envelop and spike),
around sixteen non-structural proteins (NSP1-16) and some acces-
soryproteins.7 The trimeric spike (S) glycoproteinprotruding fromthe
SARS-CoV-2 envelope plays the key role in viral infection, where the
S1 subunit initiates the virus-receptor binding by interactingwith the
human host cell receptor angiotensin-converting enzyme 2 (ACE2),
and the S2 subunit play the role in viral fusion into the target cell. The
S1 subunit possesses two key domains, i.e., N-terminal domain (NTD)
and C-terminal domain (CTD). The CTD of SARS-CoV-2 contains the
receptor-binding domain (RBD) that interacts with human ACE2
(Fig.1). Followingthe interactionofSARS-CoV-2viruswith thehuman
ACE2 receptor, the host proteases like furin and TMPRSS2 play the
pivotal role to activate the S protein that allows the fusion of viral
genome into the target cell.

The human furin enzyme cleaves a specific section to convert
the synthesized proteins to biologically active form. It is also called
as PACE (paired basic amino acid cleaving enzyme) and subtilisin-
like peptidase.8 It is a calcium dependent serine endoprotease
that cleaves the processing sites of the precursor protein. Furin
cleaves polyprotein precursor HIV envelope such as gp41 and gp20
involved in virus host entry.9 Similarly, it also involved in some viral
proteins preprocessing such as influenza, Ebola, dengue fever,
Marburg virus, Pseudomonas exotoxin, papillomavirus, anthrax
toxin and SARS-CoV-2 etc. Furin cleaves S1 (SPRRARY S) site of
SARS-CoV-2, direct emergence in spike glycoprotein activation for
viral entry into the host system. It is a potent cleavage site known as
the polybasic cleavage site or multibasic site of SARS-CoV-2. In
addition, the spike glycoprotein S1/S2 site of SARS-CoV-2 is cleaved
by the transmembrane protease serine 2 (TMPRSS2), which played
a predominant role in enhancing the spike glycoprotein
activity.10e13 TMPRSS2 activates the SARS-CoV and SARS-CoV-2
spike glycoprotein though N-terminal and C-terminal cleavage
sites, and priming the S protein for virus endocytosis. TMPRSS2 also
activates human metapneumovirus and influenza virus
Fig. 1. Active sites of furin and TMPRSS2 involved in S1/S2 site cleavage activity of spike prot
the catalytic sites are HIS296, ILE346 and SER441, whereas the substrate binding sites are A
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hemagglutinin entry into the host cells.14 TMPRSS2 cleaves the S
protein in the lungs of SARS-CoV-2 infected person and promotes
the pathogenicity. Therefore, the TMPRSS2 serine protease opted as
an important therapeutic target. In short, SARS-CoV-2 S protein S1
site is cleaved by furin, and subsequently, TMPRSS2mediates the S2
site cleavage and activation of S protein upon interactions with S1/
S2 site residues ARG683, ARG685, SER686, ARG815 and SER816
(Fig. 1).15,16

In this manuscript, the protein-protein docking studies were
performed to investigate the binding and conformational details of
the complexes formed between the proteases furin and TMPRSS2
with the SARS-CoV-2 S protein. In addition, the human proteases
furin and TMPRSS2 active sites were targeted to identify potential
ligands through molecular docking analyses that can inhibit the
functions of furin and TMPRSS2 during the disease establishment.
Molecular docking is a useful computational approach to screen
potential ligands fromvarious databases/libraries, which saves both
the experimental time and cost in the field of drug discovery. Mo-
lecular docking not only predicts the binding affinity or strength of
association of the ligand at the active site of target protein but also
the mode of interactions.17 As a part of our ongoing in silico
computational research to search potential inhibitors for SARS-CoV-
2, a library of 163 ligands was created by collecting the best phyto-
chemicals from triterpenoids and polyphenols that cleared the
limitations of ADMET/drug-likeliness from our recently reported
work,18,19 the terpenoids based synthetic compounds/phytochemi-
cals available in the drugbank, and also the drugs that are known for
their activity against furin and TMPRSS2.20e23 The library also con-
sists of several important triterpenoids and polyphenols known for
their antiviral activity against SARS-CoV whose protein content is
almost 80% similar to SARS-CoV-2.24 These ligands were docked
with the proteases (furin and TMPRSS2), and the protein-ligand
interaction study was performed to identify the potential ligands
that bind at the active sites with high binding energy.
ein. The furin catalytic residues are ASP153, HIS194, ASN295 and SER368. For TMPRSS2,
SP345, ASP435, SER460, SER465 and LYS467.
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2. Computational methods

2.1. Proteins and ligand preparations

The proteins 3D structures were retrieved from the PDB data-
base (www.rcsb.org). The crystallography structures of the spike
protein of SARS-CoV-2 (PDB ID: 6ZGH), ACE2 (PDB ID: 6M17), furin
(PDB ID: 5JXH) and TMPRSS2 (PBD ID: 1Z8G, 6K5D, 3T2N and 5CE1)
were modelled using Modeller version 10.0. The modelling of
TMPRSS2 was performed with five template structures obtained
from PBD ID: 1Z8G, 6K5D, 3T2N and 5CE1, and the best model
having the least discrete optimized protein energy (DOPE)
score �29028.181641 was selected for further in silico computa-
tional studies. The missing residues and atoms of the protein were
reconstructed using SWISS-PdBViewer 4.1.0. The modelled proteins
were validated using PDBsum online tool. The structures of the 163
ligands were retrieved from EMBL-EBI (www.ebi.ac.uk/chebi/
advancedSearchFT.do), PUBCHEM (https://pubchem.ncbi.nlm.nih.
gov/) or drugbank (https://www.drugbank.ca/). The collected
structures of the ligands were optimized further by semi-empirical
PM6method coded in the computational programGaussian 09W in
the gas phase.25

2.2. Protein-protein docking

The protein-protein molecular docking was performed through
ClusPro online docking server (https://cluspro.bu.edu/queue.
php).26 This server generates 25 protein-protein docking models
binding with multiple conformations and calculates the weighted
energies with the scoring function
[E ¼ Eattr þ w1Erep þ w2Eelec þ w3Epair] for every binding confor-
mation,27 where Eattr and Erep denote the attractive and repulsive
contributions to the van der Waals interaction energy Evdw, Eelec is
an electrostatic energy term, and Epair represents the desolvation
contributions. Epair has been parameterized on a set of complexes
that included a substantial number of enzyme inhibitor pairs and
multi-subunit proteins, and therefore the resulting potential as-
sumes good shape and electrostatic complementarity. The co-
efficients w1, w2, and w3 specify the weights of the corresponding
terms, and are optimally selected for different types of docking
problems. The protein-protein interactions were visualized by us-
ing the BioVia discovery studio.28

2.3. Protein-ligand docking

The protein-ligand molecular docking was performed by Auto-
dock Vina 1.1.2 software29 to estimate the binding energies of the
ligands towards the protein targets furin and TMPRSS2. The protein
and the ligand structures were prepared using MGL 1.5.6, and the
grid files were generated that covers all the substrate binding sites
and active sites. The molecular docking were performed by
applying the Lamarckian genetic algorithm (LGA). The docking
output files were analyzed by using the BioVia discovery studio and
Ligplotplus.30,31

3. Results and discussion

3.1. Protein-protein docking

The interaction of the spike glycoprotein of SARS-CoV-2 with
human ACE2 receptor initiates the virus-receptor binding followed
by the host proteases (furin and TMPRSS2) activate the spike pro-
tein that allows the fusion of viral genome into the target cell. The
protein-protein docking between spike glycoprotein with ACE2 in
ClusPro lower the energy by �908.4 kJ/mol due to multiple non-
8

covalent interactions between the two proteins (Fig. S1). The
interaction of spike glycoprotein with ACE2 is studied, and their
active sites are targeted extensively to propose potential phyto-
chemicals and drugs compared to the proteases furin and
TMPRSS2.32e35 Therefore, the binding and conformational details
of the proteases furin and TMPRSS2 were examined by performing
the in silico protein-protein docking studies. Among the 25 gener-
ated models, the best pose of the proteases furin and TMPRSS2
binding at the active sites (substrate binding site and/or catalytic
site) of S protein is shown in Fig. 2. The furin binds firmly with S
protein PRRAR|S site, whereas the TMPRSS2 at the active residues
present in both S1 and S2 domains.

The protein-protein docking of furin and S protein from Cluspro
server resulting the binding of furin at the cleavable site with the
lowest energy �1026.8 kJ/mol. Furin binding to SARS-CoV-2 S1 site
and cleavable PRRAR|S residues with the amino acid residues
ALA267, PRO266, LYS261, ASP264, GLY265, TYR308, PRO256,
GLY255, GLU236, VAL231, SER253, MET226, LEU227, ASP153,
ASP154, ASP228, HIS194, ARG185, ASN192 and ASP191. The resi-
dues ARG683 and ARG682 are popped out of the closed state of S
protein to form multiple non-covalent interactions with the furin
(Fig. 3). The deep cavity of catalytic site in furin buried the residues
ASP153 and ASN295 play a critical role in cleaving PRRAR|S site.
ARG683, forming a salt bridge between ASP174, ASP177, TYR308,
charge-charge interaction with ASP179, ASP181, ARG225, GLU257,
ASP264 residues, carbon-hydrogen bond with GLY265, ASP264
residues and conventional hydrogen bond with VAL231. ARG682
forming conventional hydrogen bonds with ASN529 and ASP530
residues, and also forming a salt bridge with the residues ASP191
and ASP228.

TMPRSS2 docked with S protein predicted 25 binding confor-
mations, and the model binding at the active site of S1/S2 was
selected that showed the lowest energy �886.7 kJ/mol (Fig. 4).
TMPRSS2 cleaved the spike protein at two different sites, i.e.
ARG815/SER816 and ARG685/SER686. Accordingly, the protein-
protein docked structure was analyzed and the important non-
covalent interactions of TMPRSS2 at the cleavage of S protein is
shown in Fig. 4. The S2 domain residue SER810 forming conven-
tional hydrogen bond with ARG413. The residues GLY259 and
THR387 pose conventional hydrogen bonds with ARG683 of PRRAR
site. GLU388 forming charge-charge and carbon hydrogen bond
with ARG685, and also pose a bumpwith the ALA684 residue of the
S protein. The residue ARG683 of S protein is interacting with
GLY259, THR387 by conventional hydrogen bond, whereas ARG685
posing carbon hydrogen bond and charge-charge interaction with
GLU388. The substrate binding and the catalytic sites residues such
as HIS296, ILE346, SER441, ASP435, SER460, GLY462 LYS467 and
ASN465 plays a critical role in proteolytic cleavage, and therefore,
these possible binding conformations between TMPRSS2 and S
protein at S1/S2 sites leads to cleavage activity.

3.2. Docking with furin

The protease furin is a proprotein that activates protein func-
tions and converts into a biologically active form by cleaving some
part of the protein. It also cleaves the S protein of the SARS-CoV-2
virus, and promotes the S protein to bind with TMPRSS2 that ac-
tivates the process of endocytosis. The S protein residues ASN657
and GLN690 are the prime interacting amino acids with 105 resi-
dues of the furin protease pose multiple non-covalent interactions
to cleave the S protein residues, and concomitantly activates S
protein to bind with TMPRSS2. During the cleavage of S protein, the
residues ASP153, HIS194, ASN295 and SER368 of furin play the
important role in catalytic activity. Therefore, the molecular dock-
ing of 163 ligandswere performed by adjusting the grid dimensions

http://www.rcsb.org
http://www.ebi.ac.uk/chebi/advancedSearchFT.do
http://www.ebi.ac.uk/chebi/advancedSearchFT.do
https://pubchem.ncbi.nlm.nih.gov/
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Fig. 2. Protein-protein docked structure of (a) furin and (b) TMPRSS2 with S protein demonstrates the primary contacts at the proteolytic sites of S protein.

Fig. 3. Representing the furin interactions with S protein cleavage site, with possible binding conformations of furin residues VAL231, GLY265, TYR308 binding affinity to S1
ARG683, ARG682 sites to cleave the PRRAR|S residues.
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localizing the active site at the centers x: 34.6056, y: 37.5109, z:
3.3422. After docking, the protein-ligand interaction study was
performed to identify the ligands that bind with the catalytically
active residues of furin. Total 23 ligands bind with the catalytic
9

residues of furin at the active site with the dock score in the
range �8.7 to �7.0 kcal/mol (Table S1). The dock score supported
the effective binding of the ligands at the active site of furin, and
also comparably higher than the well-known furin inhibitor



Fig. 4. Representing the TMPRSS2 interactions with S protein cleavage site with possible binding conformations at S1/S2 site ARG683, ALA684, ARG685 and SER810.
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decanoyl-RVKR-chloromethylketone (CMK) binding with dock
score �6.1 kcal/mol (Fig. S2).19 Based on the reported medicinal
properties and dock score at the active site of furin, twelve best
ligands (Fig. S3) were identified and summarized in Table 1.

Limonin, the triterpenoid based phytochemical is the first iso-
lated limonoids found mainly in the citrus fruit is known for
inhibiting colon cancer cell proliferation through apoptosis and
antiviral against HIV-1 and HTLV-1 replication.50 Limonin was
proposed as potential phytochemicals that bind at the active site of
the main protease Mpro and RdRp of SARS-CoV-2 with the dock
score�8.7 and�8.2 kcal/mol, respectively.18 The present study also
revealed that limonin is binding at the active site of furin with a
higher dock score of �8.7 kcal/mol. Limonin is forming multiple
Table 1
Compounds pose at the furin active site with their binding energy (B.E., kcal/mol) and m

Compounds B.E. Residues interacting at active site Medici

Limonin �8.7 ASN295, ARG298, GLU299, THR365, ASP259, ASP258,
TRP328, GLY296.

Anti-vi
prolife

Eribulin �8.6 ASN295, ASP191, ASN190, ARG193, ASP259, HIS194,
SER368, ARG197

Antican

Pedunculagin �8.5 ASN295, HIS194, ASP258, GLU299, GLY296, TRP328,
SER368, ARG193

Carbon

Maytansine �8.4 HIS194, ASN295, TRP328, THR365, HIS364, ARG193,
ASP191

Cytoto

Bevirimat �8.1 HIS194, ASN295, TRP328, THR365, HIS364, ARG193 HIV ga
Ellagic Acid �8.0 HIS194, SER368, ASN295, THR365, HIS364, ARG197,

ARG193, ASP191.
Antiox

Glycyrrhetinic
acid

�8.0 HIS194, SER368, THR365, HIS364, ASN295, TRP328,
ASP258, ARG193.

Suppre

Gedunin �7.8 ASN295, THR365, ARG298, GLU299, GLY296, ASP259. Hsp90
Limonin

glucoside
�7.8 ASN295, TRP328, SER368, ASP258, HIS194, ARG298,

ARG193, ARG197.
Decrea

Epigallocatechin �7.7 HIS194, ASP191, HIS364, SER368, ASN295, MET189,
ARG193, ASN190.

Potent

Betulinic acid �7.2 ASN295, HIS194, TRP328, GLY366, ASP258, ARG298,
GLU257, SER368.

Potent

Epicatechin �7.1 HIS194, SER368, ASP191, HIS364, THR365, MET189,
ASN190, ARG197.

Antiox
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interactions with the residues like ASN295, ARG298, GLU299,
THR365, ASP259, ASP258, TRP328 and GLY296 (Fig. 5a). Similarly,
eribulin, an anti-cancerous agent exhibiting strong affinity towards
active site showingmultiple interactions with the residues ASN295,
ASP191, ASN190, ARG193, ASP259, HIS194, SER368, ARG197 with
the binding energy of �8.6 kcal/mol. Pedunculagin also an anti-
cancerous agent and carbonic anhydrase inhibitor found in the
pericarp of pomegranate posing at the active site of furin and
binding to ASN295, HIS194, ASP258, GLU299, GLY296, TRP328
residues with the conventional hydrogen bond and non-covalent
interactions with the SER368, ARG193 residues.51 The binding of
the best pose of the ligands limonin, pendunculagin and eribulin at
the active site of furin is shown in Fig. 5b.
edicinal properties.

nal importance Ref.

ral properties, Inhibiting HIV-I, HTLV-I replication, and inhibiting
ration of colon cancer cell.

36,37

cer agent, treats breast cancer and liposarcoma. 38

ic anhydrase inhibitor, anti-human myelogenous leukemia. 39,40

xic agent, microtubules inhibitor. 41

p protein inhibitor in development of maturation, protease inhibitor. 42

idant agent. 43

ssed NF-kB activation in TNF-a-induced hepatocytes 44

inhibitor, Under investigation as anti-cancer agent and antimalarial activity. 45

ses liver enzymes expression associated with chronic inflammatory disease. 46

ial nutraceutical agent. 47

ial agent against cancer and HIV infection. 48

idant. 49



Fig. 5. (a) Ligplot of limonin pose at the active site of furin, and (b) the surface image of furin active site docked with limonin, pendunculagin and eribulin.
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The phenolic phytochemicals like ellagic acid, epigallocatechin,
epicatechin also bound to the active site and inhibiting the furin
activity through binding with HIS194, ARG193, ARG197, ASP191,
ASN295, THR364, MET189 and THR365 residues posing p-sigma, p-
anion and conventional hydrogen bonds. Ellagic acid is a well-
known antioxidant that not only inhibiting furin52 and also
inhibiting ACE2 active site with a better binding affinity.19 Epi-
catechin and epigallocatechin found in green tea leaves have a
predominant role as antioxidant and antiviral properties. Several
limonoids and triterpenoids based ligands like 17-
hydroxyazadiradione, gedunin, azadiradione, glycyrrhitinic acid
and limoninglucoside showed binding affinity towards HIS194,
11
SER368, ASN295 residues and also interacting with TRP328,
HIS300, ALA332, ALA326, ALA517 with covalent interactions and
ASN407, ALA408, ASN409, ASN325, PRO327, SER330, GLY297,
GLU331, SER302, ASP301 posing non-covalent interactions of the
substrate binding site. Glycyrrhitinic acid commonly known as
enoxolone reported for potential activity against peptic ulcers.53

The enoxolone structure poses pharmacological properties that
may exhibit antiviral, antibacterial and anti-cancerous properties.54

Importantly, enoxole is the hydrolysis product of glycyrrhizic acid
found in the herb licorice, and the glycyrrhizic acid is claimed to be
an important phytochemical against SARS-CoV-2.18 Limonin
glucoside inhibiting the colon adenocarcinoma cells and 17-
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hydroxyazadiradione known for antifungal activity. In addition, the
betunilic acid-like compound bevirimat well known for anti-HIV
activity binds effectively at the active site of furin.

3.3. Docking with TMPRSS2

TMPRSS2 is a serine protease that activates the SARS-CoV and
SARS-CoV-2 S protein through N-terminal and C-terminal cleavage
sites. TMPRSS2 cleaves the S protein in the lungs of SARS-CoV-2
infected person and promotes pathogenicity. SARS-CoV-2 S pro-
tein S1/S2 cleaved by furin, and subsequently, TMPRSS2 mediates
the cleavage and activation of the S protein. TMPRSS2 cleaved the S
protein at two potential sites, i.e., N-terminal (ARG685, SER686)
and C terminal (ARG815, SER816). So, the TMPRSS2 serine protease
opted as a potential therapeutic target. The TMPRSS2 possesses
catalytically active residues HIS296, ILE346 and SER441, and the
substrate binding residues ASP345, ASP435, SER460, SER465 and
LYS467. For virtual screening of potential compounds, the struc-
turally refined TMPRSS2 protein was used for molecular docking
with 163 ligands by adjusting the grid dimensions x: 1.6407, y:
2.5071, z: 40.3205 that covered the entire substrate binding and
catalytic sites. The protein-ligand interaction study revealed that
total 90 ligands bind with the catalytic/substrate binding residues
of TMPRSS2 at the active site and their dock score observed
between �8.7 and �5.0 kcal/mol (Table S1). It is important to
mention here that the approved drug nafamostat (�8.1 kcal/mol)
binds at the active site of TMPRRSS2 with a higher binding affinity
than the drug camostat (�6.6 kcal/mol), and their best pose at the
active site of TMPRSS2 is shown in Fig. 6. Based on the computa-
tional results, the use of nafamostat is expected to be more bene-
ficial than the camostat.20 Also, the nafamostat binds more
efficiently at the active site of TMPRSS2 compared to the protease
inhibitors aloxistatin (�5.2 kcal/mol) and nelfnavir (�7.0 kcal/
mol).21,23 Therefore, considering nafamostat as control, fourteen
best dock score ligands were selected (Fig. S3) and their in-
teractions at the active site of TMPRSS2 along with medicinal
properties are summarized in Table 2.

The phytochemicals such as gedunin, deoxyobacunone, 2-
hydroxyseneganolide, 7-deacetyl-7-benzoylgedunin and 7-
deacetylgeduin proven to be antiviral agents were actively
Fig. 6. The surface image of TMPRSS2 active site docke
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binding at the catalytic site of TMPRSS2. Gedunin is extracted
mainly from the neem (azadirachtaindica) is computationally
proposed as a potential phytochemical, and binds firmly at the
active site of receptor-binding domain of S protein and ACE2.18

Gedunin is also binding firmly at the active site of TMPRSS2 by
forming non-covalent interactions with the residues HIS296,
CYS465, GLY462, SER460, SER441, GLY464, CYS437 and CYS297
(Fig. 7a). The binding of the three best phytochemicals gedunin,
deoxyabacunone and 2-hydroxyseneganolide at the active site of
TMPRSS2 is shown in Fig. 7b.

Limonin and limonin glucoside derivative known for antiviral
and anti-cancerous properties can also potentially inhibit the
TMPRSS2 activity by interacting with the residues LYS342, GLN438
by forming a conventional hydrogen bond, and p-alkyl and p-p
interactions with CYS465, HIS296 and CYS437, TRP461. The cata-
lytic residue SER441 posing non-covalent interaction with limonin.
Betulinic acid and bevirimat are also showed potential to inhibit
serine protease-2 activity, and these compounds may be potential
to use against SARS-CoV-2 because of their anti-HIV properties.
Baicalein is known to suppress the androgen receptor (AR) target
genes like TMPRSS2 in prostate cancer (PCa) progression,63 and its
effective binding with at the active site can be a potential target to
use against COVID-19. Hesperidin is a flavone glycoside that
showed a similar binding characteristic to nafamostat, a TMPRSS2
inhibitor. It is binding to the catalytic site and forming hydrogen
bonds to GLN438, SER441, SER436, CYS437, SER460, p-alkyl, p-p
and p-cation interactions with LYS342, TRP461 and HIS296
residues.

4. Conclusions

In summary, the binding and conformational details of the
proteases furin and TMPRSS2 with the S protein of SARS-CoV-2 was
examined in silico by performing protein-protein docking, and the
residues involved in catalytic or substrate binding activity were
discussed. Furin showed lower Cluspro energy than TMPRSS2 in
binding with S protein, and the role of furin may be investigated in
details to search potential vaccines or drugs against the COVID-19.
Virtual screening of 163 ligands by performing protein-ligand
docking by targeting the active site of furin and TMPRSS2
d with the best pose of nafamostat and camostat.



Table 2
Compounds pose at the TMPRSS2 active site with their binding energy (B.E., kcal/mol) and medicinal properties.

Compounds B.E. Residues interacting at active site Medicinal and biological properties Ref.

Gedunin �8.7 HIS296, CYS465, GLY462, SER460, SER441, GLY464,
CYS437, CYS297.

Hsp90 inhibitor, Under investigation as anti-cancer agent and antimalarial
activity.

45

Deoxyobacunone �8.4 HIS296, CYS465, GLY464, GLY462, CYS297, SER441,
SER460.

Stimulatory activity in strigahermonthica seeds 55

2-hydroxyseneganolide �8.4 HIS296, TRP461, SER460, SER463, GLY462, LYS342,
THR341, LY464.

Anti-fungal agent. 56

Pedunculagin �8.4 SER441, HIS296, GLN438, GLY464, GLY462, CYS297,
SER436.

Carbonic anhydrase inhibitor, anti-human myelogenous leukemia. 30,31

7-deacetyl-7-
benzoylgedunin

�8.3 HIS296, CYS465, SER436, SER441, SER460, TRP461,
GLY462, SER436,

Cytotoxic activity against HL60 leukemia cells and antineoplastic agent. 57

7-deacetylgedunin �8.3 HIS296, CYS465, CYS437, GLY462, SER441, SER460,
TRP461, GLY462

Activates Keap1/Nrf2/HO-1 signaling and suppress inflammatory response. 58

Limonin �8.3 HIS296, SER441, LYS342, TRP461, CYS437, CYS465,
GLY462, GLY464

Anti-viral properties, Inhibiting HIV-I, HTLV-I replication, and inhibiting
proliferation of colon cancer cell.

27,28

Solamargine �8.3 HIS296, SER441, GLN438, GLU299, LEU419, TRP461,
GLY439

Induces non-selective cytotoxicity and inhibits P-glycoprotein. 59

Betulinic acid �8.3 SER460, SER441, HIS296, LYS342, VAL280, LEU302,
GLN438

Antimalarial, antiretroviral and anti-inflammatory agent. 39

Eribulin �8.2 SER441, LYS340, GLN438, LYS342, HIS296, SER460,
LYS342

Anticancer agent, treats breast cancer and liposarcoma. 29

Baicalein �8.2 HIS296, LN438, GLY464, LYS342, TRP461, LEU419,
SER441, SER460.

Anti-inflammatory and anti- proliferative agent. 60

Limonin glucoside �8.1 GLY464, GLY462, HIS296, LYS342, TRP461, GLY439,
SER441, THR341.

Decreases liver enzymes expression associated with chronic inflammatory
disease.

37

Nafamostat �8.1 HIS296, SER463, ASP435, CYS437, SER441, CYS465,
GLN438, TRP461

Serine protease inhibitor, antiviral and anti-cancerous agent. 61

Hesperidin �8.0 SER441, HIS296, TRP461, LYS342, GLN438, SER436,
CYS437.

Antioxidant and anti-allergen. 62

Fig. 7. (a) Ligplot of gedunin posing at the active site of TMPRSS2, and (b) the surface image of TMPRSS2 active site docked with gedunin, deoxyabacunone and 2-
hydroxyseneganolide.
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resulted several key compounds that can suppress the proteolytic
activity. Limonin and gedunin found mainly in the citrus fruits and
neem showed the higher binding energy at the active site of furin
and TMPRSS2, respectively among all the examined compounds.
The compounds like limonin, eribulin, pedunculagin, gedunin,
limonin glycoside and betunilic acid bind at the active sites of both
furin and TMPRSS2. The polyphenols found in green tea can also be
useful in suppressing the furin activity. For TMPRSS2, the approved
drug nafamostat may be more beneficial than the camostat. The
13
effective binding of glycyrrhetinic acid and baicalein with the
proteases, along with their effective binding to the proteins target
associated with SARS-CoV-2 makes them the potent phytochemi-
cals similar to limonin and geduninin for formulating traditional
medicines. Overall, the current in silico outcomes will be useful in
selecting the key targets for further experimental studies that can
be beneficial against COVID-19 by inhibiting the proteolytic activity
of the proteases furin and TMPRSS2.
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