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ABSTRACT
Recent outbreak of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has led to a pan-
demic of COVID-19. The absence of a therapeutic drug and vaccine is causing severe loss of life and
economy worldwide. SARS-CoV and SARS-CoV-2 employ the host cellular serine protease TMPRSS2 for
spike (S) protein priming for viral entry into host cells. A potential way to reduce the initial site of
SARS-CoV-2 infection may be to inhibit the activity of TMPRSS2. In the current study, the three-dimen-
sional structure of TMPRSS2 was generated by homology modelling and subsequently validated with
a number of parameters. The structure-based virtual screening of Selleckchem database was per-
formed through ‘Virtual Work Flow’ (VSW) to find out potential lead-like TMPRSS2 inhibitors. Camostat
and bromhexine are known TMPRSS2 inhibitor drugs, hence these were used as control molecules
throughout the study. Based on better dock score, binding-free energy and binding interactions com-
pared to the control molecules, six molecules (Neohesperidin, Myricitrin, Quercitrin, Naringin, Icariin,
and Ambroxol) were found to be promising against the TMPRSS2. Binding interactions analysis
revealed a number of significant binding interactions with binding site amino residues of TMPRSS2.
The all-atoms molecular dynamics (MD) simulation study indicated that all proposed molecules retain
inside the receptor in dynamic states. The binding energy calculated from the MD simulation trajecto-
ries also favour the strong affinity of the molecules towards the TMPRSS2. Proposed molecules belong
to the bioflavonoid class of phytochemicals and are reported to possess antiviral activity, our study
indicates their possible potential for application in COVID-19.
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Introduction

The recent spread of the novel, pathogenic Severe Acute
Respiratory Syndrome-Corona Virus-2 (SARS-CoV-2) from
China to the entire world has taken the shape of a global
health emergency (Lu et al., 2020). The World Health
Organisation (WHO) has declared coronavirus disease 19
(COVID-19) a pandemic, characterised by rapid human-to-
human transmission, high morbidity, and mortality rate
(Zhou et al., 2020). Countries across the globe have reported
confirmed COVID-19 related infections and deaths(WHO,
2020). So far about 3,50,000 deaths and more than 5 million
confirmed cases have reported worldwide. Moreover, the
deaths and new infections are increasing exponentially day
by day. Unfortunately, there are no effective drugs against
the SARS-CoV-2 virus to date which creates an extremely
concerning situation to the entire world. The antiviral drugs
remdesivir and favipiravir are considered as a therapeutic
option in the treatment of COVID-19. Scientific communities
across academia and industry are impatiently searching for
effective drugs from the already FDA approved drugs or the
drugs in clinical studies for repurposing.

Many epidemiological studies have shown that the trans-
mission characteristics of 2019-nCoV appear to be similar to
severe acute respiratory syndrome-associated coronavirus
(SARS-CoV). The spike (S) protein of coronaviruses facilitates
viral entry into target cells. Notably, the amino acid sequence
identity between the Wuhan-CoV and SARS-CoV Spike pro-
teins is 76.47% (Wang et al., 2020). The SARS-CoV-2 host cell
entry has two essential stages; first, the SARS-CoV-2 contacts
the angiotensin-converting enzyme 2 (ACE2) through its
spike’s receptor binding domain (RBD) and second, the trans-
membrane protein serine 2 (TMPRSS2) cleaves viral S protein
causing an irreversible conformational change leading to

fusion of viral S protein and the host cell membrane (Figure
1). The S protein cleavage, called priming allows the virus
and host cell membranes to fuse, a process driven by the S2
subunit (Glowacka et al., 2011; Hoffmann et al., 2020;
Matsuyama et al., 2010; Shulla et al., 2011).

The transmembrane protease serine 2 (TMPRSS2) is a
type II transmembrane serine protease (TTSP) which plays a
critical role in SARS-CoV. The Middle East respiratory syn-
drome-associated coronavirus (MERS-CoV) and Asian H7N9
influenza virus along with some H1N1 subtypes influenza-A
viruses infections are indicating that targeting TMPRSS2
could be a novel antiviral strategy to treat coronaviruses
and some low pathogenic influenza virus infections
(Hatesuer et al., 2013; Zhang & Liu, 2020). TMPRSS2 is an
androgen-regulated type II transmembrane serine protease
widely expressed in epithelial cells of the respiratory, gastro-
intestinal, and urogenital tract with high expression levels in
the prostate and colon (Bertram et al., 2012; Bugge et al.,
2009; Chen et al., 2010; Lucas et al., 2014). The lack of
TMPRSS2 in the airways reduces the severity of lung path-
ology in the animal model after infection by SARS-CoV and
MERS-CoV (Zhu et al., 2020).

It has been known that androgen can positively regulate
TMPRSS2 expression (Lin et al., 1999), hence the levels of
TMPRSS2 in adult males are found higher than females or
children (Vetter et al., 2020). Recently, Wang et al. (2020)
hypothesised that TMPRSS2 expression may positively correl-
ate with severity in COVID-19 (Yamamoto et al., 2016). It has
been also reported that H7N9 influenza (Chen et al., 2013;
Jernigan & Cox, 2015) and COVID-19 (Gupta et al., 2020)
affect the proportion of male patients more than double that
of female patients. Candidate targets such as receptors and
proteases for virus entry and membrane fusion now consid-
ered as potential targets (Hoffmann et al., 2020). Successful

Figure 1. TMPRSS2 play important role in SARS-CoV-2 viral entry into the host cell. It does not appear to play an essential role in the host organ system and pro-
vides a degree of redundancy. Therefore, it has become the target of choice for broad therapeutic applicability against SARS-COV2. Reproduced Image from
‘Nafamostat, an existing safe drug, may inhibit entry of SARS-CoV-20 (The Institute of Medical Science, The University of Tokyo).

2 R. V. CHIKHALE ET AL.



inhibition of TMPRSS-2 may be a potential way to reduce the
initial site of SARS-CoV-2 infection. The above strategy might
be a safe therapeutic approach and also represents a promis-
ing candidate for potential interventions against COVID-19. It
is already approved and accepted that a TMPRSS2 inhibitor
in clinical use can block the entry and might constitute a
successful treatment option for the COVID-19 (Hoffmann
et al., 2020). Hence, TMPRSS2 could be an important target
to design potential inhibitors with a unique benefit to block
this host protease.

Camostat mesylate is a well-known TMPRSS2 inhibitor,
widely used in Japan and approved for the treatment of acute
symptoms of chronic pancreatitis (CP) (Kawase et al., 2012;
Zhou et al., 2015). It was also found to have antiviral activity
against SARS-CoV by inhibiting TMPRSS2 (Shulla et al., 2011).
H1N1 influenza virus-infected human tracheal epithelial cells
treated with camostat mesylate significantly reduced viral load
(Bahgat et al., 2011; Lee et al., 1996). Recently, Nafamostat
mesylate was reported to have antiviral activity against the
Middle East Respiratory Syndrome Corona Virus (MERS-CoV)
infection in vitro via inhibiting the activity of TMPRSS2, and
reduced viral entry more effectively than camostat (Yamamoto
et al., 2016). Bromhexine hydrochloride (BHH) is a Food and
Drug Administration (FDA) approved drug and it is a semisyn-
thetic derivative from the India shrub Adhatoda vasica. BHH is
reported to effectively attenuate prostate cancer metastasis in
mice by specific inhibition of TMPRSS2 (Ko et al., 2015).
Guaifenesin is reported as a mucoactive drug that acts by
relaxing mucus in the airways and making coughs more pro-
ductive. Moreover, Guaifenesin is legally marketed medicine in
the US and it is used to help in wet cough and chest conges-
tion that develops due to the common cold (Albrecht
et al., 2017).

Natural products are evolutionarily optimised as lead-like
compounds and to date, they are the greatest sources of
therapeutic drugs for a wide range of diseases (Newman &
Cragg, 2012). Ayurveda and Traditional Chinese Medicines
(TCM) have been used in the treatment of various chronic
and infectious diseases (Dobos & Tao, 2011; Mathpati et al.,
2020). Such extensive potential of natural products can be
used to find possible TMPRSS2 inhibitors for therapeutic
application in COVID-19. To explore this potential, we
planned to perform screening of natural product database
against the homology model of TMPRSS2. Further, the chem-
ical space was reduced by molecular docking-based binding
energy and long-range classical molecular dynamics (MD)
simulations. Lastly, the binding-free energy is calculated
through molecular mechanics-generalised Born surface area
(MM-GBSA) approach to decide final phytocompounds
(Genheden & Ryde, 2015). The credential of the current work
substantiated by the finding of five promising phytocom-
pounds as TMPRSS2 inhibitors.

Materials and methods

Homology modelling of TMPRSS2

To understand the structural and functional aspects of any
protein molecule, a three dimensional (3D) structure is

essential. Unfortunately, the crystal structure of TMPRSS2
protease has not been resolved to date. In this situation, the
comparative structure prediction approach is the only option
to generate the 3D coordinates of the TMPRSS2 protease
molecule. A total of 492 amino acid residues long sequence
of TMPRSS2 protease obtained from the Universal Protein
Resource ‘UniProtKB’ database (Accession Number: O15393)
and homology modelling performed by template-based
method on the Swiss-Model (Biasini et al., 2014). The Swiss-
Model is an extremely popular and critically acclaimed web-
based modelling tool. The web interface is designed in such
a way that users can easily build and evaluate the protein
homology models at many different levels of complexity.
This tool is fully automated with low user intervention
required. A BLAST (Johnson et al., 2008) search was per-
formed followed by HHBLITS (Remmert et al., 2012) search
leading to 1854 applicable templates. Among all the
retrieved templates, the Serine Protease hepsin (Herter et al.,
2005) having PDB ID: 1Z8G was found to the best template
with a 35.21% identity and best possible coverage.
Moreover, the sequence similarity of the query sequence
with the template was found to be 39.00%. By considering
the query sequence and selected template, Swiss-Model
developed the 3D structure of TMPRSS2. Before use in the
molecular docking study, the developed 3D structure of
TMPRSS2 was validated through a number of validation pro-
tocols to check its reliability and consistency. The model was
first analysed for its stereochemical quality using the MOE
software (Molecular Operating Environment [MOE], 2016)
package. It provided an analysis of steric contacts within the
protein and high-accuracy Ramachandran Plot (RC-plot). The
second set of validation was performed on the model using
the MolProbity (Lovell et al., 2003) and QMEAN (Benkert
et al., 2009) server to determine the qualitative and energetic
analysis. The QMEAN predicts the ‘degree of nativeness’ of
the structural features found in the modelled protein on a
global scale (Benkert et al., 2011). This parameter suggests
that whether predicted protein structure through homology
modelling approach is comparable to what one would
expect from experimental structures of similar size (Benkert
et al., 2011). It is composed of three distance dependent
interaction statistical potential terms. In addition to the
above, another two terms are also involved which describe
the agreement of the predicted and observed secondary
structure, and solvent accessibility. The QMEAN score in the
range of 0 to �4 explains good agreement between the pre-
dicted protein structure and experimentally derived struc-
tures of similar size (SwissModel Help, 2020; Waterhouse
et al., 2018). The QMEAN value around 0 suggests high qual-
ity of homology modelled protein structure (SwissModel
Help, 2020). The structural and energetic validation was per-
formed using the molecular dynamic simulation for the mod-
elled TMPRSS2.

Molecular dynamics simulations of modelled TMPRSS2

To explore the structural and energetic status as well as the
steric refinement of the developed TMPRSS2 structure, an all-
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atom MD simulation of 100 ns was performed using
AMBER18 (Song et al., 2019) software package. The TMPRSS2
homology model immersed in truncated octahedron of
TIP3P (Mark & Nilsson, 2001) water giving a total of 24,515
water molecules in the system. The sufficient number of
Naþ and Cl– counter ions added to neutralise the system
and achieve an ionic strength of 0.1M to mimic the
physiological pH. For the protein topology generation, the
ff14SB force field (Maier et al., 2015) was used. The entire
experiment of MD simulation was executed on Nvidia
V100-SXM2-16GB Graphic Processing Unit using the
PMEMD.CUDA (Peramo, 2016) module installed on the
Computational Shared Facility (CSF3), University of
Manchester, UK. Simulations were run at 300 K using the
Langevin thermostat with a collision frequency of 2 ps-1, at
1 atm using a Monte Carlo barostat with volume exchange
attempts every 100 fs. A 2-fs integration step was
employed. Covalent bonds involving hydrogen constrained
using SHAKE (Andersen, 1983) algorithm. A cut off of 8 Å
was used for short-range nonbonded interactions whilst
long-range electrostatics were treated using the particle
mesh Ewald method. Equilibration consisted of rounds of
NVT and NPT equilibration for 10 ns in total. Production
MD run was performed for 100 ns. Root-mean-square devi-
ation (RMSD), root-mean-square fluctuation (RMSF), and
other interactions were analysed using CPPTRAJ (Roe &
Cheatham, 2013) over full trajectory, taking configuration in
every 4 ps.

Identification of active site and grid preparation

On successful completion of MD simulation, a representative
frame of TMPRSS2 was extracted using the CPPTRAJ module
of Amber18 and further used for active site identification.
Identification of the binding site of any protein molecule is a
crucial step for successful inhibition or activation of the pro-
tein. Before the molecular docking, the active site of the
TMPRSS2 was explored through the SiteMap module of the
Schrodinger software package (Halgren, 2007). The SiteMap
module is an excellent tool for identifying the active site in
the protein receptor. This tool starts the searching of sites on
the protein surface by linking the site-points. In the next
step, it involves forming maps having hydrophobicity or
hydrophilicity regions. Finally, it calculates the energy prop-
erty of each site and scored accordingly (Halgren, 2007).
Four top most active sites predicted by the Sitemap were
analysed concerning the RMSF data obtained from the MD
trajectory of residues in the predicted druggable site. The
site formed by residues Hie18, Gln21, Glu23, Asn24, Pro25,
Val49, Pro50, Gln51, Tyr52, Ala53, Pro54, Arg55, Gln59, Val65,
Gln68, Pro69, Val96, Gly97, Ala98, Ala99, Ala101, Met371,
Met372, Leu373, Gln374, Glu376, Gln377, Leu378, Thr447,
Lys449, Asn450, Asn451, Ile452, and Trp454 was selected for
the molecular docking study. Before the molecular docking
study, the TMPRSS2 was prepared using the Protein
Preparation Wizard of Maestro. The Glide-grid module
(Friesner et al., 2006) was used to generate the receptor grid
enclosing the residues mentioned above to form a grid box.

Small molecular dataset

The structures of 5 therapeutically used drugs viz., Ambroxol
(CAS: 18683-91-5), Bromhexine (CAS: 3572-43-8), Guaifenesin
(CAS: 93-14-1), Camostat (CAS: 59721-29-8) and Nafamostat
(CAS: 82956-11-4) were obtained from the ChEMBL Database
(Gaulton et al., 2012). A set of 2230 compounds that belongs
to the natural product dataset was obtained from the
Selleckchem database (https://www.selleckchem.com/screen-
ing/natural-product-library.html) (Selleckchem, 2014). The
library contains diverse chemical scaffolds derived from nat-
ural sources and with different biological properties.
Compounds in the Selleckchem database are belong to
diverse kinds of scaffolds ranging in alkaloids, phenols, ter-
penes and terpenoids, flavones, and flavonoids. All com-
pounds are commercially available for high-throughput
screening and other biological studies. To use these mole-
cules for virtual screening, the entire dataset along with five
drug molecules were prepared using the
‘LigPrep’(Schr€odinger, 2018) of Schrodinger molecular model-
ling suite. The 3D conformation of all the ligands was gener-
ated. The whole process was performed at a pH of 7.0 ± 2.0
with each molecule restricted to produce a maximum of 32
stereoisomers. The molecular chirality was retained and ion-
isation sates were achieved using the ‘Epik’ function of the
LigPrep. The geometric optimisation of ligands was done
through the OPLS3 force field (Schr€odinger, 2018).

Molecular docking and virtual screening workflow

Five standard drug molecules as mentioned previously were
considered for the extra precision (XP) molecular docking
using the Glide module of the Schrodinger suite (Bhowmick,
Alissa, et al., 2020). The van der Waals radii and scaling factor
were set to 0.80 and 0.15 respectively to soften the potential
of nonpolar parts on drug molecules. No restraints were
applied to the ligands during the entire docking protocol.
Post-docking minimisation was allowed to provide minimised
docked structures with a maximum of five best poses per lig-
and to include in the docking output file. The drug mole-
cules were allowed to be flexible during the docking
process. The RMSD, docking score, Glide score, and binding
energy were recorded for each molecule (Kerzare et al.,
2016). The Virtual Screening Workflow (VSW) available on the
Schrodinger suite is a grid-based ligand docking with ener-
getics module (Friedrich et al., 2017; Jangam et al., 2019).
The VSW was used for the rigorous screening, docking, and
validation studies of the natural product dataset. The VSW
protocol consists of three consecutive molecular docking
steps, such as glide-high-throughput virtual screening (HTVS),
standard precision (SP), and extra precision (XP) docking. The
entire execution of the VSW process was performed in the
CHPC server, Cape Town, South Africa (https://www.chpc.ac.
za/index.php/resources/lengau-cluster). The prepared dataset
of molecules was given as input in the VSW. The ligand cut
off selected as 50% at each stage of HTVS, SP and XP. The
good scoring poses retained and further subjected to the
calculation of binding-free energy by the molecular
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mechanics generalised born surface analysis (MM-GBSA)
(Genheden & Ryde, 2015) and molecular mechanics
Poisson–Boltzmann surface area (MM-PBSA) (Kumari et al.,
2014) methods. The Glide-XP score, docked pose of the
ligands and MM-GBSA binding energy was obtained from
the VSW exercise were taken into consideration for further
studies on the selected protein–ligand complexes.

MD simulation and MM-GBSA/MM-PBSA analysis

Final molecules obtained after successful screening through
VSW were considered for MD simulation study in complex
with TMPRSS2. In addition to these, above mentioned five
standard drug molecules in complex with TMPRSS2 were

also studied for the all-atom unbiased molecular dynamics
simulations on Amber18 software as mentioned previously.
The protein–ligand complexes were immersed in truncated
octahedron of TIP3P water and the required number of salt
ions were added to neutralise the complex and then bring-
ing the ionic concentration to 0.1 N. Rest of the procedure
remains the same for both the simulations. The protein–li-
gand complex RMSD, ligand RMSD and RMSF for protein res-
idues was analysed using the CPPTRAJ module of Amber18
over full trajectory, taking configuration every 4 ps. The com-
plete 100 ns MD simulation trajectories were subjected to
calculate the binding-free energy through MM-GBSA and
MM-PBSA analysis covering all the 10,000 frames. The results
were tabulated, all energies are reported in Kcal/mol.

Results and discussion

In order to find out promising TMPRSS2 inhibitors, a number
of in-silico approaches including homology modelling, virtual
screening, molecular docking, MD simulation and binding-
free energy calculation were performed. The flow diagram of
the work is given in Figure 2.

Generation of the 3D structure of TMPRSS2

The crystal structure of TMPRSS2 is yet to be solved, hence
the 3D coordinates of the same were generated through the
homology modelling approach. The homology modelling
was performed by a template-based method using the
Swiss-Model Online Platform (Biasini et al., 2014). Swiss-
Model uses ProMod3 as its engine. ProMod3 extracts struc-
tural information from an aligned template structure in
Cartesian space. The sequence alignment of the query and
target sequence identifies the insertions and deletions in the
compared sequences. These problems are resolved by
searching for the fragments in the structural database and
the missing loops or chains are modelled and inserted. In
the absence of a suitable fragment, a conformational space
search is performed using Monte Carlo sampling (Koch,
2018). ProMod3 uses the 2010 backbone dependent rotamer
library to solve the non-conserved side-chains. The rotamer
configurations are estimated using the TreePack algorithm
and energy minimisation is performed by SCWRL4 energy
function (Waterhouse et al., 2018). It used the OpenMM
library to perform computations and CHARMM27 forcefield
for parametrisation. The target sequence of TMPRSS2 in
FASTA format was collected from the Universal Protein
Resource ‘UniProtKB’ database (Accession Number O15393).
Several possible templates were retrieved by the Swiss-
Modeller with the maximum identity and statistical E value.
After critical analyses, finally, the crystal structure of serine
protease hepsin (PDB ID: 1Z8G) (Herter et al., 2005) was
adopted as a potential template. The maximum identity and
similarity of the template were found to be 35.21 and
39.00%, respectively with the target sequence. The 3D-struc-
ture of the template molecule is given in Figure S1
(Supplementary Data). Three important parameters such as
fewest restraint violations, lowest probability density

Figure 2. Flow diagram of homology modelling-based screening of
TMPRSS2 inhibitors.
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function, and acceptable geometry were checked to select
the best model. Based on the above criteria, finally, best 3D
coordinates of generated TMPRSS2 were selected and it is
given in Figure 3. The final selected model of TMPRSS2 was
superimposed on the template molecule and the RMSD was
found to be 1.255 Å which is within the acceptable range
(permissible range i.e. �2Å). The superimposed structure
between the final selected model and template is given in
Figure S2 (Supplementary Data). The low RMSD value
undoubtedly explained the close homology and reliability of
the model.

Validation and active site prediction

It is extremely important to validate any 3D protein structure
generated from the template-based comparative modelling
technique. First of all, the structure was considered for the
refinement in the aqueous solvent and removal of the steric
restrain through all-atoms MD simulation for the 100 ns
period at a constant temperature of 300 K. The RMSD in the
heavy atom positions converged to 6 Å after 40 ns and main-
tained its predicated overall protein fold for the rest of the
simulation period (Figure S3, Supplementary Data). The final
RMSF of individual amino acid shows high averages for resi-
dues between 150 and 200 with RMSF between 6 and 7Å
which could be attributed to the interdomain region of the
TMPRSS2 (Figure S4, Supplementary Data). Further, the mod-
elled TMPRSS2 structure was analysed by a series of valid-
ation methods to confirm its reliability and consistency. The

model was subjected to analysis using various tools includ-
ing PDBsum (Laskowski, 2009), MOE, PROSA (Wiederstein &
Sippl, 2007), QMEAN and LDDT (Mariani et al., 2011). The
TMPRSS2 was first analysed for its stereochemical quality
using the PDBsum and MOE software package. The model
has the following structural features; 49 b-turns, 16 a-helices,
15 strands, 8 b-hairpins, 5 b-bulges, 4 b-sheets, 4 helix-helix
interactions, and 12 c-turn (Figure 3). The analysis of steric
problems within the protein and high-accuracy
Ramachandran Plot (RC-plot) was obtained and it is given in
Figure S5 (Supplementary Data). The u/w angles were found
well within the allowed region with the majority of residues
(90.61%) present in the favoured and allowed region. The
molprobity score and clash score of all atoms were found to
be 1.60 and 2.83, respectively. The rotamer outlier value of
0.24% accounting for one outlier rotamer. The Molprobity
score and RC plot assessment suggest good structural integ-
rity of the model. To understand the energetics of the
model, a Qualitative Model Energy analysis (QMEAN) was
performed through the QMEANDisCo tool. The QMEAN score
was found to be �2.45, which is considered good for a hom-
ology model. The TMPRSS2 model possesses two distinctive
domains with a connecting region, a common feature of the
TTSP family. The above distinctive domains can be recog-
nised as the more regularly packed serine protease domain
(Domain 1) and the less organised scavenger receptor cyst-
eine-rich (SRCR) region (Domain 2). The residues from this
interdomain connecting region form a grove that was
detected as the most suitable site for docking studies out of

Figure 3. A three-dimensional model of TMPRSS2 developed through homology modelling.
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several possible active sites. This is unusual as in most of the
serine proteases the binding site is usually around domain 1
(Somoza et al., 2003). Before molecular docking, it is crucial
to find the active site in the protein molecule. The actives
site in the selected homology model was explored through
two different methods such as Site-map in Schrodinger suite
and Site-finder in MOE suite. Both approaches suggested
that the position of the action in the interdomain cleft. On
detailed analysis, the important amino residues confining the
binding site were found to be Hie18, Gln21, Glu23, Asn24,
Pro25, Val49, Pro50, Gln51, Tyr52, Ala53, Pro54, Arg55, Gln59,
Val65, Gln68, Pro69, Val96, Gly97, Ala98, Ala99, Ala101,
Met371, Met372, Leu373, Gln374, Glu376, Gln377, Leu378,
Thr447, Lys449, Asn450, Asn451, Ile452, and Trp454. The pos-
ition of the binding site cavity in 3D orientation is given in
Figure 4.

Virtual screening

The availability of 3D coordinates of any target can be used
in structure-based virtual screening for promising molecules.
It has become popular in the scientific community and
widely used in drug discovery research. The TMPRSS2

structure developed from the comparative structure predic-
tion method was further used to screen a set of 2230 mole-
cules belong to the natural products obtained from the
Selleckchem database. It is essential to use any control mole-
cule(s) to compare the outcomes of the pharmacoinformatics
study. In this regard, a total of five standard molecules;
Ambroxol (CAS: 18683-91-5; Approved drug), Bromhexine
(CAS: 3572-43-8; Approved drug), Guaifenesin (CAS: 93-14-1;
Approved drug) , Camostat mesylate (CAS: 59721-29-8;
Phase-I drug) and Nafamostat (CAS: 82956-11-4; Phase-III)
were initially explored through the molecular docking and
MD simulation study in the TMPRSS2. Two-dimensional (2D)
representation of all five standard molecules is given in
Figure 5.

The binding interactions of Bromhexine, Guaifenesin, and
Nafamostat are given in Figure S6 (Supplementary Data),
whereas, binding interactions of Camostat and Ambroxol are
discussed in the following section. The Glide-XP score, Prime-
MM-GBSA binding-free energy, and binding-free energy
obtained from the MD simulation trajectory were critically
explored and compared to each other (Table S1,
Supplementary Data). Finally, based on the above parameters
and known pharmacological properties, Camostat and
Ambroxol were considered as control molecules in the

Figure 4. Position of binding pocket in the TMPRSS2.

Figure 5. Two-dimensional representation of five standard drug molecules.
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remaining study. The Glide XP-score in molecular docking, all
parameters in MD simulation study, and binding interaction
profile from the post-MD simulations of all proposed com-
pounds were compared with the above two con-
trol molecules.

The curated Selleckchem database was used for screening
through a multi-step molecular docking study implemented
in the VSW module of Maestro. Initially, the entire curated
database was docked through the Glide-HTVS and best 50%
docked molecules retained for the next step. Molecules
remained in the Glide-HTVS step were used as input of the
Glide-SP procedure. In this step also best 50% docked mole-
cules were kept for further analysis. In the final step of
molecular docking (glide-XP), the best 25% molecules were
considered to calculate the binding-free energy through the
Prime-MM-GBSA approach. The XP-score and Prime-MM-
GBSA binding energy of Camostat and Ambroxol was found
to be �6.231 and �30.123 Kcal, and �7.212 and
�34.654 Kcal/mol, respectively. Hence, the molecules having
higher XP score and binding energy compared to Ambroxol
were considered for the next level of analysis. After following
the above-mentioned procedure, finally, a total of 15 mole-
cules satisfied the above criteria and used for the MD simula-
tion study. The binding-free energy through the MM-GBSA
approach from the MD simulation trajectory was calculated
for all 15 molecules along with Camostat and Ambroxol.
Among the five know drugs studied, Ambroxol had the high-
est binding energy of �44.48 Kcal/mol, and Camostat had
medium binding energy of �25.00 Kcal/mol. The above val-
ues were used further as a threshold to reduce the chemical
space. Finally, by fulfilling the above all criteria a total of five
molecules; Neohesperidine, Myricitrin, Quercitrin, Naringin,

and Icariin were selected out of the top ten phytochemicals
were selected as crucial inhibitors of TMPRSS2. The 2D repre-
sentation of the final five phytochemicals is given in
Figure 6.

Binding interactions analyses

The binding interaction profile of the final five phytochemi-
cals along with two standard drug molecules was analysed
through the protein–ligand interaction profiler (PLIP) (Figure
7) and the binding interactions for the rest of the molecules
are mentioned in the supplementary information (Figures S7
and S8, Supplementary Data). The GScore and DockScore of
final proposed molecules along with standard drug mole-
cules are given in Table 1. Several potential hydrogen bonds
(HB) and non-bonding interactions were observed between
the phytochemicals and binding site amino residues of
TMPRSS2 protein. Hesperetin 7-neohesperidoside, also known
as neohesperidin, belongs to the class of organic compounds
known as flavonoid-7-o-glycosides. These are phenolic com-
pounds containing a flavonoid moiety which is O-glycosidi-
cally linked to carbohydrate moiety at the C7-position.
Glucosyl hesperidin prevents influenza virus replication
in vitro by inhibition of viral sialidase (Saha et al., 2009).
Neohesperidin docks nicely into the active site of TMPRSS2,
its pyran ring with three hydroxyl groups were found to be
critical to interact with Arg55, Gly97, and Asn51 through 2, 2,
and 1 HB interactions respectively. Another pyrin ring with
two hydroxyl and methoxy functional groups in
Neohesperidin established HB interactions with Gln 377,
Thr477, Asn451, and Ile452 by 1, 1, 1 and 2, respectively.

Figure 6. Two-dimensional representation of final proposed molecules.
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Beyond above, several hydrophobic and p-stacking bind-
ing interactions were observed between the Neohesperidin
and Pro50, Gln51, Ala99, and Ile452 amino residues of
TMPRSS2 protein. Myricetin is a common plant-derived fla-
vonoid and is well recognised for its nutraceuticals value. It

is one of the key ingredients of various foods and
beverages(Semwal et al., 2016). The compound exhibits a
wide range of activities that include strong antioxidant, anti-
cancer, antidiabetic, and anti-inflammatory activities.
Myricetin-3-O-rhamnoside showed antiviral activity and

Figure 7. Binding interactions of final phytochemicals with TMPRSS2.

Table 1. Molecular docking score and Glide score obtained from docking studies, Prime-MM-GBSA and binding-free energy components for
the protein–ligand complexes calculated by MM-GBSA and MM-PBSA analysis for the selected compounds (all energies are in Kcal/mol with
standard deviation in parenthesis).

Molecule name

Virtual screening workflow (VSW) Molecular dynamics simulations (MDS)

GScore DockScore Prime MM-GBSA (DGbind) MM-GBSA (DGbind) MM-PBSA (DGbind)

Natural products
Neohesperidin –12.77 –12.77 –66.53 –72.84 (7.73) –15.83 (8.82)
Myricitrin –11.52 –11.55 –51.70 –49.52 (3.56) –7.28 (4.83)
Quercitrin –10.78 –10.81 –55.01 –50.57 (4.73) –14.61 (6.90)
Naringin –10.73 –11.25 –37.11 –50.29 (5.28) 7.45 (7.57)
Icariin –10.10 –10.11 –56.83 –60.34 (4.26) –9.52 (8.83)

Standard drugs
Camostat –6.23 –4.62 –25.00 –25.00 (2.67) 11.99 (4.44)
Ambroxol –7.21 –3.61 –44.48 –44.48 (4.94) –11.36 (7.59)

DGbind¼binding-free energy.
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mechanism of action against H1N1 influenza
virus(Motlhatlego et al., 2018). The binding interactions
between Myricitrin and TMPRSS2 were explored. In Figure 7,
it can be seen that Glu377, Thr447, Lys449, and Ile452 were
revealed as crucial amino residues to form strong HB interac-
tions with Myricitrin.

One of the hydroxyl groups of pyrogallol in the molecular
system potentially formed HB interaction with Lys449. The
oxo and hydroxyl functional groups present in the chromone
ring in Myricitrin were found to form HB interactions with
Asn451, Ile452, and, Arg55 and Gly97, respectively. Few of
the above amino residues were also observed to participate
in non-HB interactions. Quercetin-3-rhamnoside (Q3R) pos-
sessed antiviral activity against the influenza A/WS/33 virus
in vitro. Mice orally treated with Q3R (6.25mg/kg per dose)
at 2 h before and once daily for 6 days after influenza virus
infection showed significant decreases in weight loss, and
decreased mortality (Choi et al., 2012; Wong et al., 2017).
Quercetin, dihydroquercetin, and quercitrin are flavonoids
(flavanols) found in various vegetarian foods including
onions and leaf cabbage(Micronutrient Information Center,
2017). The molecular docking interaction between Quercitrin
and TMPRSS2 reveals the pyrrole ring of Quercitrin as the
most significant part of the molecules because it participates
in forming a number HB and one hydrophobic interaction.
Amino residues, Gln377, Thr447, Lys449, and Ile 452 formed
1, 1, 2, and 1 HB interactions respectively with Quercitrin.
The Methyl group attached in the same ring was crucial to
establish hydrophobic interaction with Trp454. Hydroxyl
group attached to the independent phenyl ring clashed with
Lys 449 through HB and the same phenyl ring also formed a
hydrophobic interaction with Gln51. Moreover, the oxy group
present in the fused double ring system was found to be
important to form HB interactions with Asn451 and Ile452.
Naringin is flavanone-7-O-glycoside found widely in the citrus
fruits, especially in the grapefruit (Alam et al., 2014). It is
reported to impairs the in vitro infection of human cells by
Zika virus and the dengue virus(Cataneo et al., 2019;
Frabasile et al., 2017). Naringin was docked inside the recep-
tor cavity of TMPRSS2. A significant number of crucial amino
acids, namely Gln21, Asn24, Ala98, Gln374, Gln377Thr447,
Asn451, and Ile452 established strong HB interactions with
Naringin. Moreover, Arg55 shows two critical hydrophobic
binding interactions with Naringin. Icariin is prenylated flavo-
nol glycoside, it is widely found in the genus Epimedium.
These classes of plants are widely used in Chinese traditional
medicine as an aphrodisiac(Liu et al., 2006). Icarrin and its
phosphorylated derivatives were reported for their antiviral
activity against duck hepatitis virus A (Xiong et al., 2015).
The molecular docking interactions of Icarriin with TMPRSS2
show that the hydroxyl and hydroxymethyl groups present
in the tetrahydroxy pyran ring in the Icariin molecule make
hydrogen bonds with the residues, Gln377, Thr447, Lys449,
Asn451, and Ile452. In addition to the above, Glu376 and
Leu378 also formed HB interactions with Icariin. Moreover,
some non-hydrogen bond interactions were also observed
between Icariin and binding site amino residues of TMPRSS2
protein. Ambroxol is an active metabolite of bromhexine and

superior to bromhexine is in its pharmacokinetics, efficacy,
and side effect profile (NCT02914366, 2016; Weiser, 2008).
Ambroxol has been used in the prevention of neonatal
respiratory distress syndrome with no reported maternal or
foetal/neonatal side effects. Ambroxol stimulated the release
of suppressors of influenza-virus multiplication (Yang et al.,
2002). Camostat is a known inhibitor of TMPRSS2 as men-
tioned earlier. Detailed binding interactions of Camostat and
Ambroxol with TMPRSS2 were critically examined.

Hydrogen bond interaction with residue Asn451 was com-
mon for both drugs. Binding site amino residues, Arg55, and
Glu376 were found crucial to interact with Camostat via HB
interaction, while Met372, Glu377, and Ile452 established HB
contacts with Ambroxol. Moreover, Gln374, Leu378 and
Lys449, and, Ile452 and Trp454 formed hydrophobic interac-
tions with Camostat and Ambroxol respectively. Overall,
some binding site amino residues formed strong HB and
hydrophobic interactions with the final selected phytochemi-
cals. Such an observed high number of binding interactions
plays a crucial role to retain the stability between TMPRSS2
and phytochemicals. The binding mode of each of phyto-
chemicals in the TMPRSS2 receptor cavity was also explored
and given in Figure S9 (Supplementary Data). It can be seen
that all the final molecules fitted perfectly in the active site
with optimal orientation.

Kumar et al. (2020) recently considered the homologous
structure of TMPRSS2 from the Swiss-Model Repository.
Further, they have adopted three natural small molecules,
Withanone and Withaferin-A from Ashwagandha, and caffeic
acid phenethyl ester (CAPE) from honey bee propolis for
molecular docking followed by MD simulation studies.
Camostat was used as a control molecule. In the current
study, the molecular docking study revealed a number of lig-
and binding amino acid residues those are common with the
molecular docking outcomes by Kumar et al. It is also
important to note that both Withanone and Withaferin-A, as
well as Camostat, were perfectly fitted inside the active site
of TMPRSS2. In our study, all proposed phytochemical along
with both standard molecules, Camostat and Ambroxol were
also fitted in the TMPRSS2. Moreover, MD simulation study
was performed by Kumar et al. and shown the relative stabil-
ity of the protein–ligand complex. In the current study, we
have also successfully shown relative stability of the
TMPRSS2-phytochemical complexes and strong binding affin-
ity towards the active site.

Molecular dynamics simulation

MD simulation analysis is a crucial and effective study to
explore the dynamic behaviour of the molecules. To explore
the nature of phytochemicals inside the TMPRSS2 in dynamic
states and the stability of protein–ligand complex, all-atoms
100 ns MD simulation was carried out. RMSD of the protein
backbone, RMSF, ligand RMSD and binding-free energy were
explored. The protein backbone RMSD of TMPRSS2 bound
with phytochemicals was calculated from the MD simulation
trajectories and given in Figure 8. The RMSD parameter is
one of the crucial parameters which can explain the overall
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stability and insights into its structural conformation changes
of the protein–ligand complex from the MD simulation tra-
jectories. The high stability of the protein–ligand complex
can be deduced by obtaining the lower RMSD value of the
protein backbone. The backbone RMSD with low value is
perfectly acceptable but larger variations are also acceptable
as it might indicate that the protein is probably undergoing
large or some sort of conformational change during the
simulation. It can be seen that except TMPRSS2 backbone
bound with Icariin and Ambroxol all backbone RMSD
remained consistent throughout the MD simulation. For all
complexes, the RMSD was gradually increased from starting
and equilibrated after about 55 ns. In the case of TMPRSS2
backbone bound with Icariin and Ambroxol, it was observed
that after about 60 ns the RMSD values increases but imme-
diately equilibrated around 4 and 5Å, respectively. The aver-
age RMSD value of each complex gives an idea about the
relative stability. Average RMSD of TMPRSS2 backbone
bound with Neohesperidin, Myricitrin, Quercitrin, Naringin,
Icariin, Camostat, and Ambroxol was found to be 3.010,

2.844, 3.337, 3.070, 3.509, 3.265 and 3.909Å, respectively. It is
important to note that the average RMSD of all complexes
were found within the range of 2.800 to 4.00 Å. Also,
TMPRSS2 backbone RMSD of final compounds was found to
be less than Ambroxol bound TMPRSS2 backbone. Therefore,
from the above data and observation, it was clear that com-
plexes between TMPRSS2 and proposed molecules remained
stable in the entire molecular dynamics simulation.

Individual amino residues play a crucial role to retain the
stability of the protein–ligand complex in the MD simulation
study. The fluctuation of each amino acid can be calculated
through the RMSF which measures the mean divergence of
each amino acid from the reference position. The absolute
magnitude of the RMSF value indicates high or low flexibility.
On successful completion of the MD simulation, the RMSF of
TMPRSS2 amino acids was calculated and it is given in
Figure 9. Figure 9 explains the pattern of changes in RMSF
of amino acids bound with selected phytochemicals were
almost similar with some exception. The average RMSF val-
ues were found to be 1.269, 1.244, 1.414, 1.296, 1.528, 1.373,

Figure 8. RMSD of TMPRSS2 backbone bound with phytochemicals.

Figure 9. RMSF values of TMPRSS2 amino acids bound with proposed phytochemicals.
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and 1.945 Å for the complex with Neohesperidin, Myricitrin,
Quercitrin, Naringin, Icariin, Camostat, and Ambroxol corres-
pondingly. Low mean RMSF value undoubtedly explained
the stability of the amino acid during MD simulation.

The deviation of the ligand from the native structure was
explored by the ligand RMSD analysis. The ligand RMSD of
each frame was obtained and plotted against the time simu-
lation (Figure S10, Supplementary Data). It can be seen that
all the final proposed phytochemicals were equilibrated with
low RMSD values. It is also crucial to note that both drug
molecules, Camostat and Ambroxol show higher deviation
compared to their native conformation and equilibrated with
higher RMSD value. The lower RMSD of phytochemicals com-
pared to standard drugs shows higher affinity and better
binding to the target protein.

The hydrogen bond analysis for all the seven protein–li-
gand complexes was performed by CPPTRAJ in Amber18.
The hydrogen bonds at the beginning and end of the simu-
lation were observed and recorded by calculating the actual
distance between the receptor–donor pairs in the protein–li-
gand complexes. The hydrogen bond interactions formed by
residues Gly97, Gln377, Asn451 and Ile452 were found to
remain intact and between 2.5 and 3.8 Å most instants
(Figure S10, Supplementary Data). The hydrogen bond ana-
lysis suggests high affinity between the ligands and the resi-
dues in the active site of the TMPRSS2 receptor.

To check the binding affinity of the proposed molecules
towards TMPRSS2 the entire trajectories from MD simulation
were considered to calculate the binding-free energy
(DGbind) through the MM-GBSA approach. The MM-GBSA and
MM-PBSA are widely used approaches by the scientific com-
munity to calculate DGbind from the MD simulation trajecto-
ries and also can be considered almost accurate in
comparison to molecular docking-based binding energy
(Bhowmick, AlFaris, et al., 2020; Genheden & Ryde, 2015; Hou
et al., 2011). The DGbind along with other binding energy
contributing components such as Van Der Waals interactions
energy (DGvdW), electrostatics energy (DGele), polar solvation
energy (DGele,sol), and nonpolar solvation energy
(DGnonpol,sol), these were calculated. The contribution of the
solvation-free energies in the binding-free energy is crucial
for the binding process. This parameter explains the loss of
water interactions for a small molecule moves from solution
to the gas phase in a similar way as a ligand moving from
solvent into a binding site (Cournia et al., 2017). The DGbind

of final five molecules calculated using MM-GBSA and MM-
PBSA are given in Table 1. The value of the individual contri-
buting component of DGbind obtained using MM-GBSA and
MM-PBSA are given in Tables S1 and S2 (Supplementary
Data), respectively. The high negative DGbind value of any
molecule illustrated the more affinity towards the receptor.
From Table 1, it can be seen that DGbind calculated through
MM-GBSA method was found to be �72.840, �49.520,
-50.570, �50.290, �60.340, �25.000 and �44.480 Kcal/mol
for Neohesperidin, Myricitrin, Quercitrin, Naringin, Icariin,
Camostat, and Ambroxol, respectively. The DGbind using MM-
PBSA approach was found to be �15.83, �7.28, �14.61, 7.45
and �9.52 Kcal/mol for Neohesperidin, Myricitrin, Quercitrin,

Naringin and Icariin, respectively. All proposed phytochemi-
cals exhibited a higher affinity towards the TMPRSS2 in com-
parison to Camostat and Ambroxol. Moreover, the main
contributing components of total binding-free energy were
found to be DGvdW and DGele which indicated the possibil-
ities of forming several hydrophobic and electrostatic interac-
tions between the TMPRSS2 and phytochemicals. Hence, the
above observation demonstrates that all proposed molecules
might inhibit the TMPRSS2.

It is quite interesting and essential to explore the binding
interactions between protein and ligand after successful com-
pletion of the MD simulation study. This analysis can give an
insight into the binding interactions and orientation of the
molecules relative to the molecular docking study. The last
frame of the protein–ligand complex of each molecule was
extracted from the MD trajectory. Subsequently, the binding
interactions profile was explored through PLIP and given in
Figure 10. After deep exploration, it was found that all pro-
posed molecules and standard drugs were successfully
retained inside the receptor cavity of TMPRSS2 with different
orientation and a small alteration of binding interactions. Most
of the interacting amino acids in molecular docking studies
were found to retain interaction in post-MD complexes. It is
also worth noting that very few binding interactions were lost
but also new contacts established during the simulation.
Overall, proposed natural compounds were found excellently
efficient enough to keep hold at the active site of TMPRSS2
and also retain some potential binding interactions in the
dynamic states during the all-atoms MD simulation.

Targeting the host proteases in viral infections is a rela-
tively new strategy for developing antiviral drugs that may
overcome the emergence of resistance. Effective antiviral
drugs against pathogenic coronaviruses and other emerging
viruses are desirable to enable a rapid response to pandemic
threats. TMPRSS2 is one of the host factors that has been
shown essential for proteolytic activation and consequently
spread and pathogenesis of coronaviruses. Considering its
important role in the viral entry of SARS-CoV-2 on binding
with ACE-2, it is a promising drug target for the treatment of
these viral infections. The final compounds from this study
belong to the class of flavonoids also known as bioflavo-
noids. The bioflavonoids occur widely in food and herbs
used in Ayurvedic and Traditional Chinese Medicine (TCM)
for the treatment of infectious and non-infectious diseases
since ancient times. This work also indicates that nutritious
food including green vegetables, herbs and fruits would help
in improving our immunity to fight the COVID-19 owing to
the presence of these phytochemicals.

Conclusion

To identify a few crucial COVID-19 therapeutics from the nat-
ural products, homology modelling-based pharmacoinfor-
matic approaches were used on TMPRSS2. The lack of
available TMPRSS2 crystal structure encouraged us to gener-
ate the 3D coordinates which were obtained through hom-
ology modelling followed by extensive virtual screening of
natural products. The natural product database was screened
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at three levels of molecular docking followed by molecular
dynamics simulation of ten final natural compounds along
with five standard drug molecules. The free energy calcula-
tion for these fifteen molecules was performed and further
analysis was carried out. The top five natural products
Neohesperidin, Myricitrin, Quercitrin, Naringin, Icariin, and
two therapeutically used drugs, Camostat, and Ambroxol
were discussed in detail. The molecular docking, MD simula-
tion, and binding-free energy of each molecule were derived
through the MM-GBSA approach shows that all compounds
possess a strong affinity towards the TMPRSS2. These natural
compounds are phytochemicals belongs to the class of bio-
flavonoids and three of them Neohesperidin, Myricitrin,
Quercitrin are known for their antiviral activity. This study
cements the previous reports and provides a possible mech-
anism of action of these compounds for antiviral activity. The

inhibition of TMPRSS2 would inhibit the SAR-CoV-2 viral
entry into the human host cells. Hence, it can be concluded
that proposed molecules through the pharmacoinformatic
approaches might be crucial biomolecules in the successful
management of COVID-19, subject to experimen-
tal validation.
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Figure 10. Post-MD simulation binding interactions analysis between phytochemicals and TMPRSS2.
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