
Vol.:(0123456789)1 3

https://doi.org/10.1007/s11224-022-01921-3

ORIGINAL RESEARCH

Identification of novel TMPRSS2 inhibitors against SARS‑CoV‑2 
infection: a structure‑based virtual screening and molecular dynamics 
study

Suman Manandhar1 · K. Sreedhara Ranganath Pai1 · Praveen T. Krishnamurthy2  · Kiran Ammu V. V. V. Ravi2 · 
Garikapati Kusuma Kumari2

Received: 5 January 2022 / Accepted: 13 March 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
The scientific insights gained from the severe acute respiratory syndrome (SARS) and the middle east respiratory syndrome 
(MERS) outbreaks are helping scientists to fast-track the antiviral drug discovery process against severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). Coronaviruses, as well as influenza viruses, depend on host type 2 transmembrane 
serine protease, TMPRSS2, for entry and propagation in the human cell. Recent studies show that SARS-CoV-2 also uses 
TMPRSS2 for its cell entry. In the present study, a structure-based virtual screening of 52,337, protease ligands down-
loaded from the Zinc database was carried out against the homology model of TMPRSS2 protein followed by the molecular 
dynamics-based simulation to identify potential TMPRSS2 hits. The virtual screening has identified 13 hits with a docking 
score range of −10.447 to −9.863 and glide energy range of −60.737 to −40.479 kcal/mol. The binding mode analysis shows 
that the hit molecules form H-bond (Asp180, Gly184 & Gly209), Pi-Pi stacking (His41), and salt bridge (Asp180) type of 
contacts with the active site residues of TMPRSS2. In the MD simulation of ZINC000013444414, ZINC000137976768, 
and ZINC000143375720 hits show that these molecules form a stable complex with TMPRSS2. The complex equilibrates 
well with a minimal RMSD and RMSF fluctuation. All three structures, as predicted in Glide XP docking, show a prominent 
interaction with the Asp180, Gly184, Gly209, and His41. Further, MD simulation also identifies a notable H-bond interac-
tion with Ser181 for all three hits. Among these hits, ZINC000143375720 shows the most stable binding interaction with 
TMPRSS2. The present study is successful in identifying TMPRSS2 ligands from zinc data base for a possible application 
in the treatment of COVID-19.
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Introduction

The coronaviruses (CoV) are genotypically and sero-
logically divided into 4-subfamilies: α, β, γ, and δ-CoVs. 
Among them, α and β-CoV affect mammals, while γ and 

δ-CoVs affect birds. The SARS-CoV-2, a β-coronavirus, 
is an enveloped non-segmented positive-sense RNA virus 
(Fig. 1). The SARS-CoV-2 is round or oval (diameter of 
60 ~ 100 nm) shaped with a 29.9 kb genome size (one of 
the giant RNA virus genomes). The viral RNA, along with 
nucleoprotein (N), forms a helical nucleocapsid. A lipid-
bilayer membrane encapsulates the nucleocapsid and is asso-
ciated with transmembrane protein (M), spike glycoprotein 
(S), and a non-glycosylated envelope protein (E) (Fig. 1).  
S-glycoprotein facilitates cellular entry by binding to  
angiotensin-converting enzyme 2 (ACE2) host cell receptors.  
The transmembrane M protein facilitates the transport of 
nutrients, bud release, and formation of the envelope [1, 2]. 
Recent WHO situation report published on January 2022 
stated that globally −330 million people were infected with 
more than 5 million deaths due to coronavirus disease 2019 
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(COVID-19) [3]. The scientific insights acquired from SARS 
and MERS outbreaks is fast-tracking the antiviral drug dis-
covery process against SARS-CoV-2. Druggable targets 
for antivirals drugs include non-structural viral proteins 
(3-chymotrypsin-like protease, papain-like protease, RNA-
dependent RNA polymerase, and its helicase), viral struc-
tural proteins (S-glycoprotein) and host protein, TMPRSS2 
(Fig. 1). Several preclinical and clinical trials were underway 
across the globe to test the potential treatments against these 
protein targets [4–8].

Human coronaviruses could enter cell via two pathways, 
the cathepsins mediated endosomal pathway and TMPRSS2 
mediated the cell-surface or the early endosome pathway [9]. 
SARS-CoV-2 is reported to utilize the later path, where its 
spike glycoprotein (S) binds with host ACE2 and TMPRSS2 
receptors to enable cellular entry [10–13]. Uncoating facili-
tates the use of genomic RNA as mRNA to translate the rep-
licase polyproteins. The translation of the replicase gene pro-
duces the polyprotein 1a (pp1a) and polyprotein 1ab (pp1ab). 
Autoproteolytic cleavage of pp1a and pp1ab produces 11 
(nsp1–nsp11) and 15 (nsp1–nsp10 and nsp12–nsp16) non-
structural proteins, respectively (Fig. 1). The nsp12 is an 
RNA-dependent RNA polymerase (replicase, RdRp). The rep-
licase uses genomic RNA as a template to produce negative-
sense genomic RNAs (gRNAs), which is used for preparing 

progeny positive-sense RNA genomes (Fig. 1) [12]. A nested 
set of sub-genomic RNAs (sgRNAs) are synthesized by rep-
licase through discontinuous transcription of the genome. 
The sgRNAs are later translated into structural and accessory 
proteins (Fig. 1). The structural proteins, S, M, and E pro-
duced in the endoplasmic reticulum (ER) are transported to 
the ER–Golgi intermediate compartment (ERGIC) for virion 
assembly [2]. The N proteins associate with progeny genomic 
RNA to form the nucleocapsids. The smooth-wall vesicles 
transport the assembled virions in the ERGIC to the cell mem-
branes for the release of the mature virus particles [14].

Computational-based studies including molecular dock-
ing and network pharmacology play a major role in the iden-
tification as well as shortlisting of the hit molecules and 
the pathway involved in their mechanism of action. Several 
in silico-based virtual screening using molecular docking 
studies have been conducted for the identification of the 
potential hit molecules from the natural molecules, food 
components, marine source molecules, repurposing of the 
existing drugs, and traditional medicine [15–22]. The are 
several approaches targeting proteins responsible for the 
replication of the virus like main protease (Mpro), spike 
protein, and RNA-dependent RNA polymerase (RdRp) and 
protein targeting the entry of virus cellular angiotensin con-
verting enzyme 2 (ACE2) receptor [15, 19, 23–25]. In the 

Fig. 1  Structure and replication mechanism of SARC-CoV-2 (SARS-
CoVID-2, severe acute respiratory syndrome coronavirus 2; RdRp, 
RNA-dependent RNA polymerase; ORP, open reading frame inter-
mediate compartment; pp1a, polyprotein 1a; pp1ab, polyprotein 1ab; 

nsp, non-structural proteins; TMPRSS2, type 2 transmembrane serine 
protease; ACE2, angiotensin-converting enzyme 2; N, nucleoprotein; 
M, transmembrane protein; S, spike glycoprotein; E, non-glycosylated 
envelope protein)
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current approach, we have chosen in silico docking as well 
as molecular dynamics approach to identify the potential 
hit molecule from the library of the molecules with proven 
protease inhibitory activity against TMPRSS2 protein.

TMPRSS2 belongs to S1A class of serine proteases fam-
ily like factor Xa and trypsin. The S-protein is processed by 
TMPRSS2 into two functional subunits, N-terminal receptor-
binding domain (S1) and a C-terminal membrane fusion domain 
(S2) at the S1/S2 cleavage site. The S1 domain facilitates ACE2 
recognition and initiates a conformational change in the S2 sub-
unit, assisting membrane fusion via insertion of fusion peptide 
into the host cell membrane and delivering the viral nucleocap-
sid into the host cytoplasm [9, 13, 26–36]. The S2 domain con-
tains a fusion peptide (FP), a second proteolytic site (S2), an 
internal fusion peptide (IFP), and two heptad-repeat domains 
(HR1 & HR2) before the transmembrane domain (TM) (Fig. 2). 
It is hypothesized that both FP and IFP are involved in the facili-
tation of the viral entry process, and, therefore, S-protein must 
be cleaved at both S1/S2 and S2` cleavage sites to facilitate viral 
entry [34–36].

TMPRSS2 was first identified in prostate cancer, where it 
was found to be overexpressed and controlled by androgen 
receptor signalling and it has approximately 41% similar-
ity with TMPRSS15. It promotes prostate cancer metasta-
sis by activating the hepatocyte growth factor (HGF) and 
was inhibited by use of TMPRSS2 inhibitors [33, 37–39]. 
In humans, TMPRSS2 is expressed in the prostate, stom-
ach, colon, salivary gland, and epithelia of the gastrointes-
tinal, urogenital, and respiratory tracts [40]. Previous stud-
ies confirmed the role TMPRSS2 in activating proteases 
for respiratory influenza viruses [29, 41]. The purpose of 
host TMPRSS2 in spike protein activation was well dem-
onstrated in animal models of SARS-CoV and MERS-CoV 
infection. The results demonstrated that lack of TMPRSS2 
(in TMPRSS2-knockout mice) significantly reduced the air-
way infection and spread [28]. Further, when Tmprss2(-/-)-
deficient mice were infected with a re-assorted influenza A 
virus (IAV) H10 subtype hemagglutinin (HA), they show no 
abnormal clinical signs, lung lesions, viral antigen, and body 
weight loss, when compared to wild-type mice [42]. Another 

study suggests that TMPRSS2 is a significant HA-activating 
protease of IAV and IBV (influenza B viruses) in primary 
human type II pneumocytes and human bronchial cells [27]. 
TMPRSS2-positive VeroE6 cells are highly susceptible to 
SARS-CoV-2 infection, suggesting the critical role played by 
TMPRSS2 in viral entry into the host cell [31]. SARS-CoV-2 
receptors, ACE2, and TMPRSS2, are reported to be primarily 
expressed in bronchial transient secretory cells [32]. A recent 
study confirms that SARS-CoV-2 takes advantage of the 
host ACE2 for entry and the serine protease, TMPRSS2, for 
S-protein priming [30]. Further, TMPRSS2 inhibitor, Camo-
stat, is reported to block the host cell entry of SARS-CoV-2 
[30]. The above results strongly suggest that TMPRSS2 is 
a vital protein required for host cell entry of SARS-CoV-2 
and, therefore, constitutes a treatment option. The 3D crystal 
structure of TMPRSS2 is not available, and hence, we have 
used the previously reported homology model of TMPRSS2, 
generated by using TMPRSS15 (PDB ID. 4DGJ) [34].

Methodology

Structure‑based virtual screening

Virtual screening workflow of the Schrödinger software 
suite 2018–3 version (Maestro 11.7, Schrödinger, LLC, New 
York, NY, 2020) was used to carry out the screening of the 
Zinc database [43] against the active site of TMPRSS2.

Database and ligand preparation

A total of 52,337 molecules belonging to proteases category 
have been downloaded in 2D SDF format. The preparation 
of these 2D structures was carried out using the LigPrep 
module of the software. Briefly, the molecules were desalted 
and converted from 2D structure to corresponding low 
energy 3D structures, tautomeric, ionization (between pH 
6.8 and 7.2 by choosing Epik module), and all possible ste-
reoisomeric states were generated. The generated structures 
were energy minimized using OPLS 2005 force field.

Fig. 2  Structure of TMPRSS2. S1, N-terminal receptor-binding domain; 
S2, C-terminal membrane fusion domain; SP, signal peptide; NTD, 
N-terminal domain (NTD), RBD, receptor-binding domain; FP, fusion 

peptide; IFP, internal fusion peptide; HR1, heptad repeat 1; HR2, heptad 
repeat 2; TM, transmembrane domain. The SP, S1↓S2, and S2′ cleavage 
sites are indicated by arrows
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Homology model of TMPRSS2

The homology model of TMPRSS2 protein was obtained 
from the TMPRSS15 crystallographic structure (PDB ID. 
4DGJ) (with 41% of similarity on their peptide sequence) 
[20]. The obtained template is an aligned sequences of all 
the available S1A proteases followed by the identification 
of TMPRSS15 as the most suitable for the current study. 
PDB id 4DGJ was selected to build the homology model 
using Prime module of Schrodinger. The generated model 
was further validated by performing the MD simulation 
of 100 ns.

Protein preparation and receptor grid generation

The homology protein of TMPRSS2, generated by using 
TMPRSS15 (PDB ID. 4DGJ), was prepared by using the 
Protein Preparation Wizard. The protein was processed for 
bond orders, missing atoms, tautomer/ionization states, 
water orientations, and hydrogen bond networking. Con-
strained energy minimization was then performed using 
OPLS 3e 2005 force field. The receptor grid was generated 
using the prepared protein from the previous step. The size 
and position of the receptor grid box were defined using 
the centroid of workspace ligand (Benzamidine; A: BEN 
245) with van der Waals scaling factor of 1.0 and partial 
charge cutoff at 0.25.

Virtual screening

The virtual screening was carried out using the Glide Vir-
tual Screening Workflow. The previously prepared ligands 
were used as input structures. Before subjecting to Glide 
Docking, the ADME properties of these ligands were 
predicted and prefiltered by Lipinski’s rule and reactive 
functional group criteria. All ligands which pass through 
these prefilters were docked into the previously prepared 
receptor grid structure in three stages: in the first stage, 
the molecules were flexibly docked in Glide HTVS (high-
throughput virtual screening) mode using the default set-
tings. In the second stage, 10% of the lower-scoring hits 
from the previous step were flexibly docked in Glide SP 
(standard precision) mode. In the final stage, 10% of the 
lower-scoring hits of the last step were flexibly docked in 
Glide XP (extra precision) mode.

Binding energy calculation

The ligand binding energy of the selected hit mol-
ecules was calculated using prime module MMGBSA 
(molecular mechanics-generalized Born surface area). 

Prime MM-GBSA uses the VSGB solvation model [38] 
which is dependent on the variable-dielectric general-
ized Born model and solvent as water under the OPLS3e 
force field.

The binding free energy of all the selected proteins–ligand 
complex is calculated using the formula:

where G = MME (molecular mechanics energy) + GSGB 
(SGB salvation model for polar solvation) + GNP (nonpolar 
solvation).

Molecular dynamics (MD) simulation

MD simulation for 100 ns was performed using Desmond soft-
ware (Schrödinger software suite 2018–3 version) for the three 
hits having the highest docking score (ZINC000013444414), 
glide energy (ZINC000137976768), and MMGBSA dG 
bind free energy (ZINC000143375720). The system com-
prising of SPC solvent model, ligand, and protein complex 
was built in orthorhombic boundary with a dimension of 
10 Å × 10 Å × 10 Å, and the negative charge was neutralized 
with counter sodium ions. The system was then minimized into 
local energy minimum using hybrid method of steepest descent 
with minimum ten steps of steepest descent and the limited 
memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS) algo-
rithms considering 3 LBFGS vectors until gradient threshold 
of 25 kcal/mol/Ǻ was reached. Default options of minimiza-
tion setup of Desmond were used that utilizes minimization 
with maximum of 2000 iterations and convergence threshold 
of 1 kcal/mol/Ǻ. The simulation was then carried out using an 
NPT ensemble system with 300.0 K temperature and 1.0 bar 
pressure for 100 ns duration. The trajectory was recorded for 
every 100.0 ps, and 1000 frames were captured, which is used 
for the calculation of root-mean-square deviation (RMSD) and 
root-mean-square fluctuation (RMSF).

Results and discussion

The structure‑based virtual screening

The ligand preparation was performed using 52,337 pro-
tease molecules form zinc database which yielded 77,956 
structures. The HTVS docking of these structures against 
the active site of the homology model of TMPRSS2 resulted 
in 4,567 hits. The further docking of these hits in the SP 
mode yielded in 615 hits. The final docking of these hits in 
the XP mode produced 13 hits with a docking score range 
of −10.447 to −9.863 and glide energy range of −60.737 
to −40.479 kcal/mol (Table 1 and Fig. 3).

ΔG bind = Gcomplex − (Gprotein + Gligand)

1532 Structural Chemistry (2022) 33:1529–1541
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Otamixaban was docked and reported to have interactions 
with TMPRSS2 homology model i.e., pi stacking interaction 
with His 41, salt bridges with Glu 44, Lys 45, and H-bond 
with between benzamidine and plasma kallikrein in their 
template structure 2ANY [44, 45]. Similarly, in our analysis 

of the docking complexes, we revealed that the ligands form 
H-bond, Pi-Pi stacking, and salt bridge-type interactions 
with the active site residues of TMPRSS2 (Table 1 and 
Fig. 4). The amine groups of benzamidine moiety present 
in these molecular structures formed H-bond interactions 

Table 1  Results of Structure-Based Virtual Screening of ZINC database against TMPRSS2 active site

Zinc ID Docking 
score

Glide 
energy

MMGBSA 
dG bind

Glide evdw Glide ecoul Glide 
emodel

Residue interactions

H-bond Pi-Pi 
stacking

Salt bridge

Nafamostat  −6.075  −25.636  −32.661  −16.027  −9.609  −32.630 Asp180, 
Gly209

─ Asp 180

Camostat  −4.732  −43.818  −56.08  −37.847  −5.971  −56.678 Asp180, 
Gly209

─ Asp 180

ZINC000013444414  −10.447  −47.167  −59.21  −30.569  −16.598  −64.055 Asp180, 
Gly184, 
Gly209

His41 Asp180

ZINC000013444423  −10.38  −48.337  −61.21  −31.781  −16.555  −67.916 Asp180, 
Gly184, 
Gly209

His41 Asp180

ZINC000003591050  −10.3  −48.82  −63.19  −28.034  −20.786  −64.646 Asp180, 
Gly184, 
Gly209

His41 Asp180

ZINC000013444417  −10.196  −47.467  −63.12  −31.115  −16.352  −62.99 Asp180, 
Gly184, 
Gly209

His41 Asp180

ZINC000137976768  −10.101  −57.952  −76.33  −39.566  −18.386  −84.707 Asp180, 
Gly209, 
His41

─ Asp180

ZINC000013644383  −10.059  −46.243  −58.64  −28.823  −17.42  −55.185 Asp180, 
Gly209, 
Lys135, 
Asp162

─ Asp180

ZINC000013444408  −10.046  −48.339  −67.21  −29.337  −19.002  −63.549 Asp180, 
Gly184, 
Gly209

His41 Asp180

ZINC000013444358  −10.039  −41.761  −50.86  −25.801  −15.96  −61.018 Asp180, 
Gly184, 
Gly209

─ Asp180

ZINC000013444405  −9.995  −48.679  −65.89  −30.246  −18.433  −62.942 Asp180, 
Gly184, 
Gly209

His41 Asp180

ZINC000013444396  −9.99  −48.3  −64.75  −28.939  −19.361  −63.132 Asp180, 
Gly184, 
Gly209

His41 Asp180

ZINC000013444353  −9.989  −40.479  −62.92  −25.828  −14.651  −58.481 Asp180, 
Gly184, 
Gly209

─ Asp180

ZINC000143375720  −9.967  −60.737  −74.39  −41.044  −19.692  −87.584 Asp180, 
Gly209, 
His41, 
Lys87

─ ─

ZINC000143375943  −9.863  −57.137  −69.63  −39.532  −17.605  −82.619 Asp180, 
Gly209

His41 Asp180

1533Structural Chemistry (2022) 33:1529–1541
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with active site residues Asp180 and Gly209. Further, the 
aromatic hydroxyl groups formed H-bond interactions with 
Gly184 residue. Most of the hits formed H-bond interac-
tions with the above active site residues. Besides, three-hit 
molecules show additional H-bond interactions with His41, 
Lys135, Asp162, and Lys87 residues (Table 1 and Fig. 4). 
The Pi-Pi stacking interaction between the benzene groups 
and the His41 residues was observed in all the hits, except 
five. The salt bridge interaction was observed between the 
amine groups of benzamidine moiety, and Asp180 residue 
was found in all the hits excepting ZINC000143375720 
(Table 1 and Fig. 4). The above analysis highlights that the 
benzamidine moiety present in these molecules plays a criti-
cal role in establishing H-bond and salt bridge interactions 
with the active site residues of TMPRSS2.

ADME properties

The in silico ADME analysis results of TMPRSS2 hits are 
given in Table 2. All the molecules show properties within 
the permitted limits of Lipinski rules of 5 and Jorgensen’s 
rules of 3. The results, therefore, suggest that all the hit mol-
ecules have acceptable ADME properties.

MD simulation

MD simulation of the selected hits was carried out to 
assess the physical movements of atoms and molecules 
of the ligand-receptor complex under the physiological 
conditions to gain insights into the protein–ligand inter-
actions. The MD simulation analysis of ligand-receptor 
complex of ZINC000013444414 and TMPRSS2 shows a 
ligand RMSD of 1.5 Å for early the first 20 ns, which 
later changes to 3.3 Å and becomes stable for the remain-
ing 80 ns without much variation. In contrast, the protein 
RMSD was steady at around 1.68 Å for the entire period 
of simulation (Fig. 5). The protein RMSF graph shows 
that TMPRSS2 residues remain stable during the period 
of simulation, except for residues in the range of 160–165 
(Fig. 5). Protein–ligand contact analysis shows that mol-
ecule, ZINC000013444414, interacts with more than 12 
active site residues of TMPRSS2. The interaction types 
observed include H-bonds, hydrophobic, ionic, and water 
bridges. Among these, a prominent H-bond interaction 
lasting throughout the simulation period was observed 
with Asp180, Asp181, and Gly209 residues. Other resi-
dues involved in the ligand interaction which lasted less 

Fig. 3  Structure of TMPRSS2 hits with their zinc IDs, docking scores, and glide energies

1534 Structural Chemistry (2022) 33:1529–1541
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than 30% of the simulation time include His41, Lys87, 
Gl134, Cys182, Gln183, Gly184, Ser186, Thr204, Ser20, 
and Gly207 (Fig. 5).

The MD simulation result analysis of ZINC000137976768 
and TMPRSS2 shows a relatively fluctuating ligand RMSD 
which seems to be stable at around 1.5 Å for the first 20 ns, 
which later changes to 2.25 Å at 30 ns and somewhat stabi-
lizes between the 2.25 and 3.5 Å during the remaining period 
of the simulation. In contrast, the protein RMSD seems to be 
relatively stable at around 2.1 Å after 30 ns (Fig. 6). The pro-
tein RMSF graph shows that TMPRSS2 residues remain sta-
ble during the period of simulation (Fig. 6). Protein–ligand 
contact analysis shows a similar pattern of interaction with 
the active site residues of TMPRSS2. Here also a prominent 
H-bond interaction lasting throughout the simulation period 

was observed with Asp180, Asp181, and Gly209 residues 
(Fig. 6). Among the three hits, ZINC000143375720 shows 
a most stable interaction with the TMPRSS2. The RMSD of 
protein and ligand remains steady at around 1.75 and 3.6 Å, 
respectively, throughout the simulation (Fig. 7). Further, as 
observed with the previous two ligands, a similar pattern of 
protein contact was seen with ZINC000143375720.

Overall, the comparison of MD simulation results of all 
the hits with that of Glide XP docking suggests a signifi-
cant correction for ligand interaction with active site resi-
dues. The prominent residues commonly observed include 
Asp180, Gly184, Gly209, and His41. Further, MD simula-
tion also identifies a notable H-bond interaction with Ser181 
for all the three hits, which was not recognized during Glide 
XP docking.

Fig. 4  2D interaction diagrams of TMPRSS2 hits
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Fig. 5  RMSD, RMSF, and protein–ligand contact diagram of ZINC000013444414 with TMPRSS2
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Fig. 6  RMSD, RMSF, and protein–ligand contact diagram of ZINC000137976768 with TMPRSS2
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Fig. 7  RMSD, RMSF, and protein–ligand contact diagram of ZINC000143375720 with TMPRSS2
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Conclusion

Developing antiviral drugs against SARS-CoV-2 is chal-
lenging. Researchers across the globe are working towards 
developing lead molecules against various target proteins of 
this virus. TMPRSS2 is one of the vital host target proteins 
which is well recognized as an essential antiviral drug target 
against SARS-CoV-2 infection. To date, there are no solved 
crystal structures of TMPRSS2 available in the protein data-
bank; however, homology structure derived from TMPRSS15 
has been useful in the discovery and development of lead 
molecules against this target. In the current study, structural-
based virtual screening and molecular dynamics-based com-
putational research has identified the potential hit molecules 
from the Zinc database. Further, in vitro and in vivo, studies 
with these molecules may shed more light on their possible 
benefits in the treatment of COVID-19.
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