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A B S T R A C T   

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) has been responsible for the cause of global 
pandemic Covid-19 and to date, there is no effective treatment available. The spike ‘S’ protein of SARS-CoV-2 
and ACE2 of the host cell are being targeted to design new drugs to control Covid-19. Similarly, a trans
membrane serine protease, TMPRSS2 of the host cell plays a significant role in the proteolytic cleavage of viral ‘S’ 
protein helpful for the priming of ACE2 receptors and viral entry into human cells. However, three-dimensional 
structural information and the inhibition mechanism of TMPRSS2 is yet to be explored experimentally. Hence, 
we have used a molecular dynamics (MD) simulated homology model of TMPRSS2 to study the inhibition 
mechanism of experimentally known inhibitors Camostat mesylate, Nafamostat and Bromhexine hydrochloride 
(BHH) using molecular modeling techniques. Prior to docking, all three inhibitors were geometry optimized by 
semi-empirical quantum chemical RM1 method. Molecular docking analysis revealed that Camostat mesylate 
and its structural analogue Nafamostat interact strongly with residues His296 and Ser441 present in the catalytic 
triad of TMPRSS2, whereas BHH binds with Ala386 along with other residues. Comparative molecular dynamics 
simulations revealed the stable behavior of all the docked complexes. MM-PBSA calculations also revealed the 
stronger binding of Camostat mesylate to TMPRSS2 active site residues as compared to Nafamostat and BHH. 
Thus, this structural information could be useful to understand the mechanistic approach of TMPRSS2 inhibition, 
which may be helpful to design new lead compounds to prevent the entry of SARS-Coronavirus 2 in human cells.   

1. Introduction 

The rapid outbreak of Severe Acute Respiratory Syndrome 
coronavirus-2 (SARS-CoV-2) caused a serious global public health threat 
[1]. Earlier, other beta coronaviruses such as Severe Acute Respiratory 
Syndrome (SARS-CoV) and Middle East Respiratory Syndrome (MER
S-CoV) caused respiratory diseases in humans [2,3]. The disease caused 
by SARS-CoV-2 was named as COVID-19 and has been declared as a 
global pandemic by WHO [1,4]. As of today, more than 195 countries 
have been affected by SARS-CoV-2. After America, Brazil, India, and a 

few European countries are severely affected with more mortality rates 
in Italy. The incubation period of COVID-19 is approximately 5.2 days 
[5], but it is shorter in elderly patients (age >70) [5]. The most common 
symptoms after the onset of COVID-19 infection are cough, fever, and 
fatigue, while other symptoms include headache, sputum production, 
diarrhea, hemoptysis, lymphopenia, and dyspnea [6–9]. Previously, it 
has been suggested that SARS-CoV-2 was originated from a bat, but 
transmitted primarily by person-to-person contacts and through droplet 
nuclei formed after coughing or sneezing of infected person [10]. 

SARS-CoV-2 is an enveloped virus with a positive-sense RNA 
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genome, belongs to the family Coronaviridae of the order Nodovirales and 
genera Betacoronavirus [11]. Recently, it has been shown that 
SARS-CoV-2 enters the host cell by interacting its spike glycoprotein 
with receptor present on epithelial cells i.e. Angiotensin-Converting 
Enzyme-2 (ACE-2) [12]. A high level of expression of ACE-2 has been 
observed in lungs, kidneys and heart cells [13,14]. However, most of the 
fatalities are observed due to damage to the lungs. The development and 
further use of vaccines against SARS-CoV-2 could face some kind of 
difficulties due to mutations in spike glycoprotein. In-vitro study has 
been reported on Nafamostat, an inhibitor of TMPRSS2 to block the 
MERS-CoV infection [15]. Similarly, an ingredient of mucolytic cough 
suppressant bromhexine hydrochloride could also be used for the 
treatment of influenza virus and coronavirus infections as an inhibitor of 
TMPRSS2 [16]. However, several potential targets for the treatment of 
influenza virus and coronavirus infections have been reported earlier 
[17]. Steardo et al., 2020 reported that the coronavirus can infect brain 
cells resulting in a more complex clinical scenario [18]. 

Currently, various broad-spectrum antiviral drugs are being used to 
treat the COVID-19 patients. Antimalarial drugs such as Chloroquine 
and its derivative hydroxychloroquine have been shown positive effects 
to control the infection [19]. The glycosylated spike ‘S’ protein of 
SARS-CoV-2 and ACE2 of the host cell have been studied thoroughly 
[20,21] and would be a useful target to design and discover new lead 
molecules to control the SARS-CoV-2. Another drug target, trans
membrane serine protease (TMPRSS2) of the host cell known to cleave 
the viral spike ‘S’ protein, the priming event of S protein is essential for 
the fusion of host and viral membrane for viral entry [22,23]. The 
excellent work by Hoffman and coworkers suggested that influenza virus 
and coronavirus entry can be blocked by targeting the host cell protease 
such as TMPRSS2, without toxicity towards the Calu-3 cell lines [24]. 
Hence, the inhibition of TMPRSS2 could be a promising therapy to block 
the viral entry into the human cell to control SARS-CoV-2 infection. 

However, there is no clear literature available about the three- 
dimensional structure showing involvement of different domains and 
the specific residues in the inhibition mechanism of TMPRSS2 in detail 
at the molecular level. Hence, in the present study, we have generated a 
three-dimensional model of TMPRSS2 using homology modeling tech
nique and performed explicit molecular dynamics simulation (MD) to 
get a stable structure. Further, this MD simulated model was then used to 
investigate the molecular interactions between TMPRSS2 and its 
experimentally known inhibitors such as Camostat mesylate, Nafamo
stat, and Bromhexine hydrochloride using molecular docking technique. 
Molecular docking analysis revealed that the Camostat mesylate, Nafa
mostat, and Bromhexine hydrochloride interacts with the amino acids 
present at the active site pocket of TMPRSS2. Thus, this inhibition 
mechanism of TMPRSS2 could be useful to design new approaches to 
control the SARS-CoV-2 entry into the human cells. 

2. Material and methods 

2.1. Sequence retrieval and homology modeling of TMPRSS2 

The amino acid sequence of transmembrane serine protease 
TMPRSS2 (Accession No C9JKZ3) was retrieved from UniProt [25]. 
Further, BLASTp program was used to search for a suitable template to 
build a homology model of TMPRSS2 [26]. Homology modeling of 
TMPRSS2 was done using online server PRIMO [27]. Three-dimensional 
structure of TMPRSS2 was predicted by using templates such as human 
plasma kallikrein (5TJX.pdb) and Hepsin (5CE1.pdb) [28]. Then, the 
predicted model was refined by using ModRefiner [29]. The refined 
model of TMPRSS2 was validated using different online servers such as 
PROSA [30], PROCHECK [31], and PDBsum [32]. 

The verified homology model of TMPRSS2 having good quality was 
further subjected to energy minimization using Steepest-Descent 
method, equilibration MD and finally, 500 ns molecular dynamics 
(MD) simulation in order to get a stable structure of TMPRSS2 for 

molecular docking studies. The detailed procedure has been discussed in 
the subsequent section. 

2.2. Preparation, parameterization of inhibitors 

Three-dimensional coordinates of Camostat mesylate (CID5284360), 
Nafamostat (CID4413), and Bromhexine hydrochloride (CID5702220) 
were extracted from PubChem Database (https://pubchem.ncbi.nlm.nih 
.gov/) in SDF format and then converted into PDB format with the help 
of Open Babel [33]. Dock Prep tool of chimera was used to calculate the 
charges and prepare these molecules for docking procedure [34]. 

2.3. Geometry optimization of inhibitors by semi-empirical quantum 
chemical method 

Dock Prep prepared inhibitors Camostat mesylate, Nafamostat, and 
Bromhexine hydrochloride were then subjected to full geometry opti
mization by semi-empirical quantum chemical RM1 method, using 
commercially available molecular modeling software SPARTAN version 
18 [35]. 

2.4. Prediction of binding pocket of TMPRSS2 

Computed Atlas of Surface Topography of proteins CASTp [36], 
online server was used to predict the binding pocket of TMPRSS2. A 
potential binding pocket was selected based on consensus residues 
present in the related serine proteases. 

2.5. Molecular dynamic simulation of a homology model of TMPRSS2 

In order to get a stable model for the molecular docking procedure, 
explicit molecular dynamic (MD) simulation was performed on pre
dicted TMPRSS2 homology model using GROMACS 2018.2 on Linux 
environment [37]. Optimized potentials for liquid simulations all atoms 
force field (OPLS-AA) [38] was used to generate topology TMPRRS2 
receptor to study its stability in an aqueous environment using single 
point charge (SPC) solvent model. The protonation state has been 
assigned according to the physiological pH for both C-terminus and 
N-terminus for TMPRSS2 prior to simulation by using a tool in Gromacs. 
The TMPRSS2 protein was centered into a 6.9 nm from the edge of the 
cubic box and the system was then solvated by using Single Point Charge 
(SPC216) water model. The NaCl concentration was maintained at 100 
mM after the addition of six numbers of chlorine ions for neutralization 
of the system. Periodic boundary condition (PBC) was applied in all 
directions, followed by 50000 steps of steepest descent energy minimi
zation. The short-range nonbonded Lennard–Jones potential in
teractions were truncated to 1.0 nm. Long-range electrostatic 
interactions were calculated by Particle Mesh Ewald (PME) [39]. The 
Linear Constraint Solver (LINCS) algorithm was used to constrain all 
bonds [40]. 

Two steps equilibration (NVT and NPT) was performed, first under 
NVT ensemble (constant number of particles, volume, and temperature) 
for 100 ps at 310K temperature using Nose-Hoover thermostat [41] and 
NPT ensemble for 100 ps (constant number of particles, pressure, and 
temperature) using Nose-Hoover thermostat and Parrinello-Rahman 
barostat at 310K by applying position restrained [42]. Production MD 
run was performed for 500 ns at 2 fs time step without position 
restrained and trajectories were saved at every 20 ps interval for further 
analysis. To perform MD simulation of TMPRSS2 complexed with 
Camostat mesylate, Nafamostat, and Bromhexine hydrochloride, the 
topology of protein (TMPRSS2) and ligand molecules were generated 
separately from respective complexes. Topology for protein was gener
ated by GROMACS 2018.2 using OPLS-AA force field and for ligand by 
using an online PRODRG server [43]. This prepared system further 
treated similarly as mentioned above for the TMPRSS2 model as a 
control. 
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2.6. Analysis of MD trajectories 

Global stability of TMPRSS2 protein and the docked complexes with 
all inhibitors were evaluated by inbuilt tools of GROMACS such as 
g_rms, g_rmsf, g_hbond, g_gyrate, g_energy, g_sas, and do_dssp. Solvent 
accessibility surface area was calculated by g_sasa of Gromacs module 
[37], while van der Waals and hydrophobic contacts were assayed by 
using Discovery studio. 

2.7. Molecular docking of TMPRSS2 with its inhibitors 

MD simulated stable model of TMPRSS2 was used for molecular 
docking process with three inhibitors viz. Camostat mesylate, Nafamo
stat, and Bromhexine hydrochloride. Molecular docking studies were 
carried out using the MD simulated TMPRSS2 model with least potential 
energy obtained from the average structure of top cluster from MD 
trajectories (average structure). MD simulated model of TMPRSS2 
docked with Camostat mesylate by using online docking server “Achil
les”, a blind docking server (uses Autodock vina) available at http://bi 
o-hpc.eu/software/blind-docking-server/. TMPRSS2 model as a recep
tor and Camostat mesylate in PDB format separately sent to the server to 
perform docking calculations. Series of docking calculations were per
formed across the whole protein to find out the binding sites, and results 
were clustered by using a pose clustering algorithm. 

2.8. Molecular docking by AutoDock 

Homology modeling and molecular docking techniques have been 
found useful to investigate the folding patterns and molecular in
teractions between several enzymes and ligands [44–54]. Binding af
finities of Camostat mesylate, Nafamostat, and Bromhexine 
hydrochloride to the active site of modeled MD simulated protein i.e. 
TMPRSS2 were confirmed by using Autodock 4.2 with Lamarckian Ge
netic Algorithm (LGA) [55]. Here, blind docking was performed by 
taking the protease domain in a grid box. All the residues of TMPRSS2 
were kept rigid. Grid dimensions were set to 70 Å × 70 Å × 70 Å to 
accommodate the ligand with 0.375 Å grid spacing. Grid centre was 
selected at X = 59.832 Y = 50.088 Z = 42.894 coordinates with 0.02 rate 
of mutation & 0.8 crossing over rate. Population size was fixed to 150 to 
generate 50 conformations for 27000 generations and for 25000 eval
uations. The best docked complex was clustered based on the default 
RMSD tolerance range of 2.0 Å. The inhibition constant (Ki) of best 
docked pose was evaluated using an in-built program of AutoDock. 
Ligand-receptor interactions were visualized with AutoDock and UCSF 
Chimera [33]. 

2.9. Binding free energy calculations of docked complex by MM-PBSA 

Binding affinities of all the three inhibitors with TMPRSS2 were 
evaluated by using Molecular Mechanics Poisson− Boltzmann Surface 
Area (MM-PBSA) [56]. MM-PBSA approach was used to estimate bind
ing free energies of TMPRSS2 complexed with all three inhibitors 
respectively. The binding free energy was calculated by using the 
g_mmpbsa tool of GROMACS, for this total 20 snaps were collected from 
300 to 500 ns MD trajectories. The program g_mmpbsa tool decomposes 
the total binding energy of the system into ΔGbinding = ΔGMM + ΔGSolv. 
The contribution of each residue in binding free energy was calculated 
by the MmPbSaDecomp.py python script. This has helped to determine 
the residues involved in interactions of the protein-ligand complex. 

The binding free energy was calculated as:  

ΔGbinding = ΔGTMPRSS2 complex − (ΔGTMPRSS2 + ΔGInhibitors)                        

ΔGbinding = ΔEMM + ΔGSolv                                                                    

ΔEMM = ΔEvdw + ΔEelec                                                                        

ΔGSolv = ΔGnps + ΔGps                                                                          

3. Results and discussions 

3.1. Structural analysis of homology model of TMPRSS2 

Three-dimensional structure of TMPRSS2 (Accession Number 
C9JKZ3) with 489 amino acids was predicted by using multiple tem
plates, human plasma kallikrein (5TJX.pdb), and Hepsin (5CE1.pdb). 
The plasma kallikrein template showed the highest 42.56% identity with 
the TMPRSS2 sequence. TMPRSS2 consists of an intracellular domain 
(residues 1 to 84), transmembrane spanning domain (residues 84–106), 
and low-density lipoprotein receptor domain (LDLRA: residues 
133–147). The present homology model of TMPRSS2 possesses two 
extracellular domains; cysteine-rich domain (residues 148–242) and 
serine protease domain (residues 255–489) (Fig. 1). The residues of 
catalytic triad such as His296, Asp345, and Ser441 have been found in 
the terminal serine domain of TMPRSS2 model (Fig. 1). The CATSp 
analysis showed His296, Asp345, and Ser441 amino acid residues in the 
binding pocket along with several other residues (Fig. 2, Fig. S1 Sup
plementary material). TMPRSS2 model was subjected to model refine
ment and energy minimization by online server ModRefiner [29]. The 
predicted model was assessed by various online servers, the PROSA [29] 
analysis showed that the predicted model of TMPRSS2 has a Z score of 
− 7.48 (Fig. 3A) as compared to the template having a Z score of − 6.64, 
(Supplementary Fig. S1), which is within the range of X-ray and NMR 
native structures. Most of the amino acid residues of the TMPRSS2 
model showed negative interaction energy suggesting the good quality 
of the predicted 3-D structure (Fig. 3B). Further, PROCHECK analysis 
was carried out in order to check the quality of the predicted TMPRSS2 
model [31]. This analysis shows that 99% of residues are present in 
allowed regions and only 1% residues in the disallowed region (Fig. 3 C), 
suggesting the good quality of the TMPRSS2 model. 

3.2. Active site prediction 

Active site of serine proteases generally consists Ser, His, and Asp 
residues in the catalytic triad [57]. TMPRSS2 active site residues were 
predicted using CASTp online server [36]. The CASTp server showed 

Fig. 1. Predicted model of TMPRSS2 showing SRCR: Scavenger receptor 
cysteine rich domain (magenta) and catalytic triad His296, Asp345, and Ssr441 
(orange) in serine protease domain (blue). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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several pockets, out of which, a pocket was selected in such a way that at 
least one residue from the catalytic triad remain present in the selected 
pocket, these resulted in the identification of three binding pockets in 
TMPRSS2. As TMPRSS2 is a serine protease, hence pockets having Ser, 
Thr, His, Asp residues, were selected for further study. However, from 
the selected pockets, we observed that the residues His296, Glu299, 
Asp435, Gln438, Ser441, Asp345, Ser346, Thr459, Ser460, and Thr461 
could have involvement in the TMPRSS2 activity (Supplementary 
Fig. 2). 

3.3. Full geometry optimization of inhibitors using semi-empirical 
quantum chemical method 

The semi-empirical quantum chemical RM1 method was applied to 
optimize the geometry of Camostat mesylate, Nafamostat, and Brom
hexine hydrochloride in this study. The full geometry optimization was 
done to get proper 3-D structures of inhibitors in terms of bond dis
tances, bond angles, and torsion angles. These geometry-optimized in
hibitors using semi-empirical quantum chemical RM1 method (Fig. 4) 
were then further used for molecular docking studies with the MD 
simulated stable model of TMPRSS2 (Fig. 5). 

3.4. Molecular interactions of TMPRSS2 with inhibitors in the docked 
complexes 

Semi-empirical quantum chemically optimized structures of Camo
stat mesylate, Nafamostat, and Bromhexine hydrochloride inhibitors 

Fig. 2. Active site residues in orange in binding pocket of TMPRSS2 predicted 
by CATSp. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 3. PROSA analysis of TMPRSS2 model A) Z Score, B) Local model quality. C) Ramchandran plot of TMPRSS2 model.  
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(Fig. 4) were used to perform molecular docking with MD simulated 
stable model of TMPRSS2 (Fig. 5). Initially, although the active site was 
predicted by CATSp server, further to get binding probabilities of in
hibitors of TMPRSS2, blind docking was performed by using an online 
blind docking server. For Camostat mesylate, we obtained a total of 29 
possible clusters using 2.0 Å RMSD tolerances of binding poses. Out of 
which, the one having − 6.23 kcal/mol lowest binding energy pose was 

observed with the active residues. The analysis of docked complex by 
AutoDock showed that residues Tyr337, Asp345, Gly391, and Ser441 of 
TMPRSS2 form hydrogen bonds; whereas Val280, Ala295, His296, 
Glu299, Lys342, Lys392, Thr393, Gln438, and Asp440 are involved in 
Van der Waals interactions. A molecular docking study revealed that 
Camostat mesylate can fit into the pocket of the serine protease domain 
of TMPRSS2 as shown in different confirmations (Fig. 6 A). 

Fig. 4. Three dimensional structure of TMPRSS2 inhibitors Camostat mesylate (Magenta), Nafamostat (green) and Bromhexine hydrochloride (purple). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Superimposition of TMPRSS2 model before (green) and after (cyan) MD simulation with disulfide bonds in stick before (red) and after (magenta) MD 
simulation with cysteine domain (magenta) and Serine domain (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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The docked complex of TMPRSS2 with Nafamostat, a structural 
analogue of Camostat mesylate also showed similar type of hydrogen 
bonding interactions with the catalytic residues (Fig. 6 B, and Tables 1 
and 2). However, bromhexine hydrochloride interacts with Asp440 and 
Thr393 with single and double hydrogen bonds respectively, whereas 
Nafamostat shows hydrogen bonding with Gln317 and double hydrogen 
bonds with Gln438 of TMPRSS2 (Fig. 6 C, Tables 1 and 2). Docked 
complex analysis revealed that Camostat mesylate and Nafamostat binds 
in the same pocket of TMPRSS2. 

The docked complex analysis of Bromhexine hydrochloride (BHH) 
with TMPRSS2 shows fewer hydrogen bonding interactions as compared 
to Camostat mesylate and Nafamostat. A nitrogen atom of BHH interacts 
with Thr393 of TMPRSS2 (Fig. 6C; Tables 1 and 2). However, the resi
dues such as Val278, His279, Val280, His296, Gly391, Lys392, Gln438, 
Asp440, and Ser441 of TMPRSS2 are providing additional hydrophobic 
interactions (Fig. 6, Table 1). The docked complex of TMPRSS2 with 
Camostat mesylate showed strong hydrogen bonding interactions be
tween the guanidino group of Camostat mesylate with active site resi
dues present in the catalytic triad such as Ser441 and Asp345 (Fig. 6 A 
and Table 1). Residue Ser441 of TMPRSS2 interacts with Camostat 
mesylate oxygen and hydrogen atoms with strong interatomic distances 
of 2.21 and 1.94 Å respectively. Similarly, other interacting residues of 
TMPRSS2 like Glu299, Thr393, Gln438, and Asp440 also showed 
hydrogen bonding ability. Hence, these interactions can stabilize the 
Camostat mesylate into the binding pocket of the serine protease domain 
present in TMPRSS2 (Fig. 6 A and Table 1). The binding energies of MD 
simulated TMPRSS2 model with Camostat mesylate, Nafamostat and 
Bromhexine hydrochloride complexes found as − 6.23 kcal/mol, − 7.20 

kcal/mol, and − 5.51 kcal/mol respectively (Table 1). The docked 
complexes of TMPRSS2 with Camostat mesylate and Nafamostat show 
lower binding energy with a minor difference as compared to Brom
hexine hydrochloride. The inhibitor constant (Ki) of Camostat mesylate, 
Nafamostat, and Bromhexine hydrochloride is 26.98 μM, 5.25 μM, and 
91.26 μM respectively as shown in Table 1. 

3.5. Molecular dynamic (MD) simulation of a homology model of 
TMPRSS2 

In order to get a stable 3-D structure, a 500 ns MD simulation was 
performed on a generated homology model of TMPRSS2 using GRO
MACS 2018.2 OPLS-AA all-atom force field. Dynamic stability of the 
TMPRSS2 model was evaluated mainly based on the root mean square 
deviation (RMSD), RMSF, and radius of gyration (Rg). The super
imposed image of homology model and MD simulated model has been 
shown in Fig. 5. Backbone RMSD of TMPRSS2 without inhibitor shows 
stable behaviour over 500 ns with RMSD value 0.45 ± 0.03 nm (Fig. 7A). 
Structural stability of the protein has also been defined based on a radius 
of gyration (Rg). Rg measures compactness of the protein due to spatial 
arrangement of secondary structures. Rg value of the whole TMPRSS2 
was found in the range of 2.22–2.36 nm with an average 2.248 ± 0.002 
nm representing the compactness due to proper folding of TMPRSS2 
(Fig. 7B). 

TMPRSS2 is a membrane protein present on human cells which 
consists of multiple domains [17]. TMPRSS2 model with two domains 
that is cysteine domain and catalytic serine domain shows 0.31 ± 0.01 
nm and 0.39 ± 0.01 nm average RMSD values respectively (Fig. 8A and 

Fig. 6. Docking interaction of active site residues in stick of TMPRSS (cyan) with A) Camostat mesylate (Magenta); B) Nafamostat (green); C) Bromhexine hy
drochloride (purple); D) Super imposition of docked complex of all three inhibitor showing Camostat mesylate (Magenta), Nafamostat (green) and Bromhexine 
hydrochloride (purple) within active site of TMPRSS2 active site residues (cyan). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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B). The difference in RMSD values between the whole TMPRSS2 model 
(Fig. 7A) and specific domains (Fig. 8A and B) could be due to the 
presence of a loop between two domains viz. cysteine domain and cat
alytic serine domain (Fig. 5). RMSF analysis of TMPRSS2 shows more 
fluctuations in amino acids of cysteine domain and the loop region with 
an average RMSF 0.158 nm as compared to 0.120 nm of serine domain in 
TMPRSS2 (Fig. 8C). However, large peaks with 0.46 nm in the RMSF 
plot represents fluctuations in the loop region, whereas catalytic triad 
residues His296, Asp435, and Ser441, including other secondary struc
tures of TMPRSS2 show less fluctuations (Fig. 8C). Secondary structure 
analysis of TMPRSS2 using DSSP tool of GROMACS shows more number 
of beta-sheets as compared to helices. Overall, this 3D structure of 
TMPRSS2 is stabilized by secondary structural elements along with five 
disulphide bonds. This MD simulated stable 3-D model of TMPRSS2 was 
then used further for molecular docking procedure. 

3.6. MD simulation of TMPRSS2 complexed with known inhibitors 

MD simulations of low energy docked complex of TMPRSS2 with 
three inhibitors e.g. TMPRSS2-Camostat mesylate, TMPRSS2- 
Nafamostat, and TMPRSS2-Bromhexine hydrochloride were performed 
up to 500 ns each by using GROMACS 2018.2. The stability of TMPRSS2 
complexed with these inhibitors has been evaluated by considering 
backbone RMSD, RMSF, and Rg values (Figs. 7 and 8, Table 3). All three 
complexes viz. TMPRSS2-Camostat mesylate, TMPRSS2-Nafamostat, 
and TMPRSS2-Bromhexine hydrochloride show stable RMSD for the 
entire simulation time. The average backbone RMSD value of TMPRSS2 
in complex with Camostat mesylate has been found 0.41 nm. The RMSD 
value of TMPRSS2-Nafamostat was obtained as 0.44 nm (Fig. 7A 
Table 3) with a slight deviation in last 50 ns that is 0.74 nm whereas, 
RMSD value for TMPRSS2-Bromhexine hydrochloride complex is 0.35 
nm. The complex TMPRSS2-Nafamostat also shows stable RMSD after 

50 ns and for TMPRSS2-Bromhexine hydrochloride, it was 70 ns 
(Fig. 7A). Overall, RMSD values of TMPRSS2 complexed with three in
hibitors showed the more stability of TMPRSS2 as compared to 
TMPRSS2 without inhibitors (Fig. 7A). All three complexes depicted 
stable behaviour during the simulation run (Fig. 7A–B). 

3.7. RMSD analysis of domains of TMPRSS2 in presence of inhibitors 

RMSD analysis of two domains separately presented in Fig. 8 and 
Table 3, in which serine domain (255–489) shows stable behaviour over 
the entire simulation period for all three complexes because of in
teractions of inhibitors to TMPRSS2 as compared to TMPRSS2 without 
inhibitors (Fig. 8A). The difference in RMSD values for serine domain of 
TMPRSS2 with and without inhibitor is 0.09 nm for TMPRSS2-Camostat 
mesylate complexes and 0.10 nm for TMPRSS2-Nafamostat and 0.04 nm 
for TMPRSS2-Bromhexine hydrochloride complex (Table .3). 

Analysis of Cysteine domain RMSD shows a similar type of scenario. 
RMSD of TMPRSS2 model without inhibitor has been found more as 
compared to the docked complexes with three inhibitors (Fig. 8B). RMSF 
analyses of TMPRSS2 without inhibitor were also calculated and 
compared with all three complexes (Fig. 8C). The results of RMSF 
analysis show that residues from a cysteine domain of TMPRSS2 fluc
tuate more as compared to the serine domain of TMPRSS2 alone as well 
as in complex with all three inhibitors (Fig. 8C). RMSF values of serine 
domain of TMPRS2 model without inhibitor and in presence of Camostat 
mesylate, Nafamostat, BHH are 0.12 nm, 0.16 nm, 0.19 nm and 0.16 nm 
respectively (Fig. 8C, Table 3). Similarly, residues in a cysteine domain 
of TMPRSS2-Nafamostat complex shows more fluctuations with RMSF 
0.37 nm as compared to all complexes with RMSF 0.22 nm and 0.26 nm 
for TMPRSS2-Camostat mesylate and TMPRSS2-Bromhexine respec
tively, four peaks in RMSF graph with ~0.46 nm RMFS value corre
sponds to loops of TMPRSS2, fewer fluctuations were observed in 
catalytic residues His296, Asp345 and Ser441 (Fig. 8C). 

Compactness and structural changes of all three complexes were 
evaluated on the basis of a radius of gyration (Rg). The average values of 
Rg for TMPRSS2 in complex with Camostat mesylate, Nafamostat, and 
Bromhexine hydrochloride are 2.26, 2.28, and 2.28 respectively 
(Fig. 7B). Binding of all three inhibitors to TMPRSS2 shows similar type 
of structural changes as compared to the apo form of TMPRSS2. Hence, 
to get further insights, we calculated the RMSD and Rg values of 
TMPRSS2 along with inhibitors. Secondary structure analysis of 
TMPRSS2 with and without inhibitors showed increase in helix and 
β-sheet contents with respect to decrease in coils and turns, while other 
secondary structures i.e beta-bridge, bend elements slightly affected as 
compared to TMPRSS2 alone (Table 4). 

3.8. Molecular interactions of camostat mesylate, nafamostat and 
bromhexine to inhibit TMPRSS2 

MD trajectories of TMPRSS2 complexes were clustered and the 
representative structure of topmost clusters extracted and then used for 
the analysis of molecular interactions between TMPRSS2 and inhibitors. 

Table 1 
Molecular docking results of TMPRSS2 with its inhibitors.  

Sr Name CID TMPRSS2 Residues involved in interactions Binding Energy 
(Kcal/mol) 

Ki No. Hydrogen 
bonds 

1 Camostat mesylate 5284360 Val280, Ala295, His296, Glu299, Tyr337, Lys342, Asp345,Gly391, Lys392, 
Thr393, Gln438, Asp440, Ser441, 
Ala295 
GLU299 
Tyr337 

− 6.23 26.98 
uM 

5 

2 Nafamostat 4413 His279, Val280, His296, Gln317, Trp384, Gly391, Thr393, Ser394, Glu395, 
Gly439, Asp440, Ser441, Gln438, 

− 7.20 5.25 uM 3 

3 Bromhexine 
hydrochloride 

5702220 Val278, His296, Lys392, Thr393, Asp440, Ser441. − 5.51 91.26 
uM 

3  

Table 2 
Hydrogen bonding interactions between TMPRSS2 and Camostat mesylate, 
Nafamostat and Bromhexine hydrochloride after molecular docking.  

Sr. 
No. 

Interactions between active site residues of TMPRSS2 with 
Camostat mesylate. 

Distance in 
Å 

1 Asp 345 OD2 ———— Lig. 1.A H: 1.92  
Ser 441 HG ———— Lig. 1.A O: 1.94 

2 Ser 441 HN ———— Lig. 1.A O: 2.21 
3   
4 Tyr 337 OH ———— Lig. 1.A H: 3.07 
5 Gly391 O ———— Lig. 1.A C: 3.73 
Sr. 

No. 
Interactions between active site residues of TMPRSS2 
with Nafamostat. 

Distance in 
Å 

1 Gln 438 O ———— Lig. 1.A H: 1.79 
2 Gln 317 O ———— Lig. 1.A H: 2.17 
3 Gln 438 OE1 ———— Lig. 1.A H: 3.12 
Sr. 

No. 
Interactions between active site residues of TMPRSS2 
with Bromhexine hydrochloride. 

Distance in 
Å 

1 Thr 393 OG ———— Lig. 1.A H: 2.26 
2 Thr 393 OG ———— Lig. 1.A H: 2.51 
3 Asp 440 OD2 ———— Lig. 1.A C: 3.35  
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The analysis of MD trajectories revealed that camostat mesylate moves 
slightly within the pocket of TMPRSS2 up to 50 ns, and further stably 
interacts with TMPRSS2 (Figs. 7A and 9A). After the analysis of trajec
tories, the representative structure from the top cluster showed that the 
Camostat mesylate interacts by hydrophobic as well as hydrogen 
bonding interactions with the TMPRSS2 catalytic site. The amino acid 
residues Ile381, His296, and His279 are involved in hydrophobic in
teractions, whereas Asn398, Gly282, His296, and Cys281 provide Van 
der Waals interactions, and His279, Lys392, Trp384 interact with ben
zene ring of camostat mesylate with Pi-alkyl interaction (Fig. 9A). The 
side-chain oxygen of Glu389 of TMPRSS2 interacts with guanidine ni
trogen of Camostat mesylate through hydrogen bonds and backbone 
amide nitrogen of Ala386, Ser441, and Gly442 form hydrogen bond 
with the carbonyl oxygen of camostat mesylate. Similarly, week 
hydrogen bonding was also observed between His279, Gly385, and 
Gly439 residues of TMPRSS2 and the carbonyl oxygen of camostat 
mesylate which further strengthen the interactions (Fig. 9A and 
Table 5). 

Nafamostat bind at the catalytic site of TMPRSS2 with the involve
ment of a total five hydrogen bonding interactions. The hydrogen bond 
was observed between the amide nitrogen of Gln438 and the guanidine 
group of nafamostat observed within the first 100 ns simulation, another 
hydrogen bond was observed between the hydroxyl group of Ser441 
with benzene ring of nafamostat. A similar type of hydrogen bond was 
also observed in between the backbone carbonyl oxygen of Gly391 and 
the benzene ring of Nafamostat. The involvement of the guanidine group 
of nafamostat in foming hydrogen bonding interactions with oxygen 
atoms of backbone carbonyl groups of Glu389 and Thr393 provides an 
additional stability to the complex (Fig. 9B). 

Residues Leu273, Val280, Cys281, Ile314, Leu315, and Ala386 are 
mainly involved in Van der Waals and hydrophobic interactions, which 
further confirmed by binding energy calculation using MM-PBSA 
(Fig. 9B; Table 5). Analysis of TMPRS2-Bromhexine complex (Fig. 9C) 

shows fewer interactions as compared to Camostat mesylate and Nafa
mostat. The backbone nitrogen atom of residue Ala386 forms hydrogen 
bonding interactions with bromine of BHH. Similarly, another bromine 
of BHH involved in pi-alkyl interactions with Ile381, Val434, and resi
dues Asn398, Ala386, Ala400, Val434, Ser441 dipected Van der Waals 
and hydrophobic interactions (Fig. 9C, Table 5). Analysis of all three 
complexes shows that along with other active site residues, at least one 
residue from the catalytic triad has been found interacting with Camo
stat mesylate, Nafamostat, and bromhexine hydrochloride within the 
catalytic pocket of TMPRSS2 which may impede the binding of its 
substrate in the active site. 

3.9. Hydrogen bonding interactions during MD simulation 

Hydrogen bonding analysis of all three complexes showed that 
camostat mesylate forms three hydrogen bonding interactions during 
MD simulation (Figs. 9A and 10A), similar to our docking results 
(Fig. 6A). Two most stable hydrogen bonding patterns were observed in 
between Gln438 and Ser441 residues in TMPRSS2-Nafamostat complex, 
while one stable hydrogen bond involved in binding of bromhexine 
hydrochloride with TMPRSS2 for its inhibition (Fig. 9B–C and Fig. 10A). 
Earlier study has reported that hydrogen bonding is an important 
contribution for molecular interactions in order to bind inhibitors to 
TMPRSS2, which replaces the native hydrogen bonds of TMPRSS2 with 
water upon binding at the active site [58]. 

This hydrogen bond penalty can be evaluated for the estimation of 
binding efficiency of inhibitors with a protein receptor. TMPRSS2 
without inhibitor can from an average of 717 hydrogen bonds with 
water, upon binding of Camostat mesylate, and bromhexine hydro
chloride decreases in number of hydrogen bonds to 694 and 708 
respectively whereas, a slight increase in hydrogen bonds 732 with 
water of TMPRSS in complex with Nafamostat was observed. This 
replacement of hydrogen bonding pattern was more intense upon 

Fig. 7. MD simulation of TMPRSS2 and TMPRSS2 docked complex. (A) Root mean square deviation (RMSD) during simulation. (B) Radius of gyration (Rg): 
TMPRSS2 without inhibitor (black) TMPRSS2 in complex TMPRSS2-Camostat mesylate (magenta), TMPRSS2-Nafamostat (green) and TMPRSS2-Bromhexine com
plex during simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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camostat binding followed with bromhexine hydrochloride (Fig. 10B, 
Table 3). 

3.10. Impact of inhibitors on geometry of catalytic triad and inhibition of 
TMPRSS2 

Catalytic triad (His296, Asp345, and Ser441), an active site of 
TMPRSS2 has been involved in the catalysis of spike ‘S’ protein of SARS- 
CoV-2 as a substrate, which is an important event of the viral entry. 

Thus, the geometry of these residues is crucial for the catalytic reaction. 
Hence, in order to understand the impact of inhibitor binding on the 
geometry of the catalytic triad, we investigated distances in between 
His296…Asp345 and His296…Ser441 residues present in the catalytic 
triad with respect to time. The hydrogen bond distance between the 
nitrogen atom of His296 and the carbonyl oxygen of Asp345, whereas 
the hydrogen atom of imidazole ring in His296 and hydroxyl oxygen 
atom of Ser441 has been shown in (Fig. 11). The binding of Camostat 
mesylate in the active site of TMPRSS2 increases the intermolecular 
distances between His296 to Asp345 with 8.6 Å as compared to the apo 
form of TMPRSS2 i.e. 5.39 Å (Fig. 11). These interactions show more 
fluctuations especially after 60 ns (Fig. 11). The bond distance between 
His296 to Asp345 has been found increased upon binding of Nafamostat 
at the active site of TMPRSS2 up to 5.44 Å, which fluctuates after 80 ns, 
and also found increased in TMPRSS2 in complex with bromhexine 
hydrochloride with 8.02 Å (Fig. 11). His296 to Ser441 distance was 

Fig. 8. (A) Root mean square deviation (RMSD) during simulation of serine domain and (B) Cysteine domain (C) Root mean square fluctuation (RMSF) during 
simulation of TMPRSS2 with both serine domain, loop region and cysteine domain along with catalytic residues RMSF indicated red .TMPRSS2 in absence of inhibitor 
(black), TMPRSS2 in complex TMPRSS2-Camostat mesylate (magenta), TMPRSS2-Nafamostat (green) and TMPRSS2-Bromhexine complex (purple). (For interpre
tation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Analysis of MD trajectories for RMSD, RMSF, Rg and hydrogen bonding in
teractions of TMPRSS2 with inhibitors of 500 ns.  

Sr. 
No. 

MD 
Properties of 
TMPRSS2 

TMPRSS2 TMPRSS2- 
Camostat 
mesylate 

TMPRSS2- 
Nafamostat 

TMPRSS2- 
Bromhexine 
hydrochloride 

1 Root Mean 
Square 
Deviation 
(RMSD) 
(nm) 

0.455 ±
0.03 

0.410 ±
0.05 

0.447 ±
0.07 

0.352 ± 0.09 

2 Root Mean 
Square 
Fluctuation 
(RMSF) (nm) 

0.132 ±
0.06 

0.180 ±
0.09 

0.243 ±
0.12 

0.195 ± 0.09 

3 Radius of 
gyration 
(Rg) 

2.264 ±
0.02 

2.268 ±
0.02 

2.280 ±
0.02 

2.280 ± 0.02 

4 Hydrogen 
Bond with 
water 

710 694 732 708  

Table 4 
Percentage of secondary structural elements of TMPRSS2 and all three inhibitors 
in complex.  

Secondary 
structure 
element 

TMPRSS2 TMPRSS2- 
Camostat 
mesylate 

TMPRSS2- 
Nafamostat 

TMPRSS2- 
Bromhexine 
hydrochloride 

Coil 34 29 28 28 
β-Sheet 27 31 31 30 
β-Bridge 3 2 2 2 
Bend 15 16 17 17 
Turn 15 13 13 11 
Alpha Helix 2 5 6 6 
3-Helix 4 4 3 5  
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found decreased to 5.50 Å, 5.44 Å, and 7.82 Å upon binding of Camostat 
mesylate, Nafamostat, and bromhexine hydrochloride respectively as 
compared to the earlier distance 10.33 Å in case of TMPRSS2 without 
inhibitor (Fig. 11). An increase in intermolecular distance between 
His296 and Asp345 has been observed during simulations of all three 
inhibitors, which are actually involved in the catalysis. Thus, an increase 
in the distance between His296——Asp345 of catalytic triad highlights 
disturbances in the geometry of catalytic triad upon binding to in
hibitors (Fig. 11). These results clearly depict that binding of these in
hibitors at the active site or in the vicinity of the active site could 
destabilize the geometry of the catalytic triad of TMPRSS2 and subse
quently to the substrate binding such as spike ‘S’ protein of the SARS 

CoV-2. 

3.11. Binding energy calculations and residue contribution of TMPRSS2 
with inhibitors 

In order to investigate the binding mechanism, binding free energy 
between all three inhibitors and TMPRSS2 residues was calculated using 
Molecular Mechanics-Poisson Boltzmann Surface Area (MM-PBSA). 
MM-PBSA results show that the total binding energy for binding of 
camostat mesylate to TMPRSS2 was found to be ΔGBinding − 151.36 kJ/ 
mol, which is highest as compare to Nafamostat ΔGBinding − 134.121 kJ/ 
mol and for bromhexine is ΔGBinding − 107.674 kJ/mol (Table .6). 

Fig. 9. Molecular interactions of Average structure of TMPRSS2 from top cluster after MD simulation, right side whole TMPRSS2 with Camostat, Nafamostat and 
Bromhexine (A), (B) and (C) respectively. At left side molecular interaction of TMPRSS2 which contributes for binding of (A) Camostat mesylate (magenta) (B) 
Nafamostat (green) and (C) Bromhexine(purple). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Analysis of components of binding energy shows that non-bonded Van 
der Waals interactions are predominant driving force for binding of all 
three inhibitors with TMPRSS2 as shown in Table 6, while the minor 
contribution of electrostatic (ΔEle) and non-polar (Δnp) energy was also 
favored for binding of respective inhibitors. These results indicate that 
Camostat mesylate strongly interacts with TMPRSS2 followed by Nafa
mostat and bromhexine hydrochloride (Table 6). 

Analysis of residue wise decomposition of binding energy showed 
that residues Val278, His279, Val280, Cys281, Gly282, Ile381, Ser382, 
Gly383, Trp384, Gly385, Ala386, Ser394, Gln438, Gly439, Asp440, 
Ser441, Gly442, and Gly443 are involved in binding of Camostat 
mesylate with TMPRSS2 by various interactions (Fig. 12A). However, 
some part of this study has been published as a preprint version previ
ously [59] and other studies have screened several compounds which 
would be useful inhibitors of TMPRSS2 [60,61]. Residue wise decom
position energy results of TMPRSS2-Nafamostat complex shows that 
significant residues such as Ser272, Leu273, His274, His279, Val280, 
Cys281, Gly282 Trp384, Gly385, Ala386, Thr393, Ser394, and Glu395 
negatively contributes to binding energy, while Lys390 and Lys392, 
positively contributes to the total binding energy (Fig. 12B). Analysis of 
TMPRSS2-BHH complex shows that residues Ile381, Trp384, Gly385, 
Ala386, Thr387, Glu388, Glu389, Thr393, Val396, Leu397, Asn398, 
Ala400, Val434, Ser436, Gln438, Gly439, and Asp440 significantly 
contributes negatively in total binding energy, while residues Lys392 
positively contributes in total binding energy suggesting non-favorable 
interactions (Fig. 12C). Thus, these results show that similar types of 
residues are involved in the binding of Camostat mesylate and 

Table 5 
Molecular interactions between TMPRSS2 with its inhibitors after MD simula
tion of 500 ns.  

Sr. 
No. 

Name of 
Inhibitors 

TMPRSS2 Residues 
involve in various 
interactions 

No. 
Hydrogen 
bonds 

Interacting 
residues in 
hydrogen bond 

1 Camostat 
mesylate 

His279, Cys281, 
Gly282, His296, 
Ile381, Gly385, 
Ala386, Glu389, 
Ser394, Asn398, 
Ser436, Gly439, 
Ser441, Gly442, 
Gly443, 
Ala295 
GLU299 
Tyr337 

4 Ala386, 
Glu389, 
Ser441, 
Gly442, 

2 Nafamostat His229, Ser272, 
Leu273, Val280, 
Cys281, Gly282, 
Ile314, Leu315, 
Ala386, Glu389, 
Lys390, Gly391, 
Thr393, Ser394, 
Gln438, Ser441, 

5 Glu389, 
Gly391, 
Thr393, 
Gln438, 
Ser441, 

3 Bromhexine 
hydrochloride 

Ile381, Gly385, 
Ala386, Lys390, 
Gly391, Asn398, 
Ala400, Val434, 
Asp440, Ser441, 

3 Asn398, 
Ala386, 
Val434,  

Fig. 10. Hydrogen bond analysis: (A) Time dependent total hydrogen bond between TMPRSS2 with Camostat mesylate (magenta), Nafamostat (green) and 
Bromhexine (purple) in respective complex. (B) Time dependent total hydrogen bond between TMPRSS2 and water (black) TMPRSS2 with water in complex with 
Camostat mesylate (magenta), Nafamostat (green) and Bromhexine (purple) in respective complex. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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bromhexine hydrochloride to TMPRSS2, while slight variations in 
binding residues were observed in case of nafamostat. Binding energy 
analysis of all three inhibitors by the MM-PBSA method shows that 
camostat mesylate strongly interacts with TMPRSS2 as compare to 
nafamostat and bromhexine hydrochloride. Van der Wall energy is the 
main driving force responsible for binding free energy of all three in
hibitors at the active site. 

Overall, Camostat mesylate, Nafamostat, and Bromhexine hydro
chloride could be good inhibitors of TMPRSS2. The interactions of 
Camostat mesylate, Nafamostat, and Bromhexine hydrochloride may 
prevent the priming ability of transmembrane serine protease TMPRSS2 
to activate the viral ‘S’ protein to the receptor ACE2 to facilitate the 
entry of SARS-CoV-2 in a human cell. The docked complex of TMPRSS2 
with Camostat mesylate and Nafamostat shows lower binding energy 
with minor differences and strong hydrogen bonding interactions sug
gesting stable complexes. Hence, from this bioinformatics studies, we 
suggest that Camostat mesylate, Nafamostat, and BHH could be used as 
strong inhibitors of TMPRSS2 to control the SARC CoV-2 entry into the 
host cell. 

4. Conclusion 

Understanding the mechanism of effective drug targets in detail at 
the molecular level becomes pivotal to combat SARS-CoV-2 infection. 
Hence, in the present study, we used MD simulated three-dimensional 
structure of TMPRSS2 and studied its inhibition mechanism by Camo
stat mesylate, Nafamostat, and Bromhexine hydrochloride inhibitors 
using various molecular modeling techniques. MD simulation of a ho
mology model of TMPRSS2 shows overall good quality structure with 
cysteine and serine domains. The docking and MD results revealed that 
Camostat mesylate and its structural analogue Nafamostat strongly 
interact with His296 and Ser441 residues present in the catalytic triad of 
TMPRSS2. Guanidine group of Camostat and Nafamostat are crucial for 
binding to TMPRSS2 catalytic pocket. Bromhexine hydrochloride in
teracts weakly with the active site through hydrophobic contacts. 

Additionally, MM-PBSA analysis revealed that the Camostat mesy
late and Nafamostat bind strongly in the catalytic pocket of TMPRSS2 as 
compared to Bromhexine hydrochloride. The binding of these inhibitors 
at the active site might disturb the geometry of the catalytic triad of 

Fig. 11. Intermolecular distance between (Nitrogen) of His296 and hydroxyl group (-OH) of Ser441 top panel and (-NH) of His296 and carbonyl (=OC) of Asp345 
shown bottom panel, at middle residues in stick showing geometry of catalytic triad at active site, TMPRSS2 alone (yellow), in TMPRSS2 complex with Camostat 
mesylate (magenta), in TMPRSS2 complex with Nafamostat (green) and in TMPRSS2 complex with Bromhexine (purple). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 6 
The binding free energy (KJ/mol) between TMPRSS2 with all three inhibitors calculated by MM-PBSA method.  

Complex ΔEvdw ΔEelec ΔGpolar ΔGnon-polar ΔGbinding 

TMPRSS2-Camostat mesylate − 219.02 ± 33.63 − 17.08 ± 8.31 104.399 ± 15.38 − 19.656 ± 1.17 − 151.36 ± 33.87 
TMPRSS2-Nafamostat − 188.60 ± 11.88 − 3.02 ± 5.74 77.16 ± 10.05 − 19.6 ± 0.72 − 134.12 ± 17.01 
TMPRSS2-Bromhexine hydrochloride − 128.13 ± 13.98 − 9.26 ± 7.377 42.77 ± 9.9 − 13.03 ± 1.30 − 107.67 ± 14.46  
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TMPRSS2, which could impede the binding of spike ‘S’ protein, which is 
a crucial event of SARS Coronavirus-2 entry. Thus, this structural in
formation obtained from the present study would be useful to design 
new inhibitors through ligand based drug designing approach to control 
the outbreak caused by SARS coronavirus-2. 
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