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Abstract

The unprecedented coronavirus SARS-CoV-2 outbreak at Wuhan, China caused acute respiratory infection to humans. There

is no precise vaccine/therapeutic agents available to combat the COVID-19 disease. Some repurposed drugs are saving the

life of diseased, but the complete cure is relatively less. Several drug targets have been reported to inhibit the SARS-CoV-2

virus infection, in that TMPRSS2 (Transmembrane protease serine 2) is one of the potential targets, inhibiting this protease

stops the virus entry into the host human cell. Camostat mesylate, nafamostat and leupeptin are the drugs, in which the

first two drugs are being used for COVID-19 and leupeptin also tested. To consider these as repurposed drugs for COVID-

19, it is essential to understand their binding affinity and stability with TMPRSS2. In the present study, we performed the

molecular docking and molecular dynamics (MD) simulation for the three molecules with the TMPRSS2. The docking study

reveals that leupeptin molecule strongly binds with TMPRSS2 protein than the other two drug molecules. The RMSD and

RMSF values of MD simulations shows, leupeptin and the amino acids of TMPRSS2 are very stable than the other molecules.

Furthermore, leupeptin forms interactions with the key amino acids of TMPRSS2 and the same have been maintained during

the MD simulations. This structural and dynamical information is useful to evaluate these drugs to be used as repurposed

drugs, however, the strong binding profile of leupeptin with TMPRSS2, suggests, it may be considered as a repurposed drug

for COVID-19 after clinical trial.

Introduction

For the past three decades, the outbreak of new viruses causing strange epidemic diseases and high mortality.
Among these viruses, notably, Influenza, Hepatitis, and HIV viruses are high replicative in nature and no
drugs available to stop the infection and give a complete cure. Coronavirus is a RNA virus which was emerged
and evolved to different types of coronaviruses.[1,2] Among these, the outbreak of the SARS-CoV virus in
2002 made a major health threat to the public and caused Severe Acute Respiratory Syndrome (SARS),
it resulted in 774 deaths over the 8098 infected cases.[3,4]The evolution of coronavirus was continuous, in
the year 2012, another version of Middle East Respiratory Syndrome-CoV (MERS-CoV) virus also emerged,
which is found to be vulnerable and the outbreak of the MERS-CoV virus made high health emergency
in the Middle East countries, infected 2506 people and resulted in 862 deaths.[5,6] Further, recently, a new
type of coronavirus also again emerged in Wuhan, China in December, 2019, which was identified as a novel
coronavirus SARS-CoV-2 namely COVID-19, which causes severe acute respiratory infection (pneumonia)
and other health problems.[7-9] As on date, nearly 4 million people were infected, in which 2,84,034 people
died. Such high mortality rate may be due to several reasons, however, it is widely accepted that the mode
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of infection of SARS-CoV-2 is different from the SARS-CoV and MERS-CoV. As per reports SARS-CoV-2 is
a beta coronavirus, its genome sequence is 79% identical to SARS-CoV and 50% identical to MERS-CoV.[10]

SARS-CoV-2 is an enveloped single positive-stranded RNA virus. The viral structure consists of structural
proteins such as spike (S), membrane (M), envelope (E) and nucleocapsid (N). The spike S-protein presents
in the envelope of the virus mediates the viral particle into the host-cells. M-protein is largely present in
the virion and jointly with E-protein forms a mature viral envelope. N-protein always binds with RNA,
which is required for the packing of viral RNA.[11,12] SARS-CoV-2 initiates human cell entry after the spike
(S) protein present on the envelope binds to a cell membrane receptor called the angiotensin converting
enzyme (ACE2). The S-protein is cleaved into two subunits S1 and S2, by a human cell-derived protease
(thought to be Furin), subsequently, S1 binds to its receptor, ACE2. The other fragment, S2, is cleaved by
TMPRSS2 (Transmembrane protease serine 2), a human cell surface serine protease, resulting in membrane
fusion. Both ACE2 and TMPRSS2 are therefore thought to be essential in airway cells for SARS-CoV-2
infection. Inhibiting TMPRSS2 protein using suitable inhibitors can stop the virus entry and this prevents
the SARS-CoV-2 virus infection. The present study is focused to find the inhibitors of TMPRSS2 protein
from the existing drugs.[13-17] Camostat mesylate, nafamostat, and leupeptin (Figure 1) are the drugs
chosen as the inhibitors of TMPRSS2. Among these, camostat and nafamostat are already been in clinical
trials and using for COVID-19[13,16,18-21], and Leupeptin[22] also tested for SARS-CoV-2 virus infection. To
understand the molecular mechanism of binding of these molecules is not completely known at molecular
dynamics level; hence, we have computed the binding affinity, intermolecular interactions, and stability of
molecules from the molecular docking and the molecular dynamics simulations. The information obtained
from this computational study is useful to consider these drugs as a repurposed drug for the therapeutic
agents of COVID-19, however it is subjected to clinical studies and other requirements.

Materials and Methods

Homology modeling and Molecular docking

The crystal structure of TMPRSS2 is not available, hence the homology model structure was created from
the amino acid sequence of TMPRSS2 with catalytic domain was retrieved from the UniprotKB (Uniprot
Accession O15393) using Schrodinger homology modeling interface[23]; in which, Hepsin structure (PDB:
5CE1) was used as a template, based on the sequence similarity (BLAST).[24] Finally, the modeled struc-
ture was optimized and refined by protein preparation wizard.[25]. The structure was validated with the
Ramachandran plot (Figure 1S).[ 26]

To understand the binding affinity and the intermolecular interaction of chosen three drug molecules camo-
stat, nafamostat and Leupeptin[16,18-21] with the active site amino acids of the TMPRSS2, the molecular
docking has been performed. In prior to the docking simulation, the three drug molecules were prepared
by theLigprep module of Schrodinger software[27]Further, these molecules were docked with the TMPRSS2
by extra precision mode (XP) incorporated in the induced fit docking (IFD) method. The IFD resulted in
different conformations for each ligand-TMPRSS2 complex. Based on the top score with the lowest energy
conformation and intermolecular interactions, the ligand-TMPRSS2 complex was selected for each case and
used for further study. PyMOLsoftware[28] was used to analyze the intermolecular interactions between
ligand and protein for the individual complex.

Molecular dynamics simulation and binding free energy

To understand the stability, intermolecular interactions, and the binding energy of the three ligand-TMPRSS2
complexes, the molecular dynamics (MD) simulation has been performed using the OPLS3e force field [29]

implemented in Desmond v5 package[30]. Further, the system was built with the pre-defined TIP4P water
model and orthorhombic periodic boundary conditions at the distances 10 Å. Then the counterions were
used to neutralize the charge of these complexes with the balancing Na+/Cl- ions. Further, the constructed
system for each ligand-TMPRSS2 complex was energy minimized by heating and equilibrium processes before
the MD simulation. For the minimization, the minimization and heating protocol was fixed based on the
steepest descent method, annealing temperature at 0-300 K, and 2000 steps with the time steps of 0.001
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ps. Further, the system was normalized in an equilibrium state at 1000 steps with a time step of 0.001 ps.
Finally, the production step of the systems was continued up to 100 ns with the time steps of 0.001 ps,
300 K, 1 ATM pressure, and applied using the Nose-Hoover method with NPT ensemble[31]. Intermolecular
interactions and conformation of each ligand-protein complex was analyzed from the final results of MD
simulation. Among the 1000 fractions, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 ns fractions were used
to determine the binding free energy (MM/GBSA) of the ligand-TMPRSS2 complexes by Primeapplication
incorporated to Schrodinger software package[32].

Results and Discussion

Molecular docking simulation and Ligand(s) –TMPRSS2 binding

TMPRSS2 is the serine protease, which mediates the S-protein of SARS-CoV-2 for the virus entry through
the ACE2 enzyme. Reportedly, by inhibiting the TMPRSS2 protease, the SARS-CoV-2 fusion can be
stopped[13-17]. In TMPRSS2, the ligand-binding active site has catalytic triad consists of Ser186, His41,
and Asp180 amino acids, to inhibit the function of this enzyme, ligands should mainly bind with these key
amino acids. The molecular docking simulations for the drug molecules casmostat, nafamostat and leupeptin
with TMPRSS2 have been performed using induced fit docking (IFD) method, the docking score values of
the three molecules are -6.648, -7.075 and -9.325 kcal/mol respectively, whereas the IFD scores are -490.01,
-493.20 and -501.23 kcal/mol. And the glide energy values -57.457, -56.96 and -64.35 kcal/mol (Table 1).
On compare the above-said values reveal that, consistently, leupeptin exhibits high values. The magnitude
of difference in docking scores and glide energy reflects the nature of their intermolecular interactions with
the neighboring amino acids present in the active site of TMPRSS2 protease (Figure 2). In the catalytic
site, the camostat and leupeptin are forming strong interactions with Asp180, Ser186 and His41 than the
nafamostat(Table 2); however, the interactions of leupeptin with the catalytic amino acids Asp180, Ser186
and His41are found stronger and the interaction distances are 1.9, 2.1, 2.0 and 3.5 A respectively.Figure
3 shows the superimposed form of the three drug molecules in the active site of TMPRSS2, reveal the
orientation of the molecules and the difference. From this, we observed that the three molecules have a
tendency to bind with the serine 2 protease TMPRSS2. However, the nafamostat is lacking the Ser186 and
His41 interactions with TMPRSS2 (Table 2). Further, we have probed the existence of these interactions,
stability, and the binding affinity of the three drug molecules with the TMPRSS2 during the molecular
dynamics simulations.

Stability of ligand(s)-TMPRSS2 complexes and Intermolecular interactions

Molecular dynamics is crucial to consider for the understanding of the biological function of proteins. Here
we performed 100 ns MD simulations for the three ligand-TMPRSS2 complexes to explore the stability
and the binding affinity of the three drug molecules towards the TMPRSS2.Figure 4 & 5 displays the
variation of RMSD and RMSF values of the three complexes during the MD simulations. The RMSD values
of the three drug molecules casmostat, nafamstat, and leupeptin are remains within 2 A (Figure 4 (A-C),
whereas the RMSD of protein in the camostat-protein and nafamostat-protein complexes are found high on
compare with leupeptin bound protein complex (2.4 A). Figure 5 (A-C) shows the variations of RMSF
of amino acids TMPRSS2 of three complexes; among these, a strong fluctuation is found in the region of
residue number 60 of camostat –TMPRSS2 complex and no such incidence is noticed in the RMSF map of
other two complexes. The superimposed form of the three ligand-protein complexes (Figure 6) obtained
from the docking and MD simulations is showing the conformational difference of ligands and TMPRSS2
protein in the respective complex; specifically, this allows to visualize that how the conformation and the
orientation of the ligands and proteins are altered during the MD simulation. Overall, the fluctuation of the
leupeptin molecule is found to be very less and it is normal. Furthermore, surprisingly, the superimposed
form of docked and MD complexes of leupeptin (Figure 6) is showing not much deviation as the other
two complexes deviates considerably; this confirms that leupeptin is very stable while binds with TMPRSS2
protein.

The intermolecular interactions between the ligand and the active site amino acids of TMPRSS2 of three
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complexes obtained from the MD simulations are shown in (Figure 7 (A-C)). On compare these interactions
with the interactions found in the docked ligand-TMPRSS2 complexes (Figure 2), shows that, during the
MD simulation some interactions became strong and few new interactions also formed(Figure 7). Further,
when we examine the interactions present in the camostat-TMPRSS2 complex, the terminal NH2 group of
camostat molecule forms interactions with one of the key amino acids Asp180 at the distances 1.6 and 1.7 A
and these interactions are also very stable during the MD simulation. Whereas in the nafamostat-TMPRSS2
complex, we observed a similar trend, in which the molecule forms interactions with Asp180 at the distances
2.0 and 1.9 A; in addition that it also forms an interaction with His41, the contact distance is 2.3 A. And
these two molecules also form several interactions with the nearby amino acids present in the active site.
In the leupeptin-TMPRSS2 complex, as found in the docked complex, the MD simulation also reproduced
the hydrogen bonding interactions between leupeptin and the key amino acids Asp180, His41 and Ser186
at the distances, 1.8, 1.8 and 1.7 A. These important interactions were highly stable throughout the 100
ns MD simulations and this can be well understood from theFigures 8(A-C), 9(A-C) & Figure 2S.
The characterization of interactions between the drug molecules and TMPRSS2, reveals that the leupeptin
molecule is highly stable and forms the expected interactions with the key amino acids Asp180, His41, and
Ser186 of catalytic site and are found very strong. Whereas the other two drug molecules camostat and
nafamostat are lacking the interactions with His41 and Ser186 amino acids. The binding energy for the
three complexes were calculated using MM-GBSA method. The calculated values of the binding energy of
camostat, nafamostat, and leupeptin molecules with TMPRESS2 are -42.77, -52.86, and -55.25 kcal/mol.
Among these molecules, relatively, leupeptin has a high binding affinity with the TMPRSS2 serine protease.
Overall leupeptin exhibits high stability and forms very strong interactions with the key amino acids than
the other two drug molecules.

Conclusions

To meet out the urgent need of drugs to treat the COVID-19 pandemic disease, repurposing drugs is the
only feasible solution. In the line of drug searching process, we have undertaken camostat, nafamostat and
leupeptin drug molecules to inhibit the TMPRSS2 serine 2 protease, which is the activator of SARS-CoV-2
for the fusion of the virus enter the host human cell. The molecular docking study reveals that these three
drug molecules form interactions and has binding affinity towards TMPRSS2. However, the leupeptin forms
strong interactions with the key amino acids Ser186, His41, and Asp180 of catalytic triad present in the
active site of TMPRSS2 as the other two molecules lacking Ser186 and His41 interactions. Whereas in the
molecular dynamics simulations of these three complexes, leupeptin is highly stable (RMSD & RMSF) and
this molecule also forms stable interactions with the key amino acids Ser186, His41, and Asp186 of TMPRSS2
during the 100 ns MD simulations. On compare the binding free energy of all the three molecules, notably,
leupeptin has high binding affinity towards TMPRSS2. From the static and dynamic studies, it is confirmed
that leupeptin is very stable and it could strongly inhibit the TRMPRSS2 serine 2 protease and this leads
to stop the fusion of SARS-CoV-2 virus into the host human cell, hence it may be consider as a repurposed
drug after clinical studies.
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