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a b s t r a c t

Effective treatment or vaccine is not yet available for combating SARS coronavirus 2 (SARS-CoV-2) that
caused the COVID-19 pandemic. Recent studies showed that two drugs, Camostat and Nafamostat, might
be repurposed to treat COVID-19 by inhibiting human TMPRSS2 required for proteolytic activation of
viral spike (S) glycoprotein. However, their molecular mechanisms of pharmacological action remain
unclear. Here, we perform molecular dynamics simulations to investigate their native binding sites on
TMPRSS2. We revealed that both drugs could spontaneously and stably bind to the TMPRSS2 catalytic
center, and thereby inhibit its proteolytic processing of the S protein. Also, we found that Nafamostat
is more specific than Camostat for binding to the catalytic center, consistent with reported observation
that Nafamostat blocks the SARS-CoV-2 infection at a lower concentration. Thus, this study provides
mechanistic insights into the Camostat and Nafamostat inhibition of the SARS-CoV-2 infection, and offers
useful information for COVID-19 drug development.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

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

Coronaviruses (CoVs) are single-stranded RNA viruses that can
spread in animals and humans, causing a variety of diseases, such
as respiratory, intestinal, kidney, and nervous system diseases [1].
To date, three highly pathogenic human coronaviruses (hCoVs)
have been identified, including severe acute respiratory syndrome
coronavirus (SARS-CoV) [2], Middle East respiratory syndrome
coronavirus (MERS-CoV) [3] and the 2019 novel coronavirus
(SARS-CoV-2) that emerged in Wuhan in December 2019 [4]. All
three viruses have the ability to infect human host cells and thus
to transmit from humans to humans. However, according to the
data released by WHO, the spread rate of SARS-CoV-2 in humans
has significantly exceeded those of SARS-CoV and MERS-CoV [5],
leading to a global pandemic of the coronavirus disease 2019
(COVID-19). Up to December 20, 2020, approximately 76.340 mil-
lion COVID-19 cases were confirmed worldwide, including
1,686,590 deaths [6]. Genomic sequencing and phylogenetic anal-
ysis showed that SARS-CoV-2 shares 79.6% sequence identity to
SARS-CoV, and belongs to b-coronavirus. Because the overall gen-
ome sequence reaches the highest similarity (96.2%) to the bat
coronavirus bat-SL-CoV-RaTG13, it was thought that this novel
virus might have been transmitted from bats to humans via
unknown intermediate host animals [7]. Currently, there is no
effective treatment or vaccine to combat SARS-CoV-2. Therefore,
scientists and researchers all over the world are having a race
against time to develop effective drugs and vaccines for preventing
SARS-CoV-2 infection [8], including repurposing of existing drugs
to target viral and host proteins [9–11], especially drugs that could
block the SARS-CoV-2 entry into the human cells.

The hCoV entry into the human cells is mediated by its trimeric
transmembrane spike (S) glycoprotein [12]. In general, to release
the viral RNA genome into a host cell, the S protein binds to the
host receptor angiotensin-converting enzyme 2 (ACE2) on the host
cell surface, and upon endocytic uptake the viral membrane fuses
with the endosomal membrane [13]. In addition to ACE2, human
proteases are essential to prime and to activate the S-ectodomain
for binding and fusion [14]. Two cleavage sites, S1/S2 and S20,
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located at the boundary between the S1 and S2 subunits, have to
be proteolytic processed by different proteases, such as furin, the
transmembrane protease serine 2 (TMPRSS2), and cathepsin L
and B [15]. Cleavage of the S1/S2 site by furin primes the spike pro-
tein for efficient binding of S1 to ACE2 through its receptor-binding
domain (RBD) attaching the virus to the cell surface [16]. TMPRSS2
on the cell surface processes S20, priming the S protein to mediate
fusion with the endosomal membrane by its fusion peptide [17].
Although both endosomal cathepsins process S20 as well, TMPRSS2
has been shown to be more essential for the S protein priming and
thus infection by SARS-CoV-2 [18]. In consequence, the TMPRSS2
processing is one of the key steps to activate the membrane func-
tion of the SARS-CoV-2 S protein [19]. Hence, using drugs to inhibit
the proteolytic activity of TMPRSS2 is likely to block the membrane
fusion of SARS-CoV-2 (Fig. 1A). Interestingly, TMPRSS2 is a human
protease, and as the drug target, will not cause the problem of
developing drug resistance like the viral protein targets [20].
Indeed, TMPRSS2 is one of the most promising targets for the
anti-SARS-CoV-2 drugs [21].

Previous studies have shown that several TMPRSS2 inhibitors
could effectively block the hCoV infection [22]. Kawase et al. found
that Camostat, a drug for treating chronic pancreatitis, can block
the SARS-CoV and HCoV-NL63 infections by inhibiting the
TMPRSS2 activity [23]. Later, Yamaoto et al. screened a library of
1017 FDA-approved drugs using Dual Split Protein (DSP) reporter
fusion assay, and then found that Nafamostat, another related
agent for pancreatitis and disseminated intravascular coagulation,
can also block the MERS-CoV membrane fusion [24]. After the
emergence of SARS-CoV-2, scientists investigated the ability of
these two drugs to block the SARS-CoV-2 infection. Hoffmann
et al. firstly showed that Camostat has inhibitory effects on the
SARS-CoV-2 in TMPRSS2-expressing human cells [18]. More
recently, two groups at the same time confirmed that Nafamostat
can block the SARS-CoV-2 fusion at a concentration less than
one-tenth that required for Camostat; they reported that
1 ~ 10 nM of Nafamostat can significantly inhibit the cell infection
of SARS-CoV-2 [25,26]. These results strongly supported that both
Camostat and Nafamostat are potential drugs for treating COVID-
19 [27–29]. Indeed, several clinical trials for evaluating their ther-
apeutic effects against SARS-CoV-2 are now underway [8]. Recent
studies have shown that clinical trials of these two drugs in the
treatment of COVID-19 have achieved preliminary and obvious
effects [30,31]. Moreover, these two old drugs have been commer-
cialized for many years; so, once they pass the clinical trials, they
may be immediately applied to the COVID-19 treatment.

Although they are undergoing the COVID-19 clinical trials, the
molecular mechanisms in which Camostat and Nafamostat inhibit
the TMPRSS2 activity remain unclear. To provide guidance for their
repurposing for treating COVID-19, it is urgent to answer the fol-
lowing questions: Can Camostat or Nafamostat bind to the cat-
alytic center of TMPRSS2 and then inhibit its proteolytic activity?
What are the key molecular interactions in binding process? What
are the stable conformations of the drugs bound to TMPRSS2?
Besides the on-target binding site (i.e., the catalytic center), are
there other off-target binding hotspots on TMPRSS2? To address
these questions, we performed atomic-level, unbiased molecular
dynamics (MD) simulations to investigate the dynamic binding
processes of Camostat and Nafamostat to TMPRSS2. In these simu-
lations, the drug molecules were initially placed at random posi-
tions distant from the TMPRSS2 surface; then, without giving any
prior knowledge of the drug binding sites, drugs diffused around
TMPRSS2 to spontaneously ‘‘recognize” their native binding sites
on TMPRSS2. Our simulations showed that both Camostat and
Nafamostat could spontaneously and stably bind to the TMPRSS2
catalytic center, indicating that the catalytic center is their native
binding site. We found that the main driving forces for the binding
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are the electrostatic attractions between the drug guanidinium
group and the surface Asp/Glu residues around the catalytic center.
As the drugs enter the catalytic center, van der Waals forces and
hydrogen bonds between the drugs and TMPRSS2 stabilize them
in the center in an induced-fit way. For this reason, the bound
drugs occupy the space required for the substrate binding. This
may inhibit the proteolytic activity of TMPRSS2.
2. Materials and methods

2.1. Homology modeling of the TMPRSS2-ECD structure

Because no experimental structure is available for TMPRSS2, an
initial, all-atom model of TMPRSS2 extracellular domain (TMPRSS2-
ECD, aa 146 ~ 492) was first generated by homology modeling via
the Swiss-Model server (https://swissmodel.expasy.org/). The
amino-acid sequence of TMPRSS2 was obtained from UniProt (Uni-
Prot ID: O15393; GenBank No: U75329). Then, by uploading the
sequence of TMPRSS2-ECD, the 3D model was built using the fully
automated modeling mode of the Swiss-Model server. The server
searched the existing structure that shares the highest sequence
identity to that of TMPRSS2-ECD as the template for building the
model. The crystal structure of the extracellular region of the trans-
membrane serine protease hepsin with a resolution of 1.55 Å (PDB
ID: 1Z8G) was found to share the best sequence coverage and the
highest GMQE (Global Model Quality Estimation) to TMPRSS2-ECD.
So, with this crystal structure as the template, a 3D atomistic model
was eventually constructed for TMPRSS2-ECD (aa 146 ~ 492).

2.2. MD refinement of theTMPRSS2-ECD model

The homology all-atom model of TMPRSS2-ECD was then opti-
mized by the MD simulation in solution state. The MD simulations
were conducted using GROMACS (Ver. 5.1.4). The CHARMM27
force field [32] and the TIP3P water model [33] were employed
to model the simulation system. In the simulation system, the
all-atom structure of TMPRSS2-ECD was placed in the center of a
rectangular water box with a minimal distance of 15 Å from the
protein surface to its boundary. Certain numbers of Na+ and Cl�

ions were added to the system for setting an ionic concentration
of 150 mM and neutralizing the system.

To optimize the system, the energy minimization of the system
was first carried out using the steepest descent algorithm for a max-
imum of 50,000 steps or until the maximum force <1000 kJ�mol�1-
�nm�1. Following the energy minimization, the system was heated
by NVT equilibration at 320 K for 100 ps. Then, NPT equilibration
for 1 ns was followed by setting the system pressure to 1 bar. In
the simulations, the integration time step was 2 fs. The V-rescale
method [34] was used to maintain the average temperature of
320 K; and the Parrinello-Rahman barostat [35] was used for main-
taining the average pressure of 1 bar. The periodic boundary condi-
tions (PBC) were applied in all three dimensions. The bond lengths
and angles were constrained using the LINCS algorithm [36]. The Par-
ticle Mesh Ewald (PME) method [37] was used for the long-range
electrostatics; and a cut-off distance of 10 Å was employed for both
short-range electrostatic interactions and van der Waals interactions.
Finally, MD refinement simulation was performed in the NVT ensem-
ble for 200 ns. In the simulation, the coordinates of the system atoms
were recorded per 10 ps for the analysis.

2.3. System set-up for spontaneous binding simulations

As in the above MD refinement, CHARMM27 force field was
used to model the protein, and the TIP3P water model was
employed for the solvent. The 2D chemical structures of Camostat
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Fig. 1. TMPRSS2 activation of SARS-CoV-2 entry into human host cell and two potential COVID-19 drugs targeting TMPRSS2. (A) The schematic diagram of TMPRSS2
activation of SARS-CoV-2 into the host cell. The spike protein of SARS-CoV2 is cleaved by human proteases at the S1/S2 boundary and/or within the S2 subunit with conserved
Arginine residues. TMPRSS2 inhibitors could block the entry activating process. (B) The chemical structures of two potential COVID-19 drugs that inhibit the cleavage of the
spike protein by TMPRSS2: Camostat and Nafamostat. The guanidinium group of the drug (Camostat or Nafamostat) is defined as its head, and the other terminus as its tail.
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and Nafamostat were downloaded from PubChem (https://pub-
chem.ncbi.nlm.nih.gov). The ionization state of the drugs at
pH ~ 7.0 was predicted using ChemAxon (https://chemaxon.com/
) and the final 3D structures of two drugs with protons were
obtained using MolView (http://molview.org/). The drugs were
modeled using the General Amber Force Field (GAFF) [38]. Their
topology and parameter files were generated using tLEaP module
of AmberTools17 and converted to GROMACS-compatible files
with ACPYPE [39].

To build the initial system for simulating a drug association
with TMPRSS2, the refined structure of TMPRSS2-ECD was placed
in the center of a rectangular water box, with a distance at least
15 Å from protein surface to the box boundary. Then, a drug mole-
cule (Camostat or Nafamostat) was placed at a random position in
the solvent, at least 30 Å away from the TMPRSS2 catalytic center.
The system was added certain numbers of Na+ and Cl� ions for set-
ting the ionic concentration to 150 mM and neutralization. Next,
the systems were minimized and equilibrated using the same con-
trol methods of temperature and pressure as those in the above
MD refinement. Finally, for each drug 15 independent simulations
were performed in the NVT ensemble, and each simulation lasted
at least for 150 ns. In the simulations, the coordinates of the system
atoms were recorded per 100 ps for the analysis.

2.4. Time-dependent drug distance to the catalytic center (Dcc)

We determined whether a drug (Camostat or Nafamostat) binds
to the TMPRSS2 catalytic center in the simulations by defining a
drug distance to the catalytic center (Dcc). In the simulations, the
TMPRSS2 region within 3 Å of S441 and H296 is regarded as the
catalytic center. Then, in a given frame of the MD trajectories,
the minimum distance from any atom of the drug to any atom of
the S441 and H296 is defined as Dcc. In a given simulation, if
Dcc < 3 Å, the drug molecule is considered to enter the catalytic
center in that MD frame. If this state lasts for more than 20 ns,
the simulation will be considered as a successful trajectory to cap-
ture the spontaneous binding process of the drug to the catalytic
center.

2.5. Binding free energy calculation

As in our previous studies [40,41], we used AutoDockTools [42]
to calculate the free energy of a drug (Camostat or Nafamostat)
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that bind to TMPRSS2-ECD in the simulation snapshots. AutoDock-
Tools uses the AutoDock 4.1 semi-empirical free energy force field
to estimate the free energy of a small-molecular drug binding to a
protein receptor based on their drug-protein complex, With the
given complex, the binding free energy (DGbind) equals to the
change in the free energy of the drug from the unbound state to
the bound state:

DGbind ¼ ðDGintermol þ DGintramol þ DGtorÞ � DGunbound ð1Þ
where the first two terms are the energies of the drug-protein com-
plex in the bound state, consisting of the intermolecular and
intramolecular free energies. The third term is the conformational
entropy change of the drug in the binding and is directly calculated
from the sum of the torsional degrees of freedom. The fourth term is
the reference energy of the drug in its unbound state and is defined
as 0.0 kcal�mol�1. Of them, the intermolecular energy involves in
van der Waals, hydrogen bonding, desolvation and electrostatic
contributions, and is calculated by:

DGintermol ¼ DGvdW þ DGH�bond þ DGdesolv þ DGelec ð2Þ
For the drug-TMPRSS2 complex in a given MD frame, Python

programs in AutoDockTools were directly used to calculate the
AutoDock 4.1 parameters of the drug and TMPRSS2 and the bind-
ing free energy according to standard procedures.
3. Results

3.1. Building the 3D model of the TMPRSS2 extracellular domain

Human TMPRSS2 protein consists of 492 amino acids and is
divided into three domains: the intracellular (aa 1–84), the trans-
membrane (aa 85–105) and the extracellular (aa 106–492) domain
(Fig. 2A) [43]. The catalytic site for proteolysis is localized in the
extracellular domain (ECD). So far, no three-dimensional (3D)
structure of TMPRSS2 has been resolved. Thus, we predicted the
atomic model of the TMPRSS2 extracellular domain (TMPRSS2-
ECD) by computational methods.

To build the model, we used the Swiss-Model server (https://
swissmodel.expasy.org/). Amino-acid sequence alignment indi-
cated that the structure of a type II transmembrane trypsin-like
serine protease hepsin (PDB ID: 1Z8G) shares the best sequence
coverage (89%) and the highest GMQE (Global Model Quality Esti-
mation, 0.64) to TMPRSS2-ECD (Supplementary Fig. S1). In fact,
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Fig. 2. The 3D structure of TMPRSS2-ECD and its catalytic center. (A) The 3D atomic model of TMPRSS2-ECD constructed via the Swiss-Model server. (B) The catalytic center
with catalytic triad consisting of H296, A345 and S441, and corresponding catalytic mechanism for cleaving the protein substrate [49]. (C) The substrate-binding region.
TMPRSS2-ECD is represented by the surface model (white) and the substrate is shown as pink spheres. The substrate-binding region in the right panel (pink) is defined as
TMPRSS2 atoms being in a distance to the substrate < 3 Å. The N- and C-terminal binding regions are enclosed by the curves in blue and yellow, respectively. (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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1Z8G has been widely used as the modeling template of TMPRSS2
[44–46]. Thus, this crystal structure was employed as the template
for our model construction. Because this structure lacks the N-
terminal segment corresponding to aa 106–145 of TMPRSS2, a
3D structure for the aa 146–492 of TMPRSS2-ECD was built. The
3D model implies that the distance from the lacking N-terminal
segment (aa 106–145) to the active site is greater than 37 Å. Next,
to establish a TMPRSS2-ECD structure in the native state, we per-
formed MD simulation with explicit solvent to further optimize
the built TMPRSS2-ECD structure (see Section 2.2). As shown in
Supplementary Fig. S2, the average root mean square deviation
(RMSD) of the simulation system in the simulation time >60 ns is
about 5 Å, and the ECD structure maintains a stable state in aque-
ous solution up to 200 ns. To verify this, we also examined whether
the catalytic center of the TMPRSS2-ECD model possesses a confor-
mation identical to that of a typical serine protease. So, we first
compared the MD snapshot structure at 200 ns with the crystal
structure of a serine protease of S1 family with a peptide inhibitor,
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bovine cationic trypsin (PDB ID: 2PTC) [47]. The catalytic centers of
two structures are very similar and have an RMSD of 1.67 Å (Sup-
plementary Fig. S3A). Since 2PTC is not a human protein, we also
compared the MD structure with a recently published model of
human TMPRSS2 (hTMPRSS2) [48], found that their RMSD of the
catalytic centers is 1.88 Å (Supplementary Fig. S3B). Thus, the
TMPRSS2-ECD structure obtained from the homology modeling
and the MD refinement has a conserved catalytic center of serine
proteases. Eventually, we chose the MD snapshot structure at
200 ns as the starting model of TMPRSS2-ECD for the following
simulations (Fig. 2A).

Since the experimental structure of the TMPRSS2-spike protein
complex is not yet available, to understand the binding mode of
the substrate to the TMPRSS2 active site, we compared
TMPRSS2-ECD with 2PTC in complex with a peptide inhibitor.
Structural alignment indicated that the scissile peptide bond of
the protein substrate is located in the catalytic center of TMPRSS2
(Fig. 2B), implying that the catalytic triad of TMPRSS2 likely uses
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the same proteolytic mechanism of serine proteases [49] to cleave
its protein substrate. Based on the orientation of the scissile bond
in Fig. 2B, we designated the TMPRSS2 areas occupied by the N-t-
rminal and C-terminal substrate segments of the scissile bond as
the N-terminal and C-terminal binding regions, respectively
(Fig. 2C).

3.2. Two drugs spontaneously enter the TMPRSS2 catalytic center

Any drug molecule that effectively inhibits the proteolysis func-
tion of TMPRSS2 has to be bound to the catalytic amino-acids and/
or the substrate-binding regions. To capture the dynamic associa-
tion process of a given drug with the protein receptor, atomic-
level, unbiased MD simulation is an effective tool [40,41,50]. To
simulate those association processes for Camostat and Nafamostat
in an aqueous environment, we used the mentioned TMPRSS2-ECD
structure at 200 ns to establish the simulation systems. As
described in Subsect. 2.3, the protein structure was placed at the
center of the simulation box, while the drug molecule (Camostat
or Nafamostat) was randomly placed around the protein, with ini-
tial position away at least 30 Å from the catalytic triad and at least
15 Å from the protein surface, ensuring that the dynamic binding
of the drug to TMPRSS2 is not predetermined by the initial arrange-
ment of components (Supplementary Fig. S4). In the simulations,
no bias forces were added to the drug molecules; in other words,
the drug movement from the initial position to the catalytic center
is completely driven by the interplay of the drug with solvent
molecules and TMPRSS2. For each drug, we performed at least 15
independent simulations starting from a random position of drug
and lasting at least for 150 ns (Table 1).

To determine whether a drug is bound to the TMPRSS2 catalytic
center, we defined the minimum pairwise atomic distance
between the drug and the catalytic residues S441 and H296 as
‘‘drug distance to the catalytic center” (Dcc). For Dcc < 3 Å lasting
at least for 20 ns, the drug molecule is considered to be bound to
the catalytic center. Within the simulation timescale of 150 ns both
Camostat and Nafamostat were found to spontaneously bind to the
catalytic center with a successful rate of ~40% (Table 1 and Supple-
mentary Fig. S5). The 6 successful binding trajectories of 15 inde-
pendent simulations showed that Camostat and Nafamostat
follow two association pathways: the drug binds to the catalytic
center from either the N-terminal binding region (Fig. 3A, B) or
the C-terminal binding region (Fig. 3C, D). Among them, Camostat
prefers to bind to the catalytic center from the N-terminal binding
region, Nafamostat prefers to the C-terminal binding region
(Table 1). As seen in Fig. 3, both drugs from distantly random posi-
tions could associate with TMPRSS2, and finally enter the catalytic
center after short periods of conformational adjustment (see also
Supplementary Movies S1 and S2). In the processes, even if the
drugs diffused in the solvent to positions with Dcc > 60 Å, eventu-
ally they entered the catalytic center.

To elucidate the driving forces of the binding, we analyzed the
successful trajectories that capture the association processes of
the drugs with the catalytic center (Supplementary Fig. S5). The
simulations showed that whenever the drugs move toward the cat-
alytic center either from the N-terminal binding region or from the
C-terminal binding region, their association processes could be
divided into two phases, as illustrated by the two typical trajecto-
ries in Fig. 3. Initially, driven by the thermal motions of the solvent
molecules, the Camostat and Nafamostat drugs diffused randomly
around the TMPRSS2 surface until they became attracted to the
substrate-binding region (Fig. 3A, C). Here, as there are many neg-
atively charged Asp/Glu residues in/around this region (Supple-
mentary Fig. S6), the electrostatic interactions between the Asp/
Glu oxygens and the positively charged guanidinium group of the
drugs attracted the drugs to the TMPRSS2 surface in the vicinity
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of the substrate-binding region (e.g., Fig. 3B, D, panel 2). Next, by
forming hydrogen bonds with amino acids in the catalytic center
(Fig. 3B, D), the drugs continued to adjust their conformations
and positions, and eventually achieved the final stable poses in
the catalytic center. For example, as illustrated by the trajectory
in Fig. 3A, Camostat even adjusted its head-tail orientation, so that
its guanidinium group eventually contacted the catalytic center
(Fig. 3B, panel 3). As shown by the trajectory in Fig. 3C, Nafamostat
directly approached the catalytic center without any significant
head-tail adjustment (Fig. 3D, panel 3). Finally, the hydrogen bonds
formed by the drug guanidinium group with the amino acids in the
catalytic center stabilized both drugs in the center (Fig. 3B, D, panel
4). As a result, the hydrogen bonding between S441 and H296
(Fig. 2B) is disrupted by the drug guanidinium group being posi-
tioned in the middle of H296 and S441. On-going simulations
revealed that the Dcc values of both drugs are almost less than
3 Å, and the average RMSDs of both drugs are less than 2.1 Å
(Camostat:2.01 Å; Nafamostat:1.30 Å) (Supplementary Fig. S7),
indicating that they are in the stable binding states at least in
the time windows of the simulations (Fig. 3A, C). Note that, besides
the trajectories in Fig. 3, drug binding processes of other indepen-
dent simulation trajectories in Supplementary Fig. S5 are similar.
Because of the dynamic nature of the drug binding, all the trajecto-
ries are somehow different, but the results are identical: Camostat
and Nafamostat become attracted to and spontaneously enter the
substrate-binding cavity of TMPRSS2 from the N-terminal or C-
terminal binding region, and finally bind to the TMPRSS2 catalytic
center.
3.3. Both drugs are stably bound to the TMPRSS2 catalytic center

To elucidate the key interacting groups between the drugs and
TMPRSS2 at the stable state, we used AutoDock 4.1 semi-empirical
free energy function [51] to calculate the free energies of drug
binding to the catalytic center using the snapshots of the drug-
TMPRSS2 complexes in the trajectories in Fig. 3. As supported by
our previous studies [40,41], this calculation method of binding
free-energy is fast and reliable for analyzing large numbers of
inhibitor-receptor snapshot complexes in the MD simulations.
The calculations for the trajectories in Fig. 3 showed that the low-
est binding free energy of the drug-TMPRSS2 complex conforma-
tion is �9.16 kcal�mol�1 (Camostat) and �9.16 kcal�mol�1

(Nafamostat), respectively (see also Supplementary Fig. S8). So,
although experimental values are not yet available, according to
DGbind ¼ RT lnKd, the equilibrium dissociation constants Kdof the
two drugs are predicted in the order of nanomoles (Camostat:
~83 nM; Nafamostat: ~190 nM). And these predictions need to be
validated by further in vitro or in vivo experiments.

As shown in Fig. 4, Camostat and Nafamostat embed either in
the N-terminal or C-terminal regions of the binding cavity near
the catalytic center. The guanidinium groups of the drugs are
located between S441 and H296. All three N atoms of the Camostat
guanidinium group participate in hydrogen bonding: N1 and N2
form four hydrogen bonds with D440 and S441, and N3 forms a
bidentate hydrogen bond with H279 and V280 (Fig. 4A). These
hydrogen bonds fix the position of the guanidinium group. In addi-
tion, the oxygen atom between two aromatic rings also forms a
hydrogen bond with H279, stabilizing the molecular center in the
binding cavity. For Nafamostat, the two N atoms of the guani-
dinium group participate in bonding: N1 and D440 form a biden-
tate hydrogen bond, and N3 simultaneously interacts with D440,
S441 and S460 (Fig. 4B). These hydrogen bonds highly restrict
the structural flexibility of the guanidinium group. In addition,
compared to the catalytically active conformation in Fig. 2B, the
distance between H296 and S441 exceeds 5 Å. Such a distance



Table 1
Summary of spontaneous binding simulations.

Drug Number of
independent
simulations

Trajectory number of drugs
bound to catalytic center

Number of binding from the
N-terminal binding region

Number of binding from the
C-terminal binding region

The lowest binding energy at
catalytic center (kcal�mol�1)

Camostat 15 6 4 2 �9.66
Nafamostat 15 6 2 4 �9.16

Fig. 3. Typical spontaneous binding processes to the catalytic center of TMPRSS2. (A) Time-dependent Camostat distance to the catalytic center (Dcc). TMPRSS2-ECD is
represented by the cartoon in cyan, and corresponding drug positions represented by the drug atoms closest to the catalytic center (spheres in colors). See also Movie S1 in
Supplementary Materials. (B) Representative conformations of bound Camostat. (C) Time-dependent Nafamostat distance to the catalytic center (Dcc). TMPRSS2-ECD is
represented by the cartoon in cyan, and corresponding drug positions represented by the drug atoms closest to the catalytic center (spheres in colors). See also Movie S2 in
Supplementary Materials. (D) Representative conformations of bound Nafamostat. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

H. Zhu, W. Du, M. Song et al. Computational and Structural Biotechnology Journal 19 (2021) 467–476

472



Fig. 4. The binding poses of drugs at the catalytic center with the lowest binding free energy. (A and B) The binding poses of Camostat and Nafamostat, respectively. Hydrogen
bonds are shown as dotted lines. (C) Intramolecular and intermolecular terms of the lowest binding free energies corresponding to the binding poses in A (Camostat) and B
(Nafamostat).
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enlargement is attributed to the steric effects of the bound guani-
dinium group on the H296 side chain.

To understand the intermolecular forces that maintain the
drug-TMPRSS2 complex in the stable binding state, we further ana-
lyzed the energy terms contributing to the binding free energies.
As shown in Fig. 4C, the main intermolecular forces involved in
binding are van der Waals forces, hydrogen bonds, and electro-
static forces. Among them, the van der Waals forces contribute
the most. This may be attributed to the matching of the drug
shapes to that of the binding cavity, which results in a close contact
between the drug atoms and the amino acids in the catalytic cen-
ter. As mentioned, the drugs also form multiple hydrogen bonds
with the amino acids in the catalytic center (Fig. 4A, B). This
restricts their orientation in the catalytic center, and therefore
enhances the binding stability. Finally, the electrostatic forces
between the positively charged guanidinium group of the drugs
and the oxygen atoms in the binding cavity may further strengthen
the drug-TMPRSS2 binding stability (Supplementary Fig. S6).

In conclusion, the drugs interact with the catalytic amino acids
via their guanidinium groups, and form stably bound conforma-
tions in the catalytic center, thereby occupy the space required
for the substrate binding. Then, Camostat and Nafamostat may
inhibit the catalytic activity of TMPRSS2. The guanidinium group
appears to be the key pharmacophore of the drugs. Indeed, the con-
served arginine (Arg) at the cleavage site of the TMPRSS2 substrate
also fully supports this, because the Arg side-chain possesses a
guanidinium group. This molecular similarity implies that both
drugs binds to the TMPRSS2 in the same way as the substrate does.

3.4. Nafamostat is more specific for the on-target binding

To find out all potential high-affinity binding hotspots of the
drugs on TMPRSS2, we carried out statistical analysis of the tran-
sient complex conformations of the drugs bound to TMPRSS2 in
all 30 independent MD simulations in Table 1. To this end, we
firstly sorted out the high-affinity complex conformations with
the binding free energy DGbind < 6.82 kcal�mol�1 (corresponding
to Kd < 10 lM). Next, we calculated their pairwise RMSDs, and then
classified any two conformations with a pairwise RMSD < 4 Å into a
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conformational cluster. We used the conformation with the lowest
binding free energy in the cluster as the representative conforma-
tion, and regarded its binding site as the TMPRSS2 binding hotspot
of the cluster. In Fig. 5, all high-affinity binding hotspots of both
drugs are shown. As seen, both Camostat and Nafamostat have cer-
tain numbers of high-affinity binding hotspots. Since the high-
affinity hotspots outside the substrate-binding region may affect
the association efficiency of the drugs with the catalytic center
(i.e., the target binding site), we defined the hotspots contacting
the substrate-binding region as on-target hotspots, while the
others as off-target hotspots. The distribution of the on-target hot-
spots in Fig. 5 demonstrates that both drugs could occupy the
substrate-binding region in multiple orientations, suggesting that
they are able to efficiently bind to TMPRSS2 and thereby inhibit
its activity.

However, both the total numbers of the on-target and off-target
hotspots of Camostat are higher than those of Nafamostat (Fig. 5A,
B, panel bottom). Very likely, this is attributed to the structural dif-
ference between two drug molecules. Although the structures of
Camostat and Nafamostat are similar, Nafamostat is slightly
shorter in size and possess more aromatic rings, resulting in a more
rigid structure. Thus, less conformational clusters are possible
when binding to TMPRSS2. In contrast, Camostat is slightly longer
and more flexible, which may give rise to form more binding poses
on TMPRSS2 and thus more binding clusters. As a result, Camostat
has more off-target hotspots than Nafamostat. Obviously, the off-
target hotspots could decrease the binding efficiency of Camostat
to the substrate-binding region. Thus, if the numbers of the drug
molecules are equal, the proportion of Camostat bound to the
substrate-binding region is lower than that of Nafamostat, because
of the stronger competition of the off-target hotspots for the bind-
ing. In other words, to target the same number of the TMPRSS2
molecules, Nafamostat requires lower concentration than Camo-
stat. This is fully consistent with experimental observations on
SARS-CoV-2 membrane fusion showing inhibition by Nafamostat
in the range of 1 ~ 10 nM while Camostat requires 10 ~ 100 nM
to achieve a similar extent of inhibition [25,26]. Note that, as
mentioned, the used TMPRSS2-ECD model lacks 40 N-terminal
amino acids. However, compared to the whole sequence of



Fig. 5. The high-affinity binding hotspots of two drugs on TMPRSS2 revealed in the MD simulations. (A) The binding hotspots of Camostat. (B) The binding hotspots of
Nafamostat. Each hotspot is represented by line model of the lowest-energy pose of corresponding conformational cluster of the drug (Camostat or Nafamostat). We defined
the hotspots contacting the substrate-binding region as the on-target binding hotspots (orange), while the others as the off-target binding hotspots (green). Corresponding
hotspots with the lowest binding energies are indicated by stick models with the energy values. The catalytic center is shown as cyan surface. (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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TMPRSS2-ECD, the missing N-terminal segment is relatively short,
so it is reasonable to consider that the number of the off-target
binding hotspots on this segment is small and negligible.

Moreover, our analysis of the binding free-energy revealed that
the lowest binding free energy of Camostat was found for an off-
target hotspot with �9.93 kcal�mol�1, which is lower than all those
of the identified on-target hotspots (Fig. 5A). This implies that
Camostat could bind to this off-target hotspot with a greater affin-
ity than to the on-target hotspots. This may further reduce the
probability of Camostat to bind to the substrate-binding region.
In contrast, the binding energy of Nafamostat to the substrate-
binding region is lower than those for any off-target site (�9.16 k
cal�mol�1 in Fig. 5B), indicating that the catalytic center provides
the higher-affinity for Nafamostat. To further characterize these,
we employed the method in our previous study [40] to construct
the binding energy landscapes of two drugs using all the simula-
tion trajectories, as shown in Supplementary Fig. S9. Consistent
with the results in Fig. 5, the catalytic center of TMPRSS2 is the
high-affinity/high-probability binding region for both drugs; also,
Camostat has more off-target binding hotspots than Nafamostat.
So, Camostat and Nafamostat are effective inhibitors of TMPRSS2;
and Nafamostat is more specific for the on-target binding, implying
that the antiviral effect of Nafamostat against SARS-CoV-2 is likely
better than that of Camostat [25,26].
4. Discussion and conclusion

During the current challenging period of accelerated develop-
ment of COVID-19 therapeutic vaccines and drugs around the
world, repurposing of existing drugs could accelerate the discovery
of effective treatments for COVID-19, e.g., by screening drugs that
target TMPRSS2 catalytic site with virtual screening method [52].
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Here we have performed the spontaneous binding simulations to
investigate the molecular mechanisms of pharmacological action
of two old drugs (Camostat and Nafamostat), which were repur-
posed against SARS-CoV-2 and are undergoing clinical trials [8].
To avoid simulation artifacts, our study did not assign any drug
binding sites before the simulations, and therefore the drug associ-
ations with the binding sites were completely driven by the native
intermolecular forces between the drugs and the TMPRSS2 resi-
dues, without any biased forces. Our simulations successfully cap-
tured their dynamic association processes with the TMPRSS2
catalytic center (Fig. 3). This demonstrates that both drugs diffus-
ing from randomly initial positions in the solvent, approach the
TMPRSS2 surface by attractions of the Asp/Glu residues at the sub-
strate binding site, and finally bind to the catalytic center by the
van der Waals forces and hydrogen bonds (Fig. 4). In addition, by
mapping the high-affinity hotspots of both drugs on TMPRSS2
(Fig. 5), we found that Nafamostat is more specific for the binding
to the TMPRSS2 catalytic center. This provides a molecular expla-
nation for the observation that Nafamostat possesses better inhibi-
tion effects than Camostat [25,26].

Our study implies that Camostat and Nafamostat are effective
inhibitors to block the TMPRSS2-mediated cleavage of the S pro-
tein required for the SARS-CoV-2 infection in humans. Moreover,
we revealed that the guanidinium group of the drugs is critical
for driving the drug associations with the TMPRSS2 catalytic cen-
ter. When developing new drugs targeting TMPRSS2, one should
pay specific attention to this group. No doubt, there are still open
questions to be addressed for deeply understanding the molecular
mechanisms of drug action. For example, experimental determina-
tion of the full-length TMPRSS2 structure in complex with Camo-
stat or Nafamostat will be very helpful in confirming our
simulations. Meanwhile, in all the simulations of 150 ns (Table 1),
we did not observe drug binding modes similar to that of Camostat
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in the protease prostasin [53]. Because so far no experimental evi-
dence for a covalent binding of the two drugs to TMPRSS2 is avail-
able, further studies are needed to clarify this issue.

In summary, this study not only provides mechanistic insights
into the Camostat and Nafamostat inhibition of the SARS-CoV-2
infection, but also offers useful information for the repurposing
of Camostat and Nafamostat for treating COVID-19.
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