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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the viral
pathogen causing the coronavirus disease 2019 (COVID-19) global pandemic. No effec-
tive treatment for COVID-19 has been established yet. The serine protease transmem-
brane protease serine 2 (TMPRSS2) is essential for viral spread and pathogenicity by
facilitating the entry of SARS-CoV-2 into host cells. The protease inhibitor camostat, an
anticoagulant used in the clinic, has potential anti-inflammatory and antiviral activities
against COVID-19. However, the potential mechanisms of viral resistance and antiviral
activity of camostat are unclear. Herein, we demonstrate high inhibitory potencies of
camostat for a panel of serine proteases, indicating that camostat is a broad-spectrum
inhibitor of serine proteases. In addition, we determined the crystal structure of camo-
stat in complex with a serine protease (UPA [urokinase-type plasminogen activator]),
which reveals that camostat is inserted in the ST pocket of uPA but is hydrolyzed by
uPA, and the cleaved camostat covalently binds to Ser195. We also generated a
homology model of the structure of the TMPRSS2 serine protease domain. The model
shows that camostat uses the same inhibitory mechanism to inhibit the activity of
TMPRSS2, subsequently preventing SARS-CoV-2 spread.

IMPORTANCE Serine proteases are a large family of enzymes critical for multiple phys-
iological processes and proven diagnostic and therapeutic targets in several clinical
indications. The serine protease transmembrane protease serine 2 (TMPRSS2) was
recently found to mediate SARS-CoV-2 entry into the host. Camostat mesylate (FOY
305), a serine protease inhibitor active against TMPRSS2 and used for the treatment
of oral squamous cell carcinoma and chronic pancreatitis, inhibits SARS-CoV-2 infec-
tion of human lung cells. However, the direct inhibition mechanism of camostat
mesylate for TMPRSS2 is unclear. Herein, we demonstrate that camostat uses the
same inhibitory mechanism to inhibit the activity of TMPRSS2 as uPA, subsequently

preventing SARS-CoV-2 spread. Citation Sun G, Sui Y, Zhou Y, Ya J, Yuan C,
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FIG 1 SDS-PAGE electrophoresis (15%) showing the purity of serine proteases (A) and the activity of camostat against a panel of serine proteases,
including uPA (B), muPA (C), PK (D), FXla (E), matriptase (F), and trypsin (G). Dose-response curves were visualized and curve fitting was performed using
GraphPad Prism. The calculated concentrations required for 50% inhibition (IC,) are displayed, in nanomolar units. The average of two independent

experiments, each performed with triplicate samples, is shown.

and S2 sites (6, 7). Moreover, not only SARS-CoV-2 but also other types of coronaviruses and
influenza viruses depend on TMPRSS2 for viral activation and cell entry, including SARS-CoV
and H1N1 (8, 9). Therefore, TMPRSS2 plays a central and conserved role in the pathogenesis
of the illnesses caused by coronaviruses and influenza viruses.

Recent works show that the serine protease inhibitor camostat mesylate (FOY 305),
which has been used for the treatment of oral squamous cell carcinoma and chronic pan-
creatitis (10, 11), inhibits SARS-CoV-2 infection of human lung cells by acting against
TMPRSS2 (12). Although Hoffmann et al. reported potential mechanisms of viral resistance
as well as camostat mesylate metabolization and antiviral activity of metabolites (13), the
direct inhibition mechanism of camostat mesylate for TMPRSS2 is unclear. In addition,
there is no report of the atomic-resolution structure of TMPRSS2 so far, even only its serine
protease domain. TMPRSS2 is a plasma membrane-anchored serine protease with one
extracellular serine protease domain, including the canonical triad His57-Asp102-Ser195
(chymotrypsinogen numbering) and a canonical protease family S1 fold (14).

Here, the inhibitory effects of camostat mesylate on different types of serine protease
were investigated, and a homology structure model of the TMPRSS2 serine protease do-
main (TMPRSS2-SPD) was built, which was shown to be highly identical to the structure
of another serine protease, urokinase-type plasminogen activator (uPA), with a root
mean square deviation (RMSD) of 0.681 A. Next, the crystal structure of uPA in complex
with camostat was determined and showed that camostat had been hydrolyzed and
that the cleaved product covalently binds to Ser195 of uPA, leading inhibition of the
enzyme activity. Thus, camostat mesylate uses covalent binding to inhibit the activity of
serine proteases, including TMPRSS2.

RESULTS AND DISCUSSION

Inhibition assays of camostat for different serine proteases. Camostat is well-
known as a synthetic serine protease inhibitor with anti-inflammatory, antifibrotic, and
potential antiviral activities. We performed enzyme inhibition assays using purified
soluble recombinant serine protease domains of uPA, murine uPA (muPA), plasma kal-
likrein (PK), factor Xla (FXla), trypsin, and matriptase (Fig. 1A). These results showed
that camostat significantly inhibits (at a nanomolar order of magnitude) the protease
activity on the above-mentioned serine proteases. Among these serine proteases,
camostat has the highest inhibitory potency for trypsin, with a 50% inhibitory concen-
tration (ICs,) of 9.3 = 1.2 nM. These potencies rank as follows: trypsin, 9.3 = 1.2 nM; PK,
10.4 = 2.7 nM; matriptase, 21.1 = 3.5nM; FXla, 44.1 = 1.1 nM; uPA, 86.4 = 9.4nM; and
muPA, 100.4 = 41.9nM (Fig. 1B to G). These inhibitory potencies are consistent with
the reported IC,, for TMPRSS2 (4 to 6 nM) (15, 16), demonstrating that camostat is a
broad-spectrum serine protease inhibitor.
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FIG 2 Sequence alignments of TMPRSS2 and other representative chymotrypsin family serine proteases,
including human uPA, murine uPA, tPA, trypsin, plasma kallikrein, FXla, and matriptase. The secondary structure
elements shown at the bottom of the sequences are based on human uPA. Red triangles represent residues of
the serine protease catalytic triad: His57, Asp102, and Ser195.

Sequence alignment of TMPRSS2 and other serine proteases. The architectures
of the serine protease domains are generally well conserved. Although serine pro-
teases recognize their distinct substrates in various ways, they utilize a canonical cata-
lytic triad for activity. The catalytic triad of the classic trypsin and subtilisin families is
composed of three highly conserved residues, His57, Asp102, and Ser195 (chymotrypsi-
nogen numbering), and exhibits similar spatial arrangements (17). Several other highly
conserved residues in serine protease families have been linked to catalysis, such as
the backbone of Ser214 in chymotrypsin-like proteases, which contributes to the S1
binding pocket (18). Alignment of the eight serine protease domains, including uPA,
muPA, PK, FXla, and matriptase, supports that the sequence in the active site of
TMPRSS2-SPD is highly conserved with other serine proteases (Fig. 2) and also indi-
cates that the secondary structure of TMPRSS2-SPD might adopt a folding type similar
to those of other serine proteases.
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TMPRSS2-SPD

FIG 3 Homology modeling of the structure of TMPRSS2-SPD and comparison with the uPA structure. (A)
Overview of the modeled structure of TMPRSS2-SPD (orange) by SWISS-MODEL. (B) Comparison of TMPRSS2-
SPD (orange) and uPA-SPD (light blue) as a representative serine protease showing that these two structures
had a high similarity (RMSD =0.681 A), which indicates that TMPRSS2-SPD might have a structure highly similar
to that of other serine proteases.

Homology modeling of the structure of TMPRSS2 serine protease domain.
There is no experimental structure for TMPRSS2 yet, but it is possible to develop quality
structural models for the serine protease domain using comparative modeling strategies,
as such domains are highly structurally conserved. The three-dimensional structure of
the TMPRSS2 serine protease domain (TMPRSS2-SPD) was built using the online server
SWISS-MODEL (19) as shown in Fig. 3A. The modeling result shows that TMPRSS13 (PDB
code 6KD5) (15) is the best template to model the structure of TMIPRSS2-SPD (QMEAN,
—1.15; sequence identity, 44.44%). The stereochemical analysis was performed using
Procheck by considering the overall structural geometry of the respective protein (20).
The results showed that 97.9% of the residues were in favorable and allowed regions of
the Ramachandran plot, indicating that the structure is properly refined and can be used
for further studies. TMPRSS2 belongs to the trypsin-like type; these enzymes usually
cleave peptide bonds at Lys or Arg residues. This so-called P1 residue fits into a nega-
tively charged S1 pocket. This pocket displays a conserved Asp residue at the bottom
and as such tends to prefer a positively charged residue at the P1 position. In this study,
we compared the modeled structure of TMPRSS2-SPD with that of a representative tryp-
sin-like serine protease, urokinase-type plasminogen activator (uPA), and found that
these structures had a high similarity (RMSD =0.681 A). Especially, the S1 pockets and
the catalytic triads are identical to each other with a sequence identity of 34.4% (Fig. 3B).

Camostat was hydrolyzed by serine protease and irreversibly inhibited serine
protease. To study how camostat inhibits serine proteases, we determined the crystal
structure of camostat in complex with uPA. The crystal structure of the uPA-camostat
complex was determined to a resolution of 2.0 A and was refined to good statistics (R
factor=19.2%, Ry.. factor=23.1% [Table 1]). We identified the strong electron density
map (F, — F. = 3.0 o) at the major substrate-binding pocket of uPA (or S1 pocket) and
close to Ser195 (Fig. 4A). However, the electron density map was obviously small in vol-
ume and not large enough to accommodate intact camostat, suggesting that camostat
might have been hydrolyzed by uPA. After modeling and refining the structure, the clear
electron density map (2F, — F. = 1.5 o) showed that one of the hydrolysates of camo-
stat, 4-guanidinobenzoic acid (GBA), covalently bound to the Ser195 (Fig. 4B and C).
Moreover, we did not find the primary metabolite of camostat [4-(4-guanidinobenzoy-
loxy)phenylacetic acid (GBPA; FOY-251)] and another metabolite (6-amidino-2-naphthol;
PDB code 6A2N) in the complex structure. The mass spectrometric analysis also deter-
mined that the purified uPA-camostat sample contained the hydrolysates of camostat
GBA (Fig. 5). Thus, we clearly determined that the GBA fragment binds to the active sites
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TABLE 1 X-ray data collection and model refinement statistics for the uPA-camostat crystal

Compound Value(s) for uPA-camostat?
Data collection
X-ray source wavelength (A) 1.54
Resolution limits (A) 60.2-2.0 (2.03-2.00)
Space group R3
Temp of experiments (K) 100
Cell constants
ab,c (A) 120.317,120.317,42.451
a= By 90; 120
Completeness (%) 96.5
Multiplicity 3.04
Roerge’ 0.021 (0.064)
No. of observations 46,862
No. of unique reflections 15,407

Refinement data

R 0.192
Riree 0.231
Avg B factor (A2) of uPA 19.6
Avg B factor (A2) of camostat 10.8
RMSD of bond lengths (A) 0.006
RMSD of angle (°) 1.442
Ramachandran analysis (%)
Favored regions 97.1
Allowed regions 2.5
Disallowed regions 0.4
aThe highest-resolution shell is shown in parentheses.
bR nerge = 2|1, = ()|/Z1, where I;is the intensity of the ith observation and (/) is the mean intensity of the
reflections.

of uPA and the guanidine group of GBA points to the bottom of the S1 pocket, forming
hydrogen bonds with the uPA residues Asp189, Ser190, and Gly219 (Fig. 6A and B).
Additionally, interactions such as -cation, m-7 stacked, 7-7 T-shaped, amide-m
stacked and 7r-alkyl, which largely involves charge transfer, helped in intercalating the
GBA in the binding site of the enzyme. The combination of these covalent and noncova-
lent interactions with uPA made the GBA fragment very stable (B factor, 10.8 A?) in the
complex structure (B factor, 19.9 A2). The current results demonstrate the possible antivi-
ral mechanism of camostat as an inhibitor of TMPRSS2 by blocking the spike protein pri-
ming and then preventing SARS-CoV-2 entry into the host cell (Fig. 6C).

Conclusion. In this study, we performed inhibitory assays of camostat for a series of
serine proteases and provide evidence showing that camostat is a high-efficiency and
broad-spectrum serine protease inhibitor. Moreover, we compared the modeled struc-
ture of TMPRSS2-SPD with that of uPA as a representative serine protease and found a
high degree of similarity between them. Furthermore, the crystal structure of uPA in

FIG 4 (A) A Fourier (2F, — F_) electron density map at a 1.5 o cutoff showing the quality of the map
and a difference (F, — F_) Fourier electron density map at a 3.0 o cutoff showing the positive (green)
and negative (red) electron densities, which indicates that camostat was hydrolyzed by uPA and one
of the hydrolysates of camostat (GBA) covalently binds to the Ser195. (B) The simulated annealing
2F, — F_ (1.5 o) omit map of GBA in the active site of uPA. (C) Final (2F, — F_.) electron density
map at a 1.5 o cutoff showing the well-refined position for GBA.
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FIG 5 Mass spectrometric analysis. (A) Mass spectra of the 2,5-dihydroxy benzoic acid (DHB)-only matrix. (B) Mass spectra of camostat bound to uPA. The
peak at m/z 177 indicates that the hydrolysates of camostat and 4-guanidinobenzoic acid (GBA) are consistent with the m/z value predicated by

ChemDraw.

complex with camostat was determined and showed that camostat was hydrolyzed
and cleaved to a fragment that was covalently bound to Ser195 of uPA. These results
show that camostat might adopt the same inhibitory mechanism to inhibit the activity
of TMPRSS2 as other serine proteases, thus preventing SARS-CoV-2 spread.

MATERIALS AND METHODS

Expression and purification of serine proteases. Recombinant serine protease domains of uPA
(21), FXla (22), matriptase (23), plasma kallikrein (PK) (24), and tissue-type plasminogen activator (tPA)
(25) were expressed from Pichia pastoris strain X-33 as described elsewhere. The serine protease domain
of murine uPA (muPA) was expressed as inclusion bodies in Escherichia coli BL21(DE3); the subsequent
refolding and purification of the serine protease domain of muPA were described previously (26). In
addition, human trypsin was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Determination of inhibitory potency of camostat mesylate for serine proteases. For routine
determination of IC,s for the inhibition of the various enzymes under steady-state inhibition conditions,
2nM purified enzyme was preincubated in a total volume of 200 ul of 0.01 M HEPES, 0.15 M NaCl (pH
7.4) with 0.1% bovine serum albumin (BSA) at 37°C, with various concentrations of peptides for 15 min
before the addition of the chromogenic substrate S-2444 (pyro-Glu-Gly-Arg-p-nitroanilide) for the uPA
variants, S-2302 (H-b-Pro-Phe-Arg-p-nitroanilide) for PK, S-2288 (H-p-lle-Pro-Arg-p-nitroanilide) for
matriptase and tPA, and B-3133 (N -benzoyl-L-Arg-4-nitroanilide) for trypsin in concentrations approxi-
mately equal to the K, value for each particular variant. The initial reaction velocities were monitored at
an absorbance of 405 nm. The nonlinear regression (sigmoidal) in GraphPad Prism 8 software was used
to fit the IC,, of camostat for different serine proteases.

Homology modeling and validation of TMPRSS2 serine protease domain. The three-dimensional
structure of TMPRSS2 serine protease was built using homology modeling due to the unavailability of its
structure in the Protein Data Bank (PDB). The protein sequence of the TMPRSS2 serine protease domain
(TMPRSS2-SPD) was obtained at the UniProt website (entry 015393; https://www.uniprot.org/), which
contains 236 amino acids. Then, the sequence was retrieved in the FASTA format and uploaded to the
fully automated protein structure homology-modeling server SWISS-MODEL (https://swissmodel.expasy
.org/) (27). The top model with the best QMEAN score and high percentage similarity was selected as
the analytic structure.

Crystallization and data collection for the uPA-camostat complex. The crystallization trials were
carried out using the method of sitting drop vapor diffusion (28). The uPA protease domain (positions
159 to 411) was mixed with 500 uM camostat and crystallized with 2.0 M ammonium sulfate, 50 mM so-
dium citrate (pH 4.6), and 5% polyethylene glycol 400 (PEG400) at room temperature. The crystals
appeared in about 3 days. A solution of 2.0 M ammonium sulfate, 50 mM sodium citrate (pH 4.6), 5%
PEG400, and 20% (vol/vol) glycerol was used as a cryoprotectant for the crystals. X-ray diffraction data of
the uPA-camostat complex were collected in a Bruker D8 Venture system at a wavelength of 1.54 A. The
space group of uPA-camostat was determined to be R3 by preliminary manipulation using the APEX3
suite program package, with the following unit cell parameters: a=120.3A, b=120.3A, c=425A. The
most probable Matthews coefficient was 2.11 A> Da~" and corresponded to one protein molecule per
asymmetric unit with a solvent content of 41.8%. The data set was 99.5% complete to 2.0 A. The statistics
of data collection are listed in Table 1.

Phasing and refinement. The structure of the uPA-camostat complex was solved by the molecular
replacement method using the MolRep program (29), which gave very strong and unambiguous solu-
tions. A uPA was first positioned inside the crystal lattice using the uPA structure (PDB code 4DVA) (30)
as a searching model and all the X-ray data up to 2.0 A. The F, — F, electron density map calculated at
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FIG 6 The overall complex structure of uPA-camostat. (A) Ribbon representation of the crystal structure of uPA (light blue) in complex with
the hydrolyzed camostat (magenta stick model). The inset is a close-up view of the bound camostat inhibitor and the S1 pocket of uPA. The
catalytic triad Ser195-His57-Asp102 and Asp189 in the bottom residue of the S1 pocket are shown in the stick model. The uPA and
camostat are in orange and magenta, respectively. Dashed lines indicate hydrogen bonds. (B) Bound camostat with uPA and interactive site
residues along with hydrogen bonds and other interactions. (C) The anti-SARS-CoV-2 mechanism of camostat is that camostat binds to
TMPRSS2 and is hydrolyzed by it, and then the hydrolysate of camostat covalently binds to the Ser195 to deactivate TMPRSS2, sequentially
block spike protein priming, and prevent SARS-CoV-2 entry into the host cell.

this stage showed the presence of one compound at the active site of uPA. The molecular replacement
model was subjected to iterative refinement and manual model rebuilding using Refmac (31) and Coot
(32), alternately, giving a final R factor and R, factor of 0.192 and 0.231, respectively, at a resolution
range of 60.2 to 2.0 A (Table 1). The structure was validated with PROCHECK (33). None of these residues
was in the disallowed region of the Ramachandran plot. The final results were analyzed and visualized
by PyMOL (34) and LigPlot™ (35).

Mass spectrometry. Mass-spectrometric analysis of uPA preincubated with camostat under crystal
growth conditions was carried out. After being purified by SDS-PAGE and trypsin digestion, the samples
were analyzed on a Bruker Autoflex Il mass spectrometer (Bruker Daltonics, Germany) using Flex
Analysis 3.4 software.

Data availability. The coordinate of the uPA-camostat complex was deposited in the Protein Data
Bank (PDB code 7DZD).
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