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Abstract: Transmembrane serine protease (TMPRSS2) plays an oncogenic role in prostate cancer as the fusion 
gene with ERG, and has also been demonstrated to be essential for the cellular entry of severe acute respiratory 
syndrome coronaviruses (SARS-CoV). Thus, targeting TMPRSS2 is a promising strategy for therapies against both 
prostate cancer and coronavirus infection. Although Nafamostat and Camostat have been identified as TMPRSS2 in-
hibitors, severe side effects such as cerebral hemorrhage, anaphylactoid reaction, and cardiac arrest shock greatly 
hamper their clinical use. Therefore, more potent and safer drugs against this serine protease should be further de-
veloped. In this study, we developed a fluorescence resonance energy transfer (FRET)-based platform for effectively 
screening of inhibitors against TMPRSS2 protease activity. The disruption of FRET between green and red fluores-
cent proteins conjugated with the substrate peptide, which corresponds to the cleavage site of SARS-CoV-2 Spike 
protein, was measured to determine the enzymatic activity of TMPRSS2. Through an initiate pilot screening with 
around 100 compounds, Flupirtine, a selective neuronal potassium channel opener, was identified as a potential 
TMPRSS2 inhibitor from an FDA-approved drug library by using this screening platform, and showed inhibitory effect 
on the TMPRSS-dependent infection of SARS-CoV-2 Spike-pseudotyped lentiviral particles. This study describes a 
platform proven effective for rapidly screening of TMPRSS2 inhibitors, and suggests that Flupirtine may be worthy 
of further consideration of repurposing to treat COVID-19 patients.
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Introduction 

Transmembrane serine protease (TMPRSS2), 
which is also known as epitheliasin and belongs 
to the type II transmembrane serine proteases 
(TTSPs), possesses a trypsin-like endopepti-
dase activity and presents with a serine resi-
due acting as a nucleophile in its catalytic 
active site [1]. Three highly conserved residues, 
Ser (S), His (H), and Asp (D), constitute the cata-
lytic triad by working as a charge-transmit net-
work and by forming the negatively charged 
pocket. This prefers to cleave amide bonds at 
Lys (K) or Arg (R) residues [2]. The expression of 

TMPRSS2 was found mostly in epithelial cells of 
various tissues, such as prostate, small intes-
tine, lung and more [3]. Although the recent 
report proposed that TMPRSS-2 may associate 
with an endocytosis-independent pathway for 
SARS-CoV-2 virus to enter human primary lung 
cells [4], the physiological functions of TMPRSS2 
remain incompletely defined. 

The knowledge about TMPRSS2 begins from its 
role in progression of prostate cancer after  
the discovery of its oncogenic fusion genes  
with erythroblast transformation specific (ETS) 
transcription factors, such as ETS-related gene 
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(ERG) [5]. TMPRSS2-ERG fusion, found in 
roughly 100,000 cases every year, is the most 
common molecular alteration (40-50%) in pros-
tate cancer patients [6]. TMPRSS2 level is 
increased in both primary and metastatic  
prostate tumors and positively correlates with 
Gleason score [7]. Reduction of TMPRSS2 
expression by gene silence and knockout strat-
egies have been shown to decrease tumor pro-
gression in a prostate cancer-xenograft mice 
model [8], and the study with Transgenic Ade- 
nocarcinoma Mouse Prostate (TRAMP) models 
also suggests the pro-oncogenic and pro-meta-
static role of TMPRSS2 in prostate cancer [9]. 
By screening libraries of synthetic peptides, a 
proteolytic cleavage sequence by TMPRSS2 
was identified in pro-HGF. Activation of HGF by 
TMPRSS2-depedendent cleavage promoted 
the invasion ability of DU145 prostate cancer 
cells through activation of c-MET signaling, pro-
viding the mechanistic insight into the TMPR- 
SS2-induced epithelial-mesenchymal transi-
tion phenotype in the TRAMP mouse model [9]. 
In addition, the proteolytic activation of matrip-
tase by TMPRSS2 also contributes to tumor 
progression of prostate cancer by enhancing 
the cleavage of extracellular matrix nidogen-1 
and laminin β1 [8]. In addition to its proteolytic 
activity, TMPRSS2 also increases respectively 
up to 6000- and 50-fold higher expressions of 
transcription factors ERG [6] and ETV1 [10], 
which play roles in development, differentia-
tion, proliferation, and metastasis of prostate 
cancer [11]. These findings indicate that target-
ing TMPRSS2 enzymatic activity is a potential 
therapeutic strategy for prostate cancer [12, 
13].  

In addition to the oncogenic roles in prostate 
cancer, TMPRSS2 also mediates the cellular 
entry of coronaviruses. The coronavirus dis-
ease 2019 (COVID-19) outbreak, caused by 
infection with severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2), has led to 
enormous health and economic challenges to 
the entire world. There is no effective vaccine 
or approved antiviral drug for infected patients 
at present except for remdesivir that was 
approved for the emergency use [14]; repurpos-
ing existing drugs is, thus, an urgent strategy to 
offer rapid path for COVI-19 treatment. The 
interaction of SARS-CoV-2 and host cells relies 
on the binding of Spike (S) protein with angio-
tensin-converting enzyme 2 (ACE2) receptor on 

the plasma membrane of human cells. The 
human serine protease TMPRSS2 and endocy-
tosis are required for the viral entry of SARS-
CoV2 into the cells. TMPRSS2 is widely expre- 
ssed in human respiratory tract, and exerts its 
enzymatic activity to cleave S protein of SARS-
CoV-2 [15] into S1 and S2, which is a shared 
mechanism for various coronaviruses to facili-
tate viral entry into cells [16, 17]. S1 subunit 
binds to ACE2 on host cells, and the S2 sub- 
unit facilitates the membrane fusion between 
virus and host cells. The cleavage activation  
of S protein by TMPRSS2 is critical for the  
virus invasion and virulence [18]. TMPRSS-2 
has also recently been found to possess an 
endocytosis-independent pathway for SARS-
CoV-2 virus to enter human lung primary cells 
[4]. While multiple mutated versions of SARS-
CoV-2 have been reported [19-21], raising com-
plication for vaccine development in the future. 
TMPRSS-2 is a human serine protease which is 
required for coronavirus infection into human 
cells, thus, drugs to inhibit TMPRSS-2 protease 
activity should be able to inhibit infection of 
SARS-CoV family (including mutated SARS-
CoV-2) coronavirus into human cells. The anti-
coagulants Nafamostat and Camostat mesyl-
ate, which are approved in Japan for the the- 
rapy of acute pancreatitis and disseminated  
intravascular coagulation currently, have been  
identified as a TMPRSS2 inhibitors [22]. These 
drugs potently inhibits SARS-CoV-2 S protein-
mediated fusion and SARS-CoV-2 infection in 
vitro [23], and Nafamostat mesylate therapy in 
combination with the antiviral agent favipiravir 
also showed the low mortality rate (9%; 1/11 
cases) of COVID19 patients who required inva-
sive mechanical ventilation in the intensive 
care unit [24]. However, the association bet- 
ween some server adverse effects, including 
cerebral hemorrhage [25], anaphylactoid reac-
tion [26, 27], and cardiac arrest shock [28] dur-
ing treatment with Nafamostat has been pro-
posed. Thus, more potent and safer drugs 
against this serine protease should be further 
developed. 

As TMPRSS2 is a promising therapeutic target 
for prostate cancer and COVID-19 treatments, 
repurposing FDA-approved agents on the cata-
lytic domain of TMPRSS2 could show therapeu-
tic valuable. Since no experimental structure 
for TMPRSS2 has been documented, compara-
tive modeling strategies using domains with 
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highly conserved structures were employed to 
establish structural models for TMPRSS2 ser-
ine protease domain [2, 29]. However, the 
accuracy of this in silico prediction for TMPRSS2 
inhibitor is a major concern [30, 31]. To over-
come this limitation, we developed a FRET-
based assay aiming at detecting TMPRSS2 
activity, and Flupirtine has been identified 
through initial screening with 100 compounds 
from an FDA-approved compound library. 

Materials and methods

Cloning, expression and purification of TM-
PRSS2 catalytic domain and fluorescent 
protein substrate of TMPRSS2

The gene encoding the catalytic domain of 
human TMPRSS2 (residues 256-492, UniProt 
accession: O15393) with preferential codon 
usage in Escherichia coli was synthesized  
and subcloned into pET21 or pSol-MBP vector 
(Lucigen) to generate C-terminal His6-tagged or 
N-terminal MBP-fusion protein. The designed 
fluorescent protein substrate of TMPRSS2 is 
made up of the cleavage site from SARS-CoV-2 
spike protein (675QTQTNSPRRARSVAS689) insert-
ed between mNeonGreen (GenBank: AGG56- 
535.1) and mRuby3 (GenBank: ATE88097.1). 
The gene fragment containing this designed 
GFP-RFP pair was synthesized and constructed 
into a pET16b plasmid. This plasmid was trans-
formed into E. coli BL21 (DE3) followed by the 
growth in LB broth at 37°C. Overexpression of 
MBP-tagged TMPRSS2256-492 was induced by 
the addition of L-rhamnose at a final concentra-
tion of 0.2% when the culture reach OD600 of 
0.6. The cultures were incubated for further 20 
hours at 16°C and harvested by centrifugation 
at 4500 g. The cells were resuspended in buf-
fer containing Tris (50 mM at pH 8.0), NaCl 
(500 mM), glycerol (10%), imidazole (5 mM), 
lysed by sonication, and centrifuged at 28,000 
g, 4°C for 1 hour. The supernatant was then 
loaded onto a Ni-column and purified by ÄKTA™ 
go chromatography system (Cytiva) according 
to manufacturer instructions. Overexpression 
of the designed GFP-RFP protein substrate was 
induced by the addition of 0.5 mM IPTG and 
continue shaking at 20°C for 18-20 hours. The 
purification procedure of the designed GFP-RFP 
protein substrate was the same as the recom-
binant TMPRSS2 mentioned above. The frac-
tions containing TMPRSS2 and its protein sub-
strate were concentrated using an Amicon® 

Ultra-15 (Millipore) and further purified by size-
exclusion chromatography (HiLoad Superdex 
200, GE Healthcare). The prepared protein 
samples were stored at -80°C until use. 

Fluorescence resonance energy transfer 
(FRET)-based enzyme activity assay

To access the protease activity of the recombi-
nant human TMPRSS2, the reaction mixture 
containing 25 μM MBP-tagged TMPRSS2256-492 
and 60 μM tested compound in 25 mM Tris 8.0, 
200 mM NaCl, 5% glycerol was pre-incubated 
at room temperature for 30 min in 96-well 
black Optiplate. The designed fluorescent pro-
tein substrate was then added to start the reac-
tion. The fluorescent signals were obtained by 
detecting the cleaved products (excitation: 506 
nm/emission: 536 nm) using a microplate read-
er. All the data were normalized to 1% DMSO 
control and repeated at least twice.  

Cell culture

HEK-293T, VeroE6, TMPRSS2-expressing Vero- 
E6 cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) supplemented with 
10% fetal bovine serum (FBS), 1x GlutaMAX, 
and 1% penicillin/streptomycin, and were incu-
bated at 37°C and 5% CO2. 

Transient transfection and drugs treatment

Approximately 3×105 of 293T cells (ATCC) were 
transfected with p-CMV5-TMPRSS2 by using 
Lipofectamine 2000 transfection reagent (In- 
vitrogen) according to the manufacturer’s pro-
tocol. After 6 hours of incubation, cells were 
treated with Flupirtine in dose-dependent man-
ner for 2 days and total lysates were prepared 
for Western blot analysis.

Western blot analysis 

Total lysates were extracted with lysis buffer 
(SDS (10%) and urea (5 μM)), analyzed by SDS-
PAGE, and then transferred to PVDF mem-
branes. After blocking with milk (5%), mem-
branes were incubated with primary antibod- 
ies against TMPRSS2 (Santa Cruz) or actin 
(Invitrogen) for overnight at 4°C followed by 
incubation with HRP-conjugated secondary 
antibodies for 1 hour at room temperature.  
The immunoreactive signals were detected by 
using enhanced chemiluminescence with ECL 
reagent (Bio-Red).
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Viral pseudo-particles (Vpp) infection and its 
inhibition 

VeroE6 and VeroE6-TMPRSS2 cells (10,000 
cells/well) were seeded in 96-well plates, and 
were pre-treated with different concentrations 
(1 μM, 5 μM, 25 μM) of Flupirtine or DMSO 
(vehicle control) for 1 h at 37°C followed by 
infection with the Vpp harboring SARS-2-S and 
luciferase reporter (purchased from National 
RNAi Core Facility (NRC), Academia Sinica) and 
centrifugation at 1250 g for 30 min. After incu-
bation for 24 hours, the cell viability was mea-
sured by using Cell Counting Kit-8 (CCK-8) 
assay (Dojindo Laboratories). Then, each sam-
ple mixed with an equal volume of ready-to- 
use luciferase substrate Bright-Glo Luciferase 
Assay System (Promega), and luminescence 
was measured immediately by the GloMax 
Navigator System (Promega). Raw lumines-
cence values (indicating luciferase activity) 
were recorded as counts per second, and the 
relative light unit (RLU) was normalized with cell 
viability. The effect of Flupirtine on the relative 
infection efficiencies were calculated with con-
trol group set as 100%.

Statistical analysis

The difference between the experimental and 
control groups was analyzed with Student’s 
t-test. The significance is defined if the P-value 
is <0.05.

Results 

To establish the FRET-based TMPRSS2 enzy-
matic activity assay, the catalytic domain  
(256-492) of the TMPRSS2 was cloned into 
pET21 (pET21-TMPRSS2256-492; 26 kDa) and 
expressed in E. coli. The protein was not solu-
ble and was obtained in the form of inclusion 
bodies, which were separated from cell pellet 
(Figure 1A). To improve the solubility of this  
target protein, we adopted a fusion partner 
strategy by tagging maltose Binding Protein 
(MBP) to TMPRSS2256-492 (MBP-TMPRSS2256-492; 
63 kDa) [32]. As shown in Figure 1B, the indu- 
ced MBP-tagged TMPRSS2 was obtained in 
soluble lysates although the majority remains 
detected in insoluble pellet. 

By taking advantage of the known sequence of 
protein cleavage site by TMPRSS2 [15], we 
have developed an assay for TMPRSS2 enzy-
matic activity which utilizes a FRET-based 
screening platform. Green fluorescent protein 
(GFP) and red fluorescent protein (RFP), the 
donor fluorophore and acceptor fluorophore, 
were respectively fused with amino- and car-
boxy ends of a peptide substrate (QTQTNSP- 
RRARSVASO) for TMPRSS2 (Figure 2A). Before 
the cleavage by TMPRSS2, GFP donor fluoro-
phore non-radiatively transfers its excitation 
energy to the neighboring RFP, thereby causing 
the emission of red fluorescence from this 
acceptor fluorophore. Green-red FRET pairs 

Figure 1. Evaluation of different expression strategy for TMPRSS2 serine protease domain. Small-scale expression 
of (A) pET21-TMPRSS2256-492 (B) MBP-TMPRSS2256-492 by E. coli BL21 (DE3). M, marker; -, no induction; +, IPTG induc-
tion; S, soluble fraction, P, pellet.  
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showed several advantages, including less au- 
tofluorescence, less phototoxicity, and greater 
spectra separation [33]. While the cleavage of 
substrate protein by TMPRSS2, the GFP fluoro-
phore was spatially separated from the RFP 
fluorophore, thus leading to disassembling the 
substrate and restoring GFP fluorescence. The 
fluorescence protein substrate for TMPRSS2, 
GFP-QTQTNSPRRARSVASO-RFP, was synthe-
sized and purified with immobilized metal affin-
ity chromatography (Figure 2B). The purified 
GFP/RFP fluorescent substrate protein was 
detected approximately at 57 kDa in SDS-
PAGE, which is consistent with its theoretical 
M.W. (Figure 2C).

To assess the effectiveness of the establi- 
shed FRET-based TMPRSS2 enzymatic activity 
assay, we next tested the inhibitory efficacy of 

Nafamostat and Camostat, which are trypsin-
like serine proteases inhibitors and have been 
shown to repress cellular entry of SARS-CoV2 
by targeting TMPRSS [22], on the enzymatic 
activity of TMPRSS2. Both Nafamostat and 
Camostat reduced the enzymatic activity of 
TMPRSS2 by nearly 50% as compared to vehi-
cle control (Figure 3). These results validated 
the established FRET-based TMPRSS-2 enzy-
matic activity assay as an efficient platform to 
screen potential TMRPSS-2 inhibitors for anti-
SARS-CoV-2 infection. By using this strategy, 
our initial screening for the first 100 com-
pounds from the FDA-approved compound 
library already identified one FDA-approved 
drug, Flupirtine inhibiting TMPRSS-2 activity by 
about 50% (Figure 3). TMPRSS2 is capable of 
autocleavage [34], and is expressed as a full-
length form at 65 kDa and a cleaved form at 26 

Figure 2. Establishment of FRET-based TMPRSS2 enzyme activity assay. A. Schematic presentation of FRET-based 
enzyme activity assay of TMPRSS2. B. Immobilized metal affinity chromatography of the fluorescent protein sub-
strate of TMPRSS2 (GFP-QTQTNSPRRARSVAS-RFP). C. SDS-PAGE of the purified fluorescent protein substrate. The 
estimated MW is consistent with its theoretical MW of 57.2 kDa.
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kDa. The autocleavage of TMPRSS2 was re- 
pressed by Flupirtine, supporting its anti-TMP- 
RSS2 proteolytic activity (Figure 4). In addition, 
treatment with Flupirtine also suppressed the 
infection of TMPRSS2-overexpressing VeroE6 
cells with SARS-CoV-2 Spike-pseudotyped lenti-
viral particles (Figure 5), supporting its acti- 
vity to suppress virus infection is also TMPR- 
SS2-dependent. Flupirtine, a selective neuro-
nal potassium channel opener, functions as  
an indirect NMDA receptor antagonist and 
GABAA receptor modulator [35]. This drug has 
been used as an analgesic for acute pain, 
including back pain, migraines, oncology, post-
operative care, and gynecology. Since the drug 
has been approved clinically for individual indi-
cations with low safety issues and side effects. 
And the other two known compounds targeting 
TRPRSS2 are known to have significant side 
effects and high safety concern [25-27, 36, 

37], the identified drug, Flupirtine may have 
potential of repurposing to overcome the 
COVID-19 pandemic. 

Discussion

To fight with SARS-CoV2, most of therapeutic 
strategies were developed by aiming to target 
viral proteins such as Mpro and RNA-depend- 
ent RNA polymerase [38] include Remdesirvir, 
GC376, and tafenoquine [39-41]. However, the 
viral evolution and genome variability of RNA 
viruses driven by the high mutation rate enable 
viruses to increase the infectivity or escape the 
attack from host immunity [20, 42]. Develop- 
ment of antiviral agent or vaccine by targeting 
the viral proteins may encounter the problem of 
drug-resistant mutations in the target enzyme 
[43], driving the need to develop the alternative 
therapeutic strategy targeting cellular protein 
in host cells. In this study, we developed a 
FRET-based human TMPRSS2 enzymatic assay 
platform to screen the FDA-approved drugs 
repositioning as promising TMPRSS2 inhibitors 
for the treatment of COVID-19 disease.

ACE2 and TMPRSS2, the receptor and co-factor 
of SARS-CoV-2 respectively, are expressed in 
lung secretory cells [44], and are two key cellu-
lar proteins for the entry of coronaviruses [22]. 
Preventing the interaction of human ACE2 and 
coronaviruses by blocking the receptor-binding 
domain (RBD) of the viral S-protein has been 
proposed as a potential therapeutic strategy 
for COVID-19 disease [45, 46]. However, ACE2 
is a key component of the renin-angiotensin-
aldosterone system (RAAS), and enhancement 
of ACE2 expression due to RAAS blockade of 
ACE inhibitors has been demonstrated with 
experimental evidence. It raises the concerns 
about the deleterious effects in patients with 
underlying cardiovascular disease [47]. Since 
TMPRSS2 is another critical cellular protein for 
the entry of coronaviruses [22] and the tumor 
progression of prostate cancer [8], targeting 
TMPRSS2 activity would be another idea thera-
peutic strategy for theses disease. To establish 
a rapid and high throughput screen system, we 
adopted in vitro protease enzymatic activity 
assay by using the recombinant and purified 
TMPRSS2 catalytic domain as the enzyme and 
the fluorescence protein-conjugated peptide as 
the substrate. As a transmembrane protein, 
however, bacterial-expressed TMPRSS2 cata-

Figure 3. Flupirtine is a TMRPSS2 inhibitor. The rela-
tive inhibitory effect of clinically approved inhibitors, 
Nafamostat, Camostat, and Flupirtine, on TMPRSS2 
enzymatic activity in FRET-based assay. 
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lytic domain is poorly soluble and exists in the 
inclusion body [48]. To improve its solubility, 
this catalytic domain was fused with MBP 
(Figure 1), which is one of the most effective 
solubility enhancers [49] without affecting the 
enzymatic activity of TMPRSS2. Recently, an 
additional protease Furin was also demonstrat-
ed to mediate the priming of S protein of SARA-
CoV-2 but not SARS-CoV [50]. By employing the 
same principle, specific inhibitors against Furin 
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Hospital (grant no. DMR107-023, to C.-H. 
Chen). This work was also financially suppor- 
ted by the “Drug Development Center, China 
Medical University” from The Featured Areas 
Research Center Program within the framework 
of the Higher Education Sprout Project by the 
Ministry of Education (MOE) in Taiwan.

Figure 4. Suppression of TMPRSS2 autocleavage by Flupirtine. HEK-293T cells 
were transfected with TMPRSS2 followed by treatment with indicated doses of 
Flupirtine or Nafamostat for 24 hours. Total lysates were prepared and sub-
jected to Western blot analysis with anti-TMPRSS2 and anti-Actin antibodies. 
The autocleaved form of TMPRSS2 at 26 kDa was suppressed by Flupirtine or 
Nafamostat and the quantitative data was normalized with the level of actin 
and shown in lower panel.

could also be identified in 
the FRET-based protease 
activity assay.

By using this screening  
system, Flupirtine, an FDA-
approved drug used for as 
an analgesic for the mo- 
derate-to-severe cases of 
acute pain, was identified 
as a potential TMPRSS2 
inhibitor. Although several 
computer-aided screening 
systems have been pro-
posed for potential TMPR- 
SS2 inhibitors [2, 29, 51], 
Flupirtine was not identi-
fied in these virtual screen-
ing platforms probably due 
to the use of comparative 
modeling, but not experi-
mental, structure of TM- 
PRSS22 serine protease 
domain in these systems. 
Our FRET-based TMPRSS2 
enzymatic assay provides a 
rapid and high throughput 
screening platform for the 
identification of selective 
and potent TMPRSS2 inhib-
itors for both COVID19 and 
prostate cancer therapies 
and will be a power strate-
gy to identify potential in- 
hibitors through high throu- 
ghput screening.
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