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Abstract 

The SARS-CoV-2 pandemic has prompted researchers to pivot their efforts to finding anti-

viral compounds and vaccines. In this study, we focused on the human host cell transmembrane 

protease serine 2 (TMPRSS2), which plays an important role in the viral life cycle by cleaving the 

spike protein to initiate membrane fusion. TMPRSS2 is an attractive target and has received 

significant attention for the development of drugs against SARS and MERS. Starting with 

comparative structural modeling and binding model analysis, we developed an efficient 

pharmacophore-based approach and applied in a large-scale in silico database screening for small 

molecule inhibitors against TMPRSS2. A number of novel inhibitors were identified, providing 

starting points for further development of drug candidates for the treatment of COVID-19.  
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 Introduction  

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus responsible for 

the ongoing coronavirus disease 2019 (COVID-19) pandemic.1 It is a novel betacoronavirus from 

the same family as SARS-CoV and Middle East respiratory syndrome (MERS).2 SARS-CoV-2 

produces clinical symptoms that include fever, dry cough, sore throat, dyspnea, headache, 

pneumonia with potentially progressive respiratory failure owing to alveolar damage, and even 

death.3 SARS-CoV-2 is a global pandemic with millions of documented infections worldwide by 

SARS-CoV-2, and over 1 million deaths reported by World Health Organization (WHO). Since 

no antiviral drug or vaccine existed to treat or prevent SARS-CoV-2, potential therapeutic 

strategies that are currently being evaluated predominantly stem from previous experience with 

treating SARS-CoV, MERS-CoV, and other emerging viruses.4-6 Most nations are primarily 

making efforts to prevent the further spreading of this potentially deadly virus by implementing 

preventive and control strategies.  

A number of processes are considered essential to the viral lifecycle and therefore provide a 

significant number of targets for inhibiting viral replication. The screening of anti-COVID-19 

drugs by using the clinical and approved compounds can greatly shorten the research and 

development cycle. Some screening campaigns of approved drug libraries and pharmacologically 

active molecules have been conducted for the discovery of SARS-CoV-2 inhibitors. Antiparasitic 

drugs like chloroquine and its derivative hydroxychloroquine have shown antiviral activity against 

SARS-CoV-2 in an in vitro cytopathic assay and had an Emergency Use Authorization awarded 

and rescinded by the US FDA.7, 8 The broad-spectrum antibacterial macrolide azithromycin also 

has significant antiviral properties, and it decreased the coronavirus infection in cell culture.9 The 

antiviral lopinavir, a protease inhibitor, has also shown inhibitory activity of SARS-CoV-2 

infection in Vero E6 cells.10 The experimental drug remdesivir, a nucleoside analog, originally 

developed against other viruses, has been approved by the FDA as treatment for COVID-19.11 

Despite numerous biochemical and cell-based drug repurposing screening of drug compound 

libraries that have identified a number of potent antivirals targeting various stages of the viral life 

cycle the molecular basis of these inhibitors on SARS-CoV-2 and functional studies have generally 

not been elucidated. 
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Previous basic and clinical research on coronaviruses has led to the identification of many 

potential drug targets and determination of their X-ray crystal structures.  Structure-based drug 

design by virtual screening and molecular docking studies has become a valuable primary step in 

the identification of novel lead molecules for the potential treatment of COVID-19.12 Cell entry of 

coronaviruses depends on binding of the viral spike (S) proteins to human cellular receptors and 

on S protein priming by host cell proteases. It has been demonstrated that SARS-CoV-2 uses the 

human host cell angiotensin-converting enzyme 2 (ACE2) as the entry receptor and the 

transmembrane protease serine 2 (TMPRSS2) for S protein priming. Human cellular receptors and 

proteases critical for viral entry and membrane fusion are now candidate therapeutic targets. 13 

TMPRSS2 has an extracellular protease domain capable of cleaving a spike protein domain to 

initiate membrane fusion. Considering the vital role played by TMPRSS2 in the viral life cycle, 

this protease has received significant attention to be used as a potential target to inhibit viral entry 

into host cells. 

 

In this study, we performed a comprehensive structural modeling and binding site analysis of 

the serine protease TMPRSS2, followed by a structure-based virtual screening against NCATS 

library consisting of up to 200,000 drug-like compounds designed from diverse chemical space. 

After an extensive post-docking analysis in combination with clustering analysis and visual 

inspection, 350 compounds were selected for experimental validation based on their binding free 

energy, consensus docking score, and binding interactions with key residues surrounding the active 

site. The selected hits were evaluated in the TMPRSS2 biochemical assay as well as a fluorescence 

counter assay.14 A number of novel and non-covalent inhibitors were identified, providing a 

starting point for further development of therapeutic drug candidates for COVID-19. 

 

Materials and methods 

 

Inhibitors and homology modeling of TMPRSS2 

        Three TMPRSS2 inhibitors nafamostat, camostat, and gabexate were used in this study. The 

activities of these inhibitors against TMPRSS2 have been confirmed in our recent report, with 

IC50 of 0.27 nM, 6.2 nM, and 130 nM, respectively.14 The homology model of TMPRSS2 was 

built using the threading program I-TASSER.15 The transmembrane trypsin-like serine protease 
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hepsin (also known as TMPRSS1) which shares 43% of sequence identity with TMPRSS2, was 

used as the template structure (PDB code 1Z8G).16  

 

Molecular docking and MD simulations 

The structural models of TMPRSS2 was prepared using the Molecular Operating Environment 

(MOE) program.17 Consensus docking studies of small molecule inhibitors (camostat and 

nafamostat) to TMPRSS2 were performed using MOE Dock and AutoDock Vina.18 The ligand 

induced fit docking protocol in MOE Dock was applied and binding affinity was evaluated using 

the GBVI/WSA score. The default parameters in AutoDock Vina were used with a grid box 

defined at the center of bound ligand by 20 x 20 x 20 Å to encompass the entire active site of the 

protein. The top-ranked 10 poses from each docking were extracted for consensus analysis. 

 

 MD simulations of protein-inhibitor binding complexes were conducted using the 

AMBER18 package.19 The simulated system in explicit solvate was first subjected to a gradual 

temperature increase from 0 K to 300 K over 100 ps, and then equilibrated for 500 ps at 300 K, 

followed by a production run of 20 ns. Trajectory analysis and binding free energy calculations 

were performed using the cpptraj module in the AmberTools18.19  

 

Pharmacophore-based virtual screening  

A stepwise virtual screening (VS) protocol combining ligand- and structure-based approach 

was employed to screen the NCATS’s in-house screening libraries consisting of nearly 200,000 

drug-like compounds.20 A pharmacophore model was derived from the predicted binding 

interactions of TMPRSS2 with inhibitors camostat, nafamostat, and gabexate. Two ligand-based 

approaches were used in the first step of the database search. The pharmacophore-based search 

was conducted using MOE, and the 3D shape-based mapping was conducted using ROCS.21 A 

total of 20,000 hits were extracted, followed by docking to the active site of TMPRSS2 using MOE 

dock and AutoDock Vina with default parameters.18 The top-ranked 2000 compounds from each 

docking were retained for consensus scoring and binding mode analysis. Structural clustering was 

performed using MOE. All compounds from each cluster and singletons were visually inspected. 

Finally, ~350 compounds were selected based on: 1) structural representative of each cluster, 2) 

predicted binding energy, 3) H-bond interaction with key residues at each binding site, 4) 
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promiscuous compounds with potential undesirable functionalities and PAINS alert were generally 

discarded.  

 

TMPRSS2 biochemical assay 

A TMPRSS2 biochemical assay has been developed to evaluate the activity of compounds 

against TMPRSS2.14 The assay was performed according to the assay protocol: to a 1536-well 

black plate was added Boc-Gln-Ala-Arg-AMC substrate (20 nL) and test compound (20 nL in 

DMSO) using an ECHO 655 acoustic dispenser (LabCyte). To that was dispensed TMPRSS2 (150 

nL) in assay buffer (50 mM Tris pH 8, 150 mM NaCl, 0.01% Tween20) using a BioRAPTR 

(Beckman Coulter) to give a total assay volume of 5 µL. Following 1 h incubation at room 

temperature, fluorescence was measured using the PHERAstar with excitation at 340 nm and 

emission at 440 nm. 

 

Fluorescence counter assay 

This counter-assay was performed as described previously.14 To a 1536-well black plate 

(Corning Cat #3724) was added 7-amino-4-methylcoumarin (20 nL) and inhibitor or DMSO (20 

nL) using an ECHO 655 acoustic dispenser (LabCyte). To that was added assay buffer (50 mM 

Tris pH 8, 150 mM NaCl, 0.01% Tween20) to give a total reaction volume of 5 µL. Detection was 

done using the PHERAstar with excitation: 340 nm and emission: 440 nm. Fluorescence was 

normalized relative to a negative control 7-amino-4-methylcoumarine. An inhibitor causing 

fluorescence quenching would be identified as having a concentration-dependent decrease on 

AMC fluorescence. 

 

 

Results  

 

Binding interaction of TMPRSS2 inhibitor 

TMPRSS2 shares 43% of sequence identity with the transmembrane trypsin-like serine 

protease hepsin (also known as TMPRSS1, gene HPN). The modeled structure of TMPRSS2 

generated from I-TASSER had a C-score of -0.10 and TM-score of 0.70 which indicated a good 

quality modeled structure.15 Similar to the template hepsin and other trypsin-like proteases, 
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TMPRSS2 shares a common structural fold with a conserved triad residues Ser441, His296, and 

Asp345 at the active site for catalytic activity.22, 23 An predicted oxyanion hole is formed by 

Gly439 and Gln438 at the active site for the catalytic process and a highly hydrophilic S1 pocket 

with a conserved Asp435 which is essential for substrate and inhibitor binding. 

 

The predicted binding models of camostat, nafamostat, and gabexate to the active site of 

TMPRSS2 are shown in Figure 1. The three small molecule inhibitors adopted a similar binding 

mode at the active site of TMPRSS2. While the ester group of the guanidinobenzonate moiety of 

camostat and nafamostat binds at the triad catalytic site interacting with Ser441 and Gln438, the 

guanidinium head points into the S1 pocket forming H-bonding and ion interactions with Asp435. 

The same binding models have been reported by Hempel et al, showing that the ester group 

resembled the substrate peptide bond by forming a covalent bond to the catalytic Ser441, and the 

high potency of nafamostat can be explained from a greater stability of its Michaelis complex.24 

Gabexate binds in a similar manner with the essential guanidinium head interacting with Asp435 

in the S1 pocket and the ester group forming hydrogen bonds with Ser441 and Gln438, whereas 

the benzoic ester group binds to the hydrophobic pocket on the opposite site and forms H-bonding 

interaction with Glu299. 

 

 

Figure 1. Known TMPRSS2 inhibitors and predicted binding models at the active site of 

TMPRSS2. 
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To gain insight into the binding interactions of these inhibitors with TMPRSS2, we performed 

MD simulations of the inhibitor-bound complexes as compared to the protein in the apo state 

(Figure 2A).  The loops surrounding the active site exhibited greater dynamics in the apo form but 

were significantly stabilized in a closed conformation in the inhibitor binding complex. The 

hydrogen bonds between the ester group and residues Ser441 and Gln438 at the catalytic site 

remained stable in the nafamostat and camostat binding complex over the time course of 50-ns 

simulations, but less stably in the binding complex of gabexate. This may explain the 20-fold 

weaker activity of gabexate as compared to camostat. Residue Glu299 was found to be highly 

flexible in the apo protein and preferably interacted with Lys342 in the S2 pocket. This residue is 

located in the middle of the active site adjacent to the catalytic triad and hydrophobic pocket, which 

likely plays an important role in facilitating the substrate recognition as well as inhibitor binding.  

 

 

Figure 2. (A) MD simulations of TMPRSS2 in the apo and inhibitor-bound complexes. (B) 

Inhibitors camostat (magenta), nafamostat (green) and gabexate (dark yellow) bound at the active 

site of TMPRSS2. The protein surface is rendered in color of hydrophobicity. Dynamics loops 

surrounding the active site are shown in red. Key residues and the hydrophobic pocket used in 

pharmacophore model are labeled. 

 

Pharmacophore-based virtual screening 

Based on the binding model analysis we developed a pharmacophore model and applied it in 

virtual screening for novel inhibitors of TMPRSS2. Four pharmacophores were derived from the 

predicted binding interaction of the three inhibitors (Figure 2B). Two structural elements appear 
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to be essential for binding: one is the interaction of guanidinium head with Asp435 in the S1 

pocket; the other is the core interaction at the catalytic site with the triad residues and Gln438 to 

the oxyanion hole. On the opposite side, the hydrophobic pocket formed by Val275, Val280, and 

Leu302 serves as an extended region to accommodate variable groups for enhanced binding 

affinity, while the adjacent Glu299 provides a key interaction to position the inhibitor into these 

binding pockets.  

 

Virtual screening was performed in a stepwise way combined with pharmacophore-based 

searching, 3D-shape-based mapping, and structure-based docking (Figure 3). An in-house 

collection of nearly 200,000 drug-like compounds were virtually screened. To prioritize the hits 

generated from docking, several post-processing approaches were applied including docking pose 

analysis, structural clustering, re-scoring, and promiscuity filtering. Ultimately, ~350 compounds 

were selected based on the predicted binding energy, key interactions within the catalytic triad and 

functional head in the S1 pocket, the novelty of scaffold and chemotypes. Promiscuous compounds 

(i.e., those shown to have high hit rates across HTS assays experimentally screened at NCATS) 

with potential undesirable functionalities and PAINS alerts were generally discarded.  

 

Figure 3. Flowchart of virtual screening. 
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TMPRSS2 inhibitors identified from VS 

All selected compounds were evaluated in the TMPRSS2 enzymatic assay, a fluorogenic 

biochemical assay we reported recently.14 A counter assay was conducted to detect all positive 

compounds with fluorescence quenching properties that suppress the fluorescence signal generated 

by the protease activity on the fluorogenic substrate. The three inhibitors camostat, nafamostat and 

gabexate were also tested in the assay as positive controls, and all showed the same inhibitory 

activities as previously reported.14 Of 350 compounds tested, 14 hits showed inhibition with 

activity efficacy greater than 50% and IC50 ranging from 2 µM to 30 µM (Table S1). The best hit 

of otamixaban (NCGC00378763) had an IC50 of 2.2 µM and 100% inhibition activity, while the 

other two full inhibition hits UKI-1 (NCGC00522442) and NCGC00386945 showed IC50 of 3.5 

µM and 10.0 µM, respectively. All three inhibitors possess a benzoamidinium head group. Other 

less efficacious and weak inhibitors are more structurally diverse with a different functional group 

bound to the S1 pocket (Figure 4 and Figure 5). 

 

 

Figure 4. TMPRSS2 inhibitors identified from VS.  The head group bound in the S1 pocket is 

colored in red. 
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Figure 5. Confirmed activities in the TMPRSS2 enzyme assay and counter screen. 

 

To probe the binding mechanism of the identified inhibitors, we compared the binding models 

of these compounds bound at the active site of TMPRSS2 with camostat (Figure 6). As expected, 

the three full inhibition compounds utilized the benzoamidinium group to engage the key 

interaction with Asp435 in the S1 pocket, while another functional group was accommodated to 

the hydrophobic pocket by forming H-bonding or ion interaction with Glu299. MD simulations 

showed that these inhibitors bound stably at the active site of TMPRSS2, similar to the observed 

simulation with camostat and nafamostat. Different from these covalent inhibitors, otamixaban 

and NCGC00386945 have an amide group to predominately interact with the catalytic triad 

residues through non-covalent hydrogen bond interactions. Notably, UKI-1 occupied an additional 

binding interaction at the S2 pocket. However, the binding interactions of the bulky triisopropyl 

phenylsulfonyl group appeared not to be optimized for TMPRSS2. As shown in the predicted 

binding model, TMPRSS2 possesses several polar residues including a unique Lys342 at this site, 

which makes it possible to further optimize the binding interactions to improve the potency and 

selectivity to TMPRSS2.  
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Figure 6. Predicted binding models of non-covalent inhibitors bound at the active site of 

TMPRSS2. (up panel) Three full inhibitory inhibitors otamixaban, UKI-1, and NCGC00386945. 

Protein surface is shown in hydrophobic representation. (low panel) Three partial inhibition hits 

bound in the catalytic binding site. The protein surface is shown in white. 

 

 

DISCUSSION 

 

The host serine protease TMPRSS2 is an attractive target for drug development against SARS-

CoV-2. However, unlike viral proteases such as 3Clpro which has been extensively investigated 

recently and a large number of inhibitors have been reported,25 TMPRSS2 has been less studied 

and very few compounds have been evaluated in drug re-purposing screening. The enzyme is 

membrane associated, making it more challenging to express recombinant protein and study in 

vitro. Although camostat and nafamostat have progressed into clinical trials for the treatment of 

COVID-19, these inhibitors also show potent activity against many other trypsin-like serine 

proteases such as the plasma trypsin-like proteases, plasmin and FXIa.14 Therefore, there is an 
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unmet need for novel and selective candidates of TMPRSS2 inhibition for further drug 

development. 

 

We began the virtual screening campaign by iteratively searching and docking nearly 200,000 

compounds to the active site of TMPRSS2, followed by testing 350 compounds in the TMPRSS2 

biochemical assay. Several interesting inhibitors were identified. Otamixaban is an experimental 

anticoagulant direct factor Xa inhibitor that was investigated for the treatment of acute coronary 

syndrome but its development was terminated in a Phase III clinical trial due to poor 

performance.26 Otamixaban displayed efficient inhibitory activity with an IC50 of 2.2 µM against 

TMPRSS2, suggesting this to be a good candidate to further evaluate in the viral inhibition assay 

for drug re-purposing. UKI-1 is a selective inhibitor of trypsin and uPA.27 While it displayed potent 

inhibition against TMPRSS2 at single digit micromole, it is interesting to further explore the 

binding interactions of this series of compounds bound at the S2 hydrophobic pocket to improve 

the potency and selectivity to TMPRSS2. NCGC00386945 is a novel chemotype that was 

originally developed as a selective 5-HT1D antagonist.28 An analog of inhibitor NCGC00386945 

with an oxadiazol head (NCGC00386477) showed less efficacy and a 3-fold decrease in potency, 

reiterating a key role of the functional group for effective binding and inhibition against the serine 

protease.  

 

A number of hits identified from the VS also showed inhibition in the TMPRSS2 assay with 

50%-70% maximal efficacy. These compounds represent a diversity of structures that were not 

reported as serine protease inhibitors. The quinol-like inhibitor NCGC00385043 is particularly 

interesting as a number of analog compounds and drug molecules showed similar inhibition against 

TMPRSS2, suggesting that it is a promising class of compounds for further evaluation. Unlike the 

other full inhibition hits, these compounds bind predominately at the catalytic site of TMPRSS2 

by catching H-binding interactions with the triad residue. While they lack a typical warhead group 

in the S1 pocket, the small molecule fragments are more structurally diverse and drug-like, 

providing a variety of appealing scaffolds that may serve as starting points for the development of 

potent inhibitors against TMPRSS2.  
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It is worth mentioning that the inhibitors identified from this VS campaign are expected to be 

non-covalent protease inhibitors. This is in part due to the docking-based approach which is not 

capable of identifying a covalent binder. On the other hand, we were inclined to deprioritize the 

traditional covalent protease inhibitors in the VS in order to identify novel and non-covalent 

chemotypes. Compared to the covalent inhibitors such as camostat and nafamostat with a reactive 

functional group to the highly conserved catalytic site,29 the non-covalent inhibitors are less 

chemically and metabolically reactive, therefore, are more advantageous and attractive in the 

design of selective inhibitors. A number of non-covalent inhibitors of thrombin and factor Xa have 

been reported.30 As revealed from the binding models of these identified inhibitors, TMPRSS2 

showed different structural features and binding specificity at the distal hydrophobic pocket, which 

makes it a promising target for structure-based design and chemistry lead optimization to achieve 

selectivity and drug-like properties as drug candidates for the treatment of COVID-19. 
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