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We identified a set of 13 approved or clinically investigational drugs with positively charged guanidinobenzoyl and/or

aminidinobenzoyl groups, including the experimentally verified TMPRSS2 inhibitors Camostat and Nafamostat. Molecular

docking suggested that the guanidinobenzoyl or aminidinobenzoyl group in all the drugs could form putative salt bridge

interactions with the side-chain carboxyl group of Asp435 located in the S1 pocket of TMPRSS2. Molecular dynamics

simulations further revealed the high stability of the putative salt bridge interactions over long-time simulations. These

results suggest that the proposed compounds, in addition to Camostat and Nafamostat, could be effective TMPRSS2

inhibitors for COVID-19 treatment by occupying the S1 pocket with the hallmark positively charged groups.
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1. Introduction

TMPRSS2 is a viable anti-SARS-CoV-2 host protein target for the following four reasons. First, it is not mutation-prone.

Second, TMPRSS2 is used by other coronaviruses (e.g., SARS-CoV and MERS-CoV) and by influenza A viruses for the

activation of surface glycoproteins; therefore, a specific TMPRSS2 inhibitor may treat a whole class of diseases caused

by different pathogens , including SARS-CoV-2 variants, during this pandemic and in coming years. Third, TMPRSS2

does not appear to play an essential role in any organ, as other proteases may provide a degree of redundancy; thus,

TMPRSS2 inhibition may have few on-target side effects. In TMPRSS2-knockout mice, TMPRSS2 appeared dispensable

for normal development, growth, and organ function . Fourth, since TMPRSS2 is a member of the serine protease family

for which many inhibitors are available, finding a suitable drug to target it should be feasible.

Soon after the outbreak of COVID-19, Hoffmann et al. demonstrated that SARS-CoV-2's dependence on TMPRSS2 for

cell entry can be blocked by a clinically proven protease inhibitor, Camostat . A metabolite of Camostat, 4-(4-

guanidinobenzoyloxy)phenylacetic acid (GBPA, known as FOY-251) also inhibited TMPRSS2 but with reduced efficiency

compared to Camostat . Later, numerous research groups proved that Nafamostat has about 10-fold greater potency

than Camostat for preventing SARS-CoV-2 infection through in vitro and in vivo studies . Hempel et al. carried out

a systematic analysis to compare Nafamostat, Camostat, and GBPA to determine how these compounds could effectively

inhibit TMPRSS2 . Their computational studies suggested that the three compounds contain the positively charged

guanidinobenzoyl and/or aminidinobenzoyl moiety, which can form stable salt bridge interactions with the negatively

charged aspartic acid Asp435 in the S1 pocket of TMPRSS2, occupying the binding site and leading to the inhibition.

Inspired by these studies, we hypothesized that some other guanidinobenzoyl- or aminidinobenzoyl-containing drugs may

act as TMPRSS2 inhibitors. We identified from DrugBank a narrowed list of 13 compounds (three FDA-approved drugs

and 10 investigational drugs) that contain guanidinobenzoyl or aminidinobenzoyl groups. We computationally evaluated

their potency for inhibiting TMPRSS2 through molecular docking, molecular dynamics (MD) simulation, and post-MD

analysis.

2. TMPRSS2 Sequence and Structural Model

TMPRSS2 (UniProt ID: O15393) has two isoforms produced by alternative splicing. Isoform 1 (O15393-1) has been

chosen as the canonical sequence and was used in this study. The full-length TMPRSS2 isoform 1 is composed of 492

amino acids, containing two topological domains (amino acids 1-84, cytoplasmic domain and 106-492, extracellular

domain), one transmembrane domain (amino acids 85-105), and one trypsin-like catalytic domain (amino acids 256-492)

(Figure 1a). Isoform 2 does not have a catalytic domain and was excluded from the analysis.
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Figure 1.  Sequence, topology, structural model, and function of TMPRSS2. (a) Sequence and domain topology of

TMPRSS2 (amino acids 1-84: cytoplasmic domain, 85-105: transmembrane domain, 106-492: extracellular domain, and

256-492: catalytic domain). (b) C-I-TASSER model of the TMPRSS2 catalytic domain (shown in cyan cartoon). The

conserved, catalytic triad (Ser441, His296, and Asp345); oxyanion holes (mainchain amide groups of Ser441 and

Gly439); and the conserved aspartic acid (Asp435) in the S1 pocket are shown in yellow sticks. A tetrapeptide (RSFI,

shown in a magenta ball-and-stick model) extracted from the SARS-CoV-2 S2′ cleavage site is docked into the binding

site using HPEPDOCK. Hydrogen bonds and salt bridge interactions are illustrated in dashed green lines. The distance

between the atom Oγ of Ser441 and the carbonyl C atom of P1 arginine is illustrated in dashed black lines. The distances

are shown around the lines (unit: Å). (c) The S2′ cleavage sites of SARS-CoV and SARS-CoV-2. (d) An example of the

trypsin inhibitor interaction in the S1 pocket.

There is no experimental structure available for TMPRSS2 and its domains. We used a deep-learning contact-guided

protein structure assembly approach, C-I-TASSER , to model the structure of the catalytic domain of TMPRSS2 (Figure
1b). The model had a C-score  of 0.45, which corresponded to the estimated TM-score  of 0.89. Here, the C-score

was a confidence score for estimating the global quality of predicted models by C-I-TASSER; based on large-scale

benchmark tests, C-I-TASSER models with a C-score > −2.5 correspond to a correct fold with a TM-score > 0.5. The

model also had high local structure quality, with a MolProbity  score of 0.91, which ranked at the 100th percentile. This

puts the structure models amongst the best structures of a comparable solution by comparison with a representative set

of experimental structures collected from the Protein Data Bank (PDB). Our model exhibited a very high structural

similarity (e.g., TM-score > 0.95) to the reported models generated by homology modeling approaches. Compared with

the homology models built on a single template, our C-I-TASSER model was constructed by considering the consensus of

multiple templates (PDB IDs: 7meq, 3w94, 4dgj, and 6eso) and, thus, avoided the modeling bias toward a single

experimental structure.

A typical feature of trypsin or a trypsin-like protease is the deeply buried negatively charged aspartic acid in the S1 pocket,

which specifically recognizes the positively charged arginine or lysine at the P1 site of a protein substrate. In TMPRSS2,

such an aspartic acid residue is Asp435 (Figure 1b); there is no other aspartic acid residue in the S1 pocket. Besides, the

catalytic elements of TMPRSS2 include a well-established catalytic triad (Ser441–His296–Asp345) indicated by the

hydrogen-bonding network and two oxyanion holes (i.e., the main-chain amide groups of Ser441 and Gly439) (Figure 1b).

The ideal configuration of these catalytic elements also suggested a good quality of the TMPRSS2 model. TMPRSS2 can

prime the spike proteins at the S2′ cleavage site for SARS-CoV and SARS-CoV-2 (Figure 1c). We used a protein–peptide

docking tool HPEPDOCK  to predict the binding mode of the P1-P1′-P2′-P3′ tetrapeptide (RSFI, Figure 1c) extracted

from SARS-CoV/SARS-CoV-2 bound to the binding pocket of TMPRSS2. In the top one pose, the P1 arginine was

predicted to form bidentate salt bridge interactions with Asp435, while the Oγ atom of the catalytic Ser441 is 3.4 Å to the

carbonyl atom of the P1 arginine (Figure 1b) within the van der Waals contact distance (3.5 Å) that is critical for the

subsequent bond-breaking catalysis. The predicted binding interactions mimic those made between trypsin and its natural

substrate, in which the lysine side-chain amino group interacts with the conserved aspartic acid in the S1 pocket (Figure
1d).

3. Guanidinobenzoyl- or Aminidinobenzoyl-Containing Drugs

Previous studies revealed that a positively charged group that mimics arginine or lysine in a natural substrate of trypsin

was important for a drug acting as an inhibitor to the trypsin-like TMPRSS2 . Specifically, the guanidinobenzoyl

and/or aminidinobenzoyl group in Camostat or Nafamostat could form stable binding interactions with the conserved

Asp435 in the S1 pocket in TMPRSS2 and lead to inhibition. Compared with Camostat and Nafamostat, Gabexate, which
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contains an arginine-like side-chain, showed only a weak inhibitory potency . Considering that a drug's rigidity is crucial

for high-affinity binding due to its low conformational entropy effect , we preferentially considered drugs with

guanidinobenzoyl or aminidinobenzoyl rather than an arginine- or lysine-like side-chain group; the former two groups have

far fewer degrees of freedom and are, hence, more rigid. We searched DrugBank for FDA-approved or investigational

drugs that contain guanidinobenzoyl or guanidinobenzoyl and obtained a small library of 13 drugs (Figure 2). 

Figure 2. Molecular formulas of the 13 drugs investigated in this work. The guanidinobenzoyl and aminidinobenzoyl

groups are highlighted in blue.

Among the 13 drugs, Camostat is a serine protease inhibitor approved in Japan for the treatment of chronic pancreatitis

and postoperative reflux esophagitis. Nafamostat is a synthetic serine protease inhibitor approved as an anticoagulant

therapy for patients undergoing continuous renal replacement therapy due to acute kidney injury and used for the

treatment of acute pancreatitis in Japan. Camostat and Nafamostat were demonstrated to be effective TMPRSS2

inhibitors and are in clinical trials for COVID-19 treatment. It was speculated that Camostat and Nafamostat are covalent

TMPRSS2 inhibitors, because their ester bonds can be cleaved by serine proteases; this speculation was supported by

their low nanomolar-level inhibitory behaviors. In contrast, the other drugs do not contain a cleavable ester bond adjacent

to the guanidinobenzoyl or aminidinobenzoyl group and may only function as a noncovalent TMPRSS2 inhibitor. Except

for Camostat and Nafamostat, none of the other drugs have been clinically investigated for COVID-19 treatment.

4. Molecular Docking Suggests Salt Bridge Interactions between
Guanidinobenzoyl or Aminidinobenzoyl and Asp435

Each of the 13 drugs was docked into the putative binding pocket of TMPRSS2 using LeDock  and the poses were

rescored using our physics- and knowledge-based energy function EvoEF2 , because the default LeDock score function

may tolerate severe intermolecular steric clashes in a few top-ranked poses. The molecular docking results indicated that

all the drugs had at least one pose that could form salt bridge interactions with the negatively charged Asp435. The top

one pose with the lowest EvoEF2 score is shown in Figure 3 for each of the drugs. All the drugs are well docked into the

binding pocket of TMPRSS2, with their guanidinobenzoyl or aminidinobenzoyl groups aligning in the S1 pocket and

forming salt bridge interactions with the side-chain carboxyl group of Asp435, supporting favorable binding scores.
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Figure 3. Superposition and comparison of the ligand poses with the lowest EvoEF2 scores for all 13 drugs. TMPRSS2 is

shown in the green cartoon model, with residue Asp435 depicted in the yellow ball-and-stick model. The zoom-in inset

shows that guanidinobenzoyl or aminidinobenzoyl can form salt bridge interactions with the Asp435 carboxyl group

(shown in the dashed box).

5. MD Simulations Reveal High Stability of the Putative Salt Bridge
Interactions

We carried out MD simulations to examine the binding stability between TMPRSS2 and the drugs. Before MD, the top ten

poses (if they existed) ranked by EvoEF2 for each drug were parameterized using the ACPYPE  program with the AM1-

BCC  charge model. The number of poses that can be successfully applied to MD for the 13 drugs were 10 (DB00738),

10 (DB03808), 10 (DB05038), 9 (DB05476), 8 (DB06472), 10 (DB06635), 7 (DB12120), 6 (DB12598), 5 (DB13000), 10

(DB13296), 10 (DB13729), 10 (DB14726), and 4 (DB14753), respectively. TMPRSS2 in complex with each suitable drug

pose was subjected to a long-time (100 ns) MD simulation using GROMACS v2020.4 . 

According to docking models, the guanidinobenzoyl or aminidinobenzoyl groups were docked into the deep S1 pocket and

formed salt bridge interactions with Asp435. We examined the stability of the putative salt bridge interactions by

measuring the minimum distance between the positively charged guanidinobenzoyl or aminidinobenzoyl group and the

negatively charged carboxyl group of Asp435 (denoted as ); only the distances between the nitrogen and oxygen

atoms were calculated. All the drugs had at least one pose with a mean and median   fluctuating around 2.8 Å, an

ideal salt bridge distance, with small deviations (Figure 4). Therefore, a long-time MD simulation indicated the high

stability of the putative salt bridge interactions between the guanidinobenzoyl or aminidinobenzoyl group and Asp435,

which should be important for TMPRSS2 inhibition.
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Figure 4. Example illustration of the

variations of the minimum distance between guanidinobenzoyl or aminidinobenzoyl and the Asp435 carboxyl ( ) over

a 100-ns simulation time.

6. Conclusions

Building on the recent finding that the positively charged groups in Camostat and Nafamostat play a critical role in

inhibiting TMPRSS2 by stable binding with the conserved aspartic acid Asp435 in the S1 pocket of TMPRSS2, we

identified a narrowed set of 13 compounds (three FDA-approved and 10 investigational drugs) with positively charged

guanidinobenzoyl or aminidinobenzoyl groups and computationally assessed their potency for inhibiting TMPRSS2. This

work differed from virtual screening studies that focus on identifying TMPRSS2 inhibitors from huge drug databases.

Usually, a virtual screening study suggests a long list of candidates for experimental tests but, finally, comes up with few

positive hits; instead, here, we tried to evaluate and repurpose only a few very promising candidates. The molecular

docking studies showed that all the 13 drugs indeed utilized guanidinobenzoyl or aminidinobenzoyl to form favorable salt

bridge interactions with the Asp435 carboxyl, and a series of long-time (100 ns) MD simulations revealed the high stability

of the salt bridge interactions between each drug and TMPRSS2, although each whole ligand may undergo large

conformational changes. Collectively, the computational data supported these drugs as potential TMPRSS2 inhibitors for

treating COVID-19.
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