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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
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 a large-scale in silico database screening for small molecule inhibitors
against TMPRSS2. The hits were evaluated in the TMPRSS2 biochemical assay and the SARS-
CoV-2 pseudotyped particle (PP) entry assay. 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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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus responsible for
the ongoing coronavirus disease 2019 (COVID-19) pandemic.! 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.®> Recently it has also been reported that COVID-19 is associated with the amplified
incidence of thrombotic events, which contribute to severe coagulation in different organs such as
lung, brain, liver, heart, kidney and further lead to multi-organ failure and death.* ® SARS-CoV-2
is a global pandemic with millions of documented infections worldwide, 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.®® 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 hydroxychloroguine 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.% © Zn®" was found to inhibit coronavirus through blocking the
initiation step of equine arteritis virus RNA synthesis in vitro and zinc ionophores inhibit the
replication of coronavirus in cell culture.!* Besides having direct antiviral effects, chloroquine and
hydroxychloroquine specifically target extracellular zinc to intracellular lysosomes where it
interferes with RNA-dependent RNA polymerase activity and inhibits coronavirus replication.?
The broad-spectrum antibacterial macrolide azithromycin, an inhibitor of bacterial protein
synthesis, also has significant antiviral properties, and it decreased the coronavirus infection in cell
culture.*® The antiviral lopinavir, a protease inhibitor, has also shown inhibitory activity of SARS-
CoV-2 infection in Vero E6 cells.!* The experimental drug remdesivir, a nucleoside analog,

originally developed against other viruses, has been approved by the FDA as treatment for
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COVID-19.% 1 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 development of effective intervention strategies relies on the knowledge of
molecular and cellular mechanisms of coronavirus infections, which highlights the significance of
studying virus—host interactions at the molecular level to identify targets for antiviral intervention
and to elucidate critical viral and host determinants that are decisive for the development of severe

disease.'®

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.t’ ! 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 great attention to be used as a potential target to inhibit viral entry into host cells.*®-?!
Bestle et al used an antisense peptide-conjugate to interfere with splicing resulting in the
expression of a truncated, enzymatically dead TMPRSS2. This is the most targeted experiment
showing that KD of enzymatic activity lowered cytopathic effect, viral spread and replication of
SARS-CoV-2 in Calu-3 cells.?? More recently, Hoffmann et al showed that camostat mesylate and
its metabolite can lower viral entry in Calu-3 cells where there is a TMPRSS2-dependent viral
entry. Additionally, they show from single-cell RNA-Seq datasets that 53% of ACE2 expressing
cells co-express TMPRSS2 in lungs, indicating that the tissue-specific TMPRSS2 is the dominant

activating protease in lung.%

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-19.24 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
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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 and the SARS-CoV-2-S
pseudotyped particle (PP) entry assay.?> 2% A number of novel inhibitors were identified, providing

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

Materials and methods

Homology modeling of TMPRSS2

Amino acid sequence of human TMPRSS2 was obtained from the UniProtKB (access number
015393). The protein consisting of 492 amino acid residues is a zymogen cleaved at Arg-255. The
protease domain (255-492) is located at the C terminus of the extracellular region, which also
contains a SRCR activation domain (150-242) and a short LDLRA domain (113-148). We
modeled the 3D structure of TMPRSS2 SRCR and peptidase S1 domain (150-492) using the
threading program I-TASSER.?” The transmembrane trypsin-like serine protease hepsin (also
known as TMPRSSL1, gene HPN) which shares 35% of sequence identity with TMPRSS2, was
used as the template structure (PDB code 1Z8G).2® An overlay of TMPRSS2 structure model with
template hepsin and other two related serine proteases coagulation factor Xa (PDB 1KSN)? and
urokinase (PDB 1F92)% is shown in Figure S1. The generated structure was validated using the
tools (PROCHECK, ERRAT, Verify3dD, PROVE and WHATCHECK) in the SAVES server

(https://servicesn.mbi.ucla.edu/SAVES/). The modeled structure passed in all programs,

indicating a good quality overall. Finally, the 3D structure of TMPRSS2 was refined by thorough

energy minimization and MD simulations as described below.

Molecular docking and MD simulations

Three TMPRSS2 inhibitors nafamostat, camostat, and gabexate were used in this study.
Nafamostat mesylate is an approved anticoagulant in Asian countries and currently in Phase 3
clinical trials for COVID-19.3! Camostat mesylate was approved for human use in Japan for the
treatment of chronic pancreatitis and postoperative reflux esophagitis. It is a broad spectrum serine
protease inhibitor targeting coronavirus and filovirus entry.3? Gabexate is an investigational drug

and serine protease inhibitor used to prevent blood clots and reduce the production of inflammatory


https://servicesn.mbi.ucla.edu/SAVES/
https://doi.org/10.1101/2020.12.28.424413
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.28.424413; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

cytokines.® The activities of these inhibitors against TMPRSS2 have been confirmed in our recent
report, with ICsp of 0.27 nM, 6.2 nM, and 130 nM, respectively.?®

Consensus docking studies of these small molecule inhibitors to the modeled structure of
TMPRSS2 were performed using MOE Dock in the Molecular Operating Environment program3#
and AutoDock Vina.®® Prior to docking, the 3D structure of TMPRSS2 was prepared using the
Structure Preparation module in MOE. 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 centered on the O atom of the side chain of catalytic
residue Ser441. The size of grid box was defined by 20 x 20 x 20 A to encompass the entire active
site of the protein. The top-ranked 10 poses from MOE Dock and AutoDock Vina were retained
and visually inspected. The consensus binding models with lowest binding energies were selected

for further MD simulations.

MD simulations of the TMPRSS2 in the apo form and inhibitor-bound complexes were
conducted using the AMBER18 package.®® The protein was protonated at pH 7. The catalytic
residue His296 was protonated as N-6 form so that it formed H-bonding with Ser441 and Asp345.
The solvated protein systems were subjected to a thorough energy minimization prior to MD
simulations by first minimizing the water molecules while holding the solute frozen (1000 steps
using the steepest descent algorithm), followed by 5,000 steps of conjugate gradient minimization
of the whole system to relax the system. Periodic boundary conditions were applied to simulate a
continuous system. The particle mesh Ewald (PME) method was employed to calculate the long-
range electrostatic interactions. 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 100 ns. Trajectory analysis and MM-GBSA binding free
energy calculations were performed using the cpptraj and MMPB/GBSA module in the
AmberTools18.%

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


https://doi.org/10.1101/2020.12.28.424413
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.28.424413; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

drug-like compounds.” Pharmacophore models were generated based on the predicted binding
interactions of TMPRSS2 with inhibitor camostat, nafamostat and gabexate using MOE. Four
pharmacophoric features were included: 1) an Don2 projected H-bond donor feature placed on the
sidechain of Asp435 in the S1 pocket; 2) an Acc2 projected H-bond acceptor feature placed on the
N atom of sidechain of GIn438; 3) an hydrophobic centroids Hyd feature matching hydrophobic
interactions at the S1° hydrophobic region mainly formed by Val275, Val280, and Leu302; 4) an
Don2 projected H-bond donor feature placed on the sidechain of Glu299. The first two
pharmacophores were selected as essential features and database searching was conducted with
partial match mode using MOE. To enrich the structural diversity of potential hits, the 3D shape-
based searching was applied using ROCS.%® The predicted binding conformations of three

inhibitors were used as queries.

A total of 20,000 hits were extracted from the pharmacophore and ligand-based database
searching, followed by docking to the active site of TMPRSS2 using MOE dock and AutoDock
Vina with default parameters.® 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) 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.% The assay was performed according to the assay protocol: to a 1536-well
black plate was added Boc-GIn-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
diluted 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 pL. Following 1 h incubation at room
temperature, fluorescence was measured using the PHERAstar with excitation at 340 nm and

emission at 440 nm.
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Fluorescence counter assay

This counter-assay was performed as described previously.?® 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 pL. 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.

SARS-CoV-2-S pseudotyped particle entry assays

SARS-CoV-2 Spike pseudotyped particle (PP) entry assay was performed as previously
described.®® In short, 40,000 cells/well Calu3 cells (Cat #HTB-55, ATCC) were seeded in white,
solid bottom 96-well microplates (Greiner BioOne) in 100 pL/well media, and incubated at 37 °C
with 5% CO2 overnight (~16 h). Then, the supernatant was removed, and compounds were added
as 50 ul/well, 2x solutions in media. Cells were incubated with compounds for 1 h at 37 °C with
5% CO2, before 50 puL/well of SARS-CoV-2-S pseudotyped particles (PP) was added. The PP
pseudotyped SARS-CoV-2 spike from the South African variant B.1.351 (Cat #CB-97100-154,
Codex Biosolutions) with a C-terminal 19 amino acid deletion using the murine leukemia virus
system as previously described.*® The plates were then spinoculated by centrifugation at 1500 rpm
(453 xg) for 45 min, and incubated for 48 h at 37 °C 5% CO2 to allow cell entry of PP and
expression of luciferase reporter. After the incubation, the supernatant was removed and 100
puL/well of Bright-Glo Luciferase detection reagent (Promega) was added to assay plates and
incubated for 5 min at room temperature. The luminescence signal was measured using a
PHERAStar plate reader (BMG Labtech). Data was normalized with wells containing SARS-CoV-
2-S PPs as 100%, and wells containing control bald PP as 0%. A cytotoxicity counter screen was
performed using the same protocol without the addition of PP, with an ATP content assay kit
(CellTiterGlo, Promega).

Results
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Binding interaction of TMPRSS2 inhibitor

TMPRSS2 shares 35% of sequence identity with the transmembrane trypsin-like serine
protease hepsin. 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.?” Similar to the
template hepsin and other trypsin-like proteases, TMPRSS2 shares a common structural fold with
a conserved triad residues Ser441, His296, and Asp345 at the active site for catalytic activity.*" 42
A predicted oxyanion hole is formed by conserved residues Gly439 and GIn438 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
TMPRSS?2 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 GIn438, the
guanidinium head points into 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.*® 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 GIn438, whereas the benzoic ester
group points to the hydrophobic region at S1” site, same as observed with camostat binding. The
naphthylamidinium of nafamostat forms an H-bonding interaction with Glu299. Interestingly, a
reverse binding mode of nafamostat was found that the amidinium head bound into the S1 pocket
interacting with Asp435, which showed comparable binding free energy. Such an inverted binding
orientation of nafamostat has been investigated by Hempel et al, suggesting that it may also be
reactive with TMPRSS?2 at the catalytic site.*®
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Figure 1. Known TMPRSS2 inhibitors and predicted binding models at the active site of
TMPRSS2.

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 generally stabilized in the inhibitor binding complex over the time course of 100-ns
simulations. The hydrogen bonds between the guanidinium head and residues Asp435 in the S1
pocket remained stable in the binding complexes (Figure S2 and Figure S3). Gabexate binding
complex was more dynamical in the MD simulations, which may explain its weaker activity as
compared to camostat and nafamostat. Notably, residues Glu299 and GIn438 were found to be
rather flexible in the MD simulations. These residues are in the active site adjacent to the catalytic
triad, which likely play an important role in facilitating the substrate recognition as well as inhibitor
binding.
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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 interactions of the three known inhibitors (Figure S4). Two binding elements
were selected as essential features: first is an H-bonding interaction between Asp435 and a
functional head in the S1 pocket; second is a core H-bonding interaction with GIn438, which
facilitates inhibitor binding with the triad residues at the catalytic site. The other two
pharmacophoric features included the hydrophobic interactions at the S1° pocket mainly formed
by Val275, Val280, and Leu302 which serves as an extended region to accommodate variable
groups for enhanced binding affinity, the other one is a binding interaction with GIlu299 which

provides a key to position the inhibitor into the binding pocket.

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. The pharmacophore

model was firstly applied and compounds matching at least two pharmacophores were extracted.
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To enrich the structural diversity of potential hits, the 3D shape-based searching was applied using
the predicted binding conformations of three inhibitors as a query. A total of 20,000 compounds
were assembled from the pharmacophore- and ligand-based search, followed by structure-based
docking to the active site of TMPRSS2 for binding interaction evaluation. 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 NCATYS)

with potential undesirable functionalities and PAINS alerts were generally discarded.

TMPRSS2 Sequence Alignment

i}

i TMPRSS2 Homology Model
S —— T
Pharmacophore Modeling
& 3D Shape-based Mapping

]

' t Structure-based Docking

—

! Post-docking analysis
i (clustering, visual inspection)

l Bioassay Testing ]

Figure 3. Flowchart of virtual screening.

TMPRSS2 inhibitors identified from VS
All selected compounds were evaluated in the TMPRSS2 enzymatic assay, a fluorogenic
biochemical assay we reported recently.?® A counter assay was conducted to detect all positive

compounds with fluorescence quenching properties that suppress the fluorescence signal generated
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by the protease activity on the fluorogenic substrate. Of 350 compounds tested, 27 hits showed
activity against TMPRSS2 with efficacy greater than 30% and an I1Csg ranging from 1 uM to 30
MM. The active compounds were further re-tested in the biochemical and counter assay at 11
concentrations in triplicate (Table 1 and Figure S5). Figure 4 showed the top hits with efficacy
greater than 50% and ICso lower than 10 uM. The three inhibitors camostat, nafamostat and
gabexate were used as positive controls and all showed the same inhibitory activities as previously
reported.?®> The best VS hits of NCGC00378763 (otamixaban) and NCGC00421880 showed ICso
of 0.62 uM and 0.88 pM. A selective inhibitor of urokinase, UKI-1 (NCGC00522442), showed
ICso of 2.20 uM with 100% inhibition. While most of these identified inhibitors possess a
benzoamidinium head group, they are structurally diverse with distinct scaffolds and molecular

properties different from nafamostat and camostat.

Otamixaban NCGC00386945

s §
5 5
£ €
2 2
-100- u 100~
-120 T T T T T 1 -120 T T T T T 1
-10 -9 -8 -7 -6 -5 -4 -10 -9 -8 -7 -6 -5 -4
Log[Compound], M Log[Compound], M
NCGC00421880 UKI-1
20—
=] a o

% Inhibition
» b R
o O o
1 1 1

o
o

% Inhibition

-80 N
-100
-120 T T 1 -120 T T T T T 1

-10 -9 -8 7 -6 5 -4 -10 -9 -8 -7 -6 -5 -4
Log[Compound], M

Log[Compound], M

Figure 4. Activities of identified inhibitors in the TMPRSS2 enzyme assay (solid circle) and

fluorescence counter screen (empty square).

We further tested the inhibitors in a SARS-CoV-2 spike pseudotyped particle (PP) entry assay
in Calu-3 cells to evaluate their inhibitory activities on viral entry. While SARS-CoV-2 spike could
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utilize multiple cellular proteases for entry, entry into Calu-3 cell has been shown to be
predominantly through the TMPRSS2-mediated pathway.?! The PPs pseudotype the South African
variant (B.1.351) spike protein bearing the mutations L18F, D80A, D215G, del242-244, K417N,
E484K, N501Y, D614G, A701V. These mutations do not affect the S2’ cleavage site recognized
by TMPRSS2. A cytotoxicity counter assay was conducted using the same protocol without the
addition of PP. Nafamostat and camostat showed high potency and efficacy in the SARS-CoV-2
PP assay, however, gabexate did not exhibit activity on viral entry inhibition (Figure 5). Of the 10
VS inhibitors tested, only otamixaban and NCGC00386945 displayed activity with about 50%
efficacy in the PP entry assay, whereas NCGC00421880 and NCGC00387094 showed SARS-
CoV-2 inhibition as well as cytotoxicity in the counter assay (Table 1). No inhibition activity was
observed with other inhibitors in the cell-based assay most likely because of their weak activities
against TMPRSS2. We also evaluated three TMPRSS2 inhibitors of avoralstat, PCI-27483 and
antipain which have been reported recently.* While avoralstat displayed comparable inhibition

activity to camostat, other two protease inhibitors showed about 60% efficacy activity in our PP

entry assay (Figure S6).
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Figure 5. Activities of TMPRSS2 inhibitors in the SARS-COV-2-S PP entry assay (solid circle)

and cytotoxicity counter screen (empty square).

Binding interaction of identified inhibitors at the active site of TMPRSS2

Finally, we performed docking studies and MD simulations to probe the binding interaction of
these identified inhibitors with TMPRSS2. Figure 6 showed the predicted binding model of the
top four inhibitors bound at the active site of TMPRSS2. As expected, these small molecules
utilized the benzoamidinium head group to engage key H-bonding interactions with Asp435 in the
S1 pocket, while the tail group was mainly positioned at the S1° hydrophobic pocket. Other
inhibitors showed similar binding interactions to camostat and nafamostat at the catalytic site and
S1’ pocket (Figure S7). MD simulations showed that these inhibitors remained stable at the active
site of TMPRSS2. However, unlike camostat and nafamostat binding which form stable H-bonding
interactions between the guanidinobenzoyl moiety and the catalytic triad residues for covalent
acyl-enzyme complex formation, these non-covalent inhibitors do not have such a functionality
that makes favorable H-bond interactions at the catalytic site. These inhibitors bound at the active
site predominately through hydrophobic interaction at S1° and S2 pocket. The calculated binding
free energies based on the predicted binding model of these non-covalent inhibitors were generally
consistent with the experimental data (Table 1). Notably, docking analysis showed that
otamixaban adopted another distinct binding mode with the pyridine-oxide group pointing to the
S2 and S4 binding pocket. The calculated binding free energies of the two binding conformations
with TMPRSS2 were -61.49 and -67.69 kcal/mol, suggesting that the second binding mode is
likely more favorable (Figure S7). Such a binding mode of otamixaban was also observed in the
structure with coagulation factor Xa.?° In addition, the bulky triisopropylphenylsulfonyl group of
UKI-1 was also occupied at the S2 pocket by mainly interacting with Trp461. 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 model of inhibitors (A) otamixaban, (B) NCGC00386945, (C)
NCGC00421880, and (D) UKI-1. (E) An overlay of four inhibitors bound at the active site of
TMPRSS2 is shown. Protein surface is rendered in hydrophobic representation.
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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,* 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 FXla.?> Therefore, there is an
unmet need for novel and selective candidates of TMPRSS2 inhibition for further drug
development. Additionally, in theory the TMPRSS2 inhibitors have potential applications for
emerging variants of SARS-CoV-2 along with potential future viral outbreaks beyond SARS-
CoV-2.

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 enzyme
assay. The active compounds were further tested in cell-based PP assay to evaluate their activities
on spike-mediated entry inhibition. Several interesting inhibitors were identified from the
structure-based VS. 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 111 clinical trial due to poor performance.*® Otamixaban exhibited potent activity with
an 1Csg of 0.62 uM against TMPRSS2 and efficient activity in the viral entry assay, indicating that
it is a promising candidate to further optimization and drug re-purposing. NCGC00386945 is a
novel inhibitor that was originally developed as a selective 5-HT1D antagonist.*” It showed
activity against TMPRSS2 with an I1Cso of 1.24 uM, as well as 50% efficacious activity on the
viral entry inhibition. Similar to otamixaban, this novel chemotype of TMPRSS2 inhibitor with
drug-like properties is structurally appealing for further lead optimization (Table S1). As shown
in the predicted binding model, substitution of the methyl group at the benzoamidinium head with
a polar group may engage an H-bonding interaction with GIn438, thus significantly improve the

binding affinity and selectivity to TMPRSS2. UKI-1 is a selective inhibitor of trypsin and uPA.*
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While it displayed a value of 1Cso within single-digit micromolar against TMPRSS2, it did not
show activity in our PP entry assay. This was also observed with inhibitor Gabexate, which had
an ICso below micromolar in the TMPRSS enzyme assay but was inactive in the viral entry cell-
based assay. In addition, as revealed from the predicted binding model, further exploration of the
binding interactions of this series of UKI-1 inhibitor bound at the S2 hydrophobic pocket would

improve the potency and selectivity.

A number of hits identified from the VS which were not reported as serine protease inhibitors
also showed inhibition in the TMPRSS2 assay with 50%-70% maximal efficacy. Although these
compounds did not show viral entry inhibition in the PP assay, most likely due to their weak
potency and efficacy, they represent a diversity of scaffolds that may serve as starting points for
further structure-based optimization for potent and selective inhibitors against TMPRSS2. Most of
these inhibitors possess a benzoamidinium head group, reiterating a key role of the functional head
group for effective binding and inhibition. Indeed, a number of non-amidinium-based compounds
which fit well in the active site of TMPRSS2 were selected from VS and tested in the enzyme
assay, but none of them showed efficient activity, indicating a challenging problem to design novel
inhibitors against this serine protease. NCGC00487181 with a sulfonamide group is an interesting
inhibitor. It is a structural analog of Celecoxib, a COX-2 inhibitor as nonsteroidal anti-
inflammatory drug, which was used for the treatment of COVID-19 and was reported to weakly
inhibit the main protease of the virus (Mpro).*® NCGC00487181 showed a potency of 3.49 uM of
ICs0 and 70% of efficacy on TMPRSS2 in the enzyme assay. However, it had significant
fluorescent interference in the assay and was inactive in the PP assay, therefore, the mechanism of
this interesting series of compounds on SARS-COV-2 viral inhibition need further investigation
through an orthogonal assay platform. In addition, we also identified several quinol-like
compounds with approximately 40% maximal efficacy in the TMPRSS2 enzyme assay (Figure
S8). Although these compounds are not structurally interesting as drug candidates and their
antiviral activity on SARS-COV-2 needs further validation, they are predominately occupied at
the catalytic site of TMPRSS2 by catching H-binding interactions with the triad residue, therefore,
may provide a template for hybrid design of novel 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 mechanism of 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,* the non-covalent inhibitors
are less chemically and metabolically reactive; therefore, these are more advantageous and
attractive in the design of selective inhibitors. A number of non-covalent inhibitors of serine
proteases thrombin and factor Xa have been reported with better selectivity.>* 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-109.

Supporting Information
Details of TMPRSS structural model and MD simulations; Pharmacophore model of TMPRSS2
used for virtual screening; Experimental data of identified TMPRSS2 inhibitors, their predicted

binding models and calculated chemical properties.
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Table 1. Activity of TMPRSS2 inhibitors in the enzyme assay and the SARS-COV-2 PP entry assay. The
MM-GBSA binding free energy was estimated based on the predicted binding model from docking.

TMPMSS2 SARS-2 PP Calu3 cytotoxicity
Compounds Structure 1Cs0 Efficacy 1Cso Efficacy ICso Efficacy MM-GBSA
(UM) (%) (UM) (%) (UM) (%) (kcal/mol)
NCGC00160398 NH /@i()NH; 0.0005 100 0.02 100 15.85 38.74 -63.56
(Nafamostat) HZNJLH
) o f
NCGC00167526 " Q)Lom I 0.0039 100 0.09 100 N/A 0 -59.08
(Camostat) }.ZNJLu
o
0 o
NCGC00025297 ..ZNTQV\/\)\(),Q)L 0.13 98.6 N/A 0 N/A 0 -54.80
(Gabexate) NH

NCGC00421880 peeV e ;D 0.88 100 >30 100 >30 932 -61.96

NCGC00378763 \J\/\
(Otamixaban) k@’ (k062 100 1584 50 N/A 0 -61.49
NCGC00522442 o 220 100 NA 0 NA 0 -48.64
(UKI-1) -,

o=

<

-

NCGC00386945 " o e 124 823 035 50 NIA 0 -59.09

NCGC00485967 ° G 1.40 70.6 N/A 0 N/A 0 -56.89

NCGC00591804 @ 1.39 60.0 N/A 0 N/A 0 -55.24
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