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Abstract:

Background. Human transmembrane protease 2 (TMPRSS2) protein is essential for priming spike protein of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in association with human angiotensin-converting enzyme 2 (ACE2) surface
receptor to facilitate viral invasion into host human cell through ACE2 receptor. Impeding TMPRSS2 protein activity is currently a
preferred choice of the treatment of coronavirus disease 2019 (COVID-19) which is caused by SARS-CoV-2. Curcumin and folic
acid are potential candidates for inhibiting TMPRSS2.

Objective. The present study aimed to demonstrate the inhibitory activities of curcumin and folic acid, along with known human
serine protease inhibitors such as nafamostat and camostat, on TMPRSS2.

Methods. Curcumin and folic acid, along with nafamostat and camostat, were docked on a modeled human TMPRSS2 protein 3D
structure. Nafamostat and curcumin interactions with targeted TMPRSS2 protein were identical whereas camostat and folic acid
displayed similar interactions.

Results. The hydrogen bond (H-bond) energies of docked curcumin, folic acid, nafamostat, and camostat
were —19.86 kJ/mol, —17.63 kJ/mol, —10.53 kJ/mol, and —14.41 kJ/mol, respectively. Higher H-bond energies could strengthen
protein-ligand interactions. Our results showed binding site similarities between curcumin and nafamostat as well as folic acid and
camostat.

Conclusion. The current in silico simulation suggested that curcumin and folic acid displayed binding poses with TMPRSS2 which are
similar to nafamostat and camostat. Therefore, curcumin and folic acid could emerge as potential drug candidates to control COVID-19.

Keywords: Human transmembrane protease 2, Angiotensin-converting enzyme 2, Spike protein, Severe acute respiratory syndrome
coronavirus 2, Curcumin, Folic acid

1 Background as severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). Severe pneumonia, respiratory

On March 11, 2020, the World Health Organization  fajlyre, acute respiratory distress syndrome, and

announced the outbreak of coronavirus disease
2019 (COVID-19) as a pandemic. COVID-19
outbreak was first known to be triggered in Wuhan
city, Hubei Province of China, by a virus known

cardiac injury with fatal outcomes are the symptoms
of COVID-19. The COVID-19 pandemic affected
over 4.3 million of global population, including
over 290,000 deaths, and distressed the global
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economy [1,2]. The mortality rate in the world is
rising quickly. The rapid spread of SARS-CoV-2
infection in several parts of China and other
countries was caused by the environmental
exposure and person-to-person transmission [3].
However, the diffusion dynamics and total range
of clinical illnesses were not completely evaluated.

The mature form of SARS-CoV-2 is composed
of four structural proteins, that is, envelope,
membrane, nucleocapsid, and spike protein.
Envelop and membrane proteins assist in viral
assembly, and the nucleocapsid protein is required
for RNA synthesis. The spike protein facilitates the
entry of virus into host human cell after the activation
by human transmembrane protease 2 TMPRSS2.
SARS-CoV-2 spike protein, furin, angiotensin-
converting enzyme 2 (ACE2), TMPRSS2, and
importin o/ are involved in nuclear transport
and designated as prime targets for COVID-19
drug discovery. SARS-CoV-2 enters the host cell
through ACE2 surface receptor by getting attached
to viral spike protein located on the viral envelope.
TMPRSS?2 protein is a single-pass type [l membrane
protein of the peptidase family S1 and coded by
gene 21q22.3 located on human chromosome 21.
The host’s TMPRSS2 protein plays a key role in
priming viral spike protein whereas host’s ACE2
receptor instigates viral entry into host cell [2,4].

The inhibitors of TMPRSS2 protein prevent
virus incursion into the host cell. It has been
reported that TMPRSS2 played an important role in
the progression of SARS, Middle East respiratory
syndrome (MERS), and some influenza infections
in a similar manner as SARS-CoV-2. [2,4-10]. The
increased viral genomic mutations result in multiple
physiognomies of protein structure, which represent
a challenge to counter viral resistance to drugs.
Thus, targeting host protein, rather than virus or
its proteins, to prevent viral infection is generally
preferred for therapeutic purposes [11,12]. Besides,
the previous study showed that TMPRSS2-
deficient mouse did not suffer from any apparent
complications, corroborating that manipulation
of TMPRSS2 protein is effective to control
COVID-19 [13]. Camostat and nafamostat, which
are the inhibitors of TMPRSS2, are the approved
drugs used to treat other viral infections, and their
efficacy in the treatment of SARS-CoV-2 infection
is presently evaluated in clinical trials [11-13].
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At present, effective antiviral therapy is
not available for treating COVID-19 patients.
However, the present treatment encompasses a
combination of antiviral agents, antibiotics, and
anti-inflammatory agents. Curcumin is known
for its anti-inflammatory, antioxidant, anti-
tumor, and pleiotropic activities [14]. Curcumin
is effective against adenovirus, hepatitis virus,
human immunodeficiency virus, human papilloma
virus, herpes simplex virus 2, viruses, influenza
virus, and Zika virus [14,15]. The antiviral
mechanisms of curcumin include the suppression
of cellular signaling pathways and direct intrusion
of viral replication machinery essential for viral
growth [14,15]. In a previous docking study, the dual
binding affinity of curcumin with viral spike protein
and ACE2 was verified [16]. Curcumin attachment
with active sites of viral spike protein and ACE2
receptor evidently showed that curcumin could
emerge as a valuable inhibitory agent to prevent the
entry of SARS-CoV-2 protein [ 16]. A previous study
demonstrated that furin cleaved processor proteins
in specific patterns to yield biologically active
mature proteins [ 17]. The inhibition of furin activity
by folic acid affected the structure of SARS-CoV-2
spike protein and thereby thwarted the protein’s
proteolytic cleavage ability [18]. Hence, curcumin
and folic acid were chosen for our study to evaluate
their efficacy in inhibiting human TMPRSS2.
In silico docking study was carried out to examine
the binding interactions of TMPRSS2 with curcumin
and folic acid, along with known inhibitors such as
nafamostat and camostat (Figure 1).

2 Methods

2.1 Protein preparation (homology modeling of
the TMPRSS2 protein)

In drug discovery process, homology modeling
makes use of experimental protein structures
(“templates”) to build receptor proteins. Homology
(or comparative) modeling is so far a highly accurate
method to generate reliable three-dimensional (3D)
protein structure models. SWISS-MODEL was
a structural bioinformatics web server dedicated
to homology modeling to predict protein 3D
structures [19,20]. At present, the X-ray structure
of human TMPRSS2 protein is not available. As
a result, TMPRSS2 protein model was built on
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SWISS-MODEL platform using FASTA sequence
retrieved from Uniprot (UniProtKB-015393) and
human serine protease hepsin (PDB ID: 5CEl) as
template. The 3D structure of TMPRSS2 protein
was generated through modeling by submitting
TMPRSS2 FASTA sequence into SWISS-MODEL
Workspace in automated mode [21-24]. The hepsin
protein sequence was chosen as target protein
and query sequence as this sequence exhibits the
highest resemblance to the query sequence, which
was expended to develop an acceptable model
of TMPRSS2 protein. Global and local quality
estimate assessments regarding TMPRSS2 model
template alignment with hepsin are disclosed in
Figure 2.
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2.2 Validation of TMPRSS2 modeled protein

The quality of TMPRSS2 protein model
was validated by Ramachandran plot using
RAMPAGE [23] and DeepView (version 4.10)
by superimposing TMPRSS2 protein model along
with hespin [24]. There are 92.7% residues in
favored region, 6.7% residues in allowed region,
and 0.6% residues in the outlier region (Figure 3).
These parameters of protein structure suggested
that TMPRSS2 was stable, suitable, and of superior
quality for docking.

2.3 Preparation of ligand

The dimensional structures of curcumin, folic
acid, nafamostat, and camostat were initially
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Figure 1. Chemical structures of curcumin, folic acid, nafamostat, and camostat
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with hepsin
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Figure 3. Ramachandran plot of TMPRSS2 model
(modeled TMPRSS2) protein

: 319 (92.7%)
1 23 (6.7%)
: 2 (0.6%)

drawn using ChemDraw software (ChemDraw
10.1). Later, the structures were converted to three
dimensional Protein Data Bank (PDB) format with
the help of Chem3D software (Chem3D 18.1). The
molecular geometry optimization of ligands was
obtained with energy minimization using molecular
mechanics (MM2) force field and saved in PDB
format. The missing bond orders, charges, bonds, and
hybridization states of these structures were assigned
using Molegro Virtual Docker (MVD) software [25].

2.4 Protein preparation

The modeled TMPRSS2 protein was prepared for
docking study by allocating bonds, bond orders,
hybridization, and charges using MVD software [25].

2.5 Validation of docking protocol

Before obtaining the crystal structure of TMPRSS2,
the docking protocol was validated by choosing
X-ray crystallographic structure of hespin.
The cocrystalized protein and 50K900 ligand
(2-[6-(1-hydroxycyclohexyl)pyridine-2-y1]-1-H-
indole-5-carboximidamide) complex was retrieved
from Protein Data Bank. Since hespin structure
closely resembles that of TMPRSS2 protein, it

Motohashi et al.

was selected for modeling TMPRSS2 protein.
Consequently, the docking protocol was validated
by redocking the extracted ligand from X-ray
crystallographic structure of hespin and comparing
the interactions between ligand and targeted
protein. The X-ray crystallographic interactions
between ligand and hespin closely resembled the
docked complexes, as shown in Figure 4.

3. Results and discussion
3.1 Scores

MolDock scores were calculated using piecewise
linear potential scoring method and the scores were
suitable to protein—ligand structures and binding
data scoring functions. In the docking process,
MolDock simplex evolution search algorithm with
a grid resolution 0.30 A was used [26]. The greater
volume cavity created by MVD was preferred for
the binding site. The ligands were docked with
TMPRSS2 protein model and the finest poses
were selected based on the dock scores [27].
The values for scoring functions and energies
were calculated in Dock score, Rerank score,
and MolDock score [28]. The Dock scores for
curcumin, nafamostat, folic acid, and camostat are
—231.68 kJ/mol, —217.68 kJ/mol, —231.87 kJ/mol,
and—235.92 kJ/mol, respectively. The Rerank scores
for curcumin, nafamostat, folic acid, and camostat
are —64.51 kJ/mol, —55.17 kJ/mol, —62.80 kJ/mol,
and —76.56 kJ/mol, respectively. The MolDock
scores for curcumin, nafamostat, folic acid, and
camostat are —95.76 klJ/mol, —85.10 kJ/mol,
—106.51 kJ/mol, and —107.06 kJ/mol, respectively.
All the ligands bonded with amino acid Asn-451 of
TMPRSS2.

Based on the findings, we found that TMPRSS2
protein is a highly effective target for the treatment
of COVID-19 caused by SARS-CoV-2 [29]. As
TMPRSS?2 plays an important function in the entry
of SARS-CoV-2, MERS-CoV-2, and some influenza
viruses into the host cell [5,6,8,10], targeting
TMPRSS2 will become a more direct approach to
control the infectious diseases caused by these viruses.

3.2 Analysis

The scores for all the residues clustered in the cavity
of TMPRSS?2 evidently suggest that curcumin, folic
acid,nafamostat,and camostatdock flawlessly onthe
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active site in the hydrophobic cavity of TMPRSS2
protein model. Curcumin and nafamostat displayed
identical active interactions with Ser-250, Gln-253,
Ser-448, Trp-453 (hydrophobic interactions), and
Asn-451 (hydrogen bonds, H-bonds) located on the
active site of TMPRSS2 model protein. Folic acid
and camostat docked perfectly on the active site of
TMPRSS?2 protein model and displayed intricately
identical active interactions with Ser-250, Trp-267,
and Asn-450 (hydrophobic interactions) as well
as Arg-252, Ser-254, and Asn-451 (H-bonds).
Nonetheless, camostat displayed three additional
interactions with Asn-247, GIn-253, and Ala-266
amino acid residues (H-bonds) of TMPRSS2 protein
model. H-bonds strengthen numerous cellular
functions by enabling molecular interactions, and
they are considered the mediators of receptor-ligand
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interactions [30]. The average H-bond energies of
curcumin, nafamostat, folic acid, and camostat
are —9.86 kJ/mol, —10.53 kJ/mol, —17.63 kJ/
mol, and —14.41kJ/mol, respectively. Besides, all
the docked ligands form H-bonds with Asn-451
of TMPRSS2 suggesting the prominence of
Asn-451 in stabilizing protein-ligand complex.
The protein-ligand interaction contributed to the
inhibition of TMPRSS2 activity. The graphics
displaying interactions between protein and ligands
(Figure 5) were created using LIGPLOT (http://
www.ebi.ac.uk/thornton-srv/software/LIGPLOT/).
The docking positions of curcumin/nafamostat
and folic acid/camostat on human TMPRSS2 are

displayed in Figure 6.
TMPRSS2 expression distinctively diminished
cellular epithelial sodium channel protein

X-ray Crystal Structure of Scel and 50k900

Computational docked structure of Scel and S0k900

Figure 4. X-ray crystallographic interactions between ligand and hespin. (A) Interactions between X-ray
structures of ligand 50K900 and hespin. (B) Interactions between computational docked structures of ligand

50K900 and hespin

Nafamostat

o Folic Acid L2372 » Camostat

; o ® B 269

Dk,
TNe4s2
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Figure 5. TMPRSS2-ligand interactions of curcumin, nafamostat, folic acid, and camostat
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I S .‘ _ &% |
Figure 6. Docking positions of ligands on human

TMPRSS2. (A) Curcumin (red) and nafamostat
(blue). (B) Folic acid (red) and camostat (blue).

4 ot

levels in cystic fibrosis lungs [31]. As shown in
TMPRSS2-deficient mice, however, TMPRSS2
is not associated with a vital function, probably
due to functional redundancy of the type II
transmembrane serine proteases [32]. This
indicates that TMPRSS2 inhibition during
viral infections could be a harmless approach.
Although TMPRSS2 inhibition had never been
thoroughly evaluated, drugs such as nafamostat
and camostat were employed to inhibit TMPRSS2.
Recently, nafamostat and camostat have been
recommended to be used in the emergency
treatment of COVID-19 [12,13,33,34]. On the
other hand, in silico docking study revealed that
folic acid inhibited furin enzyme, which cleaves
multiple precursor proteins to yield biologically
active proteins, in the initial stages of respiratory
disease instigated by COVID-19 and accelerated
the activation of coronavirus by sequence-specific
cleavage of spike protein [16,17,35].

Our results suggest the key roles of hydrophobic
forces and H-bonds in stabilizing the TMPRSS2-
ligand complexes leading to the inactivation of
TMPRSS2. Curcumin and folic acid also showed
comparable affinity to the known TMPRSS2
inhibitors such as nafamostat and camostat in
the present study. Assuming that curcumin and
folic acid have TMPRSS2 binding alignments
that are akin to the nafamostat and camostat, we
can presume that curcumin and folic acid display
similar inhibitory activities similar to these known
ligands. The median molecular interaction energy
of the four ligands allowed their binding at the
active binding site of TMPRSS2. This competitive
inhibition of TMPRSS2 could help in the control
of COVID-19 wviral infection. The docking
alignment of all ligands on TMPRSS?2 is presented
in Figure 7.
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Figure 7. Docking alignment of all ligands on
human TMPRSS2. Curcumin (yellow), folic acid
(red), nafamostat (opal blue), and camostat (blue)
docked on TMPRSS2 protein.

4 Conclusion

Based on the current molecular docking study,
curcumin and nafamostat form four hydrophobic
interactions and an H-bond with TMPRSS2.
Nonetheless, folic acid and camostat form two
hydrophobic interactions and three H-bonds with
TMPRSS2. Asn-451 located in the hydrophobic
cavity of TMPRSS2 interacts with all the four
ligands through H-bonds. These interactions
play an important role in stabilizing TMPRSS2-
ligand complexes. These in silico results suggest
that curcumin and folic acid inhibit TMPRSS2
protein with potency similar to nafamostat and
camostat. Hence, curcumin and folic acid are
potential therapeutic candidates for the inhibition
of SARS-CoV-2 and the treatment of COVID-19.
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