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protein in many bacteria and is involved in ATP-indepen-
dent protein quality control [1, 2].

Listeria monocytogenes has been reported as a human 
pathogen that induces listeriosis and several infections like 
meningitis and septicemia. HtrA of L. monocytogenes was 
identified as an important factor in stress tolerance and 
plays a significant role in the virulence potential of the bac-
terium [3]. It also promotes virulence in many other bac-
teria, including Campylobacter jejuni [4], Helicobacter 
pylori [5], Staphylococcus aureus [6], Streptococcus pneu-
monia [7] and Mycobacterium tuberculosis [8] by localizing 
to intracellular space and through direct secretion into the 
extracellular environment [9]. Hence, the search for inhibi-
tors of HtrA is important for the control of infections.

1  Introduction

High-Temperature Requirement A (HtrA), is a serine pro-
tease present in several Gram-negative bacteria in the 
periplasm. In Gram-positive bacteria, it is characterized 
as a surface-exposed protein. It is a critical stress response 
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Abstract
In many bacteria, the High Temperature requirement A (HtrA) protein functions as a chaperone and protease. HtrA is an 
important factor in stress tolerance and plays a significant role in the virulence of several pathogenic bacteria. Camostat, 
gabexate and nafamostat mesylates are serine protease inhibitors and have recently shown a great impact in the inhibi-
tion studies of SARS-CoV2. In this study, the inhibition of Listeria monocytogenes HtrA (LmHtrA) protease activity 
was analysed using these three inhibitors. The cleavage assay, using human fibrinogen and casein as substrates, revealed 
that the three inhibitors effectively inhibit the protease activity of LmHtrA. The agar plate assay and spectrophotometric 
analysis concluded that the inhibition of nafamostat (IC50 value of 6.6 ± 0.4 µM) is more effective compared to the other 
two inhibitors. Previous studies revealed that at the active site of the protease, these inhibitors are hydrolysed and one 
of the hydrolysates is covalently bound to the active site serine. To understand the mode of binding of these inhibitors 
at the active site of LmHtrA, docking of the inhibitors followed by molecular dynamics simulations were carried out. 
Analysis of the LmHtrA-inhibitor complex structures revealed that the covalently bound inhibitor is unable to occupy the 
S1 pocket of the LmHtrA which is in contrast to the previously determined camostat and nafamostat complex structures. 
This observation provides the first glimpse of the substrate specificity of LmHtrA which is not known. The obtained results 
also suggest that the development of novel inhibitors of LmHtrA and its homologs with active site architecture similar to 
LmHtrA can be pursued with suitable modification of these inhibitors. To date, only a very few studies have been carried 
out on identifying the inhibitors of HtrA proteolytic activity.
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The general architecture of HtrA consists of a central 
trypsin/chymotrypsin like protease domain followed by 
a PDZ (PSD-95, DLG1, and ZO-1) domain. A transmem-
brane domain in the N-terminal region is found only in 
Gram-positive bacterial HtrA’s whereas Gram-negative 
bacterial HtrA’s has a signal peptide and more than one 
PDZ domain. In our previous study with L. monocytogenes 
HtrA (LmHtrA), it was observed that LmHtrA interacts 
with extracellular matrix molecules and cleaves fibrinogen, 
plasminogen, fibronectin, and casein in a temperature and 
time-dependent manner [10]. In that study, it was found that 
the PDZ domain plays a significant role in substrate cleav-
age as native LmHtrA cleaves all tested substrates whereas 
LmHtrAΔPDZ cleaves only plasminogen and casein under 
certain conditions.

Camostat mesylate, Gabexate mesylate and Nafamostat 
mesylate are serine protease inhibitors and recently these 
compounds have shown a great impact in the inhibition 
studies of SARS-CoV2. Camostat is a potent trypsin pro-
tease inhibitor with an IC50 value of 50 nM [11]. It also 
inhibits other serine proteases such as TMPRSS2 [11], uPA 
[12], thrombin and hepsin [13], human prostasin, matrip-
tase, airway trypsin-like protease (HAT) and β-tryptases 
[14]. It has been clinically used to treat chronic pancre-
atitis and has been reported as a potential therapeutic for 
SARS and MERS [15]. Camostat has also been studied in 
the inhibition of influenza viral replication and cytokine 
production [16]. It has been used in cell signaling studies 
and has antifibrotic, anti-inflammatory and potential antivi-
ral activities [17]. The mesylate salt form of nafamostat is 
a broad-spectrum synthetic serine protease inhibitor, with 
anticoagulant, antiviral and antitumor activities [18, 19]. It 
is an effective inhibitor of human tryptase [20] and it blocks 
SARS-CoV2 infection of human lung cells with higher effi-
ciency than camostat mesylate [21]. It has potential anti-
viral and anti-inflammatory activities against COVID-19 
and was reported as a safe and effective drug for COVID-19 
and pneumonia [22]. Additionally, it is a good alternative 
for anticoagulation in ECMO [23]. A synthetic serine pro-
tease inhibitor, gabexate mesylate inhibits the invasion and 
metastasis of human colon cancer cells by blocking matrix 
metalloproteinases and neoangiogenesis [24]. This inhibitor 
is known for its anticoagulant property [25]. In a murine 
model of asthma, gabexate and nafamostat attenuate aller-
gen induced airway inflammation and eosinophilia. Nafa-
mostat and gabexate have been used to prevent pancreatitis 
related endoscopic retrograde cholangiopancreatography 
(ERCP) and in in vitro conditions nafamostat inhibits pan-
creatic protease activities 10–100 times more potently than 
gabexate mesylate [26].

In this study, the effect of these three inhibitors (camo-
stat, gabexate and nafamostat mesylates) on the rLmHtrA 

protease activity against the substrates fibrinogen and casein 
was studied. Using azo-casein as a substrate, the half maxi-
mal inhibitory concentration (IC50) of these three inhibitors 
was calculated by a spectrophotometric method. Molecular 
docking and dynamics were performed to identify the mode 
of binding of the inhibitor with LmHtrA and the interacting 
atoms between the inhibitor and protein.

2  Materials and Methods

2.1  Expression and Purification of the rLmHtrA 
Protein

The L. monocytogenes gene encoding HtrA protein was 
cloned into the pET22b vector between BamHI and NdeI 
sites with a C-terminal His-tag which will aid in protein 
purification using Ni-NTA chromatography. The expression 
and purification of rLmHtrA were carried out as reported 
previously [10]. Briefly, the recombinant plasmid was trans-
formed into the Escherichia coli expression host BL21(DE3) 
cells and for the protein expression, a single colony from the 
transformed plate was inoculated in 5 ml of Luria Bertani 
(LB) medium containing 100 µg/ml of ampicillin. The over-
night grown bacterial culture at 37 °C, 150  rpm was then 
transferred into a mass culture of LB media (SRL, India) 
along with a 100 µg/mL concentration of ampicillin. After 
2 h, the culture was induced with 1 mM IPTG and incubated 
at 37 °C with shaking of 150  rpm for about 3 h when an 
OD600 nm of 0.6 was obtained. The culture was centrifuged 
at 4000 rpm for 20 min and the pellet was lysed by sonica-
tion in a buffer containing 20 mM Tris pH 7.5, 200 mM 
NaCl, and 5% glycerol. The supernatant of the lysate was 
applied to a Ni-NTA affinity column and the bound protein 
was eluted using different concentrations of imidazole. The 
elution fractions were confirmed by SDS-PAGE gel analy-
sis. The final purification was performed by size-exclusion 
chromatography and the prominent single peak of rLmHtrA 
protein obtained from the superdex-75 gel filtration column 
consisting of about six fractions of 1.0 ml were pooled, con-
centrated and used for the inhibition studies.

2.2  Determination of Protease Inhibitory Activity 
Using SDS-PAGE

Camostat mesylate, Gabexate mesylate and Nafamostat 
mesylate were obtained from Sigma Aldrich and TCI chem-
icals, India. Firstly, the native rLmHtrA (1  mg/mL) was 
incubated with different concentrations of inhibitors (1 to 
25 mM) at 4 °C for 4 h, followed by the addition of sub-
strate casein (1 mg/mL) or Fg (1.5 mg/mL) and the samples 
were incubated overnight at 37 °C. The rLmHtrA directly 
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incubated with substrates and the rLmHtrA incubated with 
PMSF, the known serine protease inhibitor, and then incu-
bated with substrates were used as controls. Finally, at the 
end of the incubation, the samples were analyzed using a 
10% SDS-PAGE gel run at a constant voltage of 150 V and 
stained with Coomassie Brilliant Blue R-250. In the initial 
screening, nafamostat exhibited inhibition at 2 mM and 
hence further screening was carried out in the range of 0.15 
mM to 2 mM.

2.3  Casein agar Plate Assay

The casein (Product No: 034021) was obtained from SRL, 
India. The casein agar plate assay was performed to confirm 
the inhibition of serine protease activity of LmHtrA. Casein 
was dissolved using NaOH and the pH was adjusted to 7.5. 
Agar 1% was added to the solution, which was then solidi-
fied in Petri plates.

In common, the central well contained trypsin (1  mg/
ml). well 2 and 3 contained native rLmHtrA (1 mg/ml) and 
rLmHtrA with PMSF (positive control, 1 mg/mL) respec-
tively. The surrounding wells 4, 5, and 6 contained rLmH-
trA with different concentrations of inhibitors such as 5, 
10, and 20 mM of camostat mesylate and 2, 5, and 10 mM 
of gabexate mesylate and 0.5, 1, and 2 mM of nafamostat 
mesylate incubated with rLmHtrA respectively. The casein 
agar plates were incubated at 37 °C for 18 h and the zone of 
inhibition was analyzed for each well.

2.4  IC50 Determination by UV-Vis Spectroscopy

For determining the IC50 value of the inhibitors, the inhibi-
tion assay was performed using the chromogenic substrate 
azo-casein (SRL, India). The azo-casein agar plate was first 
prepared, and the activity of the rLmHtrA against azo-casein 
was tested. Subsequently, the enzymatic action of rLmHtrA 
on azo-casein was measured spectrophotometrically and 
this was used as a control. For this experiment, azo-casein 
5  mg/ml stock solution was prepared immediately before 
the assay, by dissolving azo-casein in sterilized water. 1 mg/
ml of this solution was used for the assay along with 1.5 mg/
ml purified rLmHtrA enzyme in 50 mM Tris-Buffer pH 8.0 
containing 200 mM NaCl and 10 mM CaCl2. The protein-
substrate mixture was incubated at 37  °C for 8 h and the 
reaction was terminated by the addition of 10% pre-cooled 
trichloroacetic, (TCA) solution. The solution was centri-
fuged at 10,000  rpm for 10  min and the 100  µl superna-
tant was transferred into a microcentrifuge tube followed 
by the addition of 0.5 M NaOH solution. The absorbance 
of the sample was measured using a UV-Visible spectro-
photometer and a prominent peak was observed at 330 nm 

which indicates the presence of TCA-soluble azopeptides as 
a result of the enzymatic action of rLmHtrA on azo-casein.

To measure the IC50 value of the inhibitors, rLmH-
trA (1.5  mg/mL) was preincubated with different concen-
trations of the inhibitors [camostat mesylate (1 nM to 20 
mM), gabexate mesylate (1 nM to 10 mM), and nafamostat 
mesylate (1 nM to 5 mM)] at 4 °C for four hours before the 
addition of the substrate. To this enzyme-inhibitor mixture, 
1 mg/ml of azo-casein was added and incubated at 37 °C for 
8  h. As mentioned above, the reaction was terminated by 
the addition of TCA, and the solution was centrifuged. The 
absorbance at 330 nm was measured spectrophotometrically 
for the supernatant against appropriate blanks. The inhibi-
tion assay was repeated three times. The dose-response 
curves of enzyme inhibition by the three compounds were 
plotted and the IC50 value was calculated by fitting a non-
linear regression model to the data using GraphPad Prism 8 
software.

2.5  Homology Modeling and Molecular Docking

The crystal structure of LmHtrA has not been determined. 
Therefore, homology modelling was performed using the 
SWISS-MODEL server. The LmHtrA sequence correspond-
ing to the protease domain and PDZ domain was used for 
modeling. Using the crystal structure of DegQ from E. coli 
(PDB 3STJ) as a template, the LmHtrA structural model was 
obtained. The structure was validated using the SAVESv6.0 
server (https://saves.mbi.ucla.edu/). In the modeled struc-
ture, some amino acids were found in the disallowed region 
of the Ramachandran map and these residues were manu-
ally modeled into the allowed region of the map.

For protein-ligand docking, initially the open-source 
software PyRx 0.8 [27] was used. First, to validate the dock-
ing protocol, the crystal structure of uPA (urokinase-type 
plasminogen activator) in complex with GBS (4-carbamim-
idamidobenzoic acid, cleaved camostat) (PDB 7DZD) was 
taken and the GBS molecule was manually removed. With 
apo-uPA structure the GBS was docked. The docking results 
were analyzed based on the binding affinity values and the 
ligand conformations were examined in comparison with 
the crystal structure of the uPA-GBS complex. The whole 
camostat molecule was also docked with uPA and compared 
with the crystal structure. Finally, to understand the mode of 
binding of camostat and gabexate with LmHtrA, the proce-
dure used for uPA-GBS docking was repeated for the LmH-
trA modelled structure.
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2.6  Covalent Docking and Molecular Dynamics 
Simulation

The molecular docking of the cleaved part of camostat (4-car-
bamimidamidobenzoic acid, GBS) and gabexate (1-(5-car-
boxypentyl)-2 guanidinium) with the LmHtrA active site 
was performed using the CovDock program of Schrodinger. 
Maestro Protein preparation wizard was used for prepar-
ing the LmHtrA protein. Along with the default parameters, 
PROPKA at pH 7.0 was given for hydrogen bond assign-
ments, and for all heavy atoms, the convergence criteria of 
0.3 Å RMSD was considered. The OPLS_2005 force field 
was used for the minimization. The centroid of the active 
site residues (His229, Asp259 and Ser343) was selected as a 
docking site and Ser343 was selected as a reactive residue. 
While performing covalent docking, nucleophilic addition 
to a double bond reaction type and pose prediction docking 
mode was considered. In the final docked structure, the C7 
atom of GBS / the C1 atom of 1-(5-carboxypentyl)-2 gua-
nidinium is covalently bonded to the side chain oxygen of 
Ser343 and the model was visually inspected using Pymol.

Subsequently, LmHtrA-GBS and LmHtrA-1-(5-carboxy-
pentyl)-2 guanidinium complex structures were subjected to 
molecular dynamics simulation using the Desmond pack-
age to understand the mode of interaction and stability of 
the docked GBS/1-(5-carboxypentyl)-2 guanidinium with 
LmHtrA. An orthorhombic box with a distance of 10 Å × 10 
Å × 10 Å on the x, y and z-axis and the TIP3P water model 
was selected for solvation. The salt concentration of 0.15 M 
was given and the system was neutralized with Na + ions. A 
50 ns molecular dynamics run was carried out in the NPT 
ensemble (temperature of 300 K, pressure of 1.01325 atm) 
with OPLS_2005 force field and the results were analyzed.

3  Results

3.1  Purification of rLmHtrA

The initial purification of rLmHtrA was carried out by Ni-
NTA affinity chromatography. Following this, the purifica-
tion was performed using size-exclusion chromatography. 
The peak fractions corresponding to rLmHtrA were pooled 
and concentrated and analyzed by 10% SDS-PAGE gel 
which is shown in Fig. 1. This purified protein was used for 
further studies.

3.2  Detection of Protease Inhibition Activity Using 
SDS-PAGE

The inhibition assay was performed to determine the effect 
of camostat, gabexate and nafamostat mesylates (Fig. 2) on 

Fig. 1  SDS-PAGE gel analysis of size-exclusion chromatography puri-
fied rLmHtrA. Lane 1: protein molecular weight ladder and Lane 2: 
purified rLmHtrA.
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complete inhibition was observed as the three bands of Fg 
were clearly seen (Lane 7 and 8 respectively).

Figure 3C and D show the SDS-PAGE analysis of rLmH-
trA activity in the presence of Gabexate mesylate (GM) with 
casein and Fg as substrates respectively. With 2 mM of GM 
incubated with rLmHtrA, the cleavage of casein (Fig, 3C, 
lane 4) and the α chain of Fg (Fig. 3D, lane 4) was observed 
whereas at 5 mM complete inhibition was observed (lane 5, 
Fig. 3C and D).

The initial experiments with Nafamostat mesylate (NM) 
concentrations in the range of 2 mM to 20 mM revealed that 
even at 2 mM the enzyme inhibition was observed. Subse-
quently, the experiment was conducted with NM concentra-
tions in the range of 0.15 mM to 2 mM and the SDS-PAGE 
analysis indicated that at concentrations such as 0.15 mM, 
0.25 mM, and 0.5 mM the cleavage of casein was observed 
(Fig. 3E, lanes 4, 5, and 6 respectively), whereas with 1 mM 
the inhibition was found (Fig. 3E, lane 7). The same obser-
vation was found with Fg (Fig.  3F). Lanes 9 and 10 cor-
respond to the controls in all experiments, where rLmHtrA 
incubated with PMSF along with substrate showed complete 
inhibition (Lane 9) and rLmHtrA incubated with substrates 
without any inhibitor showed expected cleavage of casein 
and Fg (Lane 10, indicated by red arrow).

3.3  Casein agar Plate Inhibition Assay

The casein agar plate assay was also used to study the inhi-
bition of rLmHtrA by CM (Fig. 4A), GM (Fig. 4B) and NM 
(Fig. 4C). In all the assays, the controls, trypsin (well 1) and 
rLmHtrA (well 2) were found to be proteolytically active 
and rLmHtrA with PMSF (well 3) showed complete inhibi-
tion of the enzyme activity. Wells 4, 5, and 6 correspond 
to increasing concentrations of the respective inhibitors. 
With CM, a complete inhibition, at 20 mM (Well 6) and 
a partial inhibition at 10 mM concentration (well 5) were 
prominently observed as seen in the SDS-PAGE analysis 
(Fig. 3A). With GM, 2 mM concentration showed the hydro-
lysis of casein (Fig, 4B, well 4) but 5 mM completely inhib-
ited the rLmHtrA activity (Fig, 4B, well 5). Similarly with 
NM complete inhibition was observed at 1 mM concentra-
tion (Fig. 4C, well 5) and partial inhibition was observed at 
0.5 mM concentration (Fig. 4C, well 4). Figure 4D shows 
the inhibition of all three inhibitors at their minimum inhibi-
tion concentration.

3.4  Protease Inhibition and IC50 Determination by 
UV-Vis Spectroscopy

The spectrophotometric inhibition assay was performed to 
determine the effect of CM, GM, and NM on the rLmH-
trA protease activity and to calculate the IC50 value of the 

the rLmHtrA protease activity. In order to find the minimum 
inhibitor concentration required for enzyme inhibition, the 
purified rLmHtrA was incubated initially with an increas-
ing concentration of these inhibitors at 4  °C for 4  h and 
then the substrate was added to this enzyme-inhibitor solu-
tion. These samples were incubated overnight at 37 °C and 
finally analyzed using an SDS-PAGE gel. In our previous 
experimental studies, it was established that rLmHtrA was 
able to cleave the α chain of fibrinogen, β chain of casein, 
plasminogen and fibronectin [10]. Hence, casein (1 mg/ml) 
and human fibrinogen (Fg), (1.5  mg/ml) were selected as 
substrates for the present study.

The rLmHtrA (1 mg/ml) was incubated with Camostat 
mesylate (CM) from 2 mM to 25 mM increasing concentra-
tion. The substrate was then added to the enzyme-inhibitor 
mixture and incubated at 37 °C. The inhibition of rLmHtrA 
protease activity by CM against casein and fibrinogen is 
shown in Fig. 3A and B respectively. Without the inhibitor, 
rLmHtrA cleaves casein very efficiently (Lane 10). In the 
presence of the inhibitor, SDS-PAGE analysis revealed that 
at the low concentration of the inhibitor, partial inhibition 
was observed (3A, lane 4, 5 and 6) and at a concentration 
of 20 mM and 25 mM (lanes 7 and 8) a complete inhibition 
was observed.

With regard to Fg (Fig.  3B), complete cleavage of the 
α chain of Fg was observed at the low inhibitor concen-
trations such as 2 mM, 5 mM and 10 mM (Lane 4, 5 and 
6 respectively), whereas with 20 mM and 25 mM of CM, 

Fig. 2  Molecular structure of Camostat, Gabexate and Nafamostat 
mesylates.
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3.5  Binding of Inhibitors with rLmHtrA and their 
Interaction

The classic catalytic triad of trypsin-like-serine protease 
contains His, Asp and Ser as amino acid residues. Based 
on the previous functional and crystallographic studies of 
serine proteases with camostat and nafamostat (PDB 3FVF 
[28]; 7DZD, [12]; 6ZOV [17]; 1RTK [29]; 7VM4, [30]; 
7MEQ [31]), it is known that these molecules initially bind 
to the active site of the protease and get hydrolyzed at the 
central ester bond of the inhibitor. The cleaved product 

inhibitors. The azo-casein was used as a substrate in this 
assay. The rLmHtrA protease inhibition assay was per-
formed by UV-Vis spectroscopy with appropriate blanks 
and controls as mentioned in the materials and methods sec-
tion. As shown in Fig. 5, the inhibition assay results showed 
that CM, GM, and NM prominently inhibited rLmHtrA 
protease activity. Among these inhibitors, NM has the low-
est IC50 value of 6.6 ± 0.4 µM, followed by GM and CM 
which have IC50 values of 80.56 ± 8.5 µM and 152.5 ± 7.5 
µM respectively.

Fig. 3  Detection of protease inhi-
bition activity using SDS-PAGE. 
Inhibition of rLmHtrA protease 
activity was demonstrated on a 
10% SDS-PAGE gel using casein 
(A, C and E) and Fg (B, D and 
F) as substrates. Protein bands 
were visualized by Coomassie 
Brilliant Blue staining. In all gels, 
Lane 9 (rLmHtrA incubated with 
PMSF along with the substrate) 
and 10 (rLmHtrA incubated with 
substrates alone without the 
inhibitor) are control samples. 
Camostat mesylate (CM) was 
incubated with rLmHtrA and 
this complex was incubated 
with casein (A) and Fg (B). The 
cleavage of β-chain of casein and 
α chain of Fg are shown by a red 
arrow (Lane 10). With 20 mM of 
CM (lane 7), complete inhibi-
tion was observed as β-chain of 
casein and α chain of Fg found 
intact. Gabexate mesylate (GM) 
inhibits rLmHtrA against the 
substrates casein (C) and Fg (D). 
GM showed complete inhibition 
at a concentration of 5 mM (Lane 
5), as no cleavage of β-chain of 
casein and α chain of Fg. Inhibi-
tion of rLmHtrA with nafamo-
stat mesylate (NM) against the 
substrates casein (E) and Fg 
(F) respectively. NM was found 
to inhibit the cleavage of both 
substrates at a concentration of 1 
mM (Lane 7). In A, C and E, the 
black arrow indicates the cleav-
age product of casein β-chain.
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(4-guanidinobenzoic acid, termed GBS), which is common 
in camostat and nafamostat, covalently attaches to the side 
chain of an active site serine residue.

To understand the interaction between LmHtrA and 
camostat / gabexate, first the homology modelling of LmH-
trA consisting of the serine protease domain and the PDZ 
domain was carried out (Fig. 6). Next, using the PyRx pro-
gram, the protein-inhibitor docking was performed. Initially, 
to validate the docking protocol, the docking of GBS with 

Fig. 6  Schematic representation and modelled structure of LmHtrA. 
The protease and PDZ domains are shown in yellow and gray respec-
tively. TMD is a transmembrane domain. The catalytic triad (His229-
Asp259-Ser347) is shown as sticks. The residue Lys361 is projected 
into the S1 pocket of the protease.

 

Fig. 5  The inhibition of rLmHtrA protease activity by (A) Camostat 
(B) Gabexate and (C) Nafamostat. The dose-response curve was plot-
ted and the curve fitting was done using GraphPad prism. Camostat, 
gabexate and nafamostat inhibit the activity of rLmHtrA protease with 
an IC50 value of 152.5 ± 7.5 µM, 80.56 ± 8.5 µM and 6.6 ± 0.4 µM 
respectively.

 

Fig. 4  Casein agar diffusion plate assay to detect the proteolytic activ-
ity of rLmHtrA against the inhibitors with casein as a substrate. In 
common, well 1, 2, and 3: trypsin, rLmHtrA, and rLmHtrA incubated 
with PMSF respectively. Well 4, 5 and 6 increasing concentrations of 
the inhibitors (A): 5, 10 and 20 mM camostat incubated with rLmH-
trA, in (B): 2, 5 and 10 mM gabexate incubated with rLmHtrA, in 
(C): 0.5, 1 and 2 mM nafamostat incubated with rLmHtrA and in (D): 
Inhibition of rLmHtrA with all three inhibitors, 20 mM camostat (well 
4), 5 mM gabexate (well 5) and 1 mM nafamostat (well 6).
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is unable to fit into the S1 pocket. The mode of binding of 
camostat and gabexate at the LmHtrA active site is shown 
in Fig. 9A & B.

To validate the role of Lys361 in influencing the fitting 
of the ligand in the S1 pocket of LmHtrA, this residue was 
computationally mutated to Gly and the docking was per-
formed with camostat and gabexate. As found in uPA and 
other serine proteases, in the mutated LmHtrA the GBS 
moiety of camostat and the 1-(5-carboxypentyl)-2 guanidin-
ium group of gabexate fit into the S1 pocket (Fig. 9C & D).

To understand the interaction of the covalently linked 
GBS / 1-(5-carboxypentyl)-2 guanidinium group of gabex-
ate with LmHtrA, covalent docking was performed for these 
two ligands at the active site of LmHtrA using the CovDock 
program of Schrödinger software. This resulted in a LmH-
trA structure with Ser343 covalently linked to the ligands 
(GBS and 1-(5-carboxypentyl)-2 guanidinium). Followed 
by this, molecular dynamics simulation was performed for 
the LmHtrA complexes. In the LmHtrA-GBS complex, the 
guanidinobenzoate moiety is pointed opposite of the S1 
pocket into the solvent environment (Fig.  9E) and at this 
position the primary amine nitrogen of the guanidino group 
interacts with the backbone carbonyl oxygen of Ser209 of 
a β2-strand that lines the active site cavity. Another inter-
action was found between the carbonyl oxygen of GBS 
and the backbone nitrogen of Gly341. In the case of the 
LmHtrA-1-(5-carboxypentyl)-2 guanidinium complex, the 
ligand that is covalently attached to Ser343 also points away 
from the S1 pocket into the solvent environment and is posi-
tioned similarly to GBS (Fig. 9F). As seen in GBS, its ter-
minal primary amine nitrogens interact with the side chains 
of Asp233 and Asn190 and the imino nitrogen interacts with 
the side chain oxygen of Ser208 of β2-strand. Analysis of 
LmHtrA complex structures revealed that both inhibitors 
interact with the β2-strand of LmHtrA.

4  Discussion

The HtrA proteases of bacterial pathogens are attractive 
drug targets [32]. This objective is aimed at inhibiting 
their proteolytic activity. Towards this goal, initial studies 
in identifying anti-HtrA compounds were carried out with 
E. coli HtrA [33]. Following this, inhibition studies have 
been carried out with H. pylori HtrA (HpHtrA), Chlamydia 
trachomatis HtrA (CtHtrA) and a few small molecular 
compounds have been identified. For HpHtrA, through 
structure-based virtual screening, a small-molecule inhibi-
tor termed HHI was identified which efficiently blocked 
E-cadherin cleavage with an IC50 value of 26 µM [5]. Using 
HHI as a template, further chemical modifications resulted 
in a new lead compound that exhibited a better IC50 value 

the uPA structure was carried out. As found in the complex 
crystal structure of uPA-GBS, the ligand GBS was fitted 
into the S1 pocket of uPA (Fig. 7A). Subsequently, the dock-
ing of the whole camostat with uPA was carried out and this 
also showed that the positioning of the GBS moiety into the 
S1 pocket (Fig. 7B). Based on this, the docking of camostat 
and gabexate with LmHtrA was carried out. While analyz-
ing the results, it is interesting to note that in the LmHtrA-
camostat complex, the GBS moiety was unable to fit into 
the S1 pocket of the LmHtrA active site, which is in con-
trast with the other serine protease-GBS complexes men-
tioned above and also the docked structure of uPA-camostat. 
Examination of the S1 pocket of LmHtrA revealed that, 
the side chain of Lys361 projected into the S1 pocket and 
this possibly hindering the GBS from fitting inside. The 
sequence and structural comparison revealed that the corre-
sponding position in other GBS complex structures (6ZOV, 
3DZD and 3FVF) contains Gly residue (Figs.  6 and 8A). 
As a result, in other structures, the GBS molecule fits very 
tightly into the S1 pocket with its guanidinobenzoate moiety 
sandwiched between the two walls and the terminal NH2 
group of the GBS interacts with an Asp residue at the bot-
tom of the S1 pocket (Fig. 8B). Trypsin-like serine proteases 
usually cleave peptide bonds at Lys or Arg residues and this 
P1 residue fits snuggly into the S1 pocket. The bottom of the 
pocket contains a negatively charged conserved Asp resi-
due which interacts with a positively charged P1 residue. 
This characteristic feature of a negatively charged residue at 
the S1 pocket is not present in LmHtrA and the Asp residue 
position is occupied by an alanine residue (Fig. 8A & C). 
With reference to the LmHtrA-gabaxate complex, like GBS, 
the 1-(5-carboxypentyl)-2 guanidinium group of gabexate 

Fig. 7  Docking of GBS and camostat with uPA. (A). Docking of GBS 
at the active site of the Apo-uPA structure. (B) Docking of camostat 
(green) at the Apo-uPA structure (light blue). For comparison, the crys-
tal structure of uPA (grey) in complex with GBS (covalently linked to 
Ser194) is superimposed.
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camostat, gabexate and nafamostat mesylates against the 
substrates fibrinogen and casein. The inhibition of LmH-
trA was initially analyzed by SDS-PAGE gel which clearly 
showed that all the inhibitors effectively stopped the cleav-
age of casein and fibrinogen. Also, it was found that the con-
centration of nafamostat required for the inhibition is much 
lower than that of camostat and gabexate. Subsequently, 
casein agar plate inhibition assay was carried out and the 
results matched those of the SDS-PAGE analysis. To calcu-
late the IC50 values of the inhibitors, a spectrophotometric 
inhibition assay was performed using azo-casein as a sub-
strate. Nafamostat exhibited the lowest IC50 value of 6.6 
± 0.4 µM whereas for camostat and gabexate it is 152.5 ± 
7.5 µM and 80.56 ± 8.5 µM respectively. Previous studies 
revealed that all three compounds undergo hydrolysis at the 
active site of the enzyme and part of the inhibitor covalently 

(13.2 µM) as compared to HHI [34]. Similarly for CtHtrA, 
two effective components were identified termed JO146 and 
JCP83. JO146 exhibited more potent antichlamydial activ-
ity than JCP83 [35]. Subsequently, by considering JO146 
as a template, modifications were made at the P1, P2 and 
P3 positions and new analogues were generated; some of 
the compounds exhibited improved antichlamydial activity 
than the parent compound [36–38].

HtrA belongs to the serine protease family and the cat-
alytic triad consists of Asp-His-Ser residues. Camostat, 
gabexate and nafamostat are serine protease inhibitors and 
they have been used as drugs clinically [11]. Recently, 
camostat and nafamostat have gained attention because 
of the studies related to the inhibition of TMPRSS2 of 
SARS-CoV-2 [31, 39]. In the present study, the inhibition 
of the proteolytic activity of LmHtrA was carried out with 

Fig. 8  Sequence and structure comparison of LmHtrA with other GBS 
containing serine proteases. (A) The sequence of the LmHtrA serine 
protease domain is compared with the sequence of serine protease 
domain of Enteropeptidase (6ZOV), Urokinase-type plasminogen acti-
vator, uPA (7DZD) and Prostasin (3FVF). A very low sequence iden-
tity of 5.1%, 9.5% and 15.9% respectively is observed. However, the 
structures exhibit good conservation with an RMSD of 2.29 Å, 2.37 
Å and 2.28 Å respectively for Cα atoms. Identical residues are shown 
in red. The blue arrow indicates the catalytic residues. The green box 

indicates the aspartic acid residue in the S1 pocket of 6ZOV, 7DZD 
and 3FVF whereas in LmHtrA it is alanine. The pink box indicates the 
Lys361 of LmHtrA which is projected into the S1 pocket whereas in 
other structures the corresponding position is glycine. (B) Structural 
superposition of 6ZOV, 7DZD and 3FVF showing the active site ser-
ine is covalently linked to GBS. (C). Active site region of LmHtrA. 
Lys361 is projected into the S1 pocket and the conserved Asp residue 
in the S1 pocket is replaced by A337 in LmHtrA.
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the inhibitors are away from the S1 pocket, this provides 
the opportunity for the addition of some suitable chemical 
groups at the terminal NH2 group of the inhibitors such that 
the modified component may make additional interactions 
with the protein which could provide more stability to the 
protein-inhibitor complex. Modifying the NH2 group of the 
GBS is not possible if the compound occupies the S1 pocket 
because of the space constraint. Therefore, for LmHtrA and 
its homologs with active site architecture similar to LmHtrA, 
the creation of novel inhibitors can also be investigated. In 
relation to this, in a previous study with CtHtrA, a peptidic 
inhibitor termed JO146 [Boc-Val-Pro-ValP(OPh)2] was ini-
tially identified as a potential inhibitor with an IC50 value 
of 12.5 µM and ~ 200 µM for peptide and protein based 
substrates respectively [35]. Later, to optimize the potency 
and selectivity of JO146, 23 analogues of the inhibitor were 
generated by changing residues at the P1 and P3 positions 

attaches to the serine residue at the active site. The crystal 
structures of serine proteases in complex with camostat and 
nafamostat revealed one of the hydrolysates of camostat/
nafamostat, 4-guanidinobenzoic acid (GBS), covalently 
bound to the active site serine. Assuming LmHtrA exhibits 
a similar mechanism, to understand the interaction between 
the inhibitor and the LmHtrA active site residues, modelling 
of LmHtrA-inhibitor complexes was carried out and molec-
ular dynamics simulations were done. The GBS of camo-
stat/nafamostat and 1-(5-carboxypentyl)-2 guanidinium of 
gabexate, which are covalently linked to Ser343 of LmH-
trA, unable to fit into the S1 pocket of LmHtrA which is in 
contrast with other GBS complex structures. As a result, in 
LmHtrA, the GBS and 1-(5-carboxypentyl)-2 guanidinium 
molecules adopt a different orientation and interact with 
the β2-strand of the core β-sheet. At this orientation, the 
inhibitors are more exposed to the solvent environment. As 

Fig. 9  Camostat and Gabexate at the active site of LmHtrA. Docking 
of Camostat (A) and Gabexate (B) at the active site of LmHtrA shows 
that the GBS of camostat and 1-(5-carboxypentyl)-2 guanidinium of 
gabexate are unable to fit into the S1 pocket. Mutation of Lys361 to 
glycine results in GBS (C) and 1-(5-carboxypentyl)-2 guanidinium 

(D) positioned inside the S1 pocket. Covalently linked GBS (E) and 
1-(5-carboxypentyl)-2 guanidinium (F) interacting with β2 strand of 
LmHtrA. Both inhibitors are away from the S1 pocket due to the pro-
jection of Lys361 into the S1 pocket.
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