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ABSTRACT
Enterotoxaemia (ET) is a severe disease that affects domestic ruminants, including sheep and goats,
and is caused by Clostridium perfringens type B and D strains. The disease is characterized by the pro-
duction of Epsilon toxin (ETX), which has a significant impact on the farming industry due to its high
lethality. The binding of ETX to the host cell receptor is crucial, but still poorly understood. Therefore,
the structural features of goat Myelin and lymphocytic (MAL) protein were investigated and defined in
this study. We induced the mutations in aromatic amino acid residues of ETX and substituted them
with aliphatic residues at domains I and II. Subsequently, protein-protein interactions (PPI) were per-
formed between ETX (wild)-MAL and ETX (mutated)-MAL protein predicting the domain sites of ETX
structure. Further, molecular dynamics (MD) simulation studies were performed for both complexes to
investigate the dynamic behavior of the proteins. The binding efficiency between ‘ETX (wild)-MAL pro-
tein’ and ‘ETX (mutated)-MAL protein complex’ interactions were compared and showed that the for-
mer had stronger interactions and binding efficiency due to the higher stability of the complex. The
MD analysis showed destabilization and higher fluctuations in the PPI of the mutated heterodimeric
ETX-MAL complex which is otherwise essential for its functional conformation. Such kind of interac-
tions with mutated functional domains of ligands provided much-needed clarity in understanding the
pre-pore complex formation of epsilon toxin with the MAL protein receptor of goats. The findings
from this study would provide an impetus for designing a novel vaccine for Enterotoxaemia in goats.
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Introduction

The pore-forming aerolysin-like toxin known as Epsilon toxin
(ETX) is produced by Clostridium perfringens type B and D. It
is produced in a form of a protoxin with a size of �33kDa
but processed in the system to an active form by proteolytic
digestion of host trypsin, a-chymotrypsin or k-protease pro-
duced by C. perfringens itself that break away 11–14 amino
acid and 22–29 amino acid residues from the N-terminal end
and the C-terminal end respectively (Bokori-Brown et al.
2013). The ETX is coded by the epsilon-toxin (etx) gene pre-
sent in the extra-chromosomal plasmids of C. perfringens
which are transferred intra-species by conjugation, facilitating
the expression of virulence (Mathur et al., 2010). After botu-
linum and tetanus, ETX ranks as the third most potent toxin,
primarily responsible for clinical manifestation of enterotox-
aemia in goats. The toxin permeates through the gut
mucous membrane traversing through the circulatory system
reaching various organs like heart, kidney, lungs and even
crossing the blood-brain barrier (BBB) and reaching to the

brain (Finnie & Uzal, 2022). The ETX has three domains viz., I,
II and III made up of beta-sheets and has structural and con-
formational similarity with other pore-forming toxins like aero-
lysin (Aeromonas hydrophila), parasporin-2 (Ps2, produced by
Bacillus thuringensis), LSL (Lectins produced by Laetiporus sul-
phureus), although the sequence similarity is much less (Khalili
et al., 2017). Certain aromatic amino acid residues present in
the domain-I and II mediates primary interaction of the toxin
with the host receptors, and therefore mutation in these
domains with aliphatic residues could weaken the interaction
with the host. Also the domain-I specifically has tryptophan
residue which engineers the receptor-binding. While Domain-
III present in the c-termini blocks the heptamerization process
essential for host cell membrane insertion by the toxin while
in protoxin form. On the contrary the activated ETX could
bind to cell receptors and initiate the heptameric complexes
formation followed by insertion into the membrane in the
form of pores, which is dependent upon cholesterol. The siali-
dases produced by C. perfringens aids in its adhesion to
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colonize the intestinal epithelium which in turn also promotes
the sensitivity of host cells to ETX by exposing maximal recep-
tor area both quantitatively and numerically. In nutshell the
toxin enters the host cell membrane by three distinct process
viz., (1) Binding to cell membrane through receptor, (2)
Heptamerization and formation of pre-pore complex of
155 kDa culminating to insertion into the cell membrane and
(3) Pore formation by heptamers which allows depletion of
potassium ion and ATP molecules thereby disrupting the cyto-
solic ionic balance finally leading to cell death.

Previously, the receptors for ETX were studied in detail and
hypothesized that they bind to the lipid rafts made up of
cholesterol or sphingomyelin also termed as detergent-resist-
ant domains (DRM) of the Madine Darby canine kidney
(MDCK) cells. Recently, it has been discovered that the tyro-
sine residues of Epsilon toxin (ETX) can bind to hepatitis A
virus cellular receptor 1 (HAVCR1), resulting in toxicity and
consequent pathogenesis (Dorca-Ar�evalo et al., 2022).
Consequently other receptors including myelin and lympho-
cyte protein (MAL) and caveolin-1 (CAV1) ETX-MAL complex
interacts with TMEM16 proteins which function as ATP
dependent calcium activated chloride transmembrane chan-
nels (Nagahama et al., 2020). Blanch et al. (2018) have identi-
fied a crucial tetraspanning membrane protein MAL with a
molecular weight of 17 kDa responsible for the cytotoxic
impact of ETX. In other words, for the ETX-MAL in order to
produce the toxic effects requires an increment in the intracel-
lular calcium concentration. Similarly, CAV1 and CAV2 were
also found to be essential for ETX activity in the host cells as
caveolin-deficient cells were resistant to the toxins due to
reduced oligomerization (Fennessey et al., 2012).

The surface amino acid residues in the domain-I of ETX
plays an important role (Bokori-Brown et al., 2013; Dorca-
Ar�evalo et al., 2022) in its binding to the host cell receptors.
Any mutations or substitutions could relatively weaken the
pre-pore formation steps for which the ‘binding’ is a most crit-
ical step that initiates the cellular pathogenesis. Alterations in
the key residues of ETX were conducted using both in silico
(Khalili et al., 2017) and wet-lab (Dorca-Ar�evalo et al., 2022)
and the protein-protein interactions were studied. However,
the most important receptor for ETX viz., MAL and its interac-
tions studied revealed the role of surface aromatic residues in
Domain-I and II in binding to cell membrane. In this study, we
have utilized the molecular modeling technique in conjunc-
tion with MD simulations to investigate how ETX and MAL
proteins bind together, as well as explored that how epsilon
toxin affects the physio-biochemical and molecular mecha-
nisms in goats. Further we have reported the in silico struc-
tural and functional analysis of ‘ETX (wild)-MAL protein’ and
‘ETX (mutated)-MAL protein complex’ models and its effect on
binding and generation of hydrogen bonds. Such kind of
interactions with mutated functional domains of ligand could
elucidate the molecular events underlying the interaction of
epsilon toxin with the goats’ MAL protein receptor. In future,
such in silico bioinformatics analysis could aid in tapping the
key molecular events underlying the host-pathogen inter-
action, thereby leading to identification of the key epitopes

and its functional modulations in designing an effective vac-
cine for Enterotoxaemia in goats.

Material and methods

Sequence, structure and functional analysis

The UniProtKB database was utilized to obtain the Epsilon
toxin (ETX) sequence, structural, and functional information
of Clostridium perfringens with ID Q02307 (ETXB_CLOPF), and
the NCBI database was used to obtain the Myelin and
lymphocyte protein (MAL) information from Capra hircus
(goat) with accession number XP_017910309.1. The X-ray dif-
fraction structure of ETX (PDB ID 1UYJ), comprised of 296
(16-295) amino acids in length with a resolution of 2.60 Å
were retrieved from the PDB database.

Model generation and validation

The 3D structure of MAL was not available in the Protein Data
Bank (PDB), hence it was predicted by implementing an
advanced modeling protocol. To construct the 3D models of
MAL, the threading method of protein modeling was utilized,
with the aid of I-TASSER Server (Zhang, 2008). The validation
of the predicted models was performed on the SAVES Server
(Colovos & Yeates, 1993; Hooft et al., 1996; Laskowski,
MacArthur, Moss, & Thorton, 1993; Pontius et al., 1996;
Vaguine et al., 1999; Zhang et al., 2011). Further, the predicted
models were refined using the ModRefiner (Xu & Zhang,
2011). The energy minimization of the refined model was car-
ried out using the CHARMM force field. The steepest descent
algorithm was initially used for energy minimization, followed
by conjugate gradient algorithm to achieve the convergence
(Weng et al., 2005).

Structure refinement

The 3D structure of ETX obtained from PDB was found to be
incomplete due to the presence of several missing residues.
To address this issue, the Protein Preparation wizard in
Schrodinger Maestro v 2022.4 was employed to fill the gaps
in the ETX structure.

Protein-protein interactions

Protein-protein interactions (PPIs) pose a significant challenge
in modern biology due to their crucial role in various biochem-
ical processes. To analyze the PPIs of Epsilon toxin proteins and
MAL protein of goat, protein-protein docking was performed
using the online Hawk Dock server. This server is a robust tool
that can predict binding structures and identify the key resi-
dues involved in PPIs. The HawkDock server was utilized by
uploading the PDB format of both proteins in four different
combinations, which included non-simulated ETX (wild) with
non-simulated MAL, non-simulated ETX (mutated) with non-
simulated MAL, pre-simulated ETX (wild) with pre-simulated
MAL, and pre-simulated ETX (mutated) with pre-simulated MAL.
The advanced option of re-ranking top 10 models by MM/GBSA
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was selected to determine the best docked complex based on
the best binding free energy. The best docked complex was
characterized and subjected to further computational analysis
based on binding energy values, intermolecular hydrogen (H)-
bonds, as well as other hydrophobic and electrostatic interac-
tions. The presence of intermolecular bonds between protein-
protein interaction complexes was demonstrated using
DimPlot.

Prediction of domain sites

In terms of structure, folding, function, evolution, and even
design, proteins can be broken down into their component
domains. For protein classification, biological function com-
prehension, annotation of evolutionary mechanisms, and pro-
tein design knowledge of protein domains are essential. By
grouping the protein sequences into families and estimating
the presence of domains and crucial locations, the database
InterPro (Mitchell et al., 2015) enabled the functional analysis
of protein sequences. In the current investigation, InterPro-
EMBL-EBI (InterPro database (http://www.ebi.ac.uk/interpro/)
was used to identify the key domain sites of ETX protein.

Mutation of aromatic to aliphatic amino acids

The existing reports state that certain aromatic amino acids
residues present in the domain-I and II mediates primary
interaction of the toxin with the host receptors, and muta-
tion in these domains by aliphatic residues could weaken
the interaction with the host. Therefore, necessary mutations
were performed in ETX protein by substituting the aromatic
amino acids with the aliphatic amino acids at its respective
positions in wild type using BIOVIA Discovery Studio 4.5
Visualizer (BIOVIA, San Diego, CA, USA).

Molecular dynamics (MD) simulations

MD is an advanced computational tool that predicts and ana-
lyzes physical movements of atoms and molecules during
macromolecular structure-to-function interactions. It allows
atoms and molecules to interact for a specific time, illustrating
the dynamic ‘evolution’ of the system (Durrant & McCammon,
2011). In order to confirm the binding modes of macromole-
cules and to obtain a comprehensive impression of protein-
protein complexes, MD simulations of ETX (wild), ETX
(mutated), MAL, ETX (wild)-MAL, ETX (mutated)-MAL, pre-
simulated ETX (wild)-pre-simulated MAL, and pre-simulated
ETX (mutated)-pre-simulated MAL complexes were performed
using the Desmond program. The top four heterodimeric pro-
tein-protein complexes from HawkDock were subjected to
100 ns of MD simulation. The MD protocol followed a series of
steps including minimization, heating, equilibration, and pro-
duction run. The protein-protein complexes were minimized
using the OPLS4 force field and topology and atomic coordi-
nates were obtained automatically. The compound was then
placed in an SPC solvent model orthorhombic box (15 �
15� 10Å), and the physiological pH was neutralized by add-
ing 0.15M NaCl. The water box was configured using the

Particle Mesh Ewald (PME) boundary condition to ensure that
no solute atoms occurred within 10Å distance of the border.
The entire system was simulated at 300 K for 100 ns using the
NPT ensemble. The structural alterations and dynamic behav-
iour of the protein were analyzed using root mean square
deviation (RMSD) and root mean square fluctuation (RMSF)
graphs. RMSD measures the difference between the backbones
of a protein from its initial structural conformation to its ultimate
position, while RMSF identifies the flexible regions of a protein
or complex (Aier et al., 2016). Intermolecular bonds between
protein-protein interaction complexes were visualized using
DimPlot.

Principal component analysis (PCA)

Essential Dynamics (ED) or Principal Component Analysis (PCA)
is a statistical technique that reduces the high-dimensional
motional data sets into a small subset of principal components
(PCs), separating collective motions from local dynamics and
finally defining it. Essential dynamics (ED) approach was used to
perform PCA, with the essential_dynamics.py tool at Desmond
module of Schrodinger Maestro v 2022.4 to accomplish the
coordinated motions in the Apo, and Holo states of the
proteins.

Results

Screening of domain sites

The InterPro-EMBL-EBI database has revealed the presence of
I, II and III domains in ETX protein at various locations. The
amino acids from 16 to 67 of ETX protein codes for Domain
I, & II and the rest codes for domain III (Figure S2a and S2b).

Model generation and mutation of aromatic amino
acids to aliphatic (Alanine)

I-TASSER generated five models, and the best one(s) was
selected based on the C-score. The selected model was vali-
dated using SAVES server, considering various parameters.
The final model obtained was found to be stable (Figure S1a
and S1b and Table S1).

Considering the existing reports on strong interactions
between toxin (ETX) and host mediated by certain aromatic
amino acids residues present in the domain-I and II of toxin
protein, mutations were performed at positions Tyr17, Tyr29,
Tyr33, Tyr35, Tyr 42, Tyr 43, Tyr49, Phe50, Phe62, Tyr63 of
ETX domain I and II with alanine residues which could
weaken the interaction with the host.

Molecular rigid docking

HawkDockweb server produced 10 highest-rankedmodels of pro-
tein-protein interaction (PPI) with varying binding energies for
each of the four combinations (non-simulated ETX (wild) with non-
simulated MAL, non-simulated ETX (mutated) non-simulated MAL,
pre simulated ETX (wild) with pre-simulated MAL, pre-simulated
ETX (mutated) with pre-simulated MAL). The non-simulated ETX
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(wild) with non-simulatedMAL, non-simulated ETX (mutated) non-
simulated MAL, pre simulated ETX (wild) with pre-simulated MAL,
pre-simulated ETX (mutated) with pre-simulated MAL protein
complex models with highest binding affinity �50.22 kcal/mol,

�52.49 kcal/mol, �31.45 kcal/mol and �33.85 kcal/mol were
selected for further computational analysis. The PPI heterodimeric
non-simulated ETX (wild) with non-simulated MAL protein docked
complex (Figure 1a and Figure S4A) revealed nine Hydrogen

Figure 1. (a) The protein–protein interaction of non-simulated Epsilon toxin (ETX-wild) with non-simulated Myelin and lymphocyte (MAL) protein. (b) The protein–
protein interaction of non-simulated Epsilon toxin (ETX-mutated) with non-simulated Myelin and lymphocyte (MAL) protein. (c) The protein–protein interaction of
pre-simulated Epsilon toxin (ETX-wild) with pre-simulated Myelin and lymphocyte (MAL) protein. (d) The protein–protein interaction of pre-simulated Epsilon toxin
(ETX-mutated) with pre-simulated Myelin and lymphocyte (MAL) protein.
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bonds with an average of �3.057Å which signifies the strong
interaction between both the proteins, the PPI heterodimeric non-
simulated ETX (mutated) non-simulatedMAL protein docked com-
plex (Figure 1b; Figure S4B) revealed one salt bridge and three
Hydrogen bonds with an average of�3.120Å. Compared to wild-
type, mutated complex had a smaller number of H bonds, signify-
ing a decrease in interaction with host protein. Similarly, the PPI
heterodimeric pre-simulated ETX (wild) with pre-simulated MAL
(Figure 1c; Figure S5A), represented seven Hydrogen bonds with
an average of �2.962Å. Compared to pre simulated wild, pre-
simulated ETX (mutated) with pre-simulatedMAL protein complex
represented four Hydrogen bonds with an average of �3.089Å
(Figure 1d; Figure S5B).

Trajectory analysis of MD simulations

In the current investigation, we have employed the MD
simulations of eight systems ETX (wild), ETX (mutated), MAL,
PPI heterodimeric complex of non-simulated ETX (wild) with
non-simulated MAL, non-simulated ETX (mutated) non-
simulated MAL, pre simulated ETX (wild) with pre-simulated
MAL, pre-simulated ETX (mutated) with pre-simulated MAL
using Desmond suit (Schr€odinger Release 2022-4: Maestro,
Schr€odinger, LLC, New York, NY, 2022) in order to understand
the dynamic behaviour, and mode of binding in all the sys-
tems. The targeted proteins and protein–protein complex
structures were considered from the final docked structures, as
discussed above. To evaluate the stability of the docked com-
plexes and receptor structural rearrangements, a 100ns MD
simulation was conducted. The dynamic stability of both the
complexes was determined by analyzing the RMSD profile of
the backbone atoms at 100ns, as depicted in Figure 2(A)–(D).

The backbone RMSD graph of heterodimeric non-simulated
ETX (wild)-MAL complex revealed a stable trajectory after
40ns of simulation upon comparison with non-simulated het-
erodimeric ETX (mutated)-MAL complex which exhibited even
higher deviations after 40ns. The non-simulated heterodimeric
ETX (wild)-MAL complex depicted a stable trajectory with
RMSD value between �3.6 and �5.0Å after 40ns as com-
pared to the heterodimeric non-simulated ETX (mutated)-MAL
complex with RMSD value between �2.6 and �6.8 Å from 40
to 100ns. This suggests that those mutations may have desta-
bilizes the protein-protein interactions by changing its con-
formation. Similarly, the heterodimeric pre-simulated ETX
(wild)-MAL complex revealed a stable trajectory up to 80ns of
simulation upon comparison with non-simulated heterodi-
meric pre-simulated ETX (mutated)-MAL complex which exhib-
ited higher deviations throughout the simulation time period
with RMSD value between �2.0 and �9.8 Å. This again sug-
gests that those mutations may have destabilizes the protein-
protein interactions by changing its conformation.

To validate the RMSD result, RMSF was used to observe the
mobility of residues in both states. RMSF plots were created
for this purpose, as shown in Figure 3(A)–(D) and Figure S6.

Overall, the heterodimeric non-simulated ETX (mutated)-
MAL complex exhibited higher fluctuations than the heterodi-
meric non-simulated ETX (wild)-MAL complex, indicating
restricted movements in the wild state throughout the

simulation. In the mutated state, amino acid residues 20–25,
60–90, 180–210, and 285–300 showed greater deviations in
their Ca atoms compared to other regions, possibly due to
weaker interactions. Similarly, the heterodimeric pre-simulated
ETX (mutated)-MAL complex showed higher fluctuations than
the heterodimeric pre-simulated ETX (wild)-MAL complex.
Approximately 10 terminal residues from both the C- and N-
terminal ends displayed greater deviations in both states,
which can be ignored. The RMSF plots suggest that the muta-
tions increase the mobility of residues in the mutated state.

The secondary structure elements (SSE) distribution by
residue index of intermolecular heterodimeric pre-simulated
ETX (wild)-MAL and pre-simulated ETX (mutated)-MAL com-
plexes for each trajectory frame over the course of the simu-
lation, and monitoring of each residue and its SSE
assignment over time are represented in Figure S3(a)–(d).

H-bond analysis

The course of MD simulations was used to track the intermo-
lecular hydrogen bonds of both the wild and mutated com-
plex states, as shown in Figure 4(A)–(D). Throughout the
simulation time, a variable number of intermolecular hydro-
gen bonds were observed in all four wild and mutated com-
plexes of both non-simulated and pre-simulated states
during the post-MD analysis. Nine H-bonds with an average
atomic distance of �2.918 Å was represented in case of Post
MDS of non-simulate ETX (wild)-MAL complex, and three H-
bonds with average atomic distance of �2.958 Å in case of
Post MDS of non-simulate ETX (mutated)-MAL complex was
depicted. Similarly, two H-bond with an average atomic dis-
tance of �2.791 Å was represented in case of Post MDS of
pre-simulate ETX(wild)-MAL complex and seven H-bonds
with an average atomic distance of �3.050 Å was repre-
sented in case of Post MDS of pre-simulate ETX(mutated)-
MAL complex.

The number of H-bonds was directly proportional to the
stability of the complex over the entire simulation time.
During simulations of heterodimeric non-simulated ETX (wild)-
MAL complex, H-bonds forming residues such as Thr97,
Thr140, Ser230, Thr99, Gly175, Asn176, and Val177 of ETX
(wild) were broken, but later novel H-bond (Tyr64, Thr136,
Tyr64, Thr97, Thr138, Asn137, Asn228, Ser230), salt bridge, van
der Waals and hydrophobic contacts were compensated
(Figure 4A). Thr138 did not compensate which indicates its
importance in stabilizing the toxin-host interaction. Similarly,
heterodimeric non-simulated ETX (mutated)-MAL complex,
H-bonds forming residues such as Ser 142 of ETX (mutated)
was broken, but later novel H-bond (Ser130, ILE49) van der
Waals and hydrophobic contacts were compensated (Figure
4B). Gln43 did not compensate which indicates its importance
in stabilizing the toxin-host interaction. In case of pre-simu-
lated ETX (wild)-MAL complex, H-bonds forming residues such
as Tyr48, Ser184, Ser207, Asp218 of ETX (wild) were broken,
but later novel H-bond (Ile49, Phe47), salt bridge, van der
Waals and hydrophobic contacts were compensated (Figure
4C), whereas of pre-simulated ETX (mutated)-MAL complex,
H-bonds forming residues such as Asn19, Ser184, Glu217 of ETX
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(mutated) were broken, but later novel H-bond (Arg23, Ser186,
Ser205, Asn51), salt bridge, van der Waals and hydrophobic con-
tacts were compensated (Figure 4D). Asp46 did not compensate
which indicates its importance in stabilizing the toxin-host
interaction.

The post MD analysis depicted a change in the number of
hydrogen bonding residues in all states, but there was a forma-
tion of salt bridge in post MDS of non-simulated wild state and
deletion of salt bridge in post MDS of non-simulated mutated
state. Subsequently, a salt bridge was found in both post MDS

Figure 2. (A) RMSD plot of heterodimeric non-simulated ETX (wild)-MAL complex in MD simulation study. (B) RMSD plot of heterodimeric non-simulated ETX
(mutated)-MAL complex in MD simulation study. (C) RMSD plot of heterodimeric pre-simulated ETX (wild)-MAL complex in MD simulation study. (D) RMSD plot of
heterodimeric pre-simulated ETX (mutated)-MAL complex in MD simulation study.
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of pre-simulated ETX-(wild and mutated)-MAL complex states
but with the change in the interacting residue. This may be due
to change in the position of PPI interactions during MDS which
reflects attaining and loosing of potential interactions against
the targeted protein during the course of simulation time.

Principal component analysis (PCA)

The covariance matrix of the backbone atoms in every simu-

lation protocol was used to set and constrain the flexibility

of the Apo and Holo states. The motion of the Apo and Holo

Figure 3. (A) RMSF plot of heterodimeric non-simulated ETX (wild)-MAL complex in MD simulation study. (B) RMSF plot of heterodimeric non-simulated ETX
(mutated)-MAL complex in MD simulation study. (C) RMSF plot of heterodimeric pre-simulated ETX (wild)-MAL complex in MD simulation study. (D) RMSF plot of
heterodimeric pre-simulated ETX (mutated)-MAL complex in MD simulation study.
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states in phase space was captured by the trajectory projec-
tions from PC1 and PC2. The projection of trajectories onto
the first two principal components (PC1 and PC2) showed

the motion of Apo and Holo state of the wild and mutated
heterodimeric PPI complex in phase space, as depicted in
Figure 5(A)–(G).

Figure 4. (A) The heterodimeric non-simulated ETX (wild)-MAL complex formed intermolecular hydrogen bonds, electrostatic interactions, and hydrophobic con-
tacts after the MD simulations. The image is drawn by DIMPLOT tool. (B) The heterodimeric non-simulated ETX (mutated)-MAL complex formed intermolecular
hydrogen bonds, electrostatic interactions, and hydrophobic contacts after the MD simulations. The image is drawn by DIMPLOT tool. (C) The heterodimeric pre-
simulated ETX (wild)-MAL complex formed intermolecular hydrogen bonds, electrostatic interactions, and hydrophobic contacts after the MD simulations. The
image is drawn by DIMPLOT tool. (D) The heterodimeric pre-simulated ETX (mutated)-MAL complex formed intermolecular hydrogen bonds, electrostatic interac-
tions, and hydrophobic contacts after the MD simulations. The image is drawn by DIMPLOT tool.
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The scattering cloud of PCA plots represents higher flexibility
in ETX (mutated) compared to ETX (wild), heterodimeric non-
simulated ETX (mutated)-MAL complex compared to heterodi-
meric non-simulated ETX (wild)-MAL complex, but in case of
heterodimeric pre-simulated ETX (wild)-MAL complex and het-
erodimeric pre-simulated ETX (mutated)-MAL complex there
was a small flexibility, this may be due to motion and remotion
of arrangements of atoms during the dual time course of 100ns
simulation time frame. The ‘Cross-correlation matrix’ of the Ca-
displacement showed that all residues in the ‘ETX (wild and
mutated)’ protein ‘heterodimeric ETX-Mal complex (non- and
pre-simulated)’ suffer both negatively (shown in blue colors)
and positively (shown in red shades) associated motions (Figure
6A–G), which supports the protein’s random movement.

The vectorial representation of the individual components
indicated the direction of motion. The projection vectors dis-
played the majority of internal and external motions. After
graphing, sharp porcupine plots curves (Figure 7A–G). The
porcupine projection depicted inward motion/projection non-
simulated ETX (wild)-MAL complex, and outward projection in
heterodimeric pre-simulated ETX (mutated)-MAL complex,
which represent the change in the motion and flexibility. Like
wise outward motion/projection in heterodimeric pre-simu-
lated ETX (wild)-MAL complex, and inward projection in het-
erodimeric pre-simulated ETX (mutated)-MAL complex, this
may be due to motion and remotion of arrangements of
atoms during the dual time course of 100ns simulation time
frame.

Figure 5. The cloud represents the projection of trajectories (PC1 and PC2). PCA of (A) ETX (wild), (B)ETX (mutated), (C) MAL, (D) Heterodimeric non-simulated ETX
(wild)-MAL complex, (E) Heterodimeric non-simulated ETX (mutated)-MAL complex, (F) Heterodimeric pre-simulated ETX (wild) MAL complex and (G) Heterodimeric
pre-simulated ETX (mutated) MAL complex.
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Discussion

Pathogenesis of enterotoxaemia is due to the toxins pro-
duced by C. perfringens and the type of toxins produced are
according to its toxinotypes Viz., A, B, C, D and E and later
two more toxinotypes F and G were included (Pawaiya et al.,
2020). The key toxin being a pore forming toxin viz., epsilon
toxin (ETX) is produced by C. perfringens type B and D. The
disease is predisposed by change in the gut environment to
anerobic medium by carbohydrate-rich grain diet or predis-
posing factors like tapeworm infestations (Singh et al., 2018).
The anaerobic gut environment aids in the multiplication of
C. perfringens and elaboration of its toxins especially the
most virulent ETX (Gangwar et al., 2022). The epsilon toxin is
initially released as a protoxin but gets activated upon pro-
teolytic cleavage by proteases like trypsin or chymotrypsin
which eventually binds to the host cell receptors. Many

researchers in the past studied the pathological effects
of epsilon toxin which includes enterocolitis, vascular
endothelial damage leading to edema in lungs, brain,
kidneys etc. (Kumar et al., 2019; Uzal & Kelly, 1998).
These studies aided in understanding of the histopath-
ology and cellular events induced by ETX eventually
leading to the ET in domestic animals. Also various
molecular events in terms of transcriptional response in
hosts at gene level were studied, but the receptor level
interaction of epsilon toxin still requires more light. Also, the
cellular events after the binding of the ligand to the host recep-
tor which includes oligomerization and pore formation have
been well studied recently, besides ETX deletion mutants (Etx-
DS188-F196 and Etx-DV108-F135) with mutation in the binding
and insertion domains which affected the pore-forming ability
were generated in a wet-lab study previously (Dorca-Ar�evalo
et al., 2022). Although the ETX-host receptor interaction and

Figure 6. Comparative study of cross-correlation matrices of backbone atoms of (A) ETX (wild), (B)ETX (mutated), (C) MAL, (D) Heterodimeric non-simulated ETX
(wild)-MAL complex, (E) Heterodimeric non-simulated ETX (mutated)-MAL complex, (F) Heterodimeric pre-simulated ETX (wild) MAL complex and (G) Heterodimeric
pre-simulated ETX (mutated) MAL complex.
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the molecular events were elucidated in the past (Manni et al.,
2015), but the actual mechanism underlying the binding pro-
cess was not completely understood. Khalili et al. (2017) con-
ducted an in silico study in the past to assess the ETX and its
receptors HAVCR1 and MAL and found the involvement of aro-
matic amino acid residues in the Hydrogen bond with effective
binding. But modulation in the binding activity of receptor pro-
tein due to tweaking of the ligand region has not been studied
in silico and not explored yet. Hence, in the current computa-
tional assisted study we have conducted the molecular dynam-
ics based analysis of the receptor ‘MAL’ protein and its
interaction with ‘wild’ as well as ‘mutant’ epsilon toxin. The lig-
and ETX is known to contain aromatic amino acid residues
which aids in the primary interaction with the host receptors,
and in the current study the aromatic residues (tyrosine/pheny-
lalanine) were mutated to aliphatic residues (alanine) in order
to study its effect on the host receptors.

The ETX has three domains I, II and III, of which domain I
contains aromatic acids like tryptophan and multiple tyrosine
residues which contribute to the receptor binding (Dorca-
Ar�evalo et al., 2022). MD simulations have been conducted in
the current study for ETX (wild)-MAL and ETX (mutated)-MAL
complexes. The PPI heterodimeric ETX (mutated)-MAL protein
complex simulation portrayed a lesser number of H bonds
with decreased interaction with the host protein. A similar
picture was observed in a wet-lab based previous study
involving a deletion mutant of epsilon toxin (Etx-DS188-
F196) that lacks the loop forming domain 1 which portrayed
major differences in the binding pattern in comparison with
the wild-type ETX (Dorca-Ar�evalo et al., 2022).

Another host cell receptor Hepatitis A virus cellular recep-
tor I (HAVCR1) and its interaction was studied previously in a
wet-lab study which reported four induced mutations at
tyrosine residues 29,30, 36 and 196 which were substitute

Figure 7. Comparative study of porcupine plot of vectorial motion of (A) ETX (wild), (B) ETX (mutated), (C) MAL, (D) Heterodimeric non-simulated ETX (wild)-MAL
complex, (E) Heterodimeric non-simulated ETX (mutated)-MAL complex, (F) Heterodimeric pre-simulated ETX (wild) MAL complex and (G) Heterodimeric pre-simu-
lated ETX (mutated) MAL complex.
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with Glutamic acid affecting the host cell permeability and
cytotoxicity). This reiterates the fact that substitution of cer-
tain aromatic amino acid residues with aliphatic residues
could lead to weakened the binding to host receptor as per
our findings with the ETX–MAL receptor PPI. Similarly
another study in the past (Bokori-Brown et al., 2013) that
altered the surface amino acid residues of ETX viz., Tyrosine
residues 16, 20, 29, 30, 36 and 196 were all mutated to
Alanine (ETX-H149A) in the domain-I which considerably
reduced its binding and cytotoxicity to MDCK.2 cells.

Conclusion

The cellular events that leads to the development of
Enterotoxaemia is very important to understand the pathogen-
esis, but the structural and functional analysis governing the
Epsilon toxin and host cell interaction is a key for the initiation
and development of the disease. The cytotoxic effect caused by
ETX again depends upon the binding to the cell and their pro-
tein-protein interaction. Hence, we tried to find an answer to
this key question, as to how the alteration in the functional resi-
dues of epsilon toxin modulated the receptor binding through
a computational approach. The epsilon toxin that contains
three domains among which the domain-I and II contain essen-
tial aromatic residues are key to the cellular binding. In the cur-
rent study, we altered 10 aromatic amino acid residues in these
domains to aliphatic residues and found significant reduction in
the binding efficiency and hydrogen bonds compared to the
wild type ETX-MAL during protein-protein interactions. A snap-
shot into the molecular events during interaction of ETX-MAL
complex has thrown light on the functional facets of the cellular
pathogenesis. The findings from this study could definitely pro-
vide a much needed impetus in designing the novel vaccine for
Enterotoxaemia in goats.
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