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Abstract

Bacillus thuringiensis (Bt) is a soil-dwelling, Gram-positive bacterium that
produces proteins with specific toxic effects against invertebrate organisms. These
toxins specifically target insects. This study examined a hypothetical Bt protein for
its potential toxicity to mammals. The hypothetical protein was analyzed using
various bioinformatics tools, including NCBI BLAST and conserved domain tools.
The physicochemical properties were assessed using ExPasy ProtParam, and
homology models were generated through automated services. The analysis revealed
that the hypothetical protein is a thiol-activated cytolysin, a pore-forming toxin that
targets mammalian cells with a signature motif. The toxin has a molecular weight of
52.6 kDa, and its instability index is 25.73, indicating it is stable under physiological
conditions. Furthermore, the toxin is expected to exhibit thermal stability, as
evidenced by its aliphatic index of 79.52. Three homology modeling services were
used, homology modeling identified anthrolysin O, a thiol-activated cytolysin with
97.53% sequence identity, as the closest template. The Swiss model demonstrated
superior validation compared to others. The protein folds into four functional
domains characteristic of thiol-activated cytolysins: domain 3 likely forms beta-barrel
channels, domains 1 and 2 are involved in oligomerization, and domain 4 recognizes
cholesterol. Docking analysis revealed hydrophobic binding interactions with 8 of 11
residues in the cholesterol signature motif, including a hydrogen bond with Gly474
(2.29 A). In conclusion, Bt produces a thermostable cholesterol-dependent cytolysin
that shows strong similarity to anthrolysin O and perfringolysin O.

Keywords: Bacillus thuringiensis, Cholesterol dependent cytolysin, Protein
modelling, Pore-forming toxin, Thiol-activated cytolysin.
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1. Introduction

The thiol-activated cytolysin family, also referred to as cholesterol-dependent cytolysin
(CDCs), comprises a group of pore-forming toxins produced by several Gram-positive bacteria.
These toxins are characterized by their ability to lyse cholesterol-containing membranes,
reversible deactivation by oxidation, and binding to cholesterol. All of these toxins have a
single cysteine residue (thiol group) in their C-terminal domain, which was established to be
necessary for cholesterol binding [1]. Additionally, this family has an undecapeptide sequence
(ECTGLAWEWWR) known as a signature motif; all the members belonging to this family
share the same motif. This motif has an essential role in pore formation during toxicity [2].
These pore-forming toxins are initially produced as monomers (water-soluble 50-70 kDa),
forming a complex of circular homo-oligomeric consisting of as many monomers (40 or more)
when attached to the target cell. Following several conformational changes in the protein
domains, a structure of B-barrel transmembrane (~250 A in diameter, depending on the toxin)
is formed and embedded into the target cell membrane. Once the toxin forms the pore (~250 A
in diameter), which is spacious enough to allow the loss of essential molecules for the cell
survival, such as amino acids, nucleotides, small and large proteins, as well as ions Ca**, and
Na“, K*3, the cell's integrity is compromised.

Bacillus thuringiensis known as (Bt), can synthesize various classes of toxins that target
invertebrates, mainly insects, including a parasporal crystal containing crystal (Cry) and
cytolytic (Cyt) toxins (also known as collectively 6-endotoxins) during sporulation [4].
Vegetative insecticidal proteins (Vip), and secreted insecticidal protein (Sip). Since they are
pathogenic to insects, they have been used as biological pesticides [5]. Additionally, these
toxins have been widely used in transgenic plants. Bt can produce various proteins, including
41.9-kDa toxin and beta exotoxins. Proteins related to cholesterol-dependent cytolysins have
been reported in some B. thuringiensis strains, such as B. thuringiensis subsp. Kurstaki [6].
Interestingly, certain Bt toxins that lack insecticidal activity have been demonstrated to have
anticancer activity. It produces proteins known as parasporins (PSs), which have cytotoxic
effects on different human cancer cells. These proteins are categorized into six groups, PS1 to
PS6, each with specific anticancer mechanisms. PS3 and PS6 are pore-forming toxins that
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disrupt the plasma membrane of cancer cells. PS2, a member of  pore-forming toxins
(aerolysin-type), is a promising therapeutic agent for cancer treatment owing to its potent and
specific cytotoxicity towards human cancer cells without disrupting ordinary cells [7].
Understanding protein function, including their interactions with other molecules, necessitates
knowledge of a protein's structure. X-ray crystallography techniques can be used to determine
the molecular structure of a protein. However, in some cases, it is hard to determine the protein
structure experimentally. Homology modelling can be used to predict a protein's molecular
structure using a known experimental structure of a homologous protein as a template [8].
Molecular modelling is based on the fact that naturally occurring proteins with sequence
identity usually have similar molecular structures [9]. Today, numerous bioinformatics tools
have been developed to predict three-dimensional protein structures, and in many cases, these
predictions closely resemble the actual structure. Predicted structures can be very useful tools
for examining protein structure-function relationships [8].

The main goal of this study was to investigate the physicochemical characteristics of a novel
thiol-activated cytolysin variant synthesised by B. thuringiensis. This was accomplished by
utilizing several bioinformatics tools and constructing a protein model to facilitate structural
analysis.

2. Materials and methods
2.1 Protein analysis

The whole genome sequence and isolate of B. thuringiensis were graciously provided by
Professor Dr. Colin Berry from the School of Biosciences at Cardiff University in Cardiff,
United Kingdom. The DNA sequence corresponding to a hypothetical protein was extracted
from the complete genome and subsequently subjected to a comprehensive analysis of the
protein sequence, encompassing structural modelling, functional annotation, and protein
analysis. Initially, the DNA sequence was analyzed using the Basic Local Alignment Search
Tool (BLAST) available at https://blast.ncbi.nlm.nih.gov/Blast.cgi. The blastx tool [10] was
employed to convert the DNA sequence into a corresponding protein sequence. The NCBI
conserved domains tool and InterPro were employed to ascertain the protein family and
significant domains (https://www.ncbi.nlm.nih.gov/Structure/cdd/ wrpsb.cgi). The SignalP 5.0
Server, available at http://www.cbs.dtu.dk/services/SignalP/, was employed for signal peptide
prediction. The physical parameters of the protein, including the number of amino acids,
molecular weight, theoretical isoelectric point (pl), instability index, extinction coefficient, and
aliphatic index, were determined using the expert protein analysis system (ExPASy) available
at www.expasy.org [11]. The process of constructing models for protein structures involved the
utilisation of automated services specifically designed for homology-modeling. These services,
namely Swiss-model [12], I-TASSER [13], and Phyre [14], were employed in the model-
building process. A Swiss-model structure assessment tool was used for model validation and
structure evaluation [12]. PyMOL software was used for visualisation and graphical
representations of protein structure.

2.2 Docking study

The validated model that outperformed the others was selected for docking using the Auto
Dock Tool version 1.5.7 [15]. The docking calculations were performed using the default
values. No water molecules were considered. 30 output poses were obtained for cholesterol.

3. Results
3.1 DNA sequence analysis

The result of the nucleotide BLAST search of a hypothetical protein revealed that the target
DNA sequence has 99.85% sequence identity with Bacillus weihenstephanensis strain WSBC
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10204 (GenBank: CP009746.1). This DNA sequence of Bacillus weihenstephanensis belongs
to the anthrolysin O family (cholesterol-dependent cytolysin), a pore-forming toxin family
member. The target DNA sequence was translated into a protein using blastx for protein
sequence analysis.

3.2 Protein classification

The analysis of conserved domains revealed the presence of two conserved domains within
the protein. The initial conserved domain identified was the thiol-activated cytolysin, followed
by the thiol-activated cytolysin beta-sandwich domain. The Ilatter domain has an
immunoglobulin-like shape and is located at the C-terminus of the thiol-activated cytolysin
protein. Additionally, the conserved domains tool and InterPro have classed the protein as
belonging to the thiol-activated cytolysin family protein. This protein is known for its ability
to generate pores and lyse host membranes that contain cholesterol. Moreover, InterPro has
identified the final domain as perfringolysin O domain. Based on these findings, it can be
inferred that the target protein exhibits characteristics typical of a thiol-activated cytolysin,
belonging to the pore-forming toxin family. In order to differentiate between the hypothetical
protein produced by the B. thuringiensis strain and other members of thiol-activated cytolysins,
it has designated as thurinolysin.

3.3 The signature motif of thiol-activated cytolysin

The undecapeptide sequence, which is 11 amino acids (ECTGLAWEWWR), is the most
highly conserved region in the primary structure of the thiol-activated cytolysins and is
unknown as a signature motif for these toxins. Changes in this motif's primary structure
significantly impact the pore-forming mechanism of the thiol-activated cytolysins, which use
cholesterol as their receptor on the target cell [3]. Thurinolysin protein shares the same
signature motif, as shown in Figure 1. This result confirms that the thurinolysin protein is a
member of thiol-activated cytolysins.

Signature motif

Thurinolysin SWDEFTFDONGKEVLTHKTWDGSGRDKTARYSTVIPFPPNSKNIKIVARECTGLAWEWWR| 481
Anthrolysin O SWDEFTFDQNGKEVLTHKTWEGSGKDKTAHYSTVIPLPPNSKNIKIVARECTGLAWEWWR| 458
PerfringolysinO  AWDEVSYDKEGNEVLTHKTWDGNYQDKTAHYSTVIPLEANARNIRIKARECTGLAWEWWR| 468
Streptolysin O LWDEINYDDKGKEVITKRRWDNNWYSKTSPFSTVIPLGANSRNIRIMARECTGLAWEWWR| 539
Pneumolysin TWDELSYDHQGKEVLTPKAWDRNGQDL TAHFTTSIPLKGNVRNLSVKIRECTGLAWEWWR| 444

***.':*.:*:**:* ' *: & g *: ::* **: X :*: ' Kkkkk ok kok % % X

Figure 1: The undecapeptide sequence motif (signature motif, ECTGLAWEWWR, pointed by
a red colour square) shared between the thiol-activated cytolysins. Anthrolysin O (Accession:
WP _003163758.1), perfringolysin O (Accession: WP _003462918.1), streptolysin O
(Accession: WP_010921831.1), pneumolysin (Accession: WP_088781280.1).

3.4 Physicochemical characteristics

The SignalP 5.0 server [16] was used to determine the signal peptide of thurinolysin protein.
The findings of the study unveiled the specific location of the cleavage site occurring at
residues 34 and 35. Furthermore, it was noted that the protein was secreted via the general
secretion system known as (Sec-pathway). The first 34 residues were identified as the signal
peptide. A total of 34 residues were eliminated from the sequence in order to generate the
mature protein for subsequent investigation.
Different physicochemical properties of the mature thurinolysin protein were examined using
the EXPASy ProtParam tool. The number of amino acids is 478, with a molecular weight of



Auhim et al. Iraqi Journal of Science, 2026, Vol. xx, No. x, pp: xx

52648.97 Da and a theoretical pl of 6.07. The extinction coefficient of thurinolysin protein is
62800 M! cm™!, at 280 nm measured in water. The instability index was computed to be 25.73.
The instability index of a protein lower than 40 is predicted as stable, while above that, it is
unstable [17]. Based on this result, thurinolysin protein classifies as a stable protein. The Al
of thurinolysin protein was 79.52, indicating that this protein is thermally stable as well as
contains a high amount of hydrophobic amino acids.

3.5 Structural modelling of thurinolysin protein
3.5.1 Identification of a template

The first and most critical step in homology modeling is identifying the optimal template
structure to serve as the basis for the model [18]. The simplest and most straightforward
approach for this template identification process is to perform serial pairwise sequence
alignments against sequence databases, such as those supported by the BLAST. Utilizing the
BLAST tool from the ExPASy server to systematically search the PDB for similar structural
templates is a well-established and commonly used approach in homology modeling. The
selection of appropriate template structures is based on several factors, including length of the
sequence alignment, E-value from the BLAST search (ideally E-value < 0.005 for a good
match), percent sequence identity between the query and template, BLAST score. 26 different
templates that have various % identities and E-values were identified. Thiol-activated cytolysin
for Bacillus anthracis (Accession 3CQF _A) has the best E-value of zero, and the % identity
was 97.53%. The phylogenetic tree result of crystal structures and the protein query (Unknown,
yellow colour) placed the query protein in the same branch with B. Anthracis, as depicted in
Figure 2.

»Desulfobulbus propionicus DSM 2032
Streptococcus pneumoniae

Streptococcus pneumoniae

Streptococeus pneumoniae
firmicutes | 3 leaves
Streptococcus pneumoniae
Streptococcus pneumoniae D39
Streptococcus pneumoniae D39
‘ﬁrmicums and high G+C Gram-positive bacteria | 8 leaves
Streptococcus pyogenes SSI-1
Streptococcus pyogenes A20
Clostridium perfringens
Clostridium perfringens
Clostridium perfringens str. 13
Clostridium perfringens
& “Clostridium perfringens
@unknown
Bacillus anthracis

Figure. 2: Phylogenetic tree for templates and query protein (unknown)

3.5.2 Homology building

To obtain preliminary structural information on thurinolysin protein, an in silico modelling
approach was employed. The thurinolysin protein was modeled using automated protein
structure homology-modelling services. Three models were built by Swiss-model, - TASSER
and Phyre services, as depicted in Figure 3. First, the closest available homologues in the PDB
as a template were searched using the above services. Results showed that all the templates
belong to the thiol-activated cytolysin family protein produced by different bacteria. The
template with the highest identity (97.53, BDP code: 3cqf) is a molecular structure of the
anthrolysin O (thiol-activated cytolysin) produced by B. anthracis, which has been selected for
model building.
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The three models generally exhibit similar overall folding, with minor variations mainly
observed in the N-terminal region, especially in the Phyre model. However, due to various
algorithms used for protein structure prediction and building a model, distinct models may be
generated for a given protein sequence [19]. Therefore, a high-quality model must be selected
for further studies based on model validation.

Swiss model I-TASSER model Phyre model

Figure 3: Thurinolysin models generated by different automated protein structure homology-
modelling services.

3.5.3 Model validation

Numerous studies have analyzed the correlation between sequence identity and model
accuracy, typically measured by metrics like root-mean-square deviation (RMSD) or global
distance test scores. Generally, a trend of decreasing model accuracy is observed as sequence
identity drops: At sequence identities above 50%, models tend to have RMSD values less than
2A from the true structure. In the 30-50% sequence identity range, RMSD values typically fall
between 2-4A. Below 30% sequence identity, RMSD values can exceed 4A, with larger
variations in model quality [20]. The template used for building the thurinolysin model shares
97.53 sequence identity; therefore, the level of model accuracy should be high. However,
models evaluation by the Swiss-model structure assessment tool shows that the Swiss model
was the best among the others based on different validation criteria. In contrast, Phyre model
has a lower quality with plenty of errors, as illustrated in Table 1. Consequently, the Swiss
model was selected for structural analysis.

Table 1: Validation criteria for the evaluation of thurinolysin models.

Validation criteria Swiss model I-TASSER model Phyre model Ideal case
MolProbity Score 1.76 2.52 3.07 As low as possible
Clash Score 2.30 2.39 85.28 As low as possible
Ramachandran Favored 95.60% 79.46% 84.12% As high as possible
Ramachandran Outliers 1.05% 6.98% 6.67% As low as possible
Bad Bonds 0 0 238 Zero

Bad Angles 24 52 384 Zero




Auhim et al. Iraqi Journal of Science, 2026, Vol. xx, No. x, pp: xx

3.5.3.1 Ramachandran validation

A Ramachandran plot interprets phi-psi torsion angles for all residues in the structure. It is
a crucial tool for analyzing and validating the geometry and conformations of protein
structures, and the behaviour of glycine and proline residues is particularly noteworthy [21]
(Table 1).

3.5.3.2 ERRAT validation

The ERRAT program is another important tool used to assess the overall quality and
accuracy of protein structure models, complementing the information provided by the
Ramachandran plot. The ERRAT program works by calculating an "overall quality factor" for
the input protein structure. This quality factor is based on the statistics of non-bonded
interactions between different atom types in the structure. The ERRAT score represents the
percentage of the protein residues that fall below the 95% confidence limit for reliable no-
bonded interactions. Ideally, the majority of residues (80-100%) should fall below the 95%
confidence limit, indicating good overall quality. Scores below 70% may suggest issues with
the structural model, such as incorrect atom placements, steric clashes, or other problematic
non-bonded interactions [22]. In this study, the ERRAT validation outputs for the thurinolysin
model showed an overall score of 87.5 % and had the problematic areas appearing in residues
around amino acids 70, 100, 140, 370, and 390, as shown in Figure 4. ERRAT indicated that
these problematic residues were located far from the active site. As a result, the thurinolysin
model successfully passed the validation by ERRAT.

| I = o - o
120 140 160 180 20 Z0 240 60 ZRD - o ) 7
Residue # (window center) Residue # (window center)

Figure 4: ERRAT validation for the thurinolysin model.

3.5.3.3 Verify 3D validation

The program generates a 3D/1D profile score for each residue, indicating this compatibility.
For a high-quality protein structure, at least 80% of the amino acids should have a 3D/1D
profile score of 0.1 or greater. Scores below 0, indicating poor compatibility between the 3D
structure and the 1D sequence, can point to potential errors in the structural model [23]. The
thurinolysin model passed with a value of 81.21% of the residues, with an average 3D-1D score
>= (.1, as illustrated in Figure 5.

@ 0,4 A Q2 A v oQ & :s_‘ L oy 2 & 5N L0 SA N 3oy F s ol R % P o \:_': PR B

N \ 5] el E <\ ~ S P, - A8 D oA D Y A AR N R N ) g e
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Figure 5: Verify 3D validation for the thurinolysin model
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3.5.4 Structural analysis of thurinolysin

The Swiss model of thurinolysin protein, as shown in Figure 6, has overall the same folding
as other members of cholesterol-dependent cytolysin, such as anthrolysin O produced by B.
anthracis (97.53 sequence identity), perfringolysin O produced by Clostridium perfringens
(72.98 sequence identity), streptolysin O produced by Streptococcus pyogenes (63.64 sequence
identity), pneumolysin produced by Streptococcus pneumoniae (41.42 sequence identity). The
structure of the cholesterol-dependent cytolysin member typically consists of four domains,
each serving a particular function during the transformation from prepore to pore form
(oligomerization state). Domain 1 and domain 2 (D1 and D2) play a role in oligomerisation,
domain 3 (D3) is responsible for channel formation by forming - hairpins, which ultimately
insert into the membrane, and domain D4 is responsible for the initial membrane recognition
and binding [24].

Thurinolysin Anthrolysin O Perfringolysin O Streptolysin O Pneumolysin
Swiss model

Figure 6: Comparison between the thurinolysin Swiss model with related thiol-activated
cytolysin. Anthrolysin O (BDP code: 3cqf), perfringolysin O (BDP code: 1pfo), streptolysin O
(BDP code: 4hsc), pneumolysin (BDP code: 4zgh). Cartoon representations of the proteins
were generated by PyMOL software
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D2

Domain \/
D3 — .
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D4 Signature
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j motif

Figure 7: A model structure of thurinolysin generated by Swiss model service coloured by
domain. Domain 1 is coloured red, domain 2 is coloured yellow, domain 3 is coloured green,

and domain 4 is coloured blue with undecapeptide sequence (ECTGLAWEWWR) coloured
orang. A cartoon representation of the model was generated by PyMOL software.

<

The similarity between the thurinolysin protein model and other cholesterol-dependent
cytolysin proteins may provide insight into regions involved in the thurinolysin mechanism of
action of thurinolysin. This is due to the similarities in their key functions: D1 and D2
oligomerisation domains, domain D3 B-barrel channel formation, and domain D4 as
recognition and binding domain, which contains the signature motif, as depicted in Figure 7.

Despite the similarities between cholesterol-dependent cytolysin proteins in terms of overall
structure, domain conformation, and general function. Alterations in the conformation of a
signature motif and the orientation of D4 result in functional variances [25]. Subsequent
examination of the model revealed that the structural configuration of the signature motif
exhibited a greater similarity, precisely an identical resemblance, to that of perfringolysin O
compared to other members of the cholesterol-dependent cytolysin family, as demonstrated in
Figure 8. This similarity could indicate that they attracted the same target.
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R468 4
ECTGLAWEWWR -
Signature motif

Figure 8: Structural alignment of domain 4. A Structural alignment of domain 4 of thurinolysin
Swiss model (blue colour) and perfringolysin O, BDP code: 1pfo (green colour). B Structural
alignment of a signature motif (ECTGLAWEWWR).

3.6 Docking of cholesterol

The docking was performed using MOE for the thurinolysin Swiss model. The cholesterol
substrate was docked in the Swiss thurinolysin model to see how it interacted with the model
and to identify the amino acids that interacted with the substrate, as shown in Figure 9. The
docking result for the thurinolysin Swiss model is given in Table 2. Docking was performed,
resulting in a binding energy of - 5.25 Kcal/mol, with interactions between 12 amino acid
residues and the ligand. In addition, cholesterol was observed to form hydrogen bonds with
Gly474 and Thr503 at a distance of 2.29 A°.

-~ A S——_Glya45
»
@ \D Gina1g
?\?}‘ )\i‘% al416
® L B
o) 11 D
B 73

Figure 9: Docking of thurinolysin Swiss mode with cholesterol. (A and B): 3D structure of
thurinolysin Swiss mode with cholesterol (in red), compared to undecapeptide sequence
(ECTGLAWEWWR)(in green). (C): 2D interaction of docked cholesterol with specific amino
acids of thurinolysin Swiss mode.
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Table 2: Amino acid residues interact with cholesterol.

Binding energy (Kcal/mol Hydrophobic interactions Hydrogen bonds

Val 416, Glu,418, Asp447, Glud71, Cys472, Thrd73,
Leu 475, Ala 476, Trp477 and Trp 480

-5.25 Gly474 and Thr 503

4. Discussion

Bioinformatics analysis of whole genomic sequences of bacteria advances our knowledge
about the distribution of virulence factors and other proteins. A hypothetical protein in Bt whole
genomic sequences was subjected to several bioinformatics tools. Based on the results of The
NCBI conserved domains and InterPro tools, this hypothetical protein belongs to the pore-
forming toxin family, also known as the cholesterol-dependent cytolysin family. These two
bioinformatics tools classified bacterial toxins into families based on sequence similarity and
domain functions from experimental data. In order to differentiate between various members
of thiol-activated cytolysins, they were named based on the microorganism responsible for
their production. This nomenclature involved combining the initial portion of the
microorganism's name with the suffix "olysin." For instance, B. anthracis produces anthrolysin
O [26], Clostridium perfringens produces perfringolysin O [27], Streptococcus pyogenes
produces streptolysin O [28], and Streptococcus pneumonia produces pneumolysin [29]. The
hypothetical protein, produced by the Bacillus thuringiensis strain, has been named
thurinolysin, using the conventional nomenclature for thiol-activated cytolysin. Another
evidence that confirms the thurinolysin protein is a member of thiol-activated cytolysin family
was the presence of the signature motif. In molecular biology, a signature motif or sequence
motif is an amino-acid sequence pattern that is widespread and usually assumed to be
connected to the same biological function of the macromolecule [30].

The signal peptide in thurinolysin was predicted and subsequently removed to obtain a
mature protein in order to achieve a precise characterization of the thurinolysin protein.
Extracellular toxins are produced with a signal peptide in the cytoplasm of bacteria. As the
protein is translocated from the cytoplasm to the environment via any of the secretion systems,
the signal peptide is cleaved, resulting in the release of the mature protein into the environment
[31]. The physicochemical properties of a protein are essential for studying and
characterization of the protein. It is important to calculate an amino acid sequence's theoretical
isoelectric point (pI) and molecular weight (Mw), as these values determine the general area of
a 2D-gel where a protein of interest may be detected. The extinction coefficient of a protein is
known as the amount of light that a protein absorbs at a specific wavelength. When purifying
a protein, it is helpful to have an estimate of this coefficient to monitor the protein with a
spectrophotometer [32]. The aliphatic index (AI) of thurinolysin was 79.52, indicating the
thermally stable of the protein. The Al is known as a positive factor for the increase of
thermostability of proteins and is defined as the relative volume occupied by aliphatic side
chains (valine, leucine, isoleucine, and alanine). Proteins with Al ranging from 66.5 to 84.33
are known as thermally stable proteins [33].

There will always be some inaccuracies in any molecular model; the number of errors varies
according to the target and template's percentage of sequence identity. The target and template
have significantly distinct structures if the sequence identity between them is 20% or less [34].
Consequently, the target and template cannot be used for modelling due to the significant
number of errors will be considerable, and the model will be inaccurate. Models with a
sequence identity ranging from 20% to 90% exhibit a decreasing level of accuracy. In contrast,
a sequence identity greater than 90% results in a precise model that, with a few single-side
chain exceptions, may be compared to an experimentally determined structure [35]. Therefore,
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thurinolysin model is predicted to be an accurate model as the template used in the model
building shares a significant sequence identity (95.61).

However, three models were built using different bioinformatics tools that used diverse
algorithms for protein structure prediction and building models. As a result, a model with
excellent quality needs to be chosen for further research based on model validation. One of the
most common validations is the Ramachandran plot validation, it was used to assess the model
quality. This validation predicted the structural stereochemical property of the model by
measuring the protein's y—¢ main-chain torsion angles, the Ramachandran plot is an approach
to identifying energetically preferred regions for backbone dihedral angles in protein structure
[21]. MolProbity is a web-based structure-validation service that evaluates the model quality
for proteins globally and locally. However, the models' validation is dependent on the intended
use. For docking studies with ligands, additional evaluation is necessary, particularly for the
active site, and reliable models should have accuracy around the active site.

The basis for molecular modelling is the observation that naturally occurring proteins with
identical sequences generally have the same three-dimensional structures and functions [13].
This explains the high similarity between the model of thurinolysin protein and anthrolysin O
(the template with 95.61 sequence identity) and other cholesterol-dependent cytolysins.
Structural analysis and similarity with cholesterol-dependent cytolysins, especially
perfringolysin O, may give insight into the general function of thurinolysin as a pore-forming
toxin that undergoes a conformational change from pre-pore to pore form (oligomer) during
toxicity, and recognize and targeting the same cells in mammalians.

Conclusions

The integration of multiple bioinformatics methods presents an effective strategy for the
investigation of proteins. By using only the DNA sequences of proteins, it is possible to predict
and identify various aspects related to protein classification, domain recognition, and
physicochemical characteristics. These characteristics include molecular weight, theoretical
isoelectric point (PI), extinction coefficient, instability index, and the aliphatic index (AI).
These estimations provide preliminary insights into the protein under investigation. The
inclusion of such information is crucial in experimental investigations related to proteins. The
utilization of protein structural modelling, with a template with a high level of sequence
identity, can predict protein functions and link structures to activities. Bt has the capability to
synthesize a wide range of toxins that can selectively target both invertebrates and mammalian
cells. Moreover, Bt can produce a cholesterol-dependent cytolysin toxin that exhibits both
thermostability and a significant degree of sequence identity with anthrolysin O. Furthermore,
this toxin exhibits structural similarities with perfringolysin O, which may indicate the
similarity in the targeting cells.

Perspectives for Future Research

Produce the thurinolysin protein recombinantly and study its ability to bind with cholesterol
and toxicity against mammalian cells, as well as study the anticancer activity of thurinolysin
against different human cancer cells.
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