ISSN: 2583-7354

International Journal of

Emerging Knowledge Studies

i L. A Publisher’s Home Page: hitps [ www.ijeks. com.)
Dpen nowled

Fully Open Access Research Paper

In Silico Epitope Mapping and Structural Modelling of Tp0751 for
Multi-Epitope Vaccine Design Against Treponema pallidum

Omkar Khalkar!* " Prachi2 ** Tanishka Chansoriya3 ** Shruti Pandey*
1Student, MSc medical Biotechnology, D Y Patil International University, Pune, India.
2Student, MSc medical Biotechnology, D Y Patil International University, Pune, India.
3Student, MSc medical Biotechnology, D Y Patil International University, Pune, India.
4Student, MSc medical Biotechnology, D Y Patil International University, Pune, India.

DOI: https://doi.org/10.70333 /ijeks-04-08-025

*Corresponding Author: omkarkhalkar14@gmail.com

Article Info:- Received : 13 April 2025 Accepted : 25 May 2025 Published : 30 June 2025

Syphilis is a serious and life threatening sexually transmitted infectious disease caused
by treponema pallidum. It is a gram-negative spiral-shaped bacterium that can affect almost
any organ and spread to the whole body. This infection can pass from one to another through
sexual contact or from mother to child during pregnancy. There is an urgent need for an
effective vaccine against this infection to provide long-lasting protection as it has been ranked
the second deadliest sexually transmitted disease after AIDS. This study involves vaccine
designing using the predicted T cell and B cell epitopes. Out of the several membrane protein
Tp07510 (pdb id: 5]K2) was selected as it is a surface exposed protein which is highly accessible to
immune system, therefore they can be good vaccine candidate. It also plays role immune envasion and
pathogen host interaction. It consists of several chains (A, B, C, D, E, F,I) among with chain A was selected
because it showed immunogenicity and potentially triggered T cell responses, making it a strong
candidate for B cell and T cell epitope mapping. Antigenicity, allergenicity, toxicity, solubility was checked
of the selected epitopes. The final vaccine candidate sequence was checked for several parametres on
protparam. The vaccine candidate was docked with the Toll Like Receptor 2,3,4 which showed high
binding affinity which can as a potential candidate.

Keywords: Treponema Pallidum, Syphilis, Immunoinformatic, Epitopes, Vaccine, Tp0751, Immune
Simulation.
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1. INTRODUCTION to spirochaetaceae family. Species including T.
Treponema is a spiral shaped bacteria that pallidum, T. endemicum and T. pertenue are
lives in a low oxygen environment which belongs responsible for diseases like syphilis, endemic
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syphilis, and yaws. Only three stains of T. pallidum
have been fully sequenced. These bacteria spread
through human contact only. Syphilis is the most
deadly STD after AIDS which can cause damage to
multiple organs (Khan, 2023). The WHO reported
12 million new syphilis cases, mostly in
developing countries, where innate syphilis led to
many miscarriages and infant deaths in 1999.
Even though T. pallidum is responding to
antibiotics, syphilis is remerging in recent years .

Syphilis and AIDS have a similar mode of
transmission. Syphilis can persist for many years if
left untreated. It progresses through different
stages: early stage (includes primary, secondary
and early latent syphilis) and late stage (includes
latent syphilis and tertiary forms). Syphilis has
reemerged in several developed countries even
with the availability of advanced diagnostic tools
and effective treatment. Widespread outbreaks
occurred in Russia and China, mainly affecting
heterosexual populations during 1990s. smaller
outbreaks were reported among homosexual men
in many countries. A rise in syphilis cases among
pregnant women has been reported more recently
in the U.S. Globally, there are about 2million new
syphilis cases reported annually.

Syphilis in its early stages (primary and
secondary) significantly increases the risk of HIV
transmission, making it a key factor in the spread
of HIV and contributing to the rising number of
syphilis cases. Research from the 1960s and 1970s
showed that erythromycin was not effective in
treating syphilis during pregnancy, likely because
it doesn’t cross the placenta well. Despite being
used for over 70 years, penicillin is still very
effective against Treponema pallidum, the bacteria
that causes syphilis. Azithromycin, an oral
antibiotic, has become more widely used due to
challenges with other treatments, but resistance to
this drug has been reported in many parts of the
world. Recent reviews indicate a growing number
of syphilis cases in developed countries,
highlighting the urgent need for improved
diagnostic methods and the development of an
effective vaccine.

Around 20 outer membrane protein(OMP)
antigens have of T. pallidum have been identified
so far. Among which Gpd antigen, Tp92 antigen,
and Tpr family antigens have been extensively
studied for their cellular locations, structures,
functions, and gene conservation. These OMPs are
believed to stimulate animals to produce opsonic
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antibodies, which help the immune system
recognize and eliminate T. pallidum through
phagocytosis. Tp92 antigen stands out as a
promising vaccine candidate due to its strong
similarity across different strains, good ability to
stimulate the immune system, and potential for
protection. The Tp92 gene from the Nichols strain
shows 95.5-100% sequence similarity with other
Treponema species, making it a strong option for
creating vaccines that could offer broad protection
against the Nichols strain and other T. pallidum
variants.

Introducing a new drug to the market still
typically takes around 10-15 years and requires
substantial financial investment, even though
there are major advancements in high throughput
screening and synthetic chemistry speeding up
drug development. In silico approaches have been
increasingly used to study bacterial pathogens,
leading to the discovery of many drug-resistant
targets and cases where effective vaccines are
lacking recently. Reverse vaccinology has been
widely used and efficient strategy for rapidly
identifying new vaccine candidates, in the post
genomic era. This study applies reverse
vaccinology along with subtractive genomics to
identify vaccine candidate and potential
therapeutic targets for treating syphilis.

2. METHODS AND MATERIALS
2.1. Target protein sequence extraction

The amino acid sequence of the protein
Pallilysin from Treponema pallidum (Nichols
strain) was retrieved from the NCBI database.
Treponema pallidum outer membrane protein was
searched and the protein Tp07510 (pdb id: 5]K2)
was selected. Its FASTA sequence was
downloaded. BLAST was performed for the
sequence to check the presence of the non-
homologous sequence in humans. It turned out to
be non-homologous which means it can be an ideal
vaccine candidate. Further its properties were
analysed using Protparam tool which proved that
the protein was stable.

2.2. Epitope prediction
> B cell epitope prediction: B-cell epitopes
are regions of a protein that stimulate
antibody production. We will predict linear
B-cell epitopes using IEDB (Immune
Epitope Database). To predict B-cell
epitopes, the selected protein's FASTA
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sequence is submitted to the IEDB Analysis
Resource (https://www.iedb.org/), using
the B-cell epitope prediction tool. The
Bepipred Linear Epitope Prediction
method is then used to analyze the
sequence. After running the tool, regions
with scores equal to or above the threshold
of 0.5 are identified as potential linear B-
cell epitopes. These high-scoring epitope
sequences are then saved for further

analysis, such as immunogenicity
assessment, structural mapping, or vaccine
design.

> T cell epitope prediction: T-cell epitopes
bind to MHC (Major Histocompatibility
Complex) molecules, activating the
immune response. MHC1 and MHC11
epitopes were predicted using IEDB. To
identify potential T-cell epitopes, the
FASTA sequence of the target protein is
uploaded to the
IEDB(https://www.iedb.org/) MHC-l and
MHC-II prediction tools. Common HLA
alleles are selected to ensure broad
population coverage. The prediction is then
run, and epitopes with strong binding
affinity—indicated by IC50 values less than
500 nM—are identified as strong binders.
These top-scoring epitopes are saved for
further analysis, such as immunogenicity
testing, population coverage studies, or
incorporation into multi-epitope vaccine
constructs.

2.3. Evaluation of Predicted T and B cells
Epitopes for Antigenicity,

Allergenicity, and solubility and toxicity:
The selected epitopes should be highly antigenic
and non-allergenic to be considered good vaccine
candidates.to assess the antigenicity of predicted
epitopes, the sequences are submitted to the
VaxiJen server
(http://www.ddgpharmfac.net/vaxijen/Vaxi]e
n/VaxiJen.html). By selecting the bacterial model,
the tool evaluates the epitope’s potential to act as
an antigen based on its physicochemical
properties. A VaxiJen score greater than 0.4 is
considered indicative of strong antigenicity,
suggesting that the epitope is likely to elicit an
immune response. High-scoring epitopes are
selected for further validation and potential
inclusion in vaccine design. To evaluate the
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allergenicity of the selected epitopes, their
sequences are uploaded to the AllerTOP server
(https://www.ddg-pharmfac.net/AllerTOP/).
This tool predicts whether an epitope is likely to
cause an allergic reaction based on its
physicochemical properties and known allergen
data. Epitopes classified as non-allergenic are
preferred, as they are safer and more suitable for
vaccine development. Only those predicted to be
non-allergenic are selected for further
immunological and structural analysis.

The solubility of the selected epitope
sequences was analyzed wusing PepCalc
(https://pepcalc.com). Each epitope sequence
was entered into the tool in the one-letter amino
acid format, and the “Calculate Peptide Properties”
option was selected. The tool evaluated various
properties, including net <charge and
hydrophobicity, and provided a solubility
prediction. Peptides classified as “likely soluble”
were considered suitable, while those predicted to
be insoluble were excluded from further analysis.
The solubility data was recorded for each epitope
to assist in selecting the most promising vaccine
candidates. The toxicity of the selected epitope
sequences was analyzed using the

ToxinPred server
(https://webs.iiitd.edu.in/raghava/toxinpred/
). The "Designing and Prediction of Toxic Peptides"
module was used, where each epitope sequence
was entered in one-letter amino acid format. The
SVM (Swiss-Prot based) method was selected for
toxicity prediction, and the analysis was
performed using the "Only prediction of toxicity"
option. After submission, the server classified each
epitope as either toxic or non-toxic based on its
physicochemical properties. Epitopes predicted to
be non-toxic were shortlisted for further vaccine
development, while toxic peptides were excluded
from the study.

2.4. Population Coverage Analysis

The global distribution of HLA alleles was
considered to assess the potential reach of the
predicted T-cell epitopes. Population coverage
analysis was carried out using the IEDB Population

Coverage Tool
(http://tools.iedb.org/population/). All
shortlisted  epitopes along with their

corresponding HLA alleles were submitted to the
server. The tool estimates the percentage of
individuals within different ethnic groups that
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would be able to present at least one of the
predicted epitopes, based on documented HLA
allele frequencies. The output included three key
parameters: (i) population coverage (%),
representing the fraction of individuals predicted
to respond; (ii) average hit, the mean number of
epitope-HLA combinations recognized per
individual; and (iii) PC90, the minimum number of
epitope-HLA combinations recognized by 90% of
the population. Coverage was analyzed separately
for MHC class I and MHC class Il epitopes, as well
as in a combined analysis.

2.5. Final vaccine candidate (final vaccine
sequence).

Epitopes that satisfied all predefined
criteria were concatenated using linker peptides
to create the final vaccine construct. These linkers
played a crucial role, as they not only enabled the
structural assembly of the vaccine as an
independent immunogen but also enhanced the
production of higher antibody titers compared to
isolated epitopes. Furthermore, the use of
specialized peptide linkers facilitated the selection
of epitopes for fusion applications. For instance,
the GPGPG linker sequence was shown to
effectively inhibit the formation of junctional
epitopes and optimize the antigen presentation
pathway, a critical process for engaging helper T
lymphocyte (HTL) epitopes (Alexander et al.,
1998). To augment immune stimulation, an
appropriate adjuvant was conjugated with EAAAK
at the N-terminal of the vaccine. This integrative
strategy ensured a robust and precisely targeted
immune response.

2.6. Vaccine properties

The vaccine sequence was analyzed for
allergenicity and antigenicity using the AllerTOP
and VaxiJen v 2.0 servers, respectively.
Subsequently, the ProtParam tool was utilized to
predict the physicochemical properties of the
sequence. Parameters such as molecular weight,
theoretical isoelectric point (pl), total number of
negatively and positively charged residues,
instability index, aliphatic index, extinction
coefficient, and the grand average of
hydropathicity (GRAVY) were assessed to inform
and support the experimental study.
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2.7.Secondary and tertiary structure analysis
To determine the proportions of secondary
structures in the final designed vaccine, the
PSIPRED v3.3 and SOPMA servers were used. The
amino acid sequence of the vaccine construct was
submitted to the trRosetta server to predict its
three-dimensional structure. The predicted
tertiary structure was subsequently refined using
the GalaxyRefine server to improve its overall
quality and stability. The structural integrity of the
refined model was then evaluated using the
PDBsum server, with particular emphasis on the
Ramachandran plot. This diagram provided
a graphical assessment of the model by analyzing
the distribution of residues across different
conformational zones: outliers, allowed, and
favored. These zones corresponded to various
backbone dihedral angles (phi ® and psi {), with
residues in the fevered region indicating the most
stable and commonly observed conformations.
Finally, Discovery Studio was employed to
visualize the three-dimensional structure of the
vaccine construct.

2.8. Immune simulations

To advance our comprehension of the
immune response elicited by the engineered
vaccine, we utilized the C-IMMSIM server, a
distinguished bioinformatics platform known for
its proficiency in simulating and assessing the
vaccine’s potential to activate a wide spectrum of
immune cells. This analysis included B cells, T
cells, macrophages, natural killer (NK) cells,
dendritic cells, as well as the production of
cytokines, which are critical mediators inimmune
responses. In our in-silico simulations, we
administered three distinct doses of the vaccine at
four-week intervals. All the parameters, including
simulation volume, HLA molecules, random seed,
vaccine injections, and adjuvants, were maintained
at their default settings. The objective of
conducting the simulation under these specified
conditions was to obtain an unaltered
representation of the immune response to the
multi-epitope vaccine.

2.9. Molecular docking

Molecular docking has become an advanced
computational method for assessing the complex
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interactions between proteins and their
corresponding receptors. Within the framework of
inflammatory responses induced by the bacterium
Treponema pallidum, Toll-like receptors TLR4,
TLR2, and TLR3 have been identified as playing
crucial roles. The structures of TLR4 (PDB ID:
4G8A), TLR3 (PDB ID: 1ZIW), and TLR2(PDB ID:
6NIG) were retrieved from the Protein Data Bank
in PDB format. The HDock server, which
specializes in High Ambiguity Driven protein-
protein Docking, was employed for docking
studies between the vaccine and the receptor. The
HDock server was employed to calculate the
binding free energy of vaccine-TLR complexes
using the molecular mechanics/generalized Born
surface area (MM-GBSA) method. This combined
computational approach improved the accuracy
and reliability of the analysis, allowing for a
deeper understanding of the molecular
interactions within the complexes. The binding
affinity, was estimated through MM-GBSA to

ISSN: 2583-7354
evaluate the strength of the vaccine-TLR
interactions. To further explore the specific
residue interactions within the complexes, the
PDBsum server was used. Additionally, the three-
dimensional structures of the vaccine-TLR
complexes were visualized using discovery studio
software.

2.10. Molecular dynamics simulations:

Molecular dynamics (MD) simulation is a
computational approach used to study the
behaviour of molecular systems over time at the
atomic level. It enables the exploration of intricate
atomic and molecular interactions and
movements. In this study, MD simulations were
conducted to evaluate the dynamic behavior of
atoms involved in the interactions and to assess
the binding affinity of the vaccine-TLR complexes.
The simulations were carried out using iMODS
server this server evaluate the structural stability
and flexibility of the protein-ligand complex
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Fig-1: The flowchart represents the overall methodology for developing a multi-epitope subunit
vaccine construct.
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Table-1: Physicochemical Properties of the Selected Protein (TP0751)

Estimated Half-life

No | Property Value

1 Number of Amino Acids 167

2 Molecular Weight 18,130.39 Da
3 | Theoretical pl 8.50

4 | Extinction Coefficient (M™*cm™) 19,480

5 | Absorbance at 0.1% (1 g/L) 1.074

6

30 hrs (mammalian, in vitro);
>20 hrs (yeast); >10 hrs (E.

coli)
7 | Instability Index (II) 49.30 (Classified as unstable)
8 | Aliphatic Index 80.18
9 | GRAVY (Grand Average of Hydropathicity) | -0.231 (Hydrophilic)
10 | Total Atoms 2,531
11 | Molecular Formula Cs00H1250N2420236S3

12 | Positively Charged Residues (Arg + Lys) 14

13 | Negatively Charged Residues (Asp + Glu) | 13

3. RESULTS

The anticipated characteristics and
properties of Tp0751 protein are detailed in Table
1. These characteristics provide advantage for
constructing multi-epitope vaccines, making this
protein particularly favorable for vaccine
expression.

Further, the B cell and T cell epitope are
selected from the protein sequence.

3.1. Epitope prediction and screening

The B cell epitope of these protein was
predicted using the IEDB server. The Antigenicity,
Allergenicity, solubility and toxicity were
evaluated. In the context of vaccine development,
the B cell epitope should be non-allergenic, high
antigenicity, non-toxic properties and good water
soluble. A detailed summary of the resultsis given
in Table 2, where three B cell epitope were
selected.

Table-2: The linear B cell epitope of T. pallidum (Tp0751) protein.

5 27 | SHGNAPPAPYV yes Good water non- NON- 23
GGAAQTHTQ solubility. toxin ALLERGEN
PPVQ
56 66 | QTEISPNSGDI yes Good water non- NON- 11
solubility. toxin ALLERGEN
89 99 | IFLVDSAHTH yes Good water non- NON- 11
R solubility. toxin ALLERGEN

3.2. Identification of T cell epitopes

The T cell epitope (MHC class 1 and MHC
class 2) of Tp0751 protein utilizing the [IEDB MHC
I and MHC 2 binding servers. These predicted
epitopes were subsequently evaluated for the
antigenicity, allergenicity, solubility and toxicity
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analysis to exclude those not meeting the
established criteria. After that the selection of five
MHC class 1 and seventeen MHC class 2 epitope
was identified for vaccine development, as in
Table 3,4.
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Table-3: The MHC class 1 epitope of Tp0751 protein.

Peptide Antigenicity | Solubility Toxicity | Allergenicity Rank
score
EHAEITFSR yes Good water solubility. | non-toxin | NON-ALLERGEN | 0.1
HTHRKTVSF yes Good water solubility. | non-toxin | NON-ALLERGEN | 0.03
LVDSAHTHRK | yes Good water solubility. | non-toxin | NON-ALLERGEN | 0.37
SAHTHRKTV yes Good water solubility. | non-toxin | NON-ALLERGEN | 0.2
SSIRRRLEV yes Good water solubility. | non-toxin | NON-ALLERGEN | 0.25
Table-4: The MHC class 2 epitope of Tp0751 protein.
Peptide Antigeni | Solubility Toxicity | Allergenicity Rank
city score
DGQYTRYHAGPASAP | yes Good water solubility. | non-toxin | NON-ALLERGEN | 0.03
AVIHVRAVEDVARLK | yes Good water solubility. | non-toxin | NON-ALLERGEN | 0.87
DGQYTRYHAGPASAP | yes Good water solubility. | non-toxin | NON-ALLERGEN | 0.03
FESHAVIHVRAVEDV | yes Good water solubility. | non-toxin | NON-ALLERGEN | 4.3
IRRRLEVTFESHAVI yes Good water solubility. | non-toxin | NON-ALLERGEN | 5.1
ISSIRRRLEVTFESH yes Good water solubility. | non-toxin | NON-ALLERGEN | 3.5
NTAISSIRRRLEVTF yes Good water solubility. | non-toxin | NON-ALLERGEN | 3.1
RIALWNRATHGEQGA | yes Good water solubility. | non-toxin | NON-ALLERGEN | 4.4
RLEVTFESHAVIHVR | yes Good water solubility. | non-toxin | NON-ALLERGEN | 1.7
RNTAISSIRRRLEVT yes Good water solubility. | non-toxin | NON-ALLERGEN | 2.8
RRLEVTFESHAVIHV yes Good water solubility. | non-toxin | NON-ALLERGEN | 1.3
RRRLEVTFESHAVIH yes Good water solubility. | non-toxin | NON-ALLERGEN | 1.6
SIRRRLEVTFESHAV yes Good water solubility. | non-toxin | NON-ALLERGEN | 1.6
SSIRRRLEVTFESHA yes Good water solubility. | non-toxin | NON-ALLERGEN | 1.7
TAMRIALWNRATHGE | yes Good water solubility. | non-toxin | NON-ALLERGEN | 3.4
TRNTAISSIRRRLEV yes Good water solubility. | non-toxin | NON-ALLERGEN | 5.4
VQEIFLVDSAHTHRK | yes Good water solubility. | non-toxin | NON-ALLERGEN | 0.18
& =
~__ E ”
\5\

Y »,—,""J'/f,‘fy 'X!
2L TOER

(2

Fig-2: Predicted 3D structure of T. pallidum vaccine constructs, visualized by discovery studio.

3.3. Population Coverage Analysis

The population coverage analysis
demonstrated that the selected epitopes provide
broad global representation. For MHC class I, the
epitopes showed 98.55% worldwide coverage,
with an average hit of 10.85 and a PC90 value of
5.76 (Figure X). For MHC class II, the coverage was
slightly lower at 81.81%, with an average hit of
6.71 and PC90 of 2.20 (Figure Y). When epitopes
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from both classes were combined, the global
coverage increased markedly to 99.74%, with an
average hit of 17.56 and a PC90 value of 10.06
(Figure Z). These results indicate that the designed
multi-epitope construct has the potential to
provide nearly universal population coverage,
supporting its suitability as a broad-spectrum
vaccine candidate.
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Fig-3: Figure X. Global population coverage of predicted MHC class I epitopes (98.55%). Figure Y.
Global population coverage of predicted MHC class II epitopes (81.81%). Figure Z. Combined MHC
class I and Il population coverage (99.74%).

3.4. Final Constructed vaccine Antigenicity /
Allergenicity / Solubility / Toxicity Validation:

In silico validation of the designed multi-
epitope vaccine construct. The antigenicity score
(0.9226) indicates that the constructis a probable
antigen. Allergenicity analysis classified the
construct as a non-allergen, showing similarity
with ARID1A from Homo sapiens. The vaccine also
demonstrated good water solubility and was
predicted to be non-toxic. These properties
collectively suggest that the vaccine candidate is
safe, soluble, and capable of eliciting an immune
response.

3.5. Construction of epitope-based vaccine
Multi-epitope vaccine construction. The

ultimate vaccine design comprised epitopes,

specifically the L7 /112 ribosomal protein used as

a adjuvant for construction because The L7/L12
ribosomal protein was used as an adjuvant due to
its strong immunogenicity, ability to activate
TLR4, and enhancement of antigen presentation
through increased MHC expression and cytokine
production. Its non-toxic and stable nature made it
suitable. The L7/L12 ribosomal protein as
adjuvant at the N-terminal to enhance the
immunogenicity.

An EAAAK linker was used to separate the
adjuvant from the epitope region, ensuring
structural stability. Multiple T cell and B cell
epitopes were incorporated and linked using
GPGPG linker to facilitate proper antigen
processing. After that using the protparam server
the property of constructed vaccine were studied
Table 5.

Table-5: Constructed vaccine physio-chemical property.

NO Parameter Value
1 Number of Amino Acids 615
2 Molecular Weight 63,428.21 Da
3 Theoretical pl 9.80
© 2025 Volume: 04 Issue: 06 | June - 2025 Page 950
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Total Atoms

8,907

Molecular Formula

C2778H4423N873083083

Extinction Coefficient (280 nm)

16,960 M~*cm™

Absorbance (0.1% solution) 0.267
Instability Index (II) 36.21 (Stable)
Aliphatic Index 70.16

=[O |00 (|0 | Ut

GRAVY (Hydropathicity)

-0.439 (Hydrophilic)

Adjuvant
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Fig-4: The secondary model of the designed vaccine. (A) the amino acid composition of the vaccines.
(B) The secondary structure prediction results of SOPMA server. (c) The secondary structure
prediction result of PSIPREDV3.3 server.
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3.6. Secondary structure prediction

The secondary structural characteristics of
the constructed vaccine, as analyzed by the SOPMA
server and PSIPREDV server, are presented in
figure 3. The sequence comprises 2.60% alpha
helix, 0.81%extended strand, beta turns and
50%random coils.

3.7. Tertiary structure prediction

Following the prediction by the trRosetta
server, the tertiary structure model was submitted
to the galaxy refine server for structural
refinement. The tertiary structure was visualized
using discovery studio. The galaxy refines model
Figure 4, underwent validation using the pdbsum
server and ERRAT server. The analysis conducted
using the ERRAT server score is 85.78.

3.8. Immune simulations

The Immsin server was used for immune
simulations. the simulation showed that the
immune system mounted an effective and well-
organized response following antigen exposure. B
cell were quickly activated, resulting in the
formation of memory B cell and strong production
of IgG1 antibodies, which help in the long-term
immunity. Plasma B cell peaked around day 10,
while TH1 cells dominated the T cell response. the
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immune activity over time, indicating proper
regulation and long-term immunity Figure 5(A).

The simulation showed that cytotoxic T cell
maintained a fairly stable population, with the
active and duplicating cells decreasing over time
while anergic cell increased. NK cells fluctuated
slightly but remained with a stable rang.
Macrophages become more active and engaged in
antigen processing and presentation. Dendritic
cells were initially active in antigen presentation
and then stabilized. epithelial cells remained
constant with minimal change Figure 5(B)

In the graph the antigen and antibody
response over 35 days post infection. antigen
levels increased very quickly around in 3 days. [gM
appeared first, peaking by day 10, followed by a
gradual increase in IgG which persisted longer.
The IgM+IgG+IgG1+IgG2 Immunocomplex level
this indicating an effective and sustained immune
response Figure 5(C).

IL-2 and IFN-a increased the most, with IL-
2 rising quickly around day 5 and then dropping
sharply. Others like IL-6, IL-10, and IL-23 rose
more slowly and stayed at lower levels. [L-4 and
TGF- remained low throughout. The inset graph
highlighted the strong and early response of IL-2
and IFN-a Figure 5(D).
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Fig-5: The prediction and refinement of the tertiary structure model. The 3D structure, pdbsum
server Ramachandran plot, ERRAT overall quality of the trRosetta model.
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Fig-6: Simulated immune responses generated in response to the designed vaccine. (A) (i)-(iii)
B cell responses, (iv)-(viii) T-cell responses. (B) (i) Natural Killer cells responses, (ii) Dendritic cells
responses, (iii) Macrophages responses, (iv) Epithelial cells responses. (C) Immunoglobulin responses
with respect to the vaccine exposure. (D) Cytokine responses.
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3.9. Molecular docking

TLR2, TLR3 and TLR4 were chosen as the
immune receptors due to their critical role in the
immune respone against T. pallidum. molecular
docking analyses were performed between the
multi-epitope vaccine and the immune receptors

ISSN: 2583-7354

TLR2 (PDB ID: 6NIG), TLR3(PDB ID: 1ZIW),
TLR4(PDB ID: 4G8A). the Hdock server are used
for molecular docking and binding free energy

calculation. The Hdock scores for the vaccine -TLR
complexs were -285.69, -324.10, -299.50 Table 6.

TLR2
Chain A Chain B

Phe3zz @I» @D Lys378
Arg321l @D @D Asn379

Tyr323 @ D
He319 @ @D Tyr376

Pro320 @
Leu37l @O @D Val373
His398 @ @ His398

His318 @D
Lys317 (> — @ Glu37s
Cluz75 @ @ Lys347
Tyr376 @0 @D Leu371
Phe349 0> | Phe349
@D Leu3s0
Cys382 > @D Phe322

Lys378 QD
Asn379 @0 @D Arg3zl
- Tyr323

TLR4

bt

& atorm; [GLNJ21:D.CAD (top10. pdb)

n
v’

S . "
£
v

Fig-7: The molecular docking structure in the HDock server and interaction in the PDBsum server. (A)
The 3D structure and interaction of vaccine-TLR 2 complex; (B) The 3D structure and interaction of
vaccine-TLR 4 complex.

Table-6: Molecular docking between vaccine and TLR.

NO. TLR-2 TLR-3 TLR-4
Docking score -285.69 -324.10 -299.50
Confidence score 0.9378 0.9702 0.9521
Ligand rmsd 306.31 119.57 114.18

3.10. Molecular dynamics simulations
Molecular dynamics (MD) simulation offers
a detailed, temporal insight into system dynamics
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over a broad range, enabling a comparative
assessment of the conformational integrity of the
three vaccine-TLR complexes. The iMODS server
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used to evaluate the structural stability and
flexibility of the protein-ligand complex.
Parameter such as deformability, evgenvalues, B-
facter, and convariance maps were analysed which
helps in to confirm the stability and potential

ISSN: 2583-7354
efficacy of the design vaccine candidate. Table 7
show the vaccine-TLR complex different feature
among them and it also show the Overall Stability.

Table-7: Molecular dynamics simulations between vaccine-TLR complex.

Feature Vaccine-TLR2 Vaccine-TLR3 Vaccine-TLR4
complex complex complex

Deformability High peaks at specific | Peaks showing hinge | Peaks mostly at
regions indicating | points; terminal regions;
flexible hinge areas moderate flexible hinge points

flexibility
B-factor Good match between | Good match between | Close  match  with
Match (NMA vs PDB) predicted and | NMA and PDB values experimental B-factors

experimental values

First 1.288867e-07 Lowest | 5.012986e-07 1.511050e-07
Eigenvalue (most flexible, least | Highest (least flexible, | Moderate (balanced
stable) most stable) flexibility & stability)
Variance First few modes explain | First few  modes | Initial modes contribute
Contribution majority of motion dominate the motion most to motion
Covariance Map Clear red/blue zones: | Strong red/blue | Coordinated structural
correlated and | patterns indicating | motions with clear
anticorrelated motion | communication red/blue patterns

Elastic Network Darker gray spots show

Denser dark gray areas

Mix of stiff and flexible

stiffer connections in | indicating connections
some regions stronger/stiffer
structure
Overall High Low Moderate
Flexibility
Overall Stability Low High Moderate

It was analysed that the first structure was
highly flexible that included various region that
that behave like hinges. the predicted and
experimented B factors matched having the lowest
eigenvalue. That meant it was most flexible but the
least stable one. Few modes explained the motion,
and clear patterns of movement was shown by the

(A) vaccine-T

ff

p— ‘ H
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covariance map. The elastic network showed
stiffness, but the structure showed flexibility but
less stability. The second structure was the most
stable but least flexible, with strong connections
and a higher eigenvalue. The third structure had a
mix of stiff and flexible parts, showing moderate
flexibility and stability.

Vi %]

o E[m
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(B) vaccine-TLR3 complex
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Fig-8: Molecular dynamics simulation of the vaccine-TLR complex in the iMODS server. (A)
MD simulation of the vaccine-TLR2. (B) MD simulation of the vaccine-TLR3. (c) MD simulation of the
vaccine-TLR4.

4. COMPARATIVE
PREVIOUS STUDIES:

The findings of the present study are
consistent with and extend previous efforts aimed
at vaccine development against Treponema
pallidum. Cameron et al. (2000) highlighted Tp92
as a promising candidate due to its sequence
conservation and ability to elicit opsonic
antibodies, establishing a foundation for surface-
exposed proteins as potential immunogens
(Cameron, 2000). Molini et al. (2022) further
advanced this approach by mapping B-cell
epitopes of TprC and TprD, demonstrating their
capacity to stimulate cross-protective immune
responses in treponematoses (Molini, 2022).
More recently, Khan et al. (2023) utilized
subtractive proteomics and reverse vaccinology
pipelines to identify additional antigenic targets,

ANALYSIS WITH
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underscoring the power of computational
approaches for systematic antigen prioritization
(Khan, 2023).While Jiang etal. (2025) proposed
a multi-epitope construct integrating heat shock
proteins to enhance immunogenicity (Jiang,
2025), the present study uniquely focuses on
Tp0751 (Pallilysin), a protein with critical roles in
adhesion, tissue invasion, and immune evasion. By
integrating B- and T-cell epitope prediction with
antigenicity, allergenicity, and toxicity profiling,
followed by structural refinement, docking with
TLR2/3/4, and molecular dynamics simulations,
this study provides a more comprehensive
validation pipeline. In comparison with earlier
works, the proposed Tp0751-based vaccine design
not only supports the feasibility of multi-epitope
constructs but also advances the field by
emphasizing structural stability, receptor
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engagement, and immune simulation analyses,
thereby offering a stronger preclinical rationale
for its consideration as a vaccine candidate
against T. pallidum.

5. DISCUSSION

Treponema pallidum is a highly invasive
pathogen responsible for syphilis, a disease of
major public health concern due to its ability to
cross critical protective barriers, including the
blood-brain barrier and the placental barrier.
Transmission occurs primarily through sexual
contact, where the bacterium penetrates via
mucosal membranes or microabrasions in the
skin. Although penicillin remains the standard and
highly effective treatment, syphilis cases continue
to rise globally, and reinfections are common.
These trends underscore the urgent need for a
prophylactic vaccine to curb transmission and
reinfection rates. Recent advances in syphilis
vaccine research have shown promise, with
experimental models such as C57BL/6 mice being
employed for preclinical evaluation; however, no
vaccine is yet available for public use.

Among the surface-exposed antigens of T.
pallidum, TP0751 (pallilysin) has emerged as a
particularly attractive vaccine target. This protein
plays a crucial role in host-pathogen interactions
by binding to extracellular matrix components
such as laminin and fibronectin, thereby
facilitating  tissue  colonization, vascular
penetration, and dissemination across protective
barriers. TP0751 can also disrupt intercellular
junctions, enhancing bacterial invasion. Previous
animal studies have demonstrated its
immunogenic potential, supporting its inclusion as
a candidate antigen in rational vaccine design.

In the present study, a multi-epitope
vaccine construct was designed using TP0751 as
the core immunogen. Through reverse
vaccinology, highly antigenic and non-allergenic B-
cell and T-cell epitopes were identified, followed
by screening for solubility and toxicity to ensure
construct safety. The addition of an L7/L12
ribosomal protein adjuvant and linkers (EAAAK
and GPGPG) was incorporated to enhance
immunogenicity and maintain structural stability.
Computational analyses revealed favorable
physicochemical properties, including stability,
solubility, and suitable molecular weight,
supporting the feasibility of downstream
expression and purification. Immune simulations
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predicted strong humoral and cellular immune
responses, characterized by robust IgG production
and cytotoxic T cell activation. Molecular docking
demonstrated strong binding interactions with
TLR2, TLR3, and TLR4, with TLR3 showing the
highest affinity. Molecular dynamics simulations
further confirmed the stability of the vaccine-
TLR3 complex, highlighting its potential as a
potent immune stimulator.

Importantly, the predicted interactions
with TLRs can be linked to well-established
signaling pathways. Engagement of TLR2 is known
to activate the MyD88-dependent pathway,
leading to NF-kB translocation and secretion of
pro-inflammatory cytokines such as IL-6, IL-1§,
and TNF-a, which promote innate immune
activation. Binding to TLR3 activates the TRIF-
dependent pathway, resulting in production of
type l interferons (IFN-a and IFN-f3) and enhanced
antigen presentation, which are critical for
bridging innate and adaptive immunity.
Interaction with TLR4 can trigger both MyD88-
and TRIF-dependent cascades, thereby inducing a
broad cytokine response that balances pro-
inflammatory and antiviral signaling. The strong
and stable association of the construct with TLR3,
in particular, suggests that interferon-mediated
immunity may be central to its protective potential
against T. pallidum.

Additionally, population coverage analysis
revealed that the combined set of MHC class I and
class Il epitopes achieved 99.74% worldwide
coverage. This nearly universal distribution across
diverse HLA alleles suggests that the designed
vaccine construct could elicit protective immune
responses in individuals from most ethnic and
geographic backgrounds, further supporting its
potential as a globally applicable vaccine
candidate.

Despite these encouraging findings, the
present study has several limitations. The
predictions are entirely computational and require
validation through in vitro and in vivo
experiments. Other potential antigens with lower
expression levels may have been overlooked, and
the immunogenicity and safety of the adjuvantand
linkers should be experimentally verified.
Additionally, population coverage and epitope
conservancy analyses across multiple T. pallidum
strains will further strengthen the construct’s
applicability.
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This study provides a computationally
validated multi-epitope vaccine design targeting
TPO0751 of T. pallidum. By engaging multiple TLR
signaling pathways and eliciting both humoral and
cellular immune responses in silico, the construct
represents a promising candidate for experimental
evaluation. The reverse vaccinology pipeline
employed here may also serve as a framework for
the design of vaccines against other bacterial
pathogens with similar challenges.

6. LIMITATIONS & FUTURE WORK

Despite promising outcomes, this study has
several limitations. First, as an entirely in silico
investigation, the predicted epitopes, structural
models, and immune responses require
experimental validation in vitro and in vivo.
Computational tools, although highly reliable, may
not fully capture the complexity of host-pathogen
interactions or potential off-target effects. Second,
the focus on Tp0751, while justified by its critical
pathogenic role, may overlook other potentially
synergistic antigens that could improve vaccine
efficacy. Third, although adjuvants and linkers
were incorporated into the construct, their
immunogenicity and safety must be confirmed
through laboratory and animal studies. Finally,
this study did not assess potential variations in

immune response across diverse human
populations, which may limit global vaccine
applicability.

Future work should aim to validate the
predicted epitopes and vaccine construct
experimentally through immunological assays,
including antigenicity testing, cytokine profiling,
and antibody titration in appropriate animal
models. Further exploration of additional outer
membrane proteins in combination with Tp0751
may lead to broader and more durable protection.
In addition, population coverage analyses across
different HLA alleles should be expanded to ensure
global applicability of the proposed vaccine
candidate (Bui, 2006). Incorporation of advanced
simulation methods, such as molecular dynamics
with longer trajectories and machine-learning-
assisted epitope prediction, could further refine
the construct. Ultimately, translational studies
including preclinical animal trials and phase I
clinical evaluations will be crucial to establish the
safety, immunogenicity, and protective efficacy of
this vaccine against T. pallidum.
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7. CONCLUSION
Treponema  pallidum, a  sexually
transmitted pathogen, is frequently misdiagnosed,
particularly among men who have sex with men
and are coinfected with HIV, posing a significant
threat to global health. Previous studies have
indicated that individuals with late latent syphilis
demonstrate  resistance to  symptomatic
reinfection by heterologous strains of T. pallidum.
Additionally, repeated inoculation with gamma-
irradiated T. pallidum has been shown to induce
protective immunity in rabbits. These findings
suggest that the development of protective
vaccines is a viable possibility. In the present
study, we present the development of an
innovative multi-epitope vaccine designed to
target outer membrane (Tp0751) proteins in T.
pallidum. Through the systematic screening of B
and T cell epitopes within the pathogen’s proteins,
we engineered a vaccine characterized by its
safety, non-allergenic nature, water soluble, Non-
toxic and enhanced antigenicity and specificity.
Comprehensive evaluations, including protein
structure assessment, immunoinformatics
analysis, physicochemical prediction, and
molecular dynamics simulations, confirmed that
our vaccine possesses appropriate structural,
physicochemical, and immunological properties.
The development of this vaccine holds the
potential to serve as a crucial foundation for
initiatives aimed at curbing the transmission of T.
pallidum, thereby representing a substantial
advancement in mitigating its prevalence and
impact on public health.

Acknowledgment

[ would like to express their sincere
gratitude to all individuals who contributed to the
successful completion of this study. [ acknowledge
the use of software, tools, databases used that
significantly aided our analysis.

REFERENCES

Sharpe, T.T.; Harrison, K.M.; Dean, H.D. Summary
of CDC consultation to address social
determinants of health for prevention of
disparities in HIV/AIDS, wviral hepatitis,
sexually  transmitted  diseases, and
tuberculosis. Public Health Rep. 2010, 125
(Suppl. S4), 11-15. [CrossRef]

Barbara Molini, Mark C. Fernandez, Charmie
Godornes, et al. (2022). B-Cell Epitope

Page 958



Mapping of TprC and TprD Variants of
Treponema pallidum Subspecies Informs
Vaccine  Development  for  Human
Treponematoses. Vaccines 2023, 11, 72.
https://doi.org/10.3390/vaccines11010072
Jing Jiang, Linglan Xu, Xuefeng Wang, et al. (2025).
A comprehensive strategy for the
development of a multi-epitope vaccine
targeting Treponema pallidum, utilizing heat
shock proteins, encompassing the entire
process from vaccine design to in vitro
evaluation of immunogenicityVolume 16 -
2025.
Khan, MuhammadRizwan, AdnanZeb,
MuhammadAlaaEldeen et
al.(2023).Identification of a Potential Vaccine
against  Treponema  pallidum  Using
Subtractive  Proteomics and Reverse-
Vaccinology ApproachesVaccines 2023, 11,
72 https://doi.org/10.3390/vaccines11010072
Cameron, C.E.; Lukehart, S.A.; Castro, C.; Molini,
B.; Godornes, C.; Voorhis, W.C. Opsonic
potential, protective capacity, and sequence
conservation of the Treponema pallidum
subspecies pallidum Tp92. J. Infect. Dis.
2000, 181, 1401-1413. [CrossRef]

Abramson, J., Adler, J., Dunger, J., Evans, R., Green,
T., Pritzel, A., et al. (2024). Accurate
structure  prediction of  biomolecular
interactions with AlphaFold 3. Nature 630,
493-500. doi: 10.1038/s41586-024-07487-w

Alexander, J., Fikes, J., Hoffman, S., Franke, E.,
Sacci, J., Appella, E., et al. (1998). The
optimization of helper T lymphocyte (HTL)
function in vaccine development. Immunol.
Res. 18, 79-92. doi: 10.1007/BF02788751

Andreatta, M., and Nielsen, M. (2016). Gapped
sequence alignment using artificial neural
networks: application to the MHC class |
system. Bioinformatics 32, 511-517.
doi:10.1093/bioinformatics/btv639

Avila-Nieto, C., Pedrefio-Lopez, N., Mitja, O.,
Clotet, B., Blanco, J., and Carrillo, J.(2023).
Syphilis vaccine: challenges, controversies
and  opportunities.  Front.  Immunol.
14:1126170. doi:
10.3389/fimmu.2023.1126170

Bhugra, P., and Maiti, A. (2020). Secondary syphilis.
N. Engl. J. Med. 383:1375.
doi:10.1056/NEJMicm2001103

Bui, H. H., Sidney, J., Dinh, K., Southwood, S.,
Newman, M. J., and Sette, A. (2006).
Predicting population coverage of T-cell

Siyab

© 2025

Volume: 04 Issue: 06 | June - 2025

ISSN: 2583-7354
epitope-based diagnostics and vaccines. BMC
Bioinformatics 7:153. doi: 10.1186/1471-
2105-7-153

Calis, J. J. A., Maybeno, M., Greenbaum, J. A,
Weiskopf, D., De Silva, A. D., Sette, A., etal.
(2013). Properties of MHC class I presented
peptides that enhance immunogenicity. PLoS
Comput. Biol. 9:¢1003266. doi:
10.1371/journal.pcbi.1003266.

Collier, T. A., Piggot, T. J., and Allison, J. R. (2020).
“Molecular dynamics simulation of proteins”
in Protein nanotechnology. eds. J. A. Gerrard
and L. J. Domigan (New York, NY: Springer
USs).

Dar, H. A., Zaheer, T., Shehroz, M., Ullah, N., Naz,
K., Muhammad, S. A., et al. (2019).
[mmunoinformatics-aided  design  and
evaluation of a potential multi-epitope
vaccine against Klebsiella pneumoniae.
Vaccine 7:88. doi: 10.3390/vaccines7030088

Das, N. C., Gorai, S., Gupta, P. S. S., Panda, S. K.,
Rana, M. K., and Mukherjee, S. (2024).
Immune targeting of filarial glutaredoxin
through a multi-epitope peptide-based
vaccine: A reverse vaccinology approach. Int.
Immunopharmacol. 133:112120.
doi:10.1016/j.intimp.2024.11212010.1016/j.in
timp.2024.112120

De Melo, F. L., De Mello, J. C. M., Fraga, A. M.,
Nunes, K., and Eggers, S. (2010). Syphilis at
the crossroad of Phylogenetics and
paleopathology. PLoS Negl. Trop. Dis.
4:e575. doi: 10.1371/journal.pntd.0000575

Dhanda, S. K., Vir, P., and Raghava, G. P. (2013).
Designing of interferon-gamma inducing
MHC class-1I binders. Biol. Direct 8:30. doi:
10.1186/1745-6150-8-30

Dimitrov, I., Flower, D. R., and Doytchinova, I.
(2013). AllerTOP - a server for in silico
prediction of allergens. BMC Bioinformatics
14:S4. doi: 10.1186/1471-2105-14-S6-S4

Doytchinova, I. A., and Flower, D. R. (2007).
VaxiJen: a server for prediction of protective
antigens, tumour antigens and subunit
vaccines. BMC  Bioinformatics  8:4.
doi:10.1186/1471-2105-8-4

Eppes, C. S., Stafford, I., and Rac, M. (2022).
Syphilis in pregnancy: an ongoing public
health threat. Am. J. Obstet. Gynecol. 227,
822-838. doi: 10.1016/j.aj0g.2022.07.041

Fica, A., Tager, M., Mufioz, D., Guerra, F., and
Vargas, J. (2019). Congenital syphilis after
maternal macrolide therapy in a presumed

Page 959



penicillin allergic patient. Time to change
theChilean governmental normative. Rev Méd
Chile 147, 944-946. doi:
10.4067/S003498872019000700944

Filipe, H. A. L., and Loura, L. M. S. (2022).
Molecular dynamics simulations: advances
and applications. Molecules 27:2105. doi:
10.3390/molecules27072105

Fraser, C. M., Norris, S. J., Weinstock, G. M., White,
0., Sutton, G. G., Dodson, R., et al. (1998).
Complete genome sequence of Treponema
pallidum, the syphilis spirochete. Science
281, 375-388. doi:
10.1126/science.281.5375.375

Garg, A., and Gupta, D. (2008). VirulentPred: a SVM
based prediction method for virulent proteins
in bacterial pathogens. BMC Bioinformatics
9:62. doi: 10.1186/1471-2105-9-62

Geourjon, C., and Deléage, G. (1995). SOPMA:
significant ~ improvements in  protein
secondary structure prediction by consensus
prediction from multiple alignments.
Bioinformatics 11, 681-684. doi:
10.1093/bioinformatics/11.6.681

Giacani, L., Jeffrey, B. M., Molini, B. J., Le, H. T.,
Lukehart, S. A., Centurion-Lara, A., et al.
(2010). Complete genome sequence and
annotation of the Treponema pallidum
subsp.pallidum Chicago strain. J. Bacteriol.
192, 2645-2646. doi: 10.1128/JB.00159-10

Gomes, L. G. R., Dutra, J. C. F., Profeta, R., Dias, M.
V., Garcia, G.J. Y., Rodrigues, D. L. N., etal.
(2023). Systematic review of reverse
vaccinology and immunoinformatics data for
non-viral sexually transmitted infections. An.
Acad. Bras. Ciénc.  95:€20230617.
doi:10.1590/0001-3765202320230617

Gomes, L. G. R., Rodrigues, T. C. V., Jaiswal, A. K.,
Santos, R. G., Kato, R. B., Barh, D., et al.
(2022). In silico designed multi-epitope
immunogen “Tpme-VAC/LGCM-2022” may
induce both cellular and humoral immunity
against Treponema pallidum infection.
Vaccine 10:1019. doi:
10.3390/vaccines10071019

Harper, K. N., Zuckerman, M. K., Harper, M. L.,
Kingston, J. D., and Armelagos, G. J.(2011).
The origin and antiquity of syphilis revisited:
an appraisal of Old World pre Columbian
evidence for treponemal infection. Am. J.
Phys. Anthropol. 146, 99-133.
doi:10.1002/ajpa.21613

© 2025

Volume: 04 Issue: 06 | June - 2025

ISSN: 2583-7354

Hebditch, M., Carballo-Amador, M. A., Charonis, S.,

Curtis, R., and Warwicker, J. (2017). Protein—

sol: a web tool for predicting protein

solubility from sequence. Bioinformatics 33,

3098-3100. doi:
10.1093/bioinformatics/btx345

Hegde, N. R., Gauthami, S., Sampath Kumar, H. M.,

and Bayry, J. (2018). The use of databases,

data mining and immunoinformatics in

vaccinology: where are we? Expert Opin.

Drug Discov. 13, 117-130. doi:
10.1080/17460441.2018.1413088
Heo, L., Park, H., and Seok, C. (2013).

GalaxyRefine: protein structure refinement
driven by side-chain repacking. Nucleic Acids
Res. 41, W384-W388. doi:
10.1093/nar/gkt458
Honorato, R. V., Koukos, P. I., Jiménez-Garcia, B.,
Tsaregorodtsev, A., Verlato, M., Giachetti,
A., et al. (2021). Structural biology in the
clouds: the WeNMR-EOSC ecosystem. Front.
Mol. Biosci. 8:729513. doi:
10.3389/fmolb.2021.729513
Huang, T., Yang, J., Zhang, J., Ke, W., Zou, F., Wan,
C., et al. (2020). MicroRNA-101-3p
downregulates TLR2 expression, leading to
reduction in cytokine production by
Treponema pallidum—stimulated
macrophages. J. Invest. Dermatol. 140, 1566—
1575.el. doi: 10.1016/5.jid.2019.12.012
Jankowska, L., Adamski, Z., Polanska, A., Bowszyc-
Dmochowska, M., Plagens-Rotman, K.,
Merks, P., et al. (2022). Challenges in the
diagnosis of tertiary syphilis: case report with
literature review. IJERPH 19:16992. doi:
10.3390/ijerph192416992
K. A., and Klausner, J. D. (2008).
Azithromycin resistance in Treponema
pallidum. Curr Opin Infect Dis 21, 83-91.
doi: 10.1097/QC0O.0b013e3282{44772
Larsen, M. V., Lundegaard, C., Lamberth, K., Buus,
S., Lund, O., and Nielsen, M. (2007).Large-
scale validation of methods for cytotoxic T-

Katz,

lymphocyte epitope prediction. BMC
Bioinformatics 8:424. doi: 10.1186/1471-
2105-8-424

Laskowski, R. A., Rullmannn, J. A., MacArthur, M.
W., Kaptein, R., and T hornton, J. M. (1996).
AQUA and PROCHECK-NMR: programs for
checking the quality of protein structures
solved by NMR. J Biomol NMR 8, 477-486.
doi: 10.1007/BF00228148

Page 960



Li, S,

Li, W.

Li, W., Jin, Y., Wu, B., and Wu, Y. (2023).
Advancements in the development of nucleic
acid vaccines for syphilis prevention and
control. Hum. Vaccin.
Immunother.19:2234790. doi:
10.1080/21645515.2023.2234790

, Yuan, W., Huang, S., Zou, L., Zheng, K., and

Xie, D. (2023). Research progress on the
mechanism of Treponema pallidum breaking
through placental barrier. Microb. Pathog.
185:106392. doi:
10.1016/j.micpath.2023.106392

Lopez-Blanco, J. R., Aliaga, J. 1., Quintana-Orti, E.

S., and Chacon, P. (2014). iMODS: internal
coordinates normal mode analysis server.
Nucleic Acids Res. 42, W271-W276.doi:
10.1093/nar/gku33

Lukehart, S. A., Molini, B., Gomez, A., Godornes,

C., Hof, R., Fernandez, M. C., et al. (2022).
Immunization with a tri-antigen syphilis
vaccine significantly attenuates chancre
development, reduces bacterial load, and
inhibits  dissemination of Treponema
pallidum.  Vaccine 40, 7676-7692.
doi:10.1016/j.vaccine.2022.11.002

Mathews, D. H., Disney, M. D., Childs, J. L.,

© 2025

Schroeder, S. J., Zuker, M., and Turner, D. H.
(2004). Incorporating chemical modification
constraints into a dynamic programming
algorithm for prediction of RNA secondary
structure. Proc. Natl. Acad. Sci. USA 101,
7287-7292. doi: 10.1073/pnas.0401799101

Volume: 04 Issue: 06 | June - 2025

ISSN: 2583-7354

McGuffin, L. J., Bryson, K., and Jones, D. T. (2000).

The PSIPRED protein structure prediction
server. Bioinformatics 16, 404-405. doi:
10.1093/bioinformatics/16.4.404

Milani, V., Noessner, E., Ghose, S., Kuppner, M.,

Ahrens, B., Scharner, A., et al. (2002).Heat
shock protein 70: role in antigen presentation
and immune stimulation. Int. J. Hyperth. 18,
563-575. doi: 10.1080/02656730210166140

Cite this article as: Omkar Khalkar et
al., (2025). In Silico Epitope Mapping and
Structural Modelling of Tp0751 for Multi-
Epitope = Vaccine Design  Against
Treponema  pallidum. International
Journal of Emerging Knowledge Studies.
4(6), pp- 943 - 9061.
https://doi.org/10.70333 /ijeks-04-08-025

Page 961



