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Fusobacterium necrophorum is a Gram-negative, anaerobic pathogen responsible for Lemierre’s
syndrome, bovine foot rot, and other necrotizing infections. The rise in antimicrobial resistance and
the absence of effective vaccines underscore the need for alternative therapeutic strategies. This
study employs computational biology to design a multi-epitope vaccine targeting transmembrane
proteins of F. necrophorum to elicit strong immune responses. The selected proteins were evaluated
for toxicity, allergenicity, and antigenicity, followed by epitope prediction and screening. B and T cell
epitopes were linked using immunogenic linkers, forming a vaccine construct with a VaxiJen score of
0.7293 and a solubility score of 8.30 in E. coli. Structural validation using TrRosetta and Ramachandran
plots confirmed 97.4% of residues in favored regions, indicating high stability. Population coverage
analysis indicated over 99% global applicability, further enhancing its potential impact. Docking
studies revealed strong interactions with immune receptors TLR7 and TLR8. TLR7 formed 12 hydrogen
bonds, while TLR8(A) formed 9, and TLR8(B) exhibited the highest interaction, forming 13 hydrogen
bonds with the vaccine construct. Molecular dynamics simulations confirmed structural stability and
receptor engagement. The RMSD stabilized around 4-5 A, indicating structural stability of the Vaccine-
TLR8(B) complex. The Radius of Gyration remained around 36 A, showing slight compaction over
time, while RMSF peaked at 8-9 A in flexible regions, with lower fluctuations (1.5-2.5 A) in stable core
regions. Principal component analysis (PCA) identified elastic regions critical for biological activity,
and the stable energy levels (-5000 kJ/mol) further confirmed the reliability of the binding. Moreover,
the vaccine exhibited high expression levels in E. coli, as demonstrated using SnapGene software with
the pET-29a( +) vector. The vaccine demonstrated strong binding affinities with immune receptors and
predicted activation of both humoral and cellular immune responses, including increased IgM, IgG,
and cytokine levels. However, experimental validation is necessary to confirm safety and efficacy, and
challenges in vaccine manufacturing and variable immune responses across populations must also be
addressed.
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Fusobacterium necrophorum is a gram-negative, non-spore-forming, obligatory anaerobe bacteria, that inhabits
the normal microbiota of the oropharyngeal and gastrointestinal systems in both humans and animals'. Because
of its commensal characteristics, F. necrophorum is a prominent opportunistic pathogen capable of causing severe
and potentially fatal health conditions?. One of its most well-known diseases caused by F. necrophorum in humans
is Lemierre’s syndrome?. The bacterium has also been associated with various necrotizing infections, such as
hepatic abscesses, soft tissue infections, and periodontal diseases*. From a livestock perspective, Fusobacterium
necrophorum is recognized as the primary etiological agent of bovine foot rot, a disease of significant economic
importance in the agricultural sector®.

The incidence of E necrophorum infections is widespread and varies geographically, impacting both
public health and livestock®. In North America, Lemierre’s syndrome, a severe yet rare infection caused by E
necrophorum’, is estimated to occur in approximately 3 to 6 cases per million annually and primarily affecting
young adults®. Furthermore, E necrophorum is associated with anaerobic liver abscesses and a significant
proportion of periodontal infections®. Studies report between 2.9 to 5.0 an incidence of Lemierre’s syndrome
in Europe ranging from 2.9 to 5.0 cases per million individuals annually between from 2010-13 and 2014-17.
The bacterium also contributes to dental and oropharyngeal infections involving anaerobes!!. Despite a lack of
comprehensive data in Asia, rural areas report a notable prevalence of F. necrophorum in periodontal diseases,
especially among populations with poor oral hygiene!®. In livestock, the bacterium is a major causative factor
of foot rot, affecting 30-80% of cattle herds in the impacted regions!?.Although underreporting is common
in Africa, studies conducted in Ethiopia and Kenya indicate that F. necrophorum contributes to 25-40% of
foot rot cases in cattle and sheep'®. In Australia and New Zealand, where livestock farming is a key economic
sector, E necrophorum is responsible for 40-60% of foot rot cases in sheep and cattle, leading to substantial
economic detriment!. Similarly, in South America such as Brazil and Argentina report E necrophorum as
prevalent pathogen in livestock, being detected in 50% of untreated foot rot cases'®. The global prevalence of E.
necrophorum infections highlights its dual effect on human health and agricultural practices, requiring need for
effective therapeutic interventions'®.

The available treatments for infections caused by E necrophorum primarily involve using antibiotics, with
penicillin, metronidazole, and clindamycin frequently administered!”. However, the increasing prevalence of
antimicrobial resistance among anaerobic bacteria poses a challenging problem'®. The dependence on surgical
interventions, such as abscess drainage, in conjunction with antimicrobial therapy highlights the limited efficacy
of current treatments for severe infections'®. Moreover, the lack of vaccines targeting F. necrophorum infections
increases antibiotic dependence, further increasing the risk of the emergence of resistance?. In the case of
livestock, foot rot is treated through a combination of antibiotics and preventive strategies, including foot baths
however, these approaches frequently exhibit inadequate long-term effectiveness and sustainability?!. These
therapeutic limitations must be addressed through alternative approaches, including vaccine development, to
address E necrophorum infections in human and veterinary medicine??.

The pathogenesis of F. necrophorum islinked to its diverse array of virulence factors, which facilitate its survival,
propagation, and evasion of host immune defenses?®. Major virulence factors involve lipopolysaccharides?,
which stimulate robust inflammatory responses, hemolysins, which contribute to tissue damage and leukotoxins,
which help in immune evasion. Another crucial factor is adhesins, which facilitate the bacterium’s attachment
to host tissues, enhancing colonization and persistence?®. Additionally, the E. necrophorum produces hydrogen
sulfide and butyric acid which promotes tissue necrosis and creates anaerobic conditions for its growth?. The
bacterium’s ability to establish biofilms confers protection against immune clearance and antimicrobial therapy,
complicating the management of infections?’.

This research aims to utilize computational biology for the in-silico design of a multiepitope vaccine by
using the transmembrane proteins of F. necrophorum. Transmembrane proteins present promising targets for
vaccination due to their accessibility to the immune system and their involvement in bacterial adhesion, invasion,
and virulence?®. By implementing computational methods that integrate immunoinformatic methodologies, this
study aims to identify and evaluate immunogenic epitopes capable of inducing robust and protective immune
responses?. The primary objective is to develop a vaccine that not only alleviates the impact of . necrophorum
infections but also reduces reliance on antibiotics, thereby addressing the global issue of antimicrobial resistance.
This research holds significant potential for enhancing our understanding of F. necrophorum pathogenesis and
providing novel strategies for its prevention and management.

Methodology

Protein selection and retrieval

The FASTA sequences of target proteins of F necrophorum were retrieved from the UniProt database (https:/
/www.uniprot.org/). The selected proteins include outer membrane efflux protein, translocase subunit SecA,
ATP-dependent zinc metalloprotease FtsH, and Protein-export membrane protein SecF having UniProt IDs-
AOAOB4EIV6, AOAAISM1U4, AOAAI8M1J4, , AOA4Q2L0D4, and respectively. These proteins were chosen
based on their high antigenicity scores (>0.4), non-allergenicity and non-toxicity, along with their functional
roles in bacterial virulence, including adhesion, invasion, and biofilm formation. Their subcellular localization
was confirmed using the TMHMM server (https://services.healthtech.dtu.dk/servicessTMHMM-2.0/). To
identify the antigenic characteristics of the viral protein, we utilized the Vaxijen 2.0 web server (https://www.d
dg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html). The AllerTOP 2.0 server (https://www.ddg-pharmfac.net/alle
rtop_test/) was used to predict protein allergenicity. The toxicity of target proteins was predicted by using the
Toxipred server (https://webs.iiitd.edu.in/oscadd/toxipred/supple.php)*.
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Epitopes prediction

The IEDB Bepipred 2.0 available at (http://tools.iedb.org/bcell/) tool was utilized for B-cell epitope prediction
(Fig. 1), which relies on a hidden Markov model (HMM) and surface accessibility scores to identify potential
B-cell epitopes®!. The selection cutoff threshold was based on the score threshold 0.5, which Bepipred
recommended®. Epitopes scoring above this threshold were considered highly probable B-cell epitopes,
ensuring strong antigenicity and accessibility for immune recognition. The MHC-I epitope prediction was
performed using the Artificial Neural Network (ANN 4.0) algorithm on the IEDB server (http://tools.iedb.org/
mhci/), which calculates IC50 binding affinity scores®*. Only epitopes with IC50 values < 100 nM and percentile
ranks < 1% were selected, ensuring high-affinity binding to MHC-I molecules. The MHC-II epitope prediction
was conducted using the NN-align algorithm from IEDB server (http://tools.iedb.org/mhcii/) which integrates
position-specific scoring matrices (PSSM) and machine-learning techniques®. The cut-off for selection was
based on IC50 values < 100 nM and a low percentile rank, ensuring strong interactions with MHC-II molecules.

Epitopes screening and evaluation

The final epitopes selection was based on antigenicity, allergenicity, and toxicity analysis. Antigenicity was
predicted using the Vaxifen 2.0 server (http://www.ddg-pharmfac.net/Vaxijen/VaxiJen/VaxiJen.html).
Allergenicity was assessed using Allertop 2.0 (http://www.ddg-pharmfac.net/AllerTOP), while toxicity was
predicted by Toxipred server (https://crdd.osdd.net/oscadd/toxipred/)*>.

Population coverage analysis

The IEDB server (https://www.iedb.org/) was used to evaluate the population coverage of MHC Class I and Class
IT molecules. For this analysis, the epitopes for each class were first separated into individual Notepad files and
then uploaded one by one to IEDB for population coverage assessment*® . The analysis focused on alleles with
high global prevalence, including HLA-A*02:01, HLA-B*07:02, and HLA-DRB1*01:01.

Vaccine construction

The linkers GPGPG, KK, AAY, and AYY were used to join the selected epitopes in the final vaccine construct,
optimizing immunogenicity and enhancing epitopes presentation. In the vaccine construct, the MHC-II
epitopes, MHC-I epitopes and B-cell epitopes were linked by distinct linkers including GPGPG, KK, AAY, and
AYY. GPGPG linker was used to separate different immune epitopes, ensuring proper structural integrity and
enhancing antigen processing®’. The KK (Lys-Lys) linker was used to join the two B cell epitopes because it
facilitates B cell receptor recognition which enhances humoral immune response®. The AAY and AYY linkers
were used for the MHC class I and class II epitopes, respectively, as they are optimal for proteasomal cleavage
and subsequent presentation of the epitopes to CD8 +and CD4 + T cells*®. Additionally, a beta-defensin adjuvant
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Fig.1. Vaccine Construction against Fusobacterium necrophorum Methodology.
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was incorporated at the N terminus of the construct to enhance immune simulation and a Padre sequence and
6X Histidine tag was added at the N terminus of the construct to facilitate purification and expression*’.

Physiochemical analysis

The ExPASy ProtParam tool (https://web.expasy.org/protparam/) was utilized for the physicochemical analysis
of the vaccine construct. This analysis included determining the theoretical value of the isoelectric point (PI),
index of instability, the composition of amino acids, molecular weight, in vivo and in vitro stability, aliphatic
index, and GRAVY*..

Two-dimension structure analysis

For 2D protein structure analysis, the PSIPRED tool (https://bio.tools/psipred) and the GOR IV tool (https://np
sa-pbil.ibep.fr/cgi-bin/secpred_gor4.pl) were used. These tools predict the coil structure, alpha-helix, and beta-s
heet of the vaccine construct. PsiPred provides a confidence score for each amino acid indicating the reliability
of the secondary structure. A higher the confidence score, the higher the prediction*2.

Three-dimension analysis

TrRosetta (https://yanglab.qd.sdu.edu.cn/trRosetta/) was used to predict the 3D structure of the designed
vaccine construct. This tool built the protein structure on direct minimization with restrain Rosetta (Fig. 1). The
protein 3D structure was validated by using the Ramachandran plot (https://saves.mbi.ucla.edu/) and the Errat
program (https://www.doe-mbi.ucla.edu/errat/) of the Procheck server to evaluate the overall quality of the®.

Prediction of discontinuous B-Cell Epitopes

The discontinuous B-cell epitopes from the vaccine construct were predicted using Ellipro epitopes, available
on IEDB server (http://tools.iedb.org/ellipro/). The vaccine’s 3D structure was provided in PDB format, and the
system’s default parameters, which include a minimum score value of 0.5 and a protrusion index (PI) of 0.7, were
selected. Ellipro uses solvent accessibility and structural outline to predict discontinuous epitopes®’.

Disulphide engineering

The disulfide Engineering was performed by using Disulfide by Design 2.0 (DbD2.0) (http://cptweb.cpt.wayn
e.edu/DbD2/) to increase the stability of the vaccine construct. The vaccine’s 3D structure (PDB format) was
processed, and the tool was adjusted to scan for possible residue pairs that could associate with disulfide bonds.
The selection criteria were the Ca-Ca distance (4.4-6.8 A), x3 dihedral angle (£90° or+120°), and B-factor
stability (<30 A2). The corresponding disulfide residue pairs were computationally mutated to cysteine, followed
by energy minimization to check the stability of the bonds**.

Molecular docking and interaction analysis

The molecular docking was performed using the ClusPro server (https://cluspro.org/tut_dock.php), which
employs a fast Fourier transform (FFT) correlation approach for rigid-body docking®. The server uses a
scoring function based on electrostatic and desolvation energies to rank the docked complexes46. TLR3, TLR4,
TLR7, and TLR8 were chosen due to their well-documented roles in recognizing bacterial components and
activating innate immune responses*”. Toll-like receptors (TLRs) are key receptors in pathogen recognition,
triggering downstream signaling pathways that activate both innate and adaptive immunity*®. TLR3 recognizes
double-stranded RNA, which can be relevant in bacterial infections that trigger immune responses through
host-pathogen interactions®. TLR4 is a major sensor of lipopolysaccharides®!, a crucial virulence factor in
Gram-negative bacteria®. Meanwhile, TLR7 and TLR8 detect single-stranded RNA and bacterial nucleic acids,
playing significant roles in bacterial and viral immunity°!. These receptors were chosen because they are widely
implicated in bacterial immune recognition, particularly against Gram-negative bacteria. Thirty docking runs
were performed for each receptor (TLR-3, TLR-4, TLR-7, and TLR-8), and the top-ranked model with the lowest
binding energy was selected for further analysis. The selected docked complexes were subjected to molecular
dynamics (MD) simulations to assess stability and interactions. Ligplot+v.2.2 (https://www.ebi.ac.uk/thornto
n-sr_v/software/LigPlus/) was used for interaction analysis of the docked complexes®>.

Immune simulation

To conduct immune simulations of the vaccine, the C-IMMSIM server (https://wwwold.iac.rm.cnr.it/~filippo/
projects/c-immsim-online.html) was used to predict the immune response activation by the designed vaccine
construct. It was used to assess the activation of hormonal, C-cell mediated, and innate immunological response
following vaccination. The simulation assessed how epitopes interact with immune receptors such as T-cell and

B-cell receptors, leading to the initiation and progression of an immune response®>.

Insilco cloning and codon optimization

The amino acid of the vaccine construct was reverse-translated into nucleotide sequence using EMBOSS
Backtranseq tool (https://www.ebi.ac.uk/jdispatcher/st/emboss_backtranseq). Consequently, the codon
optimization was performed using the Codon Optimization Tool (ExpOptimizer) (http://novoprolabs.com/too
Is/codon-optimization/) to enhance vaccine expression efficiency. This tool optimize the codon usage to match
the host organism’s preference, improving the likelihood of successful expression in a heterologous system®%.To
further validate the translational efficiency, we have used RNAfold server to analyze potential mRNA folding
that is available at (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi)*® . For Insilico cloning
SnapGene8.0.0 software was used and the optimized vaccine sequence was inserted into the vector pET29a( +)
and cloned®®.
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Molecular dynamics simulations

To analyze the conformational changes and stabilities of the vaccine-TLR8 complex, molecular dynamics
(MD) simulations were performed with the Desmond from DE Sha Research. Protein Preparation Wizard was
used to ensure bond orders and add hydrogen atoms, disulfide, and hydrogen bonds to prepare the system®’.
A 10 Ax10 Ax10 A SPC water model solvation box was created using the System Builder tool. To reduce
physiological changes, 0.15 M NaCl and extra Na* and Cl” ions were added for charge balance. Potential energy
was minimized using the NPT ensemble method to maintain system stability. MD simulations were performed
at a temperature of 300 K and pressure of 1 atm for a duration of 500 ns with the OPLS4 force field, using NPT
methodology for OPLS4 production. Before simulation, the system was relaxed, and short-range electrostatic
interactions were calculated with the particle mesh Ewald method with a cutoff radius of 9.0 A%, Pressure
control was done with the Martyna-Tuckerman-Klein chain coupling scheme (coupling constant=2.0 ps)3.,
while the Nosé-Hoover chain coupling scheme was employed for temperature control. The complexes were
analyzed using root mean square deviation (RMSD) to examine the stability, and the system also calculated
root mean square fluctuation (RMSF) to assess flexibility. The radius of gyration (Rg) was computed using
GROMACS after converting the trajectory to XTC format with MDTraj. The calculation was done with the gmx
gyrate command®’.

Principal component analysis

PCA is a widely used method for analyzing molecular dynamics (MD) simulation trajectories by transforming
high-dimensional data (3N dimensions, where N represents the number of atoms of interest) into a lower-
dimensional coordinate system. This dimensionality reduction is achieved by mapping the C-alpha atom
coordinates in each frame onto a set of orthogonal vectors known as principal components (PCs). The process
begins with computing a covariance matrix of the atomic coordinates, followed by its diagonalization to extract
eigenvectors and eigenvalues, from which the principal components are derived®. For this study, PCA was
performed on GROMACS after the Desmond trajectory was transformed to XTC format with MDTraj®!. The
gmx covar command was used to compute and diagonalize the covariance matrix, generating the principal
components based on the protein—protein trajectory. Subsequently, the gmx anaeig command, with the -proj
parameter, was utilized to determine the projection of the trajectory onto the principal components, allowing
the evaluation of conformational changes®%.

MM/PBSA analysis

The MM/GBSA method was used to calculate the binding free energy of vaccine-TLR8 during MD simulations
and calculated using g mmpbsa®. In order to enable analysis, the Desmond simulation trajectories were
exported to the PDB format with the receptor and vaccine protein structures . Each frame (PDB file) was
handled with CHAPERONg a GROMACS-based tool, and the necessary TPR and XTC files were produced by
executing a short molecular dynamics (MD) simulation and then correcting the resultant periodic boundary
conditions (PBCs). For the MM/PBSA calculations during the g_mmpbsa calculation, the initial frame of the
brief simulation was used®.

Dynamic Cross-Correlation matrix (DCCM) analysis

The movements of a protein residue may be correlated or anti-correlated to other residues, making it possible
to form a dynamic cross-correlation network that includes local and global conformational changes, including
protein binding effects®®. DCCM examines these networks through the correlation of residues with respect to
their C-alpha atoms. For any two C-alpha atoms (i, j) there exists a cross-correlation coefficient C(i,j) defined
as follows:

< Ary.Ar; >

C(),Jj)=
< |AI‘>|2>% < |Arj|2>%

In this equation, where Ar, represents atomic displacement, and angle brackets denote average values over
the simulation path. C(i,j)>0 corresponds to positive correlation C(i,j)<0 corresponds to anti-correlated
movements while C(i,j) =0 represents no correlation®.

In this study, DCCM calculations were performed with Bio3D after Desmond trajectory conversion to DCD
format using MDTraj®".

Analysis of free energy landscape

The Free Energy Landscape®” examines energy fluctuations during MD simulations based on principal
components (PCs) derived from PCA. This method helps identify the metastable conformations of the protein
and its energy state. The analysis is based on calculations of Gibbs free energy. For this Analysis, GROMACS was
used to analyze FEL using the command gmx sham, which calculated the Gibbs free energy in terms of PC1 and
PC2%, To improve the visualization, FEL smoothing via Locally Estimated Scatterplot Smoothing regression was
performed, and the results were confirmed using Kernel Density Estimation plots from PCA data®’.

Results

Extraction of fusobacterium necrophorum proteins

Approximately 15,778 proteins of Fusobacterium necrophorum are available in the UniProt database. From a
total of 2722, four transmembrane proteins were selected based on their antigenicity and biological significance.
These selected proteins include Protein translocase subunit SecA, ATP-dependent zinc metalloprotease FtsH,
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No | UniProt ID Protein names Antigenicity | Allergenicity | Toxicity Functions of proteins

ATP-dependent zinc Acts as a processive, ATP-dependent zinc metallopeptidase for both

1| ADAAISMIJ4 metalloprotease FtsH 0.5965 Non-Allergen | Non-Toxic cytoplasmic and membrane protein
Interacts with the SecYEG preprotein conducting channel. Has a central
Protein translocase role in coupling the hydrolysis of ATP to the transfer of proteins into
2 | ADAAISBMIU4 | W - 0.4919 Non-Allergen | Non-Toxic | and across the cell membrane, serving as an ATP-driven molecular
subunit SecA . X 2 X .
motor driving the stepwise translocation of polypeptide chains across the
membrane
Protein-export Part of the Sec protein translocase complex. Interacts with the SecYEG
3 | AOA4Q2L0D4 | membrane protein 0.5506 Non-Allergen | Non-Toxic | preprotein conducting channel. SecDF uses the proton motive force (PMF)
SecF to complete protein translocation after the ATP-dependent function of SecA

Outer membrane
efflux protein Outer .| It facilitates the transport of substances out of the cell and contribute to
4 | ADAOB4EIV6 membrane efflux 0.6239 Non-Allergen | Non-Toxic antibiotic resistance and virulence

protein

Table 1. List of selected transmembrane pathogenic proteins.

IMM posterior probabilities for | ACAAIBM1J4|AGAAIBM 1J4,FUSC TMHMM posterior probabilities for | ADAAISM1U4|AGAAIBM 1U4,FUSO
1.2 1.2
! I
1 1
0.8 0.8
z z
3 3
g 08 g 0.6
] a
% o4 04
0.2 0.2
, ‘ . — &
100 200 200 200 500 800 700 100 200 300 400 500 600 709 800
il E transmembrane inside outside
transmembrane inside outside
1MM posterior probabilities for tr|AGA4Q2L0D4|AGA4Q2L 0D44FUSO i, TMHMM posterior probabilities for tr| ADAOB4EIVE|AGAOB4EIVE,FUSO
12 12
. . I 4
1
0.8 0.8
) z
3 3
@ 06 @ 0.6
H ‘ | ’ | g
a a
0.4 0.4
0.2 0.2
l l , I § : . ‘ \ .
50 100 150 200 250 300 50 100 150 200
transmembrane inside outside transmembrane inside outside

Fig. 2. Graphical representation of Subcellular Locations of all 4 proteins predicted by TMHMM server (A)
ATP-dependent zinc metalloprotease FtsH (B) Protein translocase subunit SecA (C) Protein-export membrane
protein SecF (D) Outer membrane efflux protein Outer membrane efflux protein.

Outer membrane efflux protein, and Protein-export membrane protein SecF, as shown in Table 1. The TMHMM
server was used to determine their subcellular localization and the immune compatibility of the selected
transmembrane proteins was checked using Allertop, Toxipred, and VaxiJen. Proteins that were non-toxic,
non-allergenic and exhibited an antigenic score above 0.4, were chosen for vaccine designing. The subcellular
locations are shown in Fig. 2, and additional characteristics are presented in Table 1. These proteins were further
analyzed to design a vaccine utilizing multiple epitope vaccine targeting F. necrophorum.

Anticipation of B-cell epitope

Four transmembrane proteins for B cell epitopes were retrieved from the IEBD website. Upon antigen binding to
host receptors, B cells play a pivotal role in generating B memory cells, which subsequently produce antibodies
to opsonize the antigen and help in preventing secondary infections. The predicted epitopes were chosen based
on nonallergenic, non-toxic and their antigenicity score, surpassing the predefined criterion of> 0.4 as specified
by VaxiJen. The estimates of the selected B-cell epitopes utilized in the vaccine development process are shown
in Table 2.
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Protein Name Epitopes Start | End | Antigenicity | Allergenicity | Toxicity

ATP-dependent zinc metalloprotease FtsH NKKFSKDV 467 | 474 |0.6108 Non-Allergen | Non-Toxic
Protein translocase subunit SecA RMYQKLSGMTGTAETEAT | 387 | 404 |1.0028 Non-Allergen | Non-Toxic
Protein-export membrane protein SecF KGLNYGIDES 30 39 0.9084 Non-Allergen | Non-Toxic
Outer membrane efflux protein Outer membrane efflux protein | IQLKASLKSAEQ 196 | 207 |1.07 Non-Allergen | Non-Toxic

Table 2. Selected B-cell epitopes within target proteins.

Protein Name Epitopes Antigenicity | Allergenicity | Toxicity Alleles IC50 Score | Rank
_B*53:
FILNLLASW | 07505 Non-Allergen | Non-Toxic | fia boosol | 68.51 0.08
ATP-dependent zinc metalloprotease FtsH -B*58:0
FLLLIFIVA 2.6912 Non-Allergen | Non-Toxic | HLA-A*02:01 | 69.98 0.64
ATRDREMMGR | 0.8379 Non-Allergen | Non-Toxic | HLA-A*31:01 | 47.08 0.51
Protein translocase subunit SecA HLA-A*02:03
DILVEAFATV 0.5740 Non-Allergen | Non-Toxic | HLA-A*02:06 | 25.31 0.43
HLA-A*02:01
HLA-A*02:06
.| HLA-B*35:01
FAIGAIIAL 0.5179 Non-Allergen | Non-Toxic HLA-A*68:02 | 871 0.08
Protein-export membrane protein SecF HLA-A*02:01
.| HLA-A*32:01
HIYITFRF 2.2595 Non-Allergen | Non-Toxic HLA-A*2301 | 4971 0.06
.| HLA-B*58:01
ISIQVIQQY 0.7183 Non-Allergen | Non-Toxic HLA-B*15:01 10.87 0.05
Outer membrane efflux protein Outer membrane efflux protein HLA-A*31:01
KIAFGNFLPR 0.7159 Non-Allergen | Non-Toxic | HLA-A*11:01 | 25.21 0.27
HLA-A*68:01

Table 3. List of Selected MHC-I Epitopes of Targeted Proteins.

Anticipation of epitopes of MHC Class-I

MHC I class molecules play a vital part in adaptive immunity, contributing to the development of acquired
immunity against infections and diseases. To enhance the immune response, MHC class I epitopes are essential
in vaccine design. In this study, four transmembrane proteins were analyzed for MHC Class I epitopes, with
two epitopes selected from each protein based on their low percentage rank with their corresponding IC50
values, specifically those less than 100. The selected MHC Class I epitopes and their respective characteristics
are summarized in Table 3.

Prediction of MHC Class-Il epitopes

MHC Class II molecule are crucial for acquired immunity and play significant role in pathogen elimination,
making their selection crucial for designing subunit vaccines. In this study, Epitopes derived from four different
transmembrane proteins were selected, and the relevant alleles were chosen to support the analysis of population
coverage. The chosen epitopes were based on the antigenicity score exceeding 0.4 and an evaluation of their
non-allergenic properties. It was verified that these selected epitopes are non-toxic and do not provoke allergies.
Moreover, the epitopes with the lowest rank and an IC50 value of less than 100 were given priority. The selected
epitopes of MHC class II are being given in Table 4.

Population coverage analysis

Using the IEDB server, the anticipated population coverage for both MHC Class-I and Class-II epitopes was
evaluated. The analysis yielded a global value of 99.39% indicating the broad potential of the selected epitopes
to elicit an immune response across diverse populations. The graph presenting world population coverage is
shown in Fig. 3.

The collective MHC Class-I and MHC Class-II epitopes showed the highest level of population coverage
(99.99%) in North America, North Africa (97.95%), Europe (99.97%), East Africa (98.59%), East Asia (95.55%),
West Africa (96.66%), Central Africa (99.21%), Northeast Asia (97.95%), Southwest Asia (97.89%), Oceania
(96.92%), West Indies (90.26%) as shown in Figure 4.

Vaccine construction

Utilizing various immune informatics tools, all predicted epitopes were linked using specific to assemble the
final vaccine construct. Eight MHC Class-I epitopes were linked using KK, eight MHC Class-II were connected
via AAY and four B cell epitopes were joined using AYY linkers to design the final vaccine construct.

To enhance immunogenicity, an aggregation-promoting peptide, specifically a beta defensin protein sequence
was added to the N-terminal N using a GPGPG linker. In order to increase the expression of the vaccine in E.
coli, a 6X Histidine tag was incorporated at the C-terminus of the vaccine. The Final vaccine construct consists
of 353 amino acid sequence in Fig. 5 and Fig. 6.
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ATP- EREGYLYGYSSSEKG 0.6791 Non-Allergen | Non-Toxic | HLA-DRB1*09:01 | 76.5 | 7.5 157 171
dependent zinc
Eeg]loprotease FDRQVYVDKPDLKGR | 1.1849 Non-Allergen | Non-Toxic | HLA-DRB1*03:01 | 88 3.8 443 | 457
s
HLA-DRBI1*07:01
HLA-DRB1*01:01
EFVHTYGLEVVVIPT | 0.7676 Non-Allergen | Non-Toxic | HLA-DRB1*09:01 | 7.6 0.46 | 405 |419
Protein translocase HLA-DPA1*03:01
subunit SecA HLA-DPB1*04:02
HLA-DRB5*01:01
EIVAQAGRKNSVTIA 0.7649 Non-Allergen | Non-Toxic | HLA-DRB1%01:01 | 88.4 12 494 508
HLA-DRBI1*11:01
Protein-export DRIRENLKRRGKTDM | 0.6334 Non-Allergen | Non-Toxic | HLA-DRB1*11:01 | 26.6 | 2.7 203|217
membrane protein
SecF FAKGLNYGIDFSGGN | 0.9441 Non-Allergen | Non-Toxic | HLA-DRB1*07:01 | 69.5 8.2 28 42
HLA-DPA1*01:03
. | HLA-DPB1%02:01
KQKWSFFLCLLFLSS 1.5022 Non-Allergen | Non-Toxic HLA-DPA1%01:03 226 (042 |2 16
Outer membrane HLA-DPB1704:01
efflux protein HLA-DRB1*01:01
Outer membrane HLA-DRB1*09:01
efflux protein .| HLA-DRBI*07:01
KSYSVYGLQASMPIF 0.8586 Non-Allergen | Non-Toxic HLA-DRB1*04:01 10 2.7 134 148
HLA-DRB1*15:01
HLA-DRB5*01:01
Table 4. List of Selected MHC-II Epitopes of Targeted Proteins.
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Fig. 3. Global population coverage graph of combined MHC-I and MHC-II epitopes, using IEDB tool.
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Fig. 4. The combined MHC Class-I and MHC Class-II epitopes population coverage demonstration in
different regions of world.
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Fig. 5. Schematic diagram of designed vaccine construct.

GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKKGPGPGNKKESKDVKKRMYQ
KLSGMTGTAETEATKKKGLNYGIDFSKKIQLKASLKSAEQAAYFILNLLASWAAYFLLLIFIVAAA
YATRDREMMGRAAY DILVEAFATVAAY FAIGATIALA AY IIYITFRFA AY ISIQVIQQYA AYKIAFGN
FLPRAY Y EREGYIVGYSSSERG Y Y EDROVVVDKPDERGR A Y Y EEVETVGEEVVVIPTAY v EIVA
QAGRKNSVTIAAYYDRIRENLKRRGKTDMAY YFAKGLNY GIDFSGGNAY YKQKWSFFLCLLFLS
SAYYKSYSVYGLQASMPIFHHHHHH

Fig. 6. Designed multiepitope vaccine sequence of vaccine.

Allergenic and antigenic properties anticipation of vaccine

The design vaccine was categorized as non-allergen evaluated using AllerTOP server. The antigenicity was
0.7293, which is greater than the threshold level of 0.4 as predicted by VaxiJen server. Additionally, Toxipred
server confirmed that the vaccine construct is non-toxic.

Physicochemical properties

The physicochemical characteristics of the multi-epitope vaccine were evaluated using the ExPASy ProtParam
server. The findings revealed that the vaccine construct possesses a theoretical isoelectric point (pI) of 9.63
and a molecular weight of 40,307.71 Da. Following this, the stability index was computed and determined to
be 23.71, which signifies the stability of the vaccine. The half-life of the designed vaccine was predicted to be
over twenty hours in yeast, thirty hours in human mammalian reticulocytes, and more than ten hours in E. coli.
Furthermore, the GRAVY value was recorded at -0.134, indicating that the vaccine construct is hydrophilic, as
shown in Fig. 7 below.
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(A) (B)

Amino acid composition Atomic Composition
Amino acids | Percentage | Number
Carbon C 1862
Ala (A) 12.2% 43
Arg (R) 599% 21 Hydrogen H 2835
Asn (N) 2.5% 9 Nitrogen N 483
7 R0,
Asp (D) Shin N Oxygen O 494
Cys (C) 2.0% 7
Gn©Q 3.4% 2 Sulfur S 13
Glu (E) 4.0% 14
Gly (G) 7.6% 27 (&)
His (H) 2.0% 7
Tle (D) 7.4% 26 Physico-chemical properties
Leu (L) 7.4% 26 Total number of atoms 5687
Lys (K) 8.5% 30 Number of amino acids 353
Met (M) 1.7% 6 Molecular weight 40307.71
0,

a5 4% . Theorefical pI 9.63
Pro (P) 2.0% 7 —

Instability index 23.71
Ser (S) 5.7% 20

Grand average of hydropathicity | -0.134
Thr (T) 3.7% 13 (GRAVY)
Trp (W) 0.6% 2 a— —

Solubility in Escherichia coli 0.830
Tyr (Y) 10.8% 38
Val (V) 4.5% 16

Fig. 7. (A) The concentration of amino acids, (B) The atomic composition, and (C) Physico-chemical
characteristics of the vaccine construct by using the ExXPASy ProtParam server.

Secondary structure of vaccine

The secondary structure of the vaccine construct was predicted using PSIPRED and GOR-1V servers. PSIPRED
shown in Fig. 8 (A) highlights secondary structure elements, with alpha helices®, beta strands (yellow), and
coils (gray), along with functional annotations such as disordered regions, protein binding sites, and membrane
interactions. The GOR-IV pie chart Fig. 8 (B) quantifies structural composition, showing alpha helices (45.61%),
beta strands (17.85%), and coils (36.54%), indicating a predominantly helical structure. The interaction graph
Fig. 8 (C) illustrates fluctuations in helices, sheets, and coils along the sequence, confirming a well-structured
and potentially stable protein. These insights are crucial for evaluating the vaccine candidate’s structural integrity,
stability, and immunogenic potential.

Tertiary structure of vaccine

TrRosetta predicted five different models, and as shown in Fig. 9 (A), the model with the highest C-score of 7.167
exhibited a TM-score of 0.52+0.25 was selected. The structure of the improved 3D model is illustrated in Fig. 9
(B). The Ramachandran plot statistics for the vaccine construct were analyzed using the PROCHECK tool. The
results indicated that approximately 97.4% of the residues were in the most favored regions, while 2.3% were
in the additionally allowed zones. Only 0.3% of the residues were located in the disallowed regions, as shown
in Fig. 9 (C). The total quality factor value of the improved 3D structures, estimated using ERRAT was 97.078
(Fig. 9D).

Prediction of discontinuous B-Cell epitopes using ellipro

Ellipro analysis predicted eight discontinuous B-cell epitopes in the vaccine construct, as illustrated in Fig. 10,
with scores between 0.501 and 0.967, as shown in Table 5 below, which reflects their antigenic potential.
The highest-scoring epitope (0.967 scoring 22 residues) is immunodominant and most likely to be found in
the proximal surface, and immunogenic longer epitopes, such as the 40-residue epitope (score: 0.732), may
contribute to strong immune recognition. Shorter low-scoring epitopes might be less immunogenic but still
involved in antibody recognition.
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Fig. 8. Predicted Secondary Structure of the Vaccine Construct: (A) PSIPRED visualization with helices, coils
(grey), and beta strands (yellow). (B) GOR-IV pie chart showing structural distribution. (C) Illustration of
amino acid interactions in helices, sheets, and coils.

Disulfide engineering

Disulfide engineering was performed by using Ser133-Ser145 pairs (energy: 0.68 kcal/mol) and Gly193-11e208
(energy: 1.29 kcal/mol) as optimal residues in the vaccine construct, as shown in Fig. 11. The relatively lower
energy of Ser133-Ser145 indicates more stability, which provides additional support for structural stiffness. On
the other hand, Gly193-11e208, with slightly higher energy, introduces moderate strain but remains within an
acceptable range. These engineered bonds enhance the vaccine’s stability, reducing degradation and potentially
improving immunogenicity.

Analysis of molecular docking for the constructed vaccine

The refined tertiary structure of the vaccine construct was docked with TLR-3, TLR-4, TLR-7, and TLR-8 using
ClusPro, as shown in Fig. 12. Using Cluspro, the vaccine construct was individually docked with each receptor.
The tool provides us with 30 docked models from which the model having the lowest energy was selected. he
docking results demonstrated specific interaction energies for all four receptor-vaccine complexes, including
TLR-3, TLR-4, TLR-7, and TLR-8. The energy values for all four complexes are presented in Table 6.

In-depth analysis of Interactions in Docked Complexes
To evaluate the interactions of all the docked complexes, LigPlot was utilized. The analysis revealed that TLR-3
and TLR-4 demonstrated weak binding with the vaccine formulation, and TLR-7 and TLR-8 showed robust
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Fig. 9. (A) 3D visualization of the vaccine construct predicted by I-TASSER and visualized by discovery studio
visualizer v24.1.0 (https://discover.3ds.com/discovery-studio-visualizer-download) (B) The refined model was
created by Galaxy Refine and visualized by discovery studio visualizer v24.1.0 (https://discover.3ds.com/disco
very-studio-visualizer-download) (D) Structure assessment was conducted using the Procheck program and
(D) Quality analysis of the selected structure evaluated by the ERRAT available at UCLA-DOE LAB — SAVES
v6.1 (https://saves.mbi.ucla.edu/).

binding. In interaction analysis, TLR-8(B) indicated 13 hydrogen bonds, while TLR-7 indicated12, as illustrated
in Table 7. The analysis of amino acid interactions between Chain B of TLR8 and Chain V (vaccine) is presented
in Fig. 13. The figure illustrates the interaction sites of the vaccine with the receptor’s B chains, highlighting the
bonds formed at these interaction points.

Molecular dynamic simulations

The MD simulations were performed using the DESMOND tool (Schrodinger). The system was solvated in
a TIP3P water box with a 12 A buffer in each dimension. NaCl ions were added to neutralize the system and
maintain physiological conditions. The system underwent 20,000 steps of energy minimization using the
steepest descent algorithm. The simulations were conducted under the NPT ensemble at a constant temperature
of 298 K and pressure of 1 bar. The Langevin thermostat was used for temperature control, and the Martyna-
Tobias-Klein barostat was used for pressure control. The Particle Mesh Ewald (PME) method was employed for
long-range electrostatic interactions, with a cutoff of 9 A for short-range interactions. The SHAKE algorithm
was used to constrain fast-moving bonds. The simulation was run for 100 ns, and trajectories were saved every
10 ps. As shown in Fig. 14, the RMSD graph showed the structural stability of the designed vaccine and TLR8
complex over 500 ns of MD simulations. Initially, the RMSD was approximately approximately 0 A, and it rises
to 3-4 A after 50 ns, indicating initial structural changes and equilibration. A notable peak between 100-120 ns
suggests some form of conditional change or flexibility due to the RMSD reaching 7-8 A. After 150 ns, the
RMSD stabilizes around 3-5 A, indicating that the system has reached equilibrium. The peak around 100-120 ns
is flexible due to the stabilized complex changing from loop movements or minor domain rearrangement.

The stability after 150 ns further suggests that the designed vaccine interacts strongly with TLR8 while not
causing too much destabilization within the system. At the end of the simulation from 400 to 500 ns, the RMSD
remains constant around 4-5 A, confirming the structural stability of the vaccine-TLR8 complex. An RMSD
value between 3 and 5 A indicates structural stability, suggesting that the complex will likely remain unchanged.
This increases the likelihood of the vaccine being a good candidate for additional immunoinformatics study and
subsequent experimental confirmation.
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Fig. 10. Predicted Discontinuous B-Cell Epitopes. The images were captured from Ellipro server (http://tools.i

edb.org/ellipro/) and Figure was created on MS word.

No | Residues Length | Score

1 A:Y351, A:L352, A:P353, A:A354, A:S355, A:L356, A:S357, A:Q358, A:F359, A:P360, A:L361, A:1362, A:G363, A:P364, A:M365, A:L366, A:H367, A:H368, 2 0.967
A:H369, A:H370, A:H371, A:H372 :

5 A:8316, A:G318, A:K319, A:E320, A:L321, A:K322, A:T323, A:S324, A:A325, A:1326, A:Y327, A:A328, A:L329, A:G330, A:A331, A:Y332, A:Y333, A:L334, 34 0.795
A:F335, A:L336, A:S337, A:S338, A:C339, A:5340, A:S341, A:V342, A:N343, A:K344, A:E345, A:1346, A:S347, A:E348, A:A349, A:Y350 :
A:Y225, A:E229, A:N230, A:1231, A:S232, A:T233, A:G234, A:A235, A:S236, A:N237, A:D238, A:1239, A:Q240, A:A241, A:Y242, A:Y243, A:F244, A:M245,

3 A:1.246, A:R247, A:G248, A:V249, A:G250, A:K251, A:G252, A:G253, A:G254, A:G255, A:G256, A:P257, A:Q258, A:A259, A:Y260, A:Y261, A:E262, 40 0.732
A:T263, A:1264, A:Q265, A:E267, A:1268

4 A:Gl, A:12, A:I3, A:N4, A:T5, A:L6, A:Q7, A:K8, A:Y9, A:Y10, A:Cl1, A:R12, A:V13, A:G15, A:G16, A:R17, A:C18, A:A19, A:V20, A:L21, A:S22, A:C23, 2 0.704
A:1.24, A:P25, A:K26, A:Q29 .

5 A:K85, A:D86, A:H87, A:S88, A:D89, A:L90, A:V91, A:Y92, A:K93, A:T94, A:K95, A:E97, A:K98 13 0.676

6 A:K32, A:C33, A:S34, A:T35, A:G37, A:R38, A:C41, A:K44, A:K45, A:G46, A:P47, A:G48, A:P49, A:G50, A:L51, A:G53, A:Q55, A:G57, A:D58, A:M59, 39 0.657
A:F60, A:E61, A:R62, A:K63, A:Y64, A:Y65, A:S66, A:E67, A:Q68, A:T69, A:G70, A:K71, A:E72, A:173, A:D74, A:D75, A:V76, A:K77, A:K78 :

7 A:F196, A:A197, A:K198, A:A199, A:A200, A:Y201, A:L202 7 0.583

8 A:P81, A:V82, A:183, A:R84 4 0.501

Table 5. Residues of Predicted Discontinuous B Cell Epitopes.

The Root Mean Square Fluctuation (RMSF) graph, as shown in Fig. 15, indicates the flexibility of individual
residues in the vaccine-TLR8 complex during molecular dynamics simulation. The average RMSF across the
complex is maintained at approximately 1.5-2.5 A, supporting overall structural stability. Many residues have
low RMSF values, suggesting a stable structure over time (less than 2 A). However, some notable exceptions
exist, such as near residues 350, 750, 800, and 850. The highest fluctuation was observed around 8 A near residue
850. These regions are most probably structured loops or less ordered regions in proteins. The N-domain and
the central area (1-600) remain stable, suggesting that strong interactions between the vaccine and TLR8
are maintained, whereas the C-terminal region (750-900) is considerably flexible, which may affect antigen

recognition.

The Radius of Gyration (Rg) graph provides the stability and compactness of the vaccine-TLR8 complex
throughout the molecular dynamic simulation, as shown in Fig. 16. The values of Rg change between 35.0 A and
37.5 A, with a mean value close to 36.0 A, which shows that the complex is likely to maintain a stable conformation.
First, some small minor fluctuations reach 37.5 A around 100 ns; Rg stabilizes after 200 ns, indicating that the
structure is likely statically compact at this time. The slight increase in Rg after 400 ns indicates that some degrees
of minor folds take place in the later stages of the simulation rather than significant unfolding. The overall results
showed that vaccine-TLR8 complex vaccine-TLR8 complex retains its integrity throughout the simulation, with

no significant structural collapse or excessive flexibility.
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(A) (B)

Fig. 11. (A)Yellow lines show the engineered disulfide bonds predicted by Disulfide by Design 2.0 (http://cptw
eb.cpt.wayne.edu/DbD2/). This image was directly captured from Disulfide by Design 2.0 server (B) Red-color
ed ball residues represent the two mutated pairs visualized by using discovery studio visualizer v24.1.0 (https://
discover.3ds.com/discovery-studio-visualizer-download).

Fig. 12. Docked complexes of TLR-3, TLR-4, TLR-7, and TLR-8 with the designed vaccine visualized by using
discovery studio visualizer v24.1.0 (https://discover.3ds.com/discovery-studio-visualizer-download). (A) The
docked complex of TLR-3 with the vaccine design. (B) The docked complex of TLR-4 with the vaccine design.
(C) The docked complex of TLR-7 with the vaccine design. (D) The docked complex of TLR-8 with the vaccine
design.

Docked complex of receptors with vaccine | Energies (kcal/mol)
TLR 3 -1151.7 keal/mol
TLR 4 -1479.9 kcal/mol
TLR7 -2043.7 kcal/mol
TLR 8 -1434.6 kcal/mol

Table 6. Docked energies with vaccine construct.
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Res Distance

Sr.No | Name | Residue No | Chain Res. Name | Residue No | Chain

1 ARG | 650 B —-- | ILE 362 \Y% 2.740
2 ARG | 650 B —-- | ILE 362 \Y% 2.794
3 GLN | 358 \Y% —-- | ASP 627 B 2.786
4 ARG | 619 B -- | PRO 360 \Y% 2.775
5 ARG |619 B -- | LEU 361 \Y% 2.778
6 ARG |619 B —-- | PRO 360 \Y% 2.689
7 THR | 600 B -- | ALA 349 \Y% 2.667
8 HIS 576 B -- | ALA 349 \Y% 2.896
9 HIS 367 \% -- | ARG 569 B 2.797
10 ARG | 569 B —-- | HIS 370 \Y% 2.654
11 ARG | 569 B —-- | HIS 370 \Y% 2.746
12 ASN | 546 B -- | GLU 345 \Y% 2.948
13 TYR | 350 \Y% —-- | ASP 543 B 2.804

Table 7. Hydrogen bonds between Vaccine and chain A of TLR8 receptor.
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Fig. 13. (A) Docking complex of Chain B (TLR7) with chain V (Vaccine) visualized by discovery studio

visualizer v24.1.0 (https://discover.3ds.com/discovery-studio-visualizer-download) (B) Interactions analysis by

using Ligplot +v.2.2 (https://www.ebi.ac.uk/thornton-sr v/software/LigPlus/).

Principal component analysis

The principal component analysis (PCA) scatter plot visualizes the distribution of data points based on principal
component analysis PCA, where PC1 and PC2 represent the first two principal components, as shown in Fig. 17.
The clustering in the center is a high-density region, which indicates structural similarity in the vaccine-TLR8
complex. The dispersed points around the central cluster indicate the variations or conformational flexibility. The
distinct clusters may indicate different binding modes or conformational states of the vaccine-TLR8 interactions.
From this analysis, the structural diversity and stability of the vaccine-TLR8 complex are understood, which is

essential for understanding its molecular behavior and possible immunogenic response.
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Fig. 14. RMSD graph of Vaccine-TLR8 complex over 500 ns of MD simulations.
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Fig. 15. RMSF graph of Vaccine-TLR8 complex over 500 ns of MD simulations.
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Fig. 16. Rg graph of Vaccine-TLR8 complex over 500 ns of MD simulations.

MM/PBSA

The MM/PBSA energy plot measures the binding free energy of the vaccine-TLR8 complex during the simulation
period, providing the stability and interaction strength of the complex. The binding energy fluctuates from
-1000 kJ/mol to -7000 kJ/mol with an average of around -5000 kJ/mol, showing a stable and strong interaction
as shown in Fig. 18. Even though there are occasional energetic peaks, the system consistently returns to stable
energy levels of -5000 kJ/mol, which confirms the reliability of the binding. The Lower binding energy values
correlate with stronger binding affinity, suggesting that the vaccine remains tightly associated with TLR8
throughout the simulation. The presence of stable energy levels confirms the stability of the vaccine-TLR8
interactions throughout the simulations.
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Fig. 17. PCA plot of Vaccine-TLR8 complex over 500 ns of MD simulations.
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Fig. 18. MM/PBSA graph of Vaccine-TLR8 complex over 500 ns of MD simulations.

DCCM

As shown in Fig. 19 (A), the dynamical cross-correlation matrix (DCCM) plot of the vaccine-TLR8 complex
reveals correlated and anti-correlated motions of residues during molecular dynamics simulations. Dark blue
regions (1.0) represent extreme correlation, suggesting that some motion ensures structural stability, while light
yellow regions (-1.0) suggest anti-correlated motions, which show highly flexible domains. Distinct correlation
blocks highlight structured domain interactions, contributing to the complex’s stability. These Uncorrelated
regions suggest independent movements and may correlate with functional flexibility. The results confirm that
the vaccine maintains a stable interaction with TLR8 while allowing necessary conformational dynamics for its
biological function and activation of the immune system.

Free energy landscape

The 3D FEL plot shows the energy variations of different conformational dynamics of the vaccine-TLR8 complex.
The color scale ranges from blue (low Gibbs free energy) to red (high energy), indicating conformational stability,
as shown in Fig. 19 (B). A high-density red cluster around (PC1 = 0, PC2 = 0) suggests an average energy
of ~ 1.5 kJ/mol. The scattered blue regions at higher energy (~ 8 kJ/mol) show the average value of the transient
conformational shifts. This contour plot displays the distribution of Gibbs free energy over the two central
components (PC1 and PC2), demonstrating the complex’s principal movements, as shown in Fig. 19 (C). The
most stable conformations, or the regions where the complex spends most of its simulation time, are red ~ 1.1 kJ/
mol areas. The blue areas (~ 7.9 kJ/mol) correspond to higher energy states, representing transient fluctuations.
From this dataset, the average Gibbs free energy was calculated at 3.0 kJ/mol, which provides additional evidence
that the complex is still thermodynamically stable but shows signs of conformational flexibility.

The scatter plot shows a distinct distribution of points defined by their conformation with free energy levels,
which presents stability patterns, as shown in Fig. 19 (D). The red cluster of points with high density located at
(PC1 = 0, PC2 = 0) has an average energy of ~ 1.5 kJ/mol, which shows that the system is mainly in a stable basin
of low energy. The blue points scattered around the plot (~ 8.0 kJ/mol) show transient high-energy oscillations,
indicating that the system periodically goes to high-energy unfavorable states. The average Gibbs free energy
calculated from this dataset is 3.2 kJ/mol, which means the vaccine-TLR8 complex’s stability with minimal
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Fig. 19. (A) Dynamic Cross-Correlation Matrix (DCCM) (B) Three-Dimensional Free Energy Landscape of
the vaccine-TLR8 complex (C) Two-Dimensional Free Energy Landscape (2D FEL Contour Plot) (D) Gibbs
Free Energy Scatter Plot . All the plots were created by using bio3Dv2.4-2 package in R (http://thegrantlab.org
/bio3d/).

energy variations. These findings confirm that the vaccine construct is structurally stable and energetically
favorable, making it a strong candidate for effective immune activation through TLR8 binding.

Codon optimization

Codon optimization was done to increase the expression of the designed vaccine in the E.coli strain K12. The
GC content of the optimized sequence was reduced from 61.85% to 41.72%, which falls within the optimal
range of 30-70% for E. coli expression. To ensure that the optimized sequence does not form stable secondary
structures that could hinder transcription or translation, we analyzed potential mRNA folding issues using the
RNAfold server. The results that the free energy of the thermodynamic ensemble was -438.35 kcal/mol, with an
ensemble diversity of 334.69, and the frequency of the MFE structure in the ensemble was 0.00%, supports the
high translational efficiency of the optimized sequence, as given in Fig. 20.

In silico cloning of vaccine construct

The 1059 base pairs DNA sequence was successfully cloned into pET-29( +) vector, which has a total size of 5371
base pairs, using SnapGene. The vector was cut with the Akani restriction enzyme, and the vaccine construct
was inserted at position 5001. After cloning the total length of the recombinant vector increased to 6430 bp as
shown in Fig. 21.

Immune simulation of vaccine construct

In the host mammalian body, viral antigens presented in the designed vaccine triggered immune. Several
parabiotic graphs display the number of cells, increased IgM concentrations, and various simulated effects on
B cells, as well as MHC-I and MHC-II per milliliter in the body. An increase in B cell numbers was observed,
directly correlating with the rise in both total and specific antibody production especially Ig G1, Ig G2, Ig M,
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Fig. 20. Codon optimization by Codon Optimization Tool (ExpOptimizer)().
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Fig. 21. Cloning history and cloned plasmid representing all restriction sites with insertion of vaccine
construct in pET-29a( +) performed by using SnapGene 8.0.0 software (https://www.snapgene.com/).

and Ig G/IgM. As shown in Fig. 22, the level of cytokines and interleukins as well as the leukocyte growth factor
IL-20 signaling an immune response. Post-vaccination analysis also showed a significant increase in IFN-y
levels, confirming a strong immunological reaction against Fusobacterium necrophorum. The simulation results
indicate that antigen production begins around day 3, while antibody production starts around day 7, peaks at
approximately 3,000 units, and continues to rise, reaching a maximum of 5,000 units by day 14.Interleukins,
cytokines, and growth factors such as IL-20 and IFN-y play pivotal roles in modulating and enhancing the
immune response. IL-20 contributes to tissue inflammation and repair, acting as a danger signal to activate and
recruit immune cells. IFN-y, a key cytokine of the Th1 immune response, enhances macrophage activation and
antigen presentation, promoting the clearance of intracellular pathogens such as Fusobacterium necrophorum.
These immune mediators work synergistically to stimulate phagocytosis, improve adaptive immune responses,
and eradicate the present pathogen.

Discussion

Fusobacterium necrophorum is an anaerobic, gram-negative pathogen that causes Lemierre’s syndrome in humans
and bovine foot rot in livestock’’. The emerging antimicrobial resistance (AMR) in Fusobacterium necrophorum
is concerning due to the absence of effective vaccines, requiring a new need for alternate treatments”'. Recently,
computational vaccine design has become a cost-effective and rapid approach for designing multiepitope
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Fig. 22. Immune simulation results predicted by using the C-IMMSIM server.

vaccines’?. Similarly, in this study, we utilized Immunoinformatics, molecular docking, and molecular dynamics
simulations to design a multiepitope vaccine utilizing transmembrane proteins of E necrophorum, with the
results showing strong antigenicity, receptor binding, structural stability, and immunogenic prediction.

In designing a multiepitope vaccine against Fusobacterium necrophorum, we identified 4 B-cell epitopes,
8 MHC class I epitopes, and 8 MHC class II epitopes to elicit comprehensive immune responses. The vaccine
construct has a molecular weight of approximately 61.48 kDa and an isoelectric point (pI) of 9.92, indicating a
basic nature. A GRAVY value of 0.001 suggests balanced hydrophilicity and hydrophobicity, while an aliphatic
index of 82.45 reflects high thermostability. The antigenicity score of our vaccine construct was 0.7293 (VaxiJen
analysis), which classifies it as highly immunogenic. Also, the population coverage estimates showed values
of 99.39%, ensuring the applicability across different ethnicities. These results correspond to the study of the
Monkeypox vaccine wherein VaxiJen thresholds of > 0.4 were used for epitope selection. However, our vaccine
construct showed a higher antigenicity score than the average Monkey pox score of 0.4573.

Additionally, a previous study on the Klebsiella pneumoniae vaccine reported population coverage of 95%,
which is lower than the current findings, suggesting the selected epitopes offer better global applicability”*.
Molecular docking analysis showed strong interactions between the vaccine construct and immune receptors,
particularly TLR7 and TLRS8, which play crucial roles in innate immune activation. Toll-like receptors (TLRs)
are essential in recognizing pathogen-associated molecular patterns (PAMPs) and initiating innate and adaptive
immune responses’”. Among the various TLRs, TLR7 and TLRS are particularly important in detecting bacterial
and viral RNA, making them essential for an effective immune response against F. necrophorum infections.
The TLR7-vaccine complex had 12 hydrogen bonds, whereas TLR8 showed the most potent interaction of
13 hydrogen bonds and -1434.6 kcal/mol binding energy. In comparison, these results suggest a stable and
highly immunogenic interaction, aligning with previous studies on vaccine docking. For instance, a study on
a multiepitope vaccine against Epstein-Barr virus (EBV) found TLR interactions of ~ 10-12 hydrogen bonds’®,
slightly lower than our 13 hydrogen bonds with TLRS, suggesting that our vaccine construct may provide a more
robust immune activation.

Molecular dynamics (MD) simulations were conducted for 500 ns to evaluate the stability and flexibility
of the vaccine-TLR8 complex. The root mean square deviation (RMSD) stabilized around 4-5 A, indicating
minimal structural fluctuations after 150 ns, while the root mean square fluctuation (RMSF) analysis showed
average flexibility (1.5-2.5 A), except for minor fluctuations (8-9 A at residue 850). Additionally, the radius
of gyration (Rg) remained stable at~36 A, confirming no significant unfolding throughout the simulation.
Comparing our findings with previous study by Swetha et al., 2022, a Monkeypox virus vaccine study reported
an RMSD of 5-6 A over 300 ns”, which was slightly higher than our 4-5 A over 500 ns, indicating that our
vaccine construct may exhibit greater stability. Similarly, a Helicobacter pylori vaccine demonstrated RMSF
values of 2-4 A, slightly higher than our study (1.5-2.5 A), suggesting that our vaccine structure may be more
rigid and stable. Furthermore, MM/PBSA free binding energy calculations in a Neisseria gonorrhoeae vaccine
study yielded an average of -4000 kJ/mol”’. In contrast, our vaccine showed -5000 kJ/mol, confirming that
our construct has stronger and more stable binding. This suggests that our construct has stronger, more stable
binding than the others.
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Immune simulation results suggested robust activation of both humoral and cellular immunity, with a peak
IgM and IgG response reaching 5000 units by day 14. Additionally, cytokine analysis revealed high levels of
IFN-y, which plays a crucial role in pathogen clearance and immune activation. Moreover, analysis of cytokines
showed elevated levels of IFN-y, which is fundamental to immune mobilization and pathogen elimination. Our
study findings are in line with other investigations, including a vaccine trial for Herpes simplex virus type-1
(HSV-1), where the peak levels of IgM/IgG attained reporting values of 450078, which is lower than the 5000,
providing evidence for more and prolonged immune response Furthermore, the vaccine shows high expression
in the pET-29(+) vector system, which is known for its strong T7 promoter-driven expression in Escherichia coli
as Insilico expression of multiepitope vaccine was also performed in the previous study by Biswas et al., 2024 7°.

Although the computational results are encouraging, experimental validation is needed to assess the
immunogenicity and safety of the designed vaccine. In vitro analysis of antibody and cytokine response, as
well as in vivo examination of protective efficacy in animal models, will help understand the entire scope of
the vaccine’s protective capabilities. In addition, the modification of immunogenicity adjuvants, primarily via
TLR stimulation through CpG motifs, could also be investigated. Further research should also look into vaccine
formulation approaches with improved bioactivity, like nanocarrier-based delivery systems, for enhanced
stability and controlled vaccine release.

Conclusion

This study describes the capability of computational biology in developing a multiepitope vaccine against F.
necrophorum , a pathogen causing severe infections in humans and livestock. By targeting transmembrane
proteins, Insilco tools identified non-toxic, antigenic, and non-allergenic epitopes connected to form a strong
vaccine construct. Codon optimization and in silico cloning enhanced vaccine stability and expression in host
cells. Immune simulations revealed strong activation of humoral and cellular immunity, including increased
antibody production and cytokine release. Docking studies confirmed effective interactions with immune
receptors like TLR-7 and TLR-8 that was further validated by MD simulations, highlighting the vaccine’s
potential to stimulate targeted immune responses. This computational approach offers a promising foundation
for developing a vaccine against E necrophorum infections. However Further in vitro and in vivo studies are
required to assess immune responses, protective efficacy, and potential challenges in vaccine formulation and
administration.

Limitations and future prospective

The predictions regarding antigenicity and immunogenicity require experimental validation. Future in-vitro
and in-vivo validations are necessary to ensure its effectiveness. This research provides a valuable foundation for
combating E necrophorum infections through innovative vaccine development.

Data availability

All the data generated in this research work has been included in the manuscript. The FASTA sequences of target
proteins of F. necrophorum was retrieved from UniProt database https://www.uniprot.org/. For the identificatio
n of the antigenic characteristics of the viral protein, we utilized the web server Vaxijen 2.0 (https://www.ddg-p
harmfac.net/vaxijen/VaxiJen/VaxiJen.html ). The server allertop (https://www.ddg-pharmfac.net/allertop_test/
) was used for the prediction of protein allergenicity. The IEDB server (http://tools.iedb.org/bcell/) was used to
predict B-cell epitopes based on surface accessibility of antigen-antibody structures (Naveed et al., 2022). T-cell
epitopes were analyzed using IEDB tools for MHC-I (http://tools.iedb.org/mhci/) and MHC-II (http://tools.ied
b.org/mhcii/). The IEDB server (https://www.iedb.org/) was used to evaluate the population coverage of MHC
Class I and Class IT molecules in the population.
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