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Core-genome guided novel
therapeutic targets identification
and chimeric vaccine designing
against Rickettsia rickettsii
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Rocky Mountain Spotted Fever, caused by the gram-negative intracellular bacteria Rickettsia rickettsii,
is a serious tick-borne infection with a fatality rate of 20-30%, if not treated. Since it is the most
serious rickettsial disease in North America, modified prevention and treatment strategies are of
critical importance. In order to find new therapeutic targets and create multiepitope vaccines, this
study integrated subtractive proteomics with reverse vaccinology. The core genome of R. rickettsii
was investigated, resulting in the identification of seven essential, human non-homologous proteins
as potential drug targets, as well as four antigenic, non-allergenic proteins suitable for vaccine
development. Using conserved antigenic peptides, two chimeric vaccine constructs were developed
and assessed using molecular docking, molecular dynamics simulations, principal component
analysis, MM-GBSA binding free energy, and dynamic cross-correlation matrix studies. The high
immunogenic potential was indicated by the vaccine designs’ robust and consistent interactions with
human immunological receptors. Their capacity to trigger strong humoral and cellularimmunological
responses was further demonstrated by in silicoimmune simulations. The persistent interactions of
vaccine V1 and V2 with human immunological receptor demonstrated that these might have high
immunogenic potential. Moreover, the identified drug targets were annotated for essential biological
processes, which shed light on their therapeutic potential. The vaccine constructs were cloned and
expressed in suitable systems. This study displays a comprehensive strategy for managing Rocky
Mountain Spotted Fever via rational vaccine development. Further experimental research is needed to
confirm the immunogenicity of the vaccines and the druggability of identified targets, establishing the
path toward effective RMSF management.
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The genus Rickettsia is one of the most diverse and common genera among the several intracellular gram-negative
bacteria that make up the Rickettsiaceae family!. One of the most common and serious rickettsial disorders in
the United States (U.S.) is Rocky Mountain Spotted Fever (RMSpF), which is a member of the spotted fever
group rickettsioses (SFGR) family of diseases. The highly pathogenic intracellular bacteria Rickettsia rickettsii (R.
rickettsii) is the cause of this disorder?. This pathogen is equally harmful to humans and other species. Ticks, the
organism’s vectors, and reservoirs, play a vital role in its natural ecosystem. Human infection is caused by the bite
of an infected tick Dermacentor andersoni and Dermacentor variabilis, which are the carriers for R. rickettsii®.
SEGR is becoming more recognized as a serious global public health risk due to its emerging and re-emerging
phenomena. The majority of cases of R. rickettsii were discovered either in or during the second half of the 20th
century, with the first case being recorded in 1906 . Since its identification in different regions in 2003, RMSF
has remained a growing concern to public health in the southwestern part of the United States®. Symptoms of
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SEGR typically include fever, chills, malaise, and myalgia. If treatment is not started immediately, the disease can
worsen and cause complications like shock, coagulopathy, respiratory distress, abdominal pain, rash, and altered
mental status, all of which can appear in as little as five days. Although rashes appear early higher death rates are
associated with delayed rash onset because of the delayed treatment®.

Over the years, multiple outbreaks of RMSpF, have been reported. First documented in 1937 in Tobia, then,
the illness reappeared in the vicinity of Tobia in 2003 and among military personnel in Antioquia later in 2005.
On the northern coast of Colombia, in the municipality of Los Cérdobas, in the Cérdoba department, there was
a new epidemic in 2007. Over the Americas, RMSF is a zoonosis that is widely spread’. Despite interdisciplinary
control efforts, a rickettsioses outbreak that started in Nuevo Leon, Mexico, in 2022 is still ongoings. Several other
infectious and non-infectious disorders frequently overlap with non-specific symptoms like fever, headaches, and
malaise, making it difficult to diagnose rickettsial diseases. Furthermore, a low level of bacteremia is associated
with the early acute stage of sickness, which makes it more difficult to identify the causative agent’.

The Centers for Disease Control and Prevention (CDC) and The American Academy of Pediatrics (AAP)
recommended doxycycline as the first line of treatment for patients of all ages who have suspected rickettsial
diseases'. Non-specific presentation of rickettsial infections might delay identification and treatment with
doxycycline leading to serious consequences and death!!. Furthermore, the development of a vaccine to prevent
R. rickettsii poses a significant social impact because there are currently no commercial methods for diagnosing
the acute phase of the disease, which is primarily found in vulnerable communities far away from specialized
health services and causes patients to become critically ill and eventually die'2. Meanwhile, there is no vaccine
available to protect against RMSF in dogs or humans. It is complicated to understand the protective host
response and the R. rickettsii antigens that stimulate protective immunity, so developing vaccines against RMSF
is challenging'®. This enabled it to design novel therapeutic and vaccine targets that would prove useful in the
near future. The objective of this study is to discover new targets for drugs and vaccines against this bacterium
to offer substitute therapeutic strategies. The strategy used in this study is noteworthy, which makes use of
bioinformatics tools to reduce labor and concentrate on developing vaccine candidates’ predictions.

Materials and methods
In this study, we utilized state-of-the-art computational tools (Fig. 1) to rigorously analyze the core proteins of
R. rickettsii genomes in search of novel therapeutic targets.
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Fig. 1. Schematic illustration of the methodology used to create the MEVCs against R. rickettsii.
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Data retrieval

The complete genome sequences of all the available 15 strains of R. rickettsii were retrieved from the National
Center for Biotechnology Information (NCBI) database. These genome sequences were then submitted to
EDGAR tool version 2 for the core genome formulation'.

Determination of human non-homologous proteins

The therapeutic targets should not be identical to the human proteins to prevent auto-immunity'®. The complete
human proteome was retrieved from the UniProt database!® And standalone BLASTp analysis of core proteome
was accomplished against human proteome to determine human host non-homologous proteins!”. The cutoff
values used for BLASTp analysis include query coverage <35%, percentage identity <35%, bitscore <100,
E-value and > 1e-20'®1%. Furthermore, the human digestive system is populated by many symbiotic bacteria, all
of which have numerous beneficial effects on human health. Developing a vaccine or drug that targets proteins
similar to those in the gut microbiota carries the risk of adversely affecting commensal microorganisms living in
the gastrointestinal tract, which could have negative effects on human physiological health?>2!. BLASTp analysis
of the human non-homologous proteins was performed to determine gut-non-homologous proteins by applying
similar cutoff values.

Selection of essential proteins and virulent factors

Essential genes encode proteins that are essential to basic cellular functions like transcription, translation,
metabolism, and DNA replication. Essential genes are particularly interesting in the context of drug development
or vaccine target identification because blocking or altering their function may cause important cellular
processes to be disrupted, which could ultimately lead to the removal of pathogens or the treatment of diseases.
The DEG (Database of Essential Genes) contains genes that are essential for the survival of the pathogen. The
DEG library comprises experimentally validated vital genes from bacteria, archaea, and eukaryotes. Moreover,
the pathogenicity of bacteria is influenced by virulence factors that strengthen their capacity to invade, infect,
and elude host defenses. The VFDB (Virulence Factor Database) provides a comprehensive knowledge base and
a versatile platform for the evaluation of bacterial virulence factors. These virulent factors play a crucial role in
the development and spread of pathogenic diseases?"?2. To identify essential & virulent proteins of R. rickettsii,
the human non-homologous proteins were screened against the DEG and VFDB databases with thresholds i.e.
qcovs > 35%, percentage identity > 35%, bitscore > 100, E-value le-20 212,

Selection of resistant and host interacting proteins

Bacterial infections are becoming resistant to currently available antibiotics. Therefore, the Antibiotic-Resistant
Gene Annotation (ARG-ANNOT) database was used to identify proteins that help in the resistance of R. rickettsii
to antibiotics by BLASTp analysis®*. Moreover, the Host-Pathogen Protein-Protein Interaction database (HPPPI)
played a crucial role in the selection of host-interacting proteins of the R. rickettsii?>. The bacterial proteins were
subjected to PPI for the identification of the proteins interacting with the host counterparts.

Metabolic pathways analysis

The KAAS (KEGG Automatic Annotation Server) server was used to assign KAAS IDs to the pathogen essential,
virulent, resistant, and host-interacting proteins. The KEGG (Kyoto Encyclopedia of Genes and Genomes)
server was used to analyze the metabolic pathways of R. rickettsii unique proteins?. The pathways of R. rickettsii
which are unique to humans were identified and the proteins involved in those unique pathways were used for
further analysis.

Identification of subcellular localization of target proteins

Identifying the subcellular location of proteins is essential in recognizing their roles within cells. Based on the
localization of proteins within the cell, they are classified as either drug or vaccine targets. In this study, PSORTb
v3.0, CELLOV2.5, and BUSCA servers were used for the subcellular localization of the KEGG-dependent and
independent proteins. The cytoplasmic proteins were classified as potential drug targets while the extracellular
and membrane proteins were considered vaccine targets and used for further downstream analysis?”2%.

Reverse vaccinology

Identifying promising vaccine candidates involves a multifaceted approach that incorporates computational
methods for the analysis of several properties of target proteins. To identify antigenic and non-allergenic proteins,
VaxiJen?’ and AllerTOP* web servers were used, respectively. Protein sequences containing transmembrane
helices were elucidated via the TMHMM server?!, thus rendering it to identify proteins with topological values of
0 or 1. Important physicochemical properties such as molecular weight, amino acid count, theoretical isoelectric
point (Pi), instability index, aliphatic index, half-life, and the grand average of hydropathicity (GRAVY) value
were determined by ProtParam Expasy server®2. The promising vaccine candidates were selected based on their
ability to exhibit antigenicity and non-allergenicity, as well as their negative GRAVY value and topological value
of 0 or 1%,

Prediction of HTL epitopes

The most important cells in adaptive immunity, helper T-cells (HTL) influence B-cells to release antibodies,
macrophages to phagocytose pathogens, and cytotoxic T-cells (CTL) to destroy specific parasitized cells that
are required for cell-mediated immunization against Rickettsia rickettsii. Therefore, to stimulate the immune
response, the inclusion of HTL epitopes is required. The selected vaccine candidates were assessed to predict
HTL epitopes with a length of 15 mer, using the IEDB MHC-II binding epitope prediction tool****. During
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the prediction of epitopes, the HLA full reference allele set was selected from IEDB. The top 10 epitopes with
the lowest rank were selected and were evaluated for their antigenicity, allergenicity, solubility, virulence, and
toxicity analysis. Furthermore, HTL epitopes generate various cytokines, including interleukin-10 (IL-10),
interferon-gamma (IFN-y), and interleukin-4 (IL-4), which stimulate immune cells including cytotoxic T-cells
and macrophages. These additional properties were determined by IL10-pred, IFN-epitope, and IL4-pred
servers.

Prediction of CTL epitopes

The majority of cytotoxic T-cells display T-cell receptors (TCRs), which recognize a specific antigen®. The
consensus method was utilized to identify CTL epitopes using the IEDB MHC-I binding epitope prediction
tool and employing a length of 9-10 mer®. The epitopes used for vaccine construction must be antigenic, non-
allergenic, immunogenic, non-toxic, virulent, and water-soluble. The top 10 epitopes with the lowest rank were
evaluated for these properties using the VaxiJen 2.0, AllerTOP, IEDB, Toxinpred, Virulentpred, and Innovagen
servers, respectively.

Prediction of B-cell epitope

A multi-epitope vaccine should activate humoral immunity to produce long-lasting humoral protection. B-cell
epitopes-induced humoral immunity can eradicate infections by generating antibodies against antigens found
in the human body. The effectiveness of vaccines is due to memory B-cells specific to antigens, which stimulate
the formation of antibodies (Abs). Additionally, these contribute to the removal of pathogens by phagocytic or
complement-mediated mechanisms>”*%. The consensus method was utilized to identify B-cell epitopes using the
BepiPred Linear Epitope prediction server. The epitopes with a length of 10 to 40 residues were evaluated for
their antigenicity, allergenicity, toxicity, virulence, and solubility.

Multi-epitope vaccine construction

The vaccine was formulated by the use of the top prioritized epitopes®®. Additionally, various linkers were added,
the bi-lysine (KK) linker for B-cell epitopes, Gly-Pro-Gly-Pro-Gly (GPGPG) for HTL epitopes, and Ala-Ala-
Tyr (AAY) for CTL epitopes to connect with the prioritized epitopes*’. Additionally, a rigid linker i.e., EAAAK
was included at the C and N-terminals of the vaccine constructs as well as at the point of adjuvant and epitopes
attachment. In addition, adjuvants that may stimulate the immune system, such as HBHA and HBHA conserved
adjuvants, were used to enhance the immunological responses and promote innate immunity. After the vaccine’s
construction, their physicochemical properties such as molecular weight, number of amino acids, theoretical pi,
instability index, allergenicity, and antigenicity were analyzed. The water solubility, antigenicity, and allergenicity
of the designed vaccine constructs were determined by the SolPro*!, VaxiJen, AntigenPro, and AllerTOP servers,
respectively.

Population coverage analysis

A subset of epitopes from CD8" and CD4" T-cells along with their corresponding HLA alleles were submitted
to the IEDB Population Coverage tool. This tool predicts the percentage of HLA alleles and epitopes that are
compatible with the selected populations. The global population coverage was also determined to determine the
global efficacy of the vaccines*2.

Structure analysis

The secondary structures of the designed vaccine constructs were formulated using the SOPMA* and PsiPred*!
Web servers. These servers provided evidence regarding the percentage of random coils, extended strands, beta-
turn, and alpha-helix in the vaccine construct. Moreover, the 3D structures of the vaccines were formed using
the SWISS-MODEL server®. The resulting 3D structures were refined using the GalaxyRefine web server. The
refined structures were then validated by the Ramachandran plot and the ERRAT quality factor value?’.

Molecular docking analysis

Molecular docking was performed to ascertain the binding affinities and molecular interactions of the proposed
vaccines with the human toll-like immune receptor, TLR4 (PDB-ID: 3FXI). The receptor and vaccines were
prepared for docking. The prepared structures were submitted to the Cluspro2.0 server for molecular docking®.
The binding affinities of the vaccine-receptor complexes were determined and the Pymol software displayed the
interactions among the docked complexes. For additional research, the vaccines with the highest binding energy
and maximum number of H-bond interactions with TLR4 were selected.

Normal mode analysis

The mobility of macromolecules at large scales and their stability were investigated by employing the normal mode
analysis mobility. This is done to validate the stability of the vaccine-receptor docked complexes. iMODS server
computes the NMA of the dihedral coordinates of the Ca atoms in addition to a specified combined motion of a
large macromolecule. In addition, iMODS calculates the eigenvalue, evaluates structural deformability, B-factor,

variance, and covariance®.

Molecular dynamic simulation

Molecular dynamics (MD) simulation is typically used to evaluate the stability of a complex containing prospective
therapeutic compounds and the target protein®->2. Molecular dynamics simulations were conducted for 100 ns
by using the Desmond software package by Schrodinger LLC. The protein-ligand complexes were processed
beforehand including optimization and minimization, with either the Protein Preparation Wizard or Maestro
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software, before conducting the simulations. The System Builder tool was used to facilitate system construction.
To simulate realistic environmental conditions, we employed the TIP3P solvent model within an orthorhombic
simulation box. The simulations were run using the OPLS_2005 force field*®, and the models were neutralized
by adding counter ions when necessary. To mimic physiological circumstances, we added 0.15 M salt. To
simulate physiological circumstances, 0.15 M salt solution (NaCl) was added. We employed the NPT ensemble
throughout the simulation to ensure that moles (N), pressure (P), and temperature (T) remained constant at
300 K and 1 atm, respectively. Pre-simulation relaxing procedures were carried out on the models. To assess
simulation stability, we calculated the root mean square deviation (RMSD), and root mean square fluctuations
(RMSF) to identify the changes in the structure and stability of the proteins throughout the simulations for the
vaccine-receptor complexes.

Principal component analysis

Using the bio3d R package, the PCA of each complex was obtained from the MD trajectories®®. This statistical
technique minimizes and determines substantial fluctuations in protein residues using covariance matrix
analysis of alpha-carbon (Ca) atoms. The eigenvectors that have the highest eigenvalues are considered principal
components. This approach takes into account three key components. It provides information on the dynamics
of the protein by computing its principal components®”.

MM-GBSA energy calculation

The molecular mechanics generalized Born surface area (MM-GBSA) module of prime was used to determine
the binding free energy (Gbind) of the docked complex during MD simulations of V1 and V2 complexed with
TLR4. Using the OPLS 2005 force field, VSGB solvent model, and rotamer search techniques, the binding free
energy was estimated. The MD trajectory frames were chosen at intervals of 10 ns after the MD run.

DCCM analysis

The dynamic cross-correlation matrix (DCCM) analysis was conducted to investigate the correlated motions of
residues within the V1-TLR4 and V2-TLR4 docked complex over a 100 ns molecular dynamics (MD) simulation.
The trajectory data from the MD simulation was processed to calculate the cross-correlation coefficients
between the fluctuations of each pair of residues. The resulting DCCM was visualized as a heatmap, with colors
ranging from — 1.0 (indicating anti-correlated motions) to 1.0 (indicating positively correlated motions). This
analysis allowed for the identification of regions within the complex that exhibited significant correlated or anti-
correlated movements, providing insights into the dynamic behavior and potential functional interactions of the
vaccine-receptor docked complexes.

Conformational B-cell epitopes

The Conformational B-cell epitopes in the 3D structure of the prioritized vaccine construct were obtained
by using the ElliPro webserver®® which assists in antibody prediction against protein antigens based on their
sequence. As an ellipsoid, it employs the most advanced approaches for protein structural analysis.

Immune simulation

To evaluate the immunological profile and effectiveness of the prioritized vaccines, immune simulation analysis
was performed using the C-ImmSim server. The immune simulations were performed at 1000 steps, and 3
injections were employed at different time intervals (01, 84, and 168 h)*’.

In silico expression analysis

The codons in the vaccine construct were optimized following the expression system of E. coli strain K12 using
the JCAT tool®8.The vaccine sequences were back-translated, with the adaptation mediated by the values of the
Codon Adaptation Index (CAI) and the percentage of GC content. During optimization, de-selected regions
included bacterial ribosome binding sites, rho-independent transcription terminators, and several restriction
enzyme cleavage sites. After that, the SnapGene tool was used to conduct in-silico cloning in the pET-28a (+)
vector of the E. coli host to ensure the expression of the vaccine construct®®.

Novel drug targets identification

The shortlisted cytoplasmic proteins underwent BLASTp analysis against FDA-approved drug targets with a
bit score of at least 100 and an E-value of less than 0.005 to identify the novel proteins®>®. To predict the
novel targets, the proteins showing similarity with the FDA-approved drug targets were removed from the study.
The remaining proteins were analyzed for their protein-protein interactions by the STRING database®! with an
average node degree greater than 5.0 (K> 5), transmembrane helix prediction by the TMHMM server?!, and
physicochemical properties (molecular weight prediction, instability index, theoretical pi, and aliphatic index)
prediction by the Protparam tool. The low molecular weight, stable, interacting, and proteins with less than 1
transmembrane helices were shortlisted as potential novel drug targets®2.

3D structure prediction and catalytic pocket screening

The Swiss Model server was utilized to anticipate the 3D structures of the prioritized targets. The designed
structures were validated by analyzing the ERRAT score and Ramachandran plot using the SAVES server®.
Following the acquisition of 3D structures, the DoGSiteScorer, an automated pocket detection technology
to determine if protein cavities are druggable, was utilized to determine the drug-binding pockets and their
druggability score. A highly druggable protein cavity is defined as having a score closer to 1.
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Results

Core proteome retrieval

The proteins of 17 available complete genomes of Rickettsia rickettsii were retrieved from the NCBI database and
subjected to the EDGAR server for core genome development, which resulted in 1214 core proteins that were
used for subtractive proteomics and the reverse vaccinology analysis'*.

Determination of human and gut microbiome non-homologous proteins

For the identification of novel therapeutic targets, 1214 core proteins were subjected to BLASTp analysis against
the Homo sapiens proteome. This resulted in the selection of 1121 proteins because they were non-homologous
to human proteins. Since, the gut microbiota is crucial for digesting and other vital body functions, proteins
linked to gut flora were excluded from the analysis. As a result, 984 pathogen-specific proteins were obtained
which were used for further analysis.

Essential, virulent, antibiotic-resistant, and host-interacting proteins

The BLASTp analysis resulted in the 133 essential proteins required for R. rickettsii survival and maintenance,
crucial in determining novel vaccine targets. Virulence proteins are essential for regulating the host defense
mechanism through colonization, invasion, adhesion, and pathogenicity. According to the VFDB database, 16
proteins were linked to R. rickettsii virulence.

ARG-ANNOT database analysis resulted in 3 antibiotic-resistant proteins. The HPPPI database was used
to identify host-interacting proteins. Three proteins were found to be involved in the interaction of bacteria
with the host proteins. Following the integration of essential, virulent, antibiotic-resistant, and host-interacting
proteins, 145 potential therapeutic targets were determined which were used for further analysis. These proteins
might be the key targets for preventing R. rickettsii infection.

Determination of unique metabolic pathways

The metabolic pathways and their proteins were identified by the KEGG server. The total number of metabolic
pathways of R. rickettsii and humans was found to be 77 and 356, respectively. Of these, 59 metabolic pathways
were common in both humans and R. rickettsia, while 18 pathways were present only in R. rickettsii (Table 1).
After the determination of unique pathways, the proteins from the previous analysis were subjected to the KAAS
server for assignment of KO (KEGG orthology) identifiers to each protein. Out of 145 proteins, 133 proteins
were identified as KEGG-dependent while the remaining 12 proteins were found to be KEGG-independent. The
133 kegg-dependent proteins were mapped to the pathogen pathways, which resulted in 47 pathogen pathways,
of which 10 pathways were found to be unique to the pathogen. The 39 proteins (Table S1) involved in these 10
unique metabolic pathways were processed for further analysis.

Identification of subcellular localization of target proteins

Predicting subcellular localization allows for the identification of appropriate and efficient targets, which is
necessary for an extensive understanding of protein function. Cytoplasmic proteins are preferred as effective
drug targets while the membrane proteins are considered the best candidates for vaccines. The result of the
subcellular localization indicated that out of 51 proteins, 31 were cytoplasmic while 20 were membranous
proteins (Table 2; Fig. 2), that were subjected to drug and vaccine targets identification, respectively.

Sr. No. | Entry Description

1 rri00261 | Monobactam biosynthesis

2 rri00300 | Lysine biosynthesis

3 rri00460 | Cyanoamino acid metabolism

4 rri00521 | Streptomycin biosynthesis

5 rri00540 | Lipopolysaccharide biosynthesis

6 rri00541 | O-Antigen nucleotide sugar biosynthesis

7 rri00550 | Peptidoglycan biosynthesis

8 rri00680 | Methane metabolism

9 rri00946 | Degradation of flavonoids

10 rri01110 | Biosynthesis of secondary metabolites

11 rri01120 | Microbial metabolism in diverse environments
12 rri01220 | Degradation of aromatic compounds

13 rri01501 | Beta-Lactam resistance

14 rri01502 | Vancomycin resistance

15 rri01503 | Cationic antimicrobial peptide (CAMP) resistance
16 rri02020 | Two-component system

17 rri02024 | Quorum sensing

18 rri03070 | Bacterial secretion system

Table 1. Pathways of Rickettsia rickettsii unique to Host (Humans).
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Sr. No. | Accession numbers | Protein name Localization
1 QBX69_03605 MULTISPECIES: 30 S ribosomal protein S15 Cytoplasmic
2 QBX69_03545 MULTISPECIES: Ribonucleotide-diphosphate reductase subunit beta Cytoplasmic
3 QBX69_00550 MULTISPECIES: dCTP deaminase Cytoplasmic
4 QBX69_06495 MULTISPECIES: SH3 domain-containing protein Cytoplasmic
5 QBX69_06055 MULTISPECIES: 50 S ribosomal protein L21 Cytoplasmic
6 QBX69_05270 MULTISPECIES: 50 S ribosomal protein 122 Cytoplasmic
7 QBX69_00185 MULTISPECIES: CarD family transcriptional regulator Cytoplasmic
8 QBX69_04835 MULTISPECIES: Chromosomal replication initiator protein DnaA Membrane
9 QBX69_05105 MULTISPECIES: Nucleotide exchange factor GrpE Cytoplasmic
10 QBX69_00180 DsbA family protein Cytoplasmic
11 QBX69_00365 30 S ribosomal protein S6 Cytoplasmic
12 QBX69_00570 Cell cycle transcriptional regulator TrcR Cytoplasmic
13 QBX69_00635 Translation elongation factor Ts Cytoplasmic
14 QBX69_00715 ABC transporter permease Membrane
15 QBX69_00760 Ribosome biogenesis GTP-binding protein YihA/YsxC Membrane
16 QBX69_00830 Protein translocase subunit SecF Membrane
17 QBX69_00885 FtsH protease activity modulator HfIK Cytoplasmic
18 QBX69_00895 Do family serine endopeptidase Membrane
19 QBX69_00900 Rhodanese domain-containing protein Cytoplasmic
20 QBX69_00970 50 S ribosomal protein L10 Cytoplasmic
21 QBX69_01210 6-pyruvoyl tetrahydropterin synthase family protein Cytoplasmic
22 QBX69_01295 TrbC/VirB2 family protein Membrane
23 QBX69_02345 Endolytic transglycosylase MItG Membrane
24 QBX69_02715 ATP-binding cassette domain-containing protein Cytoplasmic
25 QBX69_02905 Holliday junction branch migration protein RuvA Cytoplasmic
26 QBX69_02935 D-alanyl-D-alanine carboxypeptidase family protein Membrane
27 QBX69_02940 Septal ring lytic transglycosylase RIpA family protein Membrane
28 QBX69_02975 TIpA disulfide reductase family protein Membrane
29 QBX69_03020 Cytochrome c oxidase subunit I Membrane
30 QBX69_03235 MULTISPECIES: response regulator transcription factor Membrane
31 QBX69_04650 Holo-ACP synthase Cytoplasmic
32 QBX69_05830 Ribonuclease HI Cytoplasmic
33 QBX69_06170 ABC-F family ATP-binding cassette domain-containing protein Cytoplasmic
34 QBX69_06185 ATP-binding protein Cytoplasmic
35 QBX69_06355 MULTISPECIES: NADH-quinone oxidoreductase subunit NuoK Membrane
36 QBX69_06660 Outer membrane protein Membrane
37 QBX69_06675 MULTISPECIES: heme ABC transporter permease Membrane
38 QBX69_06825 Bifunctional peptide chain release factor N(5)-glutamine methyltransferase | Cytoplasmic

Table 2. Shortlisted cytoplasmic and membrane proteins.

Reverse vaccinology

Vaccine candidate prioritization

The membrane proteins prioritized in the previous step analyzed through the TMHMM server to find out
the topology value of the proteins. Several characteristics (i.e., instability index, aliphatic index, PI, GRAVY,
and molecular weight) of all the vaccine target membrane proteins were analyzed by the ProtParam tool. The
antigenicity, allergenicity, solubility, and virulence were also determined (Table 3). All these analyses resulted in
four proteins including QBX69_00760, QBX69_00895, QBX69_02940, and QBX69_03235 as the best vaccine
candidates for further utilization in vaccine designing due to their best properties such as they were antigenic,
non-allergenic, stable, virulent, water-soluble, and have a low molecular weight (Table 3).

Prediction of lead epitopes

The IEDB-recommended NetMHCpan EL 4.0 web server was used to predict CTL and HTL epitopes. For this
purpose, the entire collection of HLA reference alleles from IEDB was used. Many MHC-I and MHC-II binding
epitopes for the proteins QBX69_00760, QBX69_00895, QBX69_02940, and QBX69 _03235 were obtained. The
top 10 epitopes of MHC-I and MHC-II with the lowest rank from each protein were evaluated for toxicity,
antigenicity, virulence, allergenicity, and water solubility. Furthermore, the IEDB Class-I immunogenicity
prediction method was employed to assess the immunogenicity of the MHC-I-binding epitopes. After careful
consideration, one epitope each from QBX69_00760, QBX69_00895, and QBX69 _03235 was chosen for vaccine
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Fig. 2. Graphical representation of the final localization of the kegg-dependent and independent proteins.

development because of their positive immunogenicity, non-toxicity, non-allergenicity, antigenicity, solubility,
and virulent qualities. After analysis, three epitopes each from QBX69_00760 and QBX69_00895 and one
epitope from QBX69_02940, and QBX69_03235 were chosen for vaccine development because their virulent,
non-toxic, non-allergenic, and antigenic potentials, as well as inducing the cytokines production (Table S2, S3).

Moreover, B-cell epitopes were determined using the BePipred linear epitope prediction server from the
IEDB repository. Epitopes that met the recommended length criteria (10 to 40) were analyzed for virulence,
antigenicity, toxicity, allergenicity, and water solubility. Seven linear B-cell epitopes (non-toxic, non-allergenic,
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:I::}zg Molecular | Theoretical | Aliphatic Instability | Water
Protein ID acids | Topology Weight Pi Index GRAVY | Antigen | Allergen | index solubility
QBX69_04835 | 463 |0 52942.68 | 6.85 96.83 | -0.243 |No No Unstable | Good
QBX69_00715 | 259 | i13-35050-72i151-1730200-222i235-2570 27670.75 | 9.34 124.56 0917 | Yes No Stable Poor
QBX69_00760 | 212 |0 23874.63 | 9.89 9429 | -0.284 | Yes No Stable Good
QBX69_00830 | 308 | i20-420138-160i165-1870192-214i245-2670272-294i | 35075.55 | 9.43 121.49 0515 | Yes No Stable Poor
QBX69_00895 | 508 |0 55606.23 | 4.66 106.65 | —0.232 |Yes No Stable Good
QBX69_01295 | 119 | i21-43053-75i82-1040 1280325 | 7.76 139.16 0.789 | Yes No Stable Poor
QBX69_02345 | 338 | il12-34o 3800177 | 9.68 109.88 | —0.013 | No No Stable Good
QBX69_02935 | 306 |0 33603.64 | 10.29 85.2 -0.2 Yes Yes Stable Good
QBX69_02940 | 320 |0 36020.81 | 9.9 83.22 | -0.585 | Yes No Stable Good
QBX69_02975 | 214 | i9-310 24976.09 | 8.9 10248 | -0.155 |No No Stable Poor
131-53075-97i118-1400165-187i200-2220254-
QBX69_03020 | 532 | 276i283-3050320-342i355-3770392-414i427- 58909.37 | 6.56 101.37 0.691 | Yes No Stable Poor
4490469-491i
QBX69_03235 | 226 |0 2561251 | 8.89 10487 | —0.244 | Yes No Stable Good
QBX69_06355 | 104 | 05-27i34-56066-88i 11780.08 | 5.6 139.71 0.939 | Yes No Unstable | Poor
QBX69_06660 | 246 | 0 2650224 | 9.64 7728 | =0211 | Yes Yes Stable Good
QBX69_06675 | 230 | i20-42057-79i86-1080123-1451157-1790201-223i 26008.63 | 9.71 141.52 1.007 | Yes No Stable Poor
QBX69_07145 | 145 | 010-32i53-75080-102i123-1410 1687543 | 9.45 125.03 0.769 | Yes No Stable Poor
QBX69_02485 | 604 |0 69066.45 | 8.14 97.83 | -0.225 |No No Unstable | Good
QBX69_04745 | 555 11113921351?2}1;2;115?142705513;?(5)(2);(2;-52252%?464?_3820397_ 61373.1 93 124.47 0.686 | Yes No Stable Poor
QBX69_05680 | 415 | i23-450274-296i316-3380381-403i 46027.08 | 9.45 117.01 0.404 | Yes No Stable Poor
QBX69 05555 | 282 | 11-30046-68189-1110116-1331138-1600165- 1871212 1 35985 | 913 14397 | 0.894 | Yes No Unstable | Poor
Table 3. Analysis of vaccine targets obtained by subtractive proteomics and potential vaccine candidates
selection.
water-soluble virulent, and antigenic) were ultimately chosen from these proteins and added to the vaccine
construct (Table S4).
Vaccine construction
The lead epitopes were joined using suitable linkers (AAY, GPGPG, KK) to form peptide vaccine constructs.
Furthermore, adjuvants were added to the N-terminal of the designed construct to improve its immunogenicity
and form two vaccine constructs (V1& V2). The EAAAK linker was also used to provide rigidity to the ends.
The effects of various adjuvant combinations were used to analyze the allergenicity and antigenicity affected by
adjuvants (Fig. 3). The addition of linkers did not alter the conformation of the designed constructs. After the
formation of vaccine constructs, they were analyzed for their antigenicity, allergenicity, and water solubility
which indicated that both the constructs were antigenic, non-allergenic, and water-soluble. Moreover, the
physicochemical properties (i.e., instability index, GRAVY value, molecular weight, amino acid length, aliphatic
index, and theoretical pi) of vaccine constructs were analyzed which indicated that the designed vaccines are
stable, have negative GRAVY value, and low molecular weight. The topology of both constructs was found
to be 0 (Table 4). Since both vaccine constructs fulfilled the standard criteria, they were selected for further
investigation.
Structural analysis of vaccine constructs
The residues involved in the synthesis of random coils, B-sheets, a-helices, and extended strands were determined
by the secondary structure of the vaccines. The vaccine’s overall structural stability was influenced by these
specific secondary structures. The percentages of a-helix (50.26), extended strands (10.77), and random coils
(35.21) for V1 were computed. Comparably, the percentages of these secondary structures for V2 were in the
order of 50.69, 11.28, and 34.20, respectively (Fig. 4).
Tertiary structure prediction provides a critical analysis of the stability and function of proteins. The SWISS-
MODEL was used for the prediction of the tertiary structure generating Ramachandran plot to validate the
improved 3D model. A high-quality 3D structure of our vaccines was demonstrated by the Ramachandran plot
analysis, which revealed 94.0% and 89.9% residues in the most preferred regions of V1 and V2, respectively (Fig.
S1). Furthermore, the Pymol v2.5.5 was used to visualize the tertiary structures to improve depiction (Fig. 5).
Population coverage analysis
The MHC-I and II epitopes selected for vaccine construction along with their respective binding HLA-alleles
were subjected to population coverage analysis. The global coverage of the selected T-cell epitopes was 99.74%.
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Fig. 3. Construction of MEVC joined by various linkers (AAY, GPGPG, KK) and adjuvants (HBHA and

HBHA-conserved).

V1 V2
Parameters Measurement | Indication Measurement | Indication
Solpro 0.925778 Soluble 0.930743 Soluble
Antigen pro 0.94323 Antigenic 0.945135 Antigenic
VaxiJen v2.0 Antigen Antigenic Antigen Antigenic
Allergenicity Non-Allergen | Non-allergen | Non-Allergen | Non-allergen
Instability index 33.64 Stable 36.32 Stable
Molecular weight | 64364.87 Appropriate | 63246.64 Appropriate
GRAVY value —0.887 Hydrophilic | -0.876 Hydrophilic
Amino acid length | 585 Appropriate | 576 Appropriate
Aliphatic Index 71.47 Thermostable | 73.07 Thermostable
Theoretical Pi 8.14 Basic 6.99 Basic
Topology 0 Appropriate | 0 Appropriate

Table 4. Physicochemical properties, antigenicity and allergenicity analysis of the two designed vaccine

constructs V1 and V2.

Hl H2
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B3I 135 B0 135 10 15 130 135 160 165 170 135 180 131 135 130 135 140 15 130 135 160 165 170 175 10
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V1: HBHA V2: HBHA conserved
Fig. 4. Secondary structures of the designed vaccine constructs formulated by the PDBsum tool.
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Fig. 5. Structural representation of the designed vaccine constructs indicating alpha helix (red) and random
coil (green) by using the Pymol Software.

North America Europe ) )
99.89% 99.96% & g 3 o,
{ p8 T Rdn
- o L1 3 ¥ itk >, Northeast Asia
. . ’ ‘ S % 91.88%
b, oA ’ ‘ \: ¥ North Africa . Ll ’ Southwest Asia e,
v 77 \ 1 ‘J\ 99.01 T 95.79% i
o’ i ; ”
—\’,\_ QJ We;; zgrn}ca ' ”#’ South Asia
Central America s k 98.7% .
53.8% East Asia
99.67%
S,
West Indies ) Y L Oceania
99.69% - East Africa - 97.88%
Central Africa e 97.08% —g / .
94.79% Y
South Africa v
95.21%
World = 99.74% South America Southeast Asia
95.15% 97.66%

Fig. 6. Population coverage graph of T-cell epitopes used in the construction of MEVC determined by the
IEDB Population Coverage Tool. The epitopes selected for vaccine construction showed a global allele coverage
0f 99.74%.

It was found that Central America had the lowest range of population coverage (53.8%), while Europe had the
highest range of population coverage (99.96%) (Fig. 6).

Molecular docking and normal mode analysis

The ClusPro 2.0 server was used to dock the designed vaccines (V1 and V2) with TLR4 receptors to determine
their binding affinities and possible interactions among them. The docked complexes of V1 and V2 with human
TLR4 showed binding affinities of -1296.1 and — 1294.6, respectively. Furthermore, the docked complexes and
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the interactions between the vaccines and the receptors were visualized using the PyMOL software (Figs. 7 and
8). Normal mode analysis (NMA) was performed to analyze the stability of docked complexes and their large-
scale mobility (Fig. S2). According to the normal mode analysis mobility, upon binding, the vaccine construct
and the TLR-receptors were notably directed. The deformability of the complex was linked to the distortion of
individual residues, which served as the chain’s hinges. Similar to RMS, the B-factor values estimated by NMA
were significantly lower than their PDB B-factor. The predicted eigenvalue for the vaccine constructs was found to
have an inverse connection with the variance of the protein-protein docking complex. The estimated eigenvalues
for vaccine constructs V1 and V2 with TLR-4 receptor were 1.777387e-07 and 9.132412e-07, respectively. The
graphical depiction of the covariance matrix shows the correlated, uncorrelated, and anti-correlated pairs of
amino acid residues, respectively, with white, red, and blue color variations (Fig. S2). In the elastic network
model, springs of atomic contact are displayed as grey dots; stiffer springs are represented by darker grey, and
vice versa.

Molecular dynamics simulations

The molecular dynamics simulations were carried out to check the stability of the docked complexes of the
vaccine and the receptor. As a result, the RMSD and RMSF graphs were obtained (Fig. 9) which were analyzed
to check the MD trajectories. The predicted alterations in their conformation from the starting structure for
the whole simulation duration were represented. Similar to the current investigation, minor deviations from
the RMSD curve for vaccines V1 and V2 in complex with the TLR4 receptor signify the stability of the docked
complex and vice versa. For the vaccines V1-TLR4 complex and V2-TLR4 complex, the calculated RMSD is 10
A +1Aand 13 A + 1. In the case of the V1-TLR4 complex, only an initial deviation was observed between 0
and 4 ns. After that, the complex remained stable indicating the stability of the docked complex. Whereas, for
the V2-TLR4 complex, initial deviations were obtained till 16 ns and after that no significant increase or decrease
was observed and the complex remained stable ensuring the stability of the complex. Significant variations in
RMSF values were found in both complexes because of the presence of intrinsically flexible regions. This is
substantially linked to the loop regions attached at the N-terminus, containing inserted epitopes and linker
sequences alongside the adjuvants. The local alterations along the protein chain can be explained using RMSE
The regions of the protein that fluctuate the most during the simulations are represented by peaks in the RMSF
graphs. The residual flexibility study was performed to obtain a better understanding of the stability of the
complexes that were generated. Figure 8 demonstrates that the flexibility values of the V1-TLR4 and V2-TLR4
are lower, which confirms the stability and efficacy of our analysis.

Principal component analysis

V1-TLR4 complex The PCA analysis of the MD simulation data for the V1 vaccine with the TLR4 receptor
provides valuable insights into the structural and dynamic behavior of the complex. The results indicate that the
V1-TLR4 complex exhibits multiple stable conformations, as evidenced by the distinct clusters observed in the
PCA plots (Fig. 10). The first component (PC1) captures the most significant variation, suggesting that major
conformational changes or dominant interactions are driving the primary structural differences in the complex.
The significant proportion of variance explained by the first three principal components (67.58%) underscores
the effectiveness of these components in capturing the essential features of the V1-TLR4 complex. The sharp
decline in the scree plot after the first component further supports the importance of PC1 in explaining the da-
taset’s variability. The well-defined clusters in the PCA plots suggest that the V1-TLR4 complex adopts multiple
stable conformations, which is indicative of its structural stability during the simulation. The presence of these
stable states, along with the substantial variance captured by the primary principal components, implies that the

(A)

Chain A

Chain A Chain B

(B)

Fig. 7. Structural representation of the vaccine-receptor docked complex. The docking was performed by the
Cluspro 2.0 server and visualized by the Pymol Software.
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Fig. 8. Molecular Interactions between (A) V1 (brown) and TLR4 (zinc) (B) V2 (orange) and TLR4 (zinc)
visualized by the Pymol Software.

complex is not only stable but also exhibits a degree of conformational flexibility that may be essential for its
biological function.

V2-TLR4 complex The PCA analysis of the V2 vaccine with the TLR4 receptor provides a clear understanding
of the structural and dynamic behavior of the complex (Fig. 11). The first component (PC1) captures a signifi-
cant 52.2% of the total variance, indicating that major conformational changes or dominant interactions are the
primary sources of structural differences in the V2-TLR4 complex. The second (PC2) and third (PC3) compo-
nents capture additional dimensions of variability, explaining 14.79% and 6.05% of the total variance, respective-
ly. These components reflect secondary and tertiary structural features or interactions, providing further details
about the stability and dynamics of the complex. The distinct clusters observed in the PCA plots indicate that the
V2-TLR4 complex adopts multiple stable conformations during the simulation. The separation along the PC1
axis suggests that these primary conformational states are significantly different, while the variations along PC2
and PC3 provide insights into the finer structural adjustments within these states.
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Based on the PCA analysis, it can be concluded that the V2 and TLR4 complex is stable. The multiple stable
conformations observed during the simulation, along with the substantial variance explained by the primary
principal components, indicate that the complex maintains its structural integrity while allowing for necessary
conformational adjustments. This stability is crucial for the effective interaction of the V2-TLR4 complex,
supporting its potential efficacy as an immunotherapy agent. The higher variance explained by PC1 in the V2-
TLR4 complex compared to V1-TLR4 suggests that V2 may exhibit more pronounced conformational changes,
which could be indicative of its interaction dynamics. However, both V1 and V2 demonstrate stability in their
respective complexes with TLR4, which is essential for their intended biological functions.

Comparison of VI-TLR4 and V2-TLR4 complex
Based on the PCA analysis, the V2-TLR4 complex appears to be more stable than the V1-TLR4 complex. This
conclusion is drawn from the higher variance explained by the principal components and the more pronounced
separation of clusters in the PCA plots for the V2-TLR4. The dominance of PCI in capturing the variance further
supports the stability of the V2-TLR4 complex, indicating that it has more defined and stable conformational
states during the simulation. Thus, the V2-TLR4 complex demonstrates greater stability and conformational
clarity compared to the V1-TLR4 complex, making it a potentially more effective vaccine candidate.
Binding energy investigation
V1-TLR4 complex The analysis of the binding interactions between V1 and TLR4 reveals that the system’s
overall binding energy (AG_bind) is -240.37 kcal/mol (Table 5), indicating a highly favorable interaction be-
tween the ligand V1 and the receptor TLR4. The lipophilic contribution to the binding energy (AG_bind_Lipo)
is -131.91 kcal/mol, highlighting the significant role of hydrophobic interactions in stabilizing the V1-TLR4
complex. Van der Waals interactions (AG_bind_vdW) also contribute substantially, with a value of -220.62 kcal/
mol, indicating strong attractive forces at close range. The Coulombic contribution (AG_bind_Coulomb) is
115.28 kcal/mol, suggesting repulsive electrostatic interactions due to like-charged groups within the binding
interface. Hydrogen bonding interactions (AG_bind_Hbond) contribute —28.13 kcal/mol, indicating the for-
mation of hydrogen bonds that enhance the stability of the complex. Lastly, the packing interactions (AG_bind_
Packing) contribute a minor —3.57 kcal/mol, suggesting that V1 fits well into the TLR4 binding pocket with
minimal energy required for conformational adjustments (Table 5). These findings collectively underscored the
various forces contributing to the binding affinity of V1 with TLR4.
V2-TLR4 complex The molecular dynamics simulation results of V2 binding with TLR4 reveal several key
interaction energies (Table 5). The overall binding free energy (dG_bind) is calculated to be -65.7268 kcal/
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Fig. 10. PCA analysis of the V1-TLR4 complex performed by the R script.

mol. The contribution from lipophilic interactions (dG_bindLipo) is -17.0467 kcal/mol, indicating significant
hydrophobic interactions between V2 and TLR4. The van der Waals interactions (dG_bindvdW) contribute
—42.1463 kcal/mol to the binding energy, highlighting the importance of close contact and steric fit. Coulombic
interactions (dG_bindCoulomb) are also substantial, contributing —49.3653 kcal/mol, which underscores the
role of electrostatic forces in stabilizing the complex. Hydrogen bonding interactions (dG_bindH_bond) con-
tribute —5.07422 kcal/mol, indicating specific directional bonding that further stabilizes the binding. Finally,
packing interactions (dG_bindPacking) contribute — 3.5666 kcal/mol, reflecting the structural complementarity
and efficient packing of V2 within the TLR4 binding site. Overall, these interactions collectively facilitated a
stable and energetically favorable binding of V2 with TLR4.

Comparison of V1-TLR4 and V2-TLR4 complex When comparing the binding interactions of V1 and V2
with TLR4, it is evident that V1 exhibits a more stable and energetically favorable binding profile. The overall
binding energy for V1 (-240.37 kcal/mol) is significantly lower than that for V2 (-65.7268 kcal/mol), indicating
a stronger interaction between V1 and TLR4. This difference is primarily driven by the higher contributions
from lipophilic (-131.91 kcal/mol) and van der Waals interactions (-220.62 kcal/mol) in the V1-TLR4 complex,
which are much greater than those observed for V2 (-17.0467 kcal/mol and —42.1463 kcal/mol, respectively).
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Fig. 11. PCA analysis of the V2-TLR4 complex performed by the R script.

Sr. No. | MM/GBSA variable | VI-TLR4 | V2-TLR4
1 Bind —240.366 | —65.727
2 Bind_Lipo —131.909 | —17.047
3 Bind_vdW —220.621 | —42.146
4 Bind_Coulomb 115.280 | —49.365
5 Bind_Hbond —28.132 —5.0742
6 Bind_Packing 1.573 | —3.5666

Table 5. Relative binding free energies (kcal/mol) between V1, V2 and TLR4.
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Residue No.

The Coulombic interactions also differ notably between the two complexes. While V1 exhibits repulsive electro-
static interactions (115.28 kcal/mol), V2 shows attractive Coulombic interactions (-49.3653 kcal/mol). Despite
this, the overall stability of the V1-TLR4 complex is still superior, suggesting that the strong lipophilic and van
der Waals interactions in V1’s favor outweigh the repulsive electrostatic forces. Hydrogen bonds further support
the greater stability of V1, with a contribution of -28.13 kcal/mol compared to -5.07422 kcal/mol for V2. This
indicates that more hydrogen bonds are formed in the V1-TLR4 complex, enhancing its stability. The packing
interactions are relatively minor for both complexes, with similar contributions, indicating that both V1 and V2
fit well into the TLR4 binding pocket. Overall, V1 demonstrates a more stable and energetically favorable bind-
ing with TLR4 compared to V2, corroborating with the PCA analysis. The stronger lipophilic, van der Waals, and
hydrogen bonding interactions in the V1-TLR4 complex are the primary contributors to this increased stability,
despite the repulsive Coulombic interactions. These findings underscored the importance of various forces in
determining the binding affinity and stability of ligand-receptor interactions.

Dynamic cross-correlation matrix

VI1-TLR4 complex The dynamic cross-correlation matrix (DCCM) analysis of the V1-TLR4 docked complex
over a 100 ns molecular dynamics (MD) simulation reveals significant insights into the structural dynamics
and interactions within the complex. The DCCM exhibits distinct patterns of positive and negative correla-
tions among the residues, indicated by a color scale ranging from — 1.0 (green/yellow) to 1.0 (blue/dark blue)
(Fig. 12A). Large blue blocks along the diagonal and off-diagonal regions suggest that certain domains or seg-
ments of the complex exhibit highly coordinated movements. Notably, regions around residues 500-700 and
1000-1200 display strong positive correlations, indicating that these areas move together during the simulation,
potentially signifying functional or structurally interdependent domains. Conversely, smaller green and yel-
low regions denote areas where residues move in opposite directions, highlighting potential sites of mechanical
coupling or functional antagonism. These anti-correlated motions, while less prevalent, are crucial for under-
standing the dynamic balance and functional interplay within the complex. The presence of both correlated and
anti-correlated motions suggests a sophisticated level of structural orchestration necessary for the V1-TLR4
complex’s functionality. Overall, the DCCM provided a comprehensive overview of the residue interactions
and dynamic behavior, offering valuable insights for further functional and mechanistic studies of the V1-TLR4
docked complex.

V2-TLR4 complex The dynamic cross-correlation matrix (DCCM) analysis of the V2-TLR4-docked complex
over a 100ns simulation reveals significant patterns of correlated motions among the residues (Fig. 12B). The
DCCM demonstrates that regions of the protein exhibit both highly correlated (positive) and anti-correlated
(negative) movements. Notably, the diagonal blocks of high positive correlation (dark blue) indicate that adja-
cent or nearby residues tend to move coherently, suggesting robust structural regions that maintain the integrity
of the complex. Conversely, the scattered regions of negative correlation (yellow) indicate residues moving in
opposite directions, which could signify compensatory adjustments within the protein structure. The predom-
inance of neutral correlations (teal) suggests that a large portion of the residues move independently, reflecting
the flexible nature of certain regions within the complex. Overall, these dynamic correlations suggest that the
V2-TLR4 complex maintains a stable yet adaptable structure, capable of accommodating functional movements
necessary for its biological activity.

Comparison of VI-TLR4 and V2-TLR4 complex The observed patterns in the DCCM indicate that the V2-
TLR4-docked complex is relatively stable as compared to the V1-TLR4 complex. The presence of strong positive

Residue Cross Correlation Residue Cross Correlation
1.0 1.0
1500
05 0.5
Z 1000
s
00 (B) = 0.0
$
=
500
-0.5 -0.5
i : 1.0 1 : -1.0
500 1000 1500 1 500 1000 1500
Residue No. Residue No.

Fig. 12. DCCM analysis of the docked complex performed by the R script (A) V1-TLR4 (B) V2-TLR4.
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correlations along the diagonal signifies that key structural regions move coherently, maintaining the complex’s
integrity. The existence of some anti-correlated motions does not detract from the overall stability but rather
highlights dynamic flexibility that may be essential for functional regulation. The predominance of neutral cor-
relations suggests that while certain regions are highly flexible, they do not compromise the overall stability of
the complex. Therefore, the V2-TLR4 complex exhibits a balanced dynamic behavior, maintaining structural
stability while allowing for necessary functional adaptability.

Conformational B-cell epitope prediction

The web server ElliPro was utilized to predict the conformational B-cell epitopes with values ranging from 0.508
to 0.961 for V1 and 0.545 to 0.984 for V2, respectively. Similarly, eight conformational B-cell epitopes were
predicted for V1 and nine for V2 (Tables S5, S6 and Figs. S3, S4).

Immune simulation

The body’s normal immunological responses to the modeled vaccine were determined by the C-ImmSim
server. During immune simulations, the vaccines were administered in 3 doses at an interval of 1, 84, and 168 h
(Fig. 13). After administering the vaccine injections, the number of activated antigen counts, B-cells, TH—cells,
and cytokines were increased (Figure S5 & S6). Antigen interaction initiates the first immune response, which
mostly results in the production of IgM antibodies along with some IgG antibodies. Depending on the type of
antigenic pathogen, minimal levels of antibodies are often produced. As the primary immunological response,
the first dose of the vaccines (V1 & V2) caused an increase in IgM antibody levels. Two more antigen exposures
spaced at different times resulted in the development of a strong immunological response marked by higher
IgM and IgG levels. It was shown that the levels of IgM, IgG1, and IgG1 + IgG2 had significantly increased after
the third dose. This indicated that the immunoglobulins were more likely to create immunological memory and
had a higher binding affinity for the vaccine component (antigens). Different cells exhibited a robust response
in the case of CD8+and CD4 + T-cells, which was followed by the establishment of memory. Throughout the
exposure, the frequency of T} cells remained higher.

Codon adaptation and in-silico cloning

The Java Codon Adaptation Tool (JCat) was utilized to optimize vaccine constructs for expression in Escherichia
coli (strain K12). By calculating Codon Adaptation Index (CAI) values, this tool ensured optimal codon usage
by facilitating the back translation of vaccine amino acid sequences to DNA. The optimal codon adaptation
was indicated by a CAI value of 0.985 and 0.971 for V1 and V2, respectively. The optimized sequence had a GC
content of 48.83% for V1 and 48.32% for V2, suggesting a suitable expression probability in the E. coli expression
system. The SnapGene software was used to add the vaccine-optimized sequence to the vector by using the Nrul
restriction site. After cloning, the vector and insert’s ultimate length was found to be 7124 bp and 7097 bp for V1
and V2, respectively (Figure S7).

Identification of novel drug targets

The 31 cytoplasmic proteins were screened against the FDA-approved drug targets and it was found that none
of the proteins showed similarity with the approved targets. Similarly, a characteristic analysis of the proteins
was performed to find potential novel drug targets by figuring out their molecular weights, amino acid lengths,
protein-protein interactions, and membrane-spanning helices. Because of solvent accessibility and ease of
purification, proteins with molecular weights around 110 kDa, less than 800 amino acid length, and with a helix
composition of 0 or 1 are thought to be the ideal prospects for therapeutic targets. The functional relationships
among protein were aided by the STRING database. Proteins with an average node degree value (K) higher
than five were identified as hub proteins (Fig. 14). After prioritizing and filtering proteins using the indicated
tools, a total of eight novel drug targets including QBX69_06935, QBX69_03545, QBX69_00180, QBX69_01210,
QBX69_00550, QBX69_00900, QBX69_00635, and QBX69_06170 were found and subjected to structural
analysis.

15t dose 2nd dose 3rd dose
ﬁ ﬁ f Immune response
1 hr 84 hr 168 hr generated against
Rickettsia Rickettsii
Multi-epitope vaccine Multi-epitope vaccine Multi-epitope vaccine
(No LPS) (No LPS) (No LPS)
Ag num to inject: 1000 Ag num to inject: 1000 Ag num to inject: 1000
Adjuvant: 100 Adjuvant: 100 Adjuvant: 100

Fig. 13. Schematic representation of vaccination trial by C-ImmSim server at three doses 1 h, 84 h, 168 h
produces an immune response against R. rickettsii.
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Fig. 14. Protein-protein interactions of the prioritized drug target proteins by the STRING database (A)
QBX69_06935 (B) QBX69_03545 (C) QBX69_00180 (D) QBX69_01210 (E) QBX69_00550 (F) QBX69_00900
(G) QBX69_00635 (H) QBX69_06170.

Structure determination and drug pocket screening

The Swiss Model server was used to anticipate the targets’ three-dimensional structures. Ramachandran plots
validated these models by showing over 90% of the residues in favored regions (Table 6). Moreover, high ERRAT
scores further confirmed the quality of the structures (Table 6). The drug-binding pockets for the prioritized
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Sr. No. | Accession number | Protein description ERRAT quality factor | Ramachandran favored (%)
1 QBX69_03545 DCTP deaminase 96.0396 92.00
2 QBX69_00550 Rhodanese-fold domain 92.6966 93.40
3 QBX69_00180 Protein-disulfide oxidoreductase 88.9401 87.50
4 QBX69_00635 ATP-binding cassette protein 98.3333 95.40
5 QBX69_00900 Lyase 6-Pyruvoyl tetrahydropterin synthase | 89.1304 90.10
6 QBX69_01210 Elongation factor (EF)-tu protein 96.0317 92.90
7 QBX69_06170 DNA-binding protein EbfC/YbaB 97.7099 92.40
8 QBX69_06935 Ribonucleotide reductase (RNR) 96.9072 97.80

Table 6. Validation of the tertiary structures by ERRAT, Ramachandran score.

targets were determined by the DoGSiteScorer, and one protein (QBX69_00900) was excluded from the
predicted novel targets due to a low druggable score (Fig. 15; Table 7).

Discussion

R. rickettsii is the cause of Rocky Mountain Spotted Fever (RMSF). It is the most common and serious rickettsial
disorder in the United States. If medications are not timely administered then the death rate can reach 20-30%
2. This pathogenic bacterium is equally harmful to humans and other species. It is a tick-borne disease spread
by the bite of an infected tick. Ticks are considered to be a vector and reservoir of the R. rickettsii’. Further,
there is no potential treatment available against this harmful bacterium due to non-specific symptoms and
delayed treatment. Therefore, the objective of this study was to use the core proteome of R. rickettsia to identify
potential therapeutic targets and construct a broad-spectrum multi-epitope vaccine that can stimulate the host
immune system and produce innate and adaptive immunity. The core proteome was employed because the
core proteins are present in all of the strains of the targeted pathogen, these proteins are becoming increasingly
important and, when included in therapeutics, provide immune protection against a broader range of species®.
As a result, following a rigorous analysis, four potential vaccines and seven novel drug target candidate proteins
were obtained.

The vaccine targets proteins are ideal targets because they were found to be in the extracellular and membrane
domains, and they might be the initial molecules that interact with the host cells®*. They are easily accessible
and interact with host cells, eliciting potent B-cell and T-cell responses®. Strict criteria were used to identify
B- and T-cell binding epitopes®, as they produce cell-mediated immunization, helper T-cells induce B-cells to
release antibodies, macrophages to phagocytose pathogens, and cytotoxic T-cells to destroy specific parasitized
cells®® and B-cell epitopes mediated humoral immunity by producing antibodies against antigens®”. To prioritize
T- and B-cell epitopes, several factors such as non-toxicity, non-allergenicity, antigenicity, virulence, solubility,
immunogenicity, and cytokine induction have been analyzed and considered. Top-ranked T- and B-cell
binding epitopes, their linkers, and the adjuvant sequences were utilized in the construction of the two vaccine
constructs; V1 & V2. An antigenic protein called HBHA has been linked to bacterial adhesion to epithelial cells
and widespread dissemination®. It is a surface-displayed protein that serves as an adhesin for non-phagocytic
cells that can affect binding to host cells via a unique, methylated, carboxyl-terminal, lysine-, alanine-, and
proline-rich repeat region®. As an effective immune adjuvant, HBHA can induce a strong T};, cell immune
response and plays an important role in the research of multi-epitope vaccines for immunotherapy (i.e., tumor
vaccines). Recently, heparin-binding hemagglutinin (HBHA), a component of Mycobacterium tuberculosis,
has been closely investigated for its strong immune potential, which can stimulate the migration of DCs and
promote the expression of a variety of surface molecules (e.g., CD40, CD80, and CD86), MHC I and MHC
II molecules, as well as inflammatory cytokines (e.g., IL-6, IL-12, IL-1p, and TNF-a) in a TLR4-dependent
manner®. It was anticipated that the proposed vaccine constructs might minimize toxicity and allergenicity
while exhibiting strong antigenicity values. Physicochemical analysis predicted that the designed constructs are
capable of inducing a strong immune response against R. rickettsii. These vaccines exhibited small molecular
weight, good solubility, and thermodynamic stability, which qualify them for large-scale production and
delivery. The secondary and tertiary structures were formulated and validated. The Ramachandran plot is an
important parameter for the validation of the 3D structures of the proteins. Based on steric hindrance, this plot
assessment describes in detail the arrangement and direction of dihedral angles that fall within the forbidden
area. Residues in the Ramachandran plot’s most preferred areas show improved protein structure folding and
support the structure’s quality”®.

For the effectiveness of a vaccine, it is important to evaluate its interaction pattern with the host immune
cells. TLR4 is an essential component of the human immune system and a member of the pattern recognition
receptor family, which is extremely selective and sensitive in its response to invasive infections. It is responsive to
pathogen-associated lipopolysaccharides (LPS) and lipo-oligosaccharides and capable of recognizing pathogen-
associated molecular patterns (PAMPs) from different pathogens. In addition to PAMPs, some endogenous
ligands produced as a result of inflammation or tissue injury can also activate TLR4. This receptor-ligand
interaction initiates an intracellular signaling cascade that in turn causes the subsequent pro-inflammatory
response. TLR4 is considered a potential therapeutic target because it is implicated in several clinical diseases®.
Therefore, here we used this receptor to evaluate the interacting potential of our designed vaccine constructs.
The docking analysis indicated that there are significant binding affinity and interactions between the vaccines
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Fig. 15. Drug-pocket screening of the novel drug targets by the DoGsiteScorer (A) QBX69_06935 (B)
QBX69_03545 (C) QBX69_00180 (D) QBX69_01210 (E) QBX69_00550 (F) QBX69_00900 (G) QBX69_00635
(H) QBX69_06170.

and TLR4 7!, The results of the docking were verified by various analyses. The analysis included the MD data
(RMSD and RMSF). Moreover, PCA, binding energy calculation through MM-GBSA and DCCM analysis were
also conducted, which confirmed the in-silico immunogenic interaction of epitopes. Among these analyses,
the MM-GBSA evaluation identified the most favorable and lowest energy conformations in the TLR4-vaccine
complexes. Understanding the complex’s dynamic behavior and structure was made possible by the PCA analysis
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Accession No.

Pocket

Drugability

Residues Volume | Surface

QBX69_03545

0.791452

THR-24,ILE-28,TRP-30,ARG-190,VAL-189,TRP-187,ALA-186,LEU-289,VAL-292,GLU-293,ASN-296,PHE-297,PHE-

318,THR-319,GLU-320 574.85 | 797.28

QBX69_00550

0.668234

TYR-177,PRO-186,LEU-185,GLN-180,THR-184,VAL-181,VAL-183,GLY-182,GLU-137,LEU-136,ARG-93,THR-

135,VAL-134,HIS-133,GLU-127,LEU-126,THR-124,VAL-123 512.64 | 542.42

QBX69_00180

0.802788

ALA-186,THR-196,GLY-199,GLN-200,SER-205,PRO-206,GLU-207,TYR-209LYS-210,LEU-213,ASN-214,ASN-
215,ASP-216,THR-219,ALA-220,ASN-227,ALA-230,LYS-231,ALA-223,PRO-233,GLN-234,PHE-235,GLY-237,THR-
238,PRO-239,SER-240,PHE-241,THR-248,GLY-249,SER-250,TYR-251,ILE-150,ALA-151,THR-152,LYS-153,GLN- 2446.74 | 3478.87
48,ASN-47,LYS-44,TYR-43,GLU-41,ASN-40,ASN-39,GLN-38,THR-37,HIS-35,GLU-34,ILE-33,GLN-31,LYS-30,HIS-
27,LYS-26,GLN-23,CYS-118

0.808775

ARG-163,CYS-164,LYS-165,GLY-166,ASP-167,SER-170,PHE-171,GLN-173,LEU-174,GLN-181,TRP-185,LEU-
194,LEU-195,ASP-197,ILE-198,LEU-201,GLY-202,GLY-203,LYS-217,ILE-218,ILE-221,LEU-222,ALA-224,ASN-
225,THR-91,PHE-92,LYS-93,VAL-94,ASN-97,ASP-98, MET-99,VAL-100,ILE-109,VAL-110,VAL-111,GLY-245,ASN-
244,VAL-243,PHE-242,

1138.51 | 1982.95

QBX69_00635

0.830064

ALA-28,LYS-27,ASP-24,GLY-21,ALA-20,GLY-19,THR-18,LYS-17,ILE-40,LEU-43,ARG-44,LYS-46,GLY-47,LEU-

48 THR-132,ALA-131,ASN-129,GLU-128,ILE-127,GLU-125,GLU-124,GLN-117,GLN-90,ASP-93,LEU-94 864.88 | 1351.08

QBX69_00900

0.804956

GLN-208,LEU-207,GLY-204,ILE-7.ILE-8,SER-9,ALA-10,TYR-11,THR-179,GLY-180,GLY-181,ILE-182,ASN-
135,ARG-134,THR-133,THR-152,PHE-155,THR-154,GLN-157,PHE-158,ASN-229,ASP-228,PHE-227,VAL-226,LYS- | 1149.31 | 1404.11
76,ILE-177,ASN-78,PHE-85,GLN-86,LYS-87,LYS-89,ALA-98

0.838894

GLY-69,LEU-67,LEU-64,GLU-63,VAAL-60,LYS-89,VAL-90,LEU-8,SER-9,ALA-10,TYR-11,ILE-16,GLU-18,LEU-

22,ILE-23,1YS-25,L EU-26,LEU-27,LEU-29,GLY-30,GLY-37. THR- 38,ILE-39,PHE-46, ASN-47,GLY-48,SER-49 63142 | 722.65

QBX69_01210

P_3

0.343427

HIS-106,THR-105,ASN-102,ASN-96,GLN-95,MET-94 200.83 | 489.35

QBX69_06170

P_O

0.80635

SER-327,LYS-326,GLY-325,SER-324,GLY-323,ASN-322,ASP-152,LEU-151,HIS-150,ASN-149,THR-148,SER-464,ASP-
466,TYR-456,LEU-453,ILE-452,ASP-451,LEU-449,ILE-448,GLU-447,ASP,444, MET-443,ASN-439,ASP-442,ALA-
219,LEU-220,GLU-217,GLU-216,ILE-213,ILE-212,ASP-206,PHE-205,PHE-204,LYS-203,SER-181,THR-178,ARG-
177,ASP-176,HIS-175,SER-174,VAL-173,ASN-400,PHE-399,MET-398,GLN-396,LYS-395,GLY-392,MET-426,LEU-425

3763.36 | 4406.43

QBX69_06935

0.806491

LYS-79,ILE-78,PRO-77,ILE-76,GLN-74,ARG-73,LEU-72,TYR-71GLY-70,THR-69,SER-51,LEU-159,ASN-149,THR-

148,PRO-147,GLU-146,PRO-139,LEU-137,ILE-136LEU-135,ALA-134,LEU-131 1009.68 | 1327.36

0.751011

GLN-10,SER-13,MET-14,LYS-17,MET-18,ALA-21,GLN-22,GLN-24,MET-25,ALA-26, MET-97,GLY-96,LEU-94,ALA-

93,LEU-90,SER-89,SER-86,ASP-83,CYS-82,GLY-45 654.53 | 1333.81

Table 7. Druggability analysis of the prioritized drug target proteins.

of the V1 and V2 docked complexes. Based on the several clusters seen in the PCA plots, the findings showed
that the V1-TLR4 and V2-TLR4 complex display multiple stable conformations. For additional functional and
mechanistic investigations of the V1-TLR4 and V2-TLR4 docked complexes, the DCCM offered a thorough
summary of the residue interactions and dynamic behavior. Immune simulation analysis showed reliable and
effective immune responses. Repetitive exposure to the antigenic complex V1 and V2 strengthened immune
responses. To shield the host from R. rickettsii exposure in the future, memory T- and B-cells as well as helper
and cytotoxic T cells were generated. The immunological humoral response was enhanced by TH cell and IgG
production which was increasing with each dose”?. The potential of vaccines for the expression in the bacterial
expression system was ensured by the in-silico cloning of the optimized vaccine in an E. coli plasmid”*. However,
this study has some limitations. The degree of protection against R. rickettsii is unknown, and the accuracy of
these methods may be limited. Even though immunoinformatics predictions have been implicated in recent
promising case reports?®7475, more in-vitro and in-vivo studies are required to validate the findings of this study.

Of the seven novel drug target proteins, ribonucleotide reductase (RNR) (QBX69_06935) converts
ribonucleotides to deoxyribonucleotides, necessary for DNA replication and repair and thus making it an
important target for anti-proliferative drugs against bacteria, viruses, cancer, and parasites’®. The DCTP
deaminase (QBX69_03545) is a significant drug target because it catalyzes the conversion of dCTP to dUTP,
necessary for DNA replication. By emphasizing this enzyme, treatments might be possible as it may interfere
with the production of nucleotides required for the survival and replication of this obligate intracytoplasmic
bacteria”’. A protein-disulfide oxidoreductase (QBX69_00180) that is encoded by DsbA catalyzes the creation
of disulfide bonds in the periplasm during the folding of released proteins. It is hypothesized that both rickettsial
DsbA proteins, one through a transmembrane domain and the other as a lipoprotein, are membrane-anchored
and crucial for a wide variety of virulence factors’®. Another drug target protein is the elongation factor (EF)-tu
protein (QBX69_01210). This cytoplasmic protein that delivers and catalyzes the aminoacyl-tRNA binding to
the ribosome is crucial for protein synthesis. But in addition to its primary role, EF-tu can bind fibronectin and
plasminogen, respectively, to act as an adhesin on the surface of several pathogens, including Mycobacterium
pneumonia and Pseudomonas aeruginosa’. The rhodanese-fold domain (QBX69_00550) is essential for a variety
of physiological processes, including cell cycle regulation, sulfur transport, and hydrogen sulfide metabolism.
Rhodanese domains that are catalytically active and possess a cysteine residue are versatile as they can also be
involved in tRNA modification and hydroxylation®. The lyase 6-Pyruvoyl tetrahydropterin synthase (6-PTPS)
(QBX69_00900) is involved in the production of tetrahydrobiopterin. It functions in the folate biosynthesis
pathway required for the growth and survival of the pathogen in which dihydroneopterin aldolase (DHNA) is
lacking. It has been identified as a potential drug target®!. ATP-binding cassette proteins (QBX69_00635) that
target the ribosome of Gram-positive pathogens contain members of the ABC-F subfamily, which mediates
resistance to a wide range of therapeutically relevant antibiotic classes. The effectiveness of existing antibiotics
can be restored by inhibiting these proteins and have drawn attention as possible targets for drugs®2. The DNA-
binding protein EbfC/YbaB (QBX69_06170) colocalizes with nucleoids and controls the production of surface
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lipoproteins associated with virulence. It binds DNA both specifically and non-specifically. While binding DNA,
it creates homodimers and other ordered structures®®. The druggability analysis indicates that the seven novel
drug target proteins have the potential to be experimentally validated for the discovery of alternative therapeutic
targets to combat this deadly bacterium.

Conclusion

Before conducting biological studies, it is critical to rely on in-silico methods to provide a more accurate
understanding of the likelihood and viability of identifying new targets for drugs and vaccines. One possible
strategy to combat R. rickettsii is the use of a proteomics-based technique to find potential therapeutic targets.
The foundation for the potential therapeutic target identification was laid by the thorough examination of the
bacterial proteomes of 17 strains, which identified seven novel drug and four novel vaccine targets. To identify
the most promising drug candidates, several biological databases, comparative sequencing analysis, and
druggability assessments were carried out. In the end, seven proteins were shown as novel druggable candidates
to be studied as potential targets against the bacterium. Furthermore, using immunoinformatics, molecular
docking, MD simulation techniques, and various important analyses such as MM-GBSA, PCA, and DCCM
analysis, two safe and latent vaccine constructs that may elicit humoral, cellular, and innate immune responses
were designed. Such vaccines might provide wide protection against different strains of R. rickettsii by addressing
antigenic diversity and enhancing immune recognition by targeting several epitopes. In addition to enhancing
public health outcomes, this innovative approach holds considerable promise for addressing the growing danger
of antibiotic resistance. To develop the potential therapeutics for this bacterium, the drug targets and the vaccine
construct designed in this study need to be validated through experiments.

Data availability
Data availability All the data analyzed in this work is present in this Manuscript and the in the supplementary
materials.
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