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Abstract
Introduction: Rickettsia is vector-borne causing Rickettsial infections with high mortality. Currently, no
vaccines are available for the prevention of rickettsioses. The study aims to identify B- and T- cell
epitopes to peptides derived from TolC protein of rickettsial group of pathogens. Immunogenic linear B-
cell epitopes and MHC class I and II T-cell epitopes predicted from the consensus sequences of TolC
protein for each rickettsial species. The putative antigenic epitopes may trigger an effective immune
response and prove to be a novel vaccine that protects against all rickettsial infections.  

Methods: MHC class-I binding T-cell epitopes were predicted along with TAP binding e�ciency and
proteasomal cleavage sites. Molecular docking study was carried out to investigate the binding a�nity
between the MHC-I protein molecules with the peptides. The MHC-peptide complex with the highest
RMSD score was further used for molecular dynamic simulation study.

Results: Three B-cell candidate peptide epitopes were selected, of which epitope
IYPEGGAQYSRIRSAKNQTRNSA/VVQ is conserved across both typhus group and spotted fever group of
rickettsial species was considered best suitable for candidate vaccine. The peptide epitope KLYEAKITR
had a good RMSD score as well as promiscuous binding to 28 different HLA allele supertypes and was
considered suitable for the development of subunit peptide vaccine.

Conclusion: The B- and T- cell candidate peptide epitopes identi�ed in our study would elicit B- and T-cell
immune responses respectively and serve as a novel candidate peptide vaccine.

Introduction
Rickettsial organisms are a diverse group of obligate intracellular bacteria. These organisms cause
illnesses with a clinical spectrum that range from mild febrile illness to life-threatening complications.1

They are commonly spread through ticks, �eas, and mites.2 Genus Rickettsiasae is divided into 4 groups
viz. basal ancestral group, spotted fever group, typhus group, and transitional group.3 The emergence and
re-emergence of rickettsial diseases pose a severe public health threat all over the globe. 4,5 At present,
the spotted fever group comprises a wide range of species of which at least 15 cause disease some of
which are Rickettsia conorii; R. sibirica; R. rickettsii; R. japonica. the typhus group includes R. prowazekii
and R. typhi, and the transitional group includes R. akari, R. australis, and R. felis. The obligate
intracellular bacteria primarily infects the human macrovascular and microvascular endothelial cells
followed by bacteremia causing. The mortality ranges from 10 to 40% if untreated. General indications
like fever, myalgia, and neurological symptoms including confusion, rash, and cardiovascular instability
are present. Neurological complications lead to meningitis, encephalitis, and acute disseminated
encephalomyelitis.6 Doxycycline is the treatment of choice as the �rst line of treatment, however, early
diagnosis becomes di�cult due to non-speci�c signs and symptoms. These pathogens are considered a
serious bioweapon because of their low infectivity dose and di�culty in diagnosis and initiating early
treatment.7
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Currently, no vaccines are available for the prevention of rickettsioses. A vaccine to protect against
different rickettsial infections are studied in experimental animal models. Immunodominant antigens
from the outer-membrane proteins elicited protective antibody response.8 Several vaccine strategies are
being investigated for the development of an effective vaccine that could elicit both humoral and cell-
mediated immunity against rickettsial infections for use in endemic areas and travellers.

Materials And Methods
The study aims to identify and validate B- and T- cell peptide epitopes derived from TolC protein (outer
membrane protein) of rickettsial group of pathogens (Rickettsiaceae) as a novel candidate peptide(s)
vaccine through bioinformatic approaches.

Retrieval of sequences
All available complete amino acid sequences of TolC protein of all rickettsial group of pathogens were
retrieved from NCBI database. The list of rickettsial species includes R. typhi (n = 4), R. prowazekii (n = 16)
that belong to typhus group; R. rickettsii (n = 14), R. conori (n = 4), R. sibrica (n = 3), R. australis (n = 2), R.
japonica (n = 4) and R. akari (n = 2) that belong to spotted fever group. TolC sequence of O.
tsutsugamushi (n = 27) that belong to scrub typhus group was also analyzed along with the above
rickettsial species for comparison. A multiple sequence alignment was carried out using MEGA7 software
program using Clustal W to analyze the level of conservation at inter- and intra- species level.9

Generation of Consensus Sequence
A consensus sequence was generated for each species using the CLCbio sequence viewer 7.7 (Qiagen
Bioinformatics) program. Phylogenetic trees were constructed using Maximum Likelihood method and
Jones, Taylor and Thornton model with 1000 bootstrap values using MEGA7 software program to
analyze the sequence diversity among the TolC protein of rickettsial species.

B-cell epitope prediction
Immunogenic linear B-cell epitopes were predicted from the consensus sequences of TolC protein for
each rickettsial species. BepiPred program was used for the prediction with the default cutoff score of
0.5. 10 Among the identi�ed epitopes, peptides that ranges from 15 to 30 mers in length, with high
exposed surface residues and that are conserved across the species were selected. The prediction of
protective antigens was carried out using VaxiJen 2.0 program with a default threshold of 0.4. 11

MHC class-I T-cell epitope prediction
MHC class-I binding T-cell epitopes (9 mers) were predicted using NetMHCpan 4.0 and IEDB Analysis
Resource program. 12 HLA supertype representatives and HLA allelle reference sets were used in the
respective programs. Epitopes with TAP binding e�ciency and proteasomal cleavage sites along with
class-I MHC binding were predicted using NetCTL 1.2 server program. The peptide epitopes identi�ed by
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all the three programs has TAP binding e�ciency and survives proteasomal cleavage, has a promiscuous
binding with different HLAs by any of the program analyzed and the high prevalence of the speci�c HLA
allotype in the human population were selected for further analysis.

MHC class-II T-cell epitope prediction
MHC class-II binding T-cell epitopes (15 mers) were predicted using IEDB Analysis Resource program.
IEDB recommended 2.22 prediction method and 7-allele HLA reference set were used. As per the program,
epitopes that had the least adjusted rank were considered as best binders and selected for further
analysis.

Protein structure modeling and validation
Three-dimensional protein structure was modeled from the consensus sequences using I-TASSER
program.13 The model with the highest root mean square deviation (RMSD), TM-score and C-score were
selected for further analysis. Ramachandran plot using Procheck server program to validate geometry
and check the stereochemical property of the generated protein structure.

Molecular Docking
Molecular docking study was carried out to investigate the binding a�nity between the MHC-I protein
molecules with their respective peptides using CABS-dock server
(http://biocomp.chem.uw.edu.pl/CABSdock). The crystal structure of MHC-I proteins (PDB IDs: 3UTQ,
4QRQ and 4F7T) were obtained from the Protein Data Bank (http://www.rcsb.org/). Three-dimensional
structure of the three peptides was designed through PEP-FOLD 3 (http://bioserv.rpbs.univ-paris-
diderot.fr/services/PEP-FOLD3/). The protein and peptide structures were energy minimized with
GROMOS96 43a1 force �eld using Swiss PDB viewer.14 The force �eld in the form of energy minimization
was applied to evaluate the energy of the structures and restore distorted geometries. The docking
program allows fully �exible docking simulation and cluster-based scoring.15 The program generates
10,000 model structures of the protein-peptide complex. The resulting structures are grouped in clusters
of similar complexes and ranked according to cluster size based on the RMSD of the protein-peptide
complex 16 by the program. The �rst with the high RMSD score among the top ten ranked CABS-dock
models were considered for molecular dynamics (MD).

Molecular dynamic simulation
A molecular dynamic (MD) simulation was carried out to check the structural stability of the protein-
peptide complex. Around 50 nanoseconds, a simulation was performed with GROMOS96 43a1 force �eld
using Gromacs 4.5.6 package and topologies were generated for the protein. 17 The system were
subjected to energy minimization using the steepest descent algorithm of 50,000 steps. This step was to
allow for relaxation to any steric con�icts that generate during the setup. 18 The functionality and stability
of the protein-peptide complex were observed over the entire simulation time. The protein system was
solvated with simple point charge to the water molecule and the sodium and chloride ions were added to
neutralize the molecule. The output of the simulation was generated in the form of trajectories and
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analyzed using GROMACS utilities to obtain the RMSD. The stability of the protein during the MD
simulation was accessed through hydrogen bonds, Solvent Accessible Surface Area (SASA) and Radius
of gyration (Rg). GRACE software (http://plasma-gate.weizmann.ac.il/Grace/) was used for the analysis.

Results
A phylogenetic tree showed the evolutionary relationship of TolC protein amino acid sequences of
rickettsial species (n = 76) (Fig. 1). In the dendrogram, each species clustered together and the amino acid
sequences of rickettsial TolC protein that belong to spotted fever group, typhus group and scrub typhus
group clustered separately. The branching pattern indicated the homologous sequence relatedness of
TolC protein within the rickettsial groups. TolC protein sequence of O. tsutsugamushi was highly distinct
from sequences of other rickettsial species and was excluded for epitope prediction.

A consensus amino acid sequence of TolC protein was identi�ed for each rickettsial species. These
sequences were used to identify immunodominant B-cell and T-cell candidate peptide epitopes. The
BepiPred prediction program resulted in six to eight different B-cell peptides for each rickettsial species.
Among these, epitopes that are highly immunodominant in terms of prediction scores, with peptide length
ranging from 15- to 30- mer, with at least 50% exposed residues and conserved across rickettsial groups
or species were selected for further analysis. Based on these criteria, three B-cell candidate peptide
epitopes were selected and are shown in Table 1. Among the three peptide epitopes, epitope
IYPEGGAQYSRIRSAKNQTRNSA/VVQ had the high Vaxijen score of 0.93 indicating that the selected
candidate peptide epitope is a protective antigen and best suitable as a candidate vaccine. The epitope
was conserved within both typhus group and spotted fever group of rickettsial species with one amino
acid residue change (A330V).

Table 1

Selected B cell peptide epitopes conserved across Rickettsial group of species.
Peptide Position Peptide

length
Exposed
residues
(%)

Vaxijen
Score

Conserved
across species

LQSGRTYYNPQGDINAINNR 277-296 20 70 0.5573 R. rickettsii; R.
sibrica

IYPEGGAQYSRIRSAKNQTRNSA/VVQ 308-332 25 68 0.9298 R. rickettsii; R.
sibrica; R.
conorii; R.
typhi; R.
japonica; R.
prowazekii

GELTAQSLKLKVKYFSPEEEFKTIKKKM 423-450 28 78.57 0.7218 R. akari; R.
australis; R.
conorii; R.
rickettsii
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The 3D structure of TolC protein predicted from the consensus sequence of rickettsia was of acceptable
quality with more than 85% of amino acid residues present in the most favored region (Fig. 2). The
chosen epitope was highlighted in the 3D protein structure (Fig. 3). The predicted structure had a TM-
score of 0.76 ± 0.10 and C-score of 0.35. C-score ranges between − 5 and 2, a C-score of higher value
signi�es a high con�dence model.

For the prediction of MHC class-I binding promiscuous T-cell epitopes (9 mers), we used both NetMHCpan
4.0 and IEDB Analysis Resource program servers with HLA supertypes. The T-cell peptide epitopes of 9-
mer in length that are predicted by both the programs and that had TAP binding e�ciency and survived
proteasomal cleavage were selected for further analysis. These peptides were conserved across different
rickettsial groups and species. The level of conservation across rickettsial species among the consensus
sequences was shown in Fig. 4. Based on these criteria, three peptides YNKKYVNRL, SLKLKVKYF and
KLYEAKITR were selected and are shown in Table 2.

Table 2
Selected MHC Class I T- cell peptide epitopes conserved across Rickettsial group of species.

Peptide Conserved
across
species

HLA alleles

KLYEAKITR R. typhi; R.
conorii; R.
sibirica; R.
akari; R.
rickettsii; R.
australis; R.
japonica

HLA-A*02:01; HLA-A*31:01; HLA-A*03:01; HLA-A*11:01; HLA-
A*33:01; HLA-A*68:01; HLA-A*02:01; HLA-A*32:01; HLA-A*30:01;
HLA-A*02:06; HLA-A*02:03; HLA-B*57:01; HLA-B*15:01; HLA-
B*40:01; HLA-B*58:01; HLA-B*51:01; HLA-A*23:01; HLA-B*07:02;
HLA-A*24:02; HLA-A*30:02; HLA-A*26:01; HLA-B*35:01; HLA-
A*01:01; HLA-B*44:02; HLA-B*44:03; HLA-B*53:01; HLA-A*68:02;
HLA-B*08:01

SLKLKVKYF R. typhi; R.
conorii; R.
sibirica; R.
akari; R.
rickettsii; R.
australis; R.
japonica; R.
prowazekii

HLA-B*0801; HLA-B*08:01; HLA-B*15:01; HLA-A*26:01; HLA-A*32:01;
HLA-B*44:02; HLA-A*23:01; HLA-A*02:03; HLA-A*24:02; HLA-
A*31:01; HLA-B*57:01; HLA-A*03:01; HLA-A*02:01; HLA-A*30:01;
HLA-A*11:01; HLA-A*01:01; HLA-B*44:03; HLA-A*33:01; HLA-
B*07:02; HLA-B*58:01; HLA-A*30:02; HLA-A*68:01; HLA-A*02:06;
HLA-B*35:01; HLA-B*40:01; HLA-B*53:01; HLA-B*51:01; HLA-A*68:02

YNKKYVNRL R. typhi; R.
conorii; R.
sibirica; R.
akari; R.
rickettsii; R.
australis; R.
japonica; R.
prowazekii

HLA-A*24:02; HLA-B*08:01; HLA-A*23:01; HLA-A*24:02
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The three peptide epitopes were subjected to docking using CABS-dock program. The epitopes were each
docked with a representative HLA allele to which it was predicted to bind with high a�nity by the two
programs. The scores of docking peptide epitopes with respective HLA alleles are shown in Table 3. The
binding of peptide epitopes within the respective HLA allele 3D protein model is shown in Fig. 5. The
peptide YNKKYVNRL had a comparatively high RMSD score in the docking experiment. However, the
predicted binding to the number of HLA alleles were very small compared to other epitopes. Therefore,
epitope KLYEAKITR that had a good RMSD score, as well as promiscuous binding to 28 different HLA
allele supertypes, was considered suitable and selected for molecular dynamics simulation experiment.

Table 3
Docking score of MHC-I binding protein with their respective peptides

Peptide Sequence PDB ID Docked Protein CABS-dock RMSD Score

KLYEAKITR 3UTQ HLA-A*0201 4.73

SLKLKVKYF 4QRQ HLA B*0801 1.13

YNKKYVNRL 4F7T HLA-A*2402 8.56

 

The epitope KLYEAKITR was subjected to molecular dynamic simulation to analyze the stability of the
protein-peptide complex. A 50-nanosecond (ns) simulation was performed to the protein and protein-
peptide complex, RMSD was generated to understand the stability of the protein-peptide complexes. The
RMSD of the protein-peptide complex were calculated for backbone atoms (Cα) from the initial structure
was computed and plotted in Fig. 6. The calculated RMSD for the protein-peptide complex was found to
be ~ 0.4Å. System was converged from 35ns till 50ns, indicating that the complex was more stable after
35ns.

To check the conformational changes of protein-peptide complex, hydrogen bonds were predicted
through intermolecular H-bonds. The number of hydrogen bond count was around 300 and was observed
to be stable during the simulation. Solvent Accessible Surface Area (SASA) is used to calculate the
accessible surface of the protein molecule. A few orientation changes were observed between the protein-
peptide complex from ~ 225nm to ~ 185nm. Rg analysis indicated a slight change in the complex
molecule (value of ~ 2.31nm) during the simulation indicating the protein-peptide compactness (Fig. 7).

Among the class-II MHC epitopes predicted by the program, epitope AFSGFMPSVGLQINR was found to be
highly conserved across rickettsial species (Table 4). The epitope also had a very low adjusted rank
indicating its good binding ability with the MHC molecule.
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Table 4
Selected MHC Class-II T- cell peptide epitopes

Rickettsial Species MHC allele Predicted MHC-II binding epitopes Adjusted rank

R. rickettsii HLA-DRB1*07:01 AFSGFMPSVGLQINR

PRAFSGFMPSVGLQI

RAFSGFMPSVGLQIN

0.21

R. typhi HLA-DRB3*02:02 AFSGFMPNVGLQINR

FSGFMPNVGLQINRQ

0.05

R. akari HLA-DRB1*07:01 VSVWEGFEAAKSRIV 0.28

R. australis HLA-DRB1*07:01 VSVWEGFEAAKSRIV 0.28

R. japonica HLA-DRB3*02:02 AFSGFMPNVGLQINR

FSGFMPNVGLQINRQ

0.05

R. prowazekii HLA-DRB3*02:02 AFSGFMPNVGLQINR 0.05

R. sibirica HLA-DRB1*07:01 AFSGFMPSVGLQINR

PRAFSGFMPSVGLQI

RAFSGFMPSVGLQIN

0.21

Discussion
The diverse group of bacteria in the family Rickettsiae causes rickettsial infections that are generally
debilitating and di�cult to diagnose. It remains a substantial risk to travellers, especially to Southeast
Asia and refugee populations. 19 Rickettsial diseases vary from mild to very severe in their clinical
presentation with the case fatality rate of up to 45 per cent and mortality rate of about 20% in untreated
cases. 20 These pathogens also have the potential to be used as bioterrorism agents due to their unique
features including aerosol transmission, low infectious dose, high morbidity, and mortality. 21 No vaccine
is currently available for preventing human rickettsial infections. In rickettsial infections, both pre-existing
-B and -T cell immunity are shown to be protective in experimental animal models, especially for some
outer membrane proteins.

For rickettsial species, three generations of vaccines have been evaluated. These include the killed whole-
cell vaccine, recombinant antigen vaccine and new generation peptide vaccine. Presently, the approach is
"reverse vaccinology" which refers to in silico rational design of putative epitopes with estimated high
immunogenicity by the program. Here, genomic information is used to derive consensus protein
structures which are then analyzed by programs that predict linear and conformational B-cell and linear T-
cell epitopes. The epitope bearing peptides could be commercially synthesized and used as antigens in
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enzyme immune assays (EIAs) and vaccines. 12,22,23 The B-cell epitopes identi�ed in our study were
highly conserved among R. rickettsii; R. sibrica; R. conorii; R. typhi; R. japonica; R. prowazekii. This
indicates its usefulness as suitable antigen in EIAs and vaccines for protection against both spotted fever
group and typhus group of rickettsial pathogens.

Live attenuated and killed vaccines suffer many limitations, especially on their safety and e�cacy that
includes chances of reactivation, storage requirement, the requirement of booster doses and activation of
an immune response to unnecessary bacterial proteins. The focus is now on the peptide vaccines that
contain chemically or biologically synthesized short chains of amino acids identi�ed to be immunogenic.
These peptides could serve as a potential candidate vaccine for any pathogenic organisms and could
overcome these limitations associated with killed (inactivated) vaccines and live attenuated vaccines. 24

The peptide vaccine also has the advantage of being used as a multivalent vaccine with appropriate
adjuvant. 25 Recently, many computational tools are available for functional B-cell epitope mapping with
available genomic and structural information of the bacterial proteins in the public domain. Our study
utilized all genomic and structural information available for rickettsial pathogens and developed a
candidate peptide epitope from the consensus sequence. Several tools were applied for the prediction of
best peptide epitope using different programs.

The identi�ed B-cell epitopes are best utilized in the development of diagnostic tests, therapeutics and
vaccines. A functional B-cell epitope typically ranges from 15 to 25 residues in length. B-cells recognize
epitopes with high surface accessibility to elicit a cellular or humoral immune response. 26 A vaccine
requires both bactericidal and opsonizing antibodies to induce signi�cant protection. The outer-
membrane proteins of rickettsia are therefore considered a suitable target for opsonizing antibodies
towards pathogen clearance by the reticuloendothelial system. The B-cell epitope identi�ed in our study
was 25-mer in length of which 68% of residues are exposed and predicted to be a protective antigen.

Stimulation of cell-mediated immune response is vital for a vaccine to be effective. Unlike antibodies that
wanes over time, a T-cell response persists for several years. 27 An obligate intracellular microbe like
rickettsial pathogens would need a combination of B- cell and T-cell immunity for considerable protection
against them. 28

TolC protein plays an important role in the export of proteins including toxins and enzymes and e�ux
transmembrane protein activity. 29 Hundreds of TolC homologues are present in many Gram-negative
bacteria with minor variations. This indicates the potential possibility of utilizing as a therapeutic target,
especially for pathogens with multidrug resistance. 30 Epitopes from multidrug-resistant Salmonella have
been identi�ed from TolC protein previously. 31

The outer membrane proteins such as TolC protein being unique to Gram-negative bacteria could serve as
a potential vaccine candidate. 32 The TolC protein has been recently shown to be protective against V.
harveyi infection. A recent study reported TolC as a putative drug target and candidates for drug
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development by in silico approach against R. rickettsii. 33 In our study, we identi�ed a candidate peptide
vaccine that could confer protection against all rickettsial group of infections.

Conclusion
The T- cell candidate peptide epitopes identi�ed in our study were highly conserved among spotted fever
and typhus group of rickettsial pathogens and predicted to have high-a�nity binding with a large class of
MHC alleles. The docking experiment further proved that the binding is signi�cantly good. The molecular
dynamic simulation experiment was supplemental to the evidence of e�cient binding with MHC allele
which is considered to be very important. All the �ndings taken together for consideration, the B- and T-
cell candidate peptide epitopes identi�ed in our study would elicit both immune responses with a suitable
adjuvant and serve as a vaccine candidate against rickettsial diseases.
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Figure 1

Phylogenetic analysis of TolC protein of Rickettsial species 
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Figure 2

Ramachandran plot for the generated 3D protein structure of TolC 
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Figure 3

Surface representation of the 3D protein structure of TolC.

The identi�ed B cell epitope is highlighted in yellow 

Figure 4

Conserved regions of TolC protein amino acid sequence among rickettsial species  
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Figure 5

Structures of the MHC-Peptide complex

A. Top view of the complex showing the surface of the MHC HLA-A*0201 (blue) and the exposed surface
of the bound peptide KLYEAKITR (red); B. Top view of the complex showing the surface of the MHC HLA
B*0801 (yellow) and the exposed surface of the bound peptide SLKLKVKYF (purple); C. Top view of the
complex showing the surface of the MHC HLA-A*2402 (brown) and the exposed surface of the bound
peptide YNKKYVNRL (yellow).
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Figure 6

RMSD graph for protein –peptide (KLYEAKITR) complex
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Figure 7

Validation of MD simulation 


