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Abstract

Background: Tuberculosis is known as one of the most dangerous diseases caused byMycobacteriumtuberculosis. Although different
strategies have been applied to prevent this disease, it is still considered a killer disease in the world.
Objectives: This project was conducted to design a novel poly-epitope vaccine based on three antigenic proteins against tubercu-
losis.
Methods: To design a poly-epitope vaccine, first, the antigenic proteins of Mycobacterium tuberculosis, including Dnak, FbpA, and
katG were selected from the database. Then, B cell, MHCI, and MHCII epitopes of the antigenic proteins were predicted using reli-
able online tools. The best-predicted epitopes were applied to assemble a poly-epitope vaccine. The physicochemical features, the
antigenicity of the whole vaccine, and the protein structures of the designed poly-epitope vaccine were evaluated by the most precise
tools. Also, the coding DNA sequence of the vaccine was adapted for expression in the prokaryotic system, then, it was theoretically
cloned in pET32a (+) vector.
Results: The results revealed that the molecular weight and length of the designed poly-epitope vaccine were 32 kDa and 308 amino
acids, respectively. The protein structure results demonstrated that the designed poly-epitope vaccine contained 19.48% alpha-helix
and 73.05% random coil. Also, the results showed that 92.2% of amino acid residues were located in the favored region. Finally, it
was clarified that the antigenicity of the designed poly-epitope vaccine was 12333.
Conclusions: According to the results of the current project, it seems that the designed poly-epitope vaccine can be an appropriate
candidate to control tuberculosis.
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1. Background

Mycobacterium tuberculosis (M. tuberculosis) is an intra-

cellular pathogen that leads to tuberculosis disease. This

bacterium is also known as Koch Bacillus because it was

first identified by Robert Koch (1, 2). Tuberculosis can cause

intense symptoms through lung infection, such as fever,

cough, and even death (3). It has been reported that the

prevalence and mortality rate of this disease have a direct

relationship with the AIDS pandemic so that one-third of

the world population has shown an infection with M. tu-

berculosis (1, 2). Accordingly, appropriate vaccines should

be applied to control this important disease. Although the

Bacille Calmette–Guérin (BCG) vaccine has been able to pre-

vent tuberculosis in most countries, the existence of some

problems, such as diverse protection in young and adult

people leads to a decrease in applying this vaccine (4-8).

Consequently, the identification of an efficient strategy to

prevent tuberculosis is very crucial. Poly-epitope or multi-

epitope vaccine is a new generation of vaccine which uses

different epitopes of the antigenic proteins instead of the

whole microorganism (9). The poly-epitope vaccine is a

safe and cost-effective strategy that can induce protection

without diversity in different hosts (10-12). In general, en-

gineering a poly-epitope vaccine has two important steps:

(i) identification of antigenic protein, and (ii) epitope pre-

diction (13, 14). The vaccine investigation and online infor-

mation network (VIOLIN) database can be applied to iden-

tify antigenic proteins as a reliable source. This database

has been developed based on literature review and consists

of the most antigenic proteins of different pathogens (15,
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16). Also, epitope identification is considered one of the

most vital phases of poly-epitope vaccine designing. Epi-

topes are short amino acid sequences that can stimulate

the immune system via binding to different cells (17). So

far, many online tools have been developed by bioinfor-

matics science for epitope prediction. These tools not only

can predict B cell epitopes but also can identify MHCI and

MHCII epitopes (18, 19). Bioinformatics which has been cre-

ated based on computer, biology, and statistics sciences is

extensively being applied in different areas of biology. The

success of this science is related to its speed, accuracy, and

affordability (20, 21). This study was conducted to design

an efficient poly-epitope vaccine against M. tuberculosis in-

fection. In this case, the most antigenic proteins of this

pathogen, including, FbpA, katG, and Dnak were extracted

from the VIOLIN database. Then, the best B cell, MHCI, and

MHCII epitopes of the antigenic proteins were predicted by

the most accurate and reliable online tools.

2. Objectives

The current project was conducted to design a novel

poly-epitope vaccine against tuberculosis.

3. Methods

3.1. Amino Acid Sequence Collection

The present study collected the amino acid sequences

of the FbpA, katG, and Dnak proteins from UniProt

(https://www.uniprot.org/) database. The accession num-

bers of FbpA, katG, and Dnak proteins were P9WQP3,

P9WIE5, and P9WMJ9, respectively.

3.2. MHCI andMHCII Epitopes Prediction

We used the IEBD (http://tools.iedb.org/main/tcell/)

server to predict the primary MHCI and MHCII epitopes

of the FbpA, katG, and Dnak proteins. We also em-

ployed HLA-A*01:01 and DRB1*01:01 alleles to predict MCHI

and MHCII epitope, respectively. It is critical to note

that the server was adjusted based on its default. To

select final epitopes, antigenicity of the primary epi-

topes was investigated by VaxiJen server (http://www.ddg-

pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) and the epi-

topes with high antigenicity score were considered as the

best epitopes.

3.3. B Cell Epitope Prediction

The BCPREDS server (http://ailab-

projects1.ist.psu.edu:8080/bcpred/) was used to identify

the primary B cell epitopes of FbpA, katG, and Dnak pro-

teins. The prediction was performed based on the default

of the server. The best B cell epitopes were selected among

the primary epitopes using antigenicity score (similar to

MHCI and MHCII epitopes).

3.4. Poly-Epitope Vaccine Designing

To design a novel poly-epitope vaccine, the best MHCI,

MHCII and B cell epitopes of FbpA, katG and Dnak pro-

teins were applied. The epitopes were used to construct

three fragments, each of which contained special epitopes.

Appropriate linkers were embedded among different epi-

topes and fragments to increase the efficiency of the de-

signed poly-epitope vaccine.

3.5. Physicochemical Features and Antigenicity of the Poly-

Epitope Vaccine

The ProtParam server was applied

(https://web.expasy.org/protparam/) to evaluate the

physicochemical features of the designed poly-epitope

vaccine, including molecular weight, theoretical pI,

length, instability index, aliphatic index, and grand aver-

age of hydropathicity (GRAVY). In this case, an amino acid

sequence of the designed poly-epitope vaccine was sub-

mitted to the server, and the antigenicity of the designed

poly-epitope vaccine was assessed by the VaxiJen server.

3.6. Secondary Structure of the Designed Poly-Epitope Vaccine

The GOR4 server (https://npsa-prabi.ibcp.fr/cgi-

bin/npsa_automat.pl?page=/NPSA/npsa_gor4.html) was

used for the determination of the percentage of alpha-

helix, extended strand, beta-turn, and random coil of the

poly-epitope vaccine. To predict secondary structure, a

protein sequence of the designed poly-epitope vaccine

was pasted into the server.

3.7. Tertiary Structure of the Designed Poly-Epitope Vaccine

We used the I-TASSER server

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) to

model the raw tertiary structure of the designed

poly-epitope vaccine. In this case, an amino acid se-

quence of the vaccine was submitted to the server,

and the raw tertiary structure was selected based on

the C score. The raw tertiary structure was refined
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by GalaxyRefine server (http://galaxy.seoklab.org/cgi-

bin/submit.cgi?type=REFINE), and the best model

was chosen using an interpretation of Ramachan-

dran plots. It is critical to note that Ramachan-

dran plots were created by the MolProbity server

(http://molprobity.biochem.duke.edu/index.php).

3.8. Codon Adaptation and in Silico Cloning

First of all, the reverse translation of the vaccine

protein sequence was performed by CLC Main work-

bench software to adapt the coding DNA sequence of

the designed poly-epitope vaccine. Then, the achieved

coding DAN sequence was adapted by JCat online tool

(http://www.jcat.de/Start.jsp) for the expression in the

prokaryotic system. Also, NcoI and XhoI restriction en-

zymes were added at 5´ and 3´ terminals of the coding DNA

sequence, respectively, to perform in silico cloning. The

prepared insert fragment was cloned in multiple cloning

site of the pET32a (+) vector. Notably, two nucleotides were

added before the restriction site of theNcoI enzyme to keep

the open reading frame (ORF) of the insert fragment.

4. Results

4.1. Epitope Prediction

We applied the most reliable online tools to predict the

best MHCI, MHCII, and B cell epitopes of FbpA, katG, and

Dnak proteins. The results revealed that 77 - 86, 595 - 607,

and 338 - 352 amino acid residues of the Dnak protein were

the best MHCI, B cell, and MHCII epitopes, respectively (Ta-

ble 1). Moreover, the best MHCI, B cell, and MHCII epitopes

of FbpA proteins were located in 278 - 287, 253 - 266, and 167

- 181 amino acid residues, respectively (Table, 1). Finally, 379

- 390, 118 - 131, and 43 - 57 amino acid residues of KatG pro-

tein were considered as the best MHCI, B cell, and MHCII

epitopes of this protein (Table 1).

4.2. Poly-Epitope Vaccine Designing

The designed poly-epitope vaccine from N-terminal to

C-terminal contained MHCI, B cell, and MHCII fragments,

respectively. In fact, these fragments were made using

the first rank MHCI, B cell, and MHCII epitopes of Dnak

FbpA, and katG proteins reported in Table 1. Each epitope

was repeated twice in each fragment to increase the anti-

genicity score of the designed poly-epitope vaccine. The

KPKP linker was embedded among different epitopes of

each fragment, whereas the EAAAK linker was intercalated

among different fragments (Figure 1A).

4.3. Physicochemical Features and Antigenicity of the Poly-

Epitope Vaccine

The results of the physicochemical analysis revealed

that the molecular weight of the designed poly-epitope

vaccine was 32 kDa, and this vaccine had 308 amino acids

in length. Also, the results showed that theoretical pI, in-

stability index, aliphatic index, and GRAVY of the designed

poly-epitope vaccine were 9.91, 15.95, 63.51, and -0.695, re-

spectively. The result of the antigenicity demonstrated

that the antigenicity score of the designed poly-epitope

vaccine was 1.21.

4.4. Secondary Structure of the Designed Poly-Epitope Vaccine

For the secondary structure of the designed poly-

epitope vaccine, we used the GOR4 server. The results of

this server clarified that the protein sequence of the vac-

cine contained 19.48% alpha-helix, 7.470% extended strand

0.0% beta-turn, and 73.05% random coil (Figure 1B).

4.5. Tertiary Structure of the Designed Poly-Epitope Vaccine

As noted, to model the primary tertiary structure of

the designed poly-epitope vaccine I-TASSER server was ap-

plied, C score of this model was -2.46 (Figure 2A). The refine-

ment of the designed poly-epitope vaccine was conducted

by the GalaxyRefine server. The results showed that in the

primary model, 55.2% of the amino acid residues were lo-

cated in the favored region, but in the refined model, 92.2%

of amino acid residues were in the favored region (Figure

2B).

4.6. Codon Adaptation and in Silico Cloning

The results of codon adaptation showed that the codon

adaptation index (CAI) and GC content of the coding DNA

sequence reached 1 and 54.32%, respectively (Figure 3).

Moreover, the results of in silico cloning revealed that the

coding DNA sequence of the designed poly-epitope vaccine

was successfully cloned in pET32a (+) vector (Figure 4).

5. Discussion

Immunoinformatics science has recently been consid-

ered as one of the most powerful tools used for simulation,

prediction, and analysis of the immune system (22). Vac-

cine development based on genomic and proteomic data

is the most critical application of the immunoinformatics

approach. Many studies have used this strategy for vac-

cine designing against different infectious diseases (15, 16,
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Table 1. List of the Best Predicted B Cell, MHCI and MHCII Epitopes of the Antigenic Proteins

Antigen Rank Epitope Type Sequence Start Position End Position Antigenicity Score

Dnak 1 B cell AAHPGGEPGGAHPG 594 607 1.18

Dnak 2 B cell VFDLGGGTFDVSLL 168 181 0.92

Dnak 3 B cell KGVNPDEVVAVGAA 337 350 0.65

FbpA 1 B cell YCGNGKPSDLGGNN 253 266 1.78

FbpA 2 B cell LGATPNTGPAPQGA 325 338 0.81

FbpA 3 B cell GGGHNGVFDFPDSG 290 303 0.71

katG 1 B cell GRGGAGGGMQRFAP 118 131 2.46

katG 2 B cell HGAGPADLVGPEPE 276 289 1.14

katG 3 B cell PFTPGRTDASQEQT 566 579 0.88

Dnak 1 MHCI WSIEIDGKKY 77 86 2.34

Dnak 2 MHCI TADDNQPSVQIQVY 402 415 1.36

Dnak 3 MHCI EADVRNQAETLVY 506 518 0.73

FbpA 1 MHCI TSNIKFQDAY 278 287 1.43

FbpA 2 MHCI DSGTHSWEY 301 309 1.05

FbpA 3 MHCI SSALTLAIY 173 181 0.99

katG 1 MHCI ATDLSLRVDPIY 379 390 1.63

katG 2 MHCI QTDVESFAV 578 586 1.03

katG 3 MHCI VADPMGAAFDY 54 64 0.52

Dnak 1 MHCII GVNPDEVVAVGAALQ 338 352 0.71

Dnak 2 MHCII QAIYEAAQAASQATG 579 593 0.51

Dnak 3 MHCII PDEVVAVGAALQAGV 341 355 0.41

FbpA 1 MHCII GLSMAASSALTLAIY 167 181 0.89

FbpA 2 MHCII LPVEYLQVPSPSMGR 49 63 0.79

FbpA 3 MHCII ANSPALYLLDGLRAQ 74 88 0.44

katG 1 MHCII LNLKVLHQNPAVADP 43 57 1.18

katG 2 MHCII GPLFIRMAWHAAGTY 99 113 0.86

katG 3 MHCII KANLLTLSAPEMTVL 613 627 0.45

23). In the current project, we used this strategy to design

an efficient poly-epitope vaccine against M. tuberculosis in-

fection. In this case, initially, the most critical antigenic

proteins of M. tuberculosis, including FbpA, katG, and Dnak

were selected from the VIOLIN database and were used for

B cell and T cell epitopes prediction. Low immunogenic-

ity is known as one of the biggest weaknesses of the poly-

epitope vaccines, as a consequence to increase antigenic-

ity of these vaccines, some strategies should be considered

(24). In the current project, we employed two strategies to

increase the antigenicity of the designed poly-epitope vac-

cine. First, the best B cell and T cell epitopes of FbpA, katG,

and Dnak proteins were filtered among primary epitopes

based on their antigenicity score. The epitopes with the

highest antigenicity were considered as the best epitopes.

Second, the rank-one epitopes, which had the highest anti-

genicity score, were repeated in the designed poly-epitope

vaccine. The poly-epitope vaccine, which contains both B

cell and T cell epitopes can not only stimulate humoral im-

munity but also trigger cellular immunity. In view of our

4 Int J Infect. 2021; 8(1):e110423.
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Figure 1. (A) Construct of the designed poly-epitope vaccine, MHCI, B cell, and MHCII fragments have been shown with green, gray and blue colors, respectively. (B) Secondary
structure of the designed poly-epitope vaccine, different regions have been shown with different colors.

designed poly-epitope vaccine consisting of B cell and T

cell epitopes, it will be able to stimulate strong immune re-

sponses. The selection of appropriate linkers can maintain

vaccine functionality. In this study, we used two prominent

linkers (EAAAK and KPKP). To evaluate the efficiency of the

designed poly-epitope vaccine, its different physicochem-

ical features, including molecular weight, theoretical pI,

length, instability index, aliphatic index, and grand GRAVY

were assessed. The results of the physicochemical evalu-

ation showed that the molecular weight of the designed

poly-epitope vaccine was 32 kDa. It has been revealed that a

protein with a molecular weight less than 10 kDa is deleted

from the body using the renal system, whereas a protein

with a molecular weight of more than 10 kDa can escape

from this system (25). Hence, it can be claimed that molec-

ular weight has a direct association with the half-life of a

protein. The stability of a protein is investigated by its in-

stability index. In general, stable proteins can keep their

folding in different conditions. While, instability index is

> 40, instability of the protein is confirmed (26-28). In

the next steps, the secondary and tertiary structures of

the designed poly-epitope vaccine were examined. The re-

sults of the secondary structure demonstrated that our de-

signed vaccine contained 73.05% random coil. It has been

reported that the random coil of a protein is related to

the exposure rate of regions that are on the protein sur-

face. Hence, it seems that the majority of epitopes that

were intercalated at the designed poly-epitope vaccine can

be identified by the immune system of the host. Also, the

results of the tertiary structure revealed that the designed

poly-epitope vaccine was well modeled (the C score of the

model was -2.46). The results of refinement showed that

more than 90% of the vaccine amino acid residues were in

the favored region and 98% of amino acid residues were

in the allowed region. Finally, the results showed that the

codon adapted sequence of the designed poly-epitope vac-

cine was successfully cloned in pET32a (+) vector for expres-

sion in a prokaryotic system such as E. coli.

5.1. Conclusion

The current project identified the best B cell and T cell

epitopes of three antigenic proteins of M. tuberculosis to

design a novel poly-epitope vaccine. It assessed different

physicochemical, protein structure features, codon adap-

tation, and in silico cloning of the designed poly-epitope

vaccine via the most reliable tools. According to the results,

Int J Infect. 2021; 8(1):e110423. 5
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Figure 2. (A) Cartoon (left- hand) and sphere (right-hand) models of the designed poly-epitope vaccine which were visualized by PyMol software. (B) Ramachandran plots of
the raw (1) and the refined (2) models of the vaccine. Compared with the primary model, in the refined model most amino acid residues have been located in favored region.

Figure 3. Codon Adaptation plot of the vaccine coding DNA sequence before (left-hand) and after (right-hand) codon adaptation.

6 Int J Infect. 2021; 8(1):e110423.
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Figure 4. In silico cloning of coding DNA sequence of the designed poly-epitope vaccine in pET32a (+) vector. (A) Digested fragment, (B) pET32a (+) along with inserted gene
(blue region).

the designed vaccine can be an appropriate candidate to

prevent M. tuberculosis infection. It must be mentioned

that these results need to be experimentally confirmed.
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