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Abstract: Edwardsiella tarda and Flavobacterium columnare are two important intracellular 

pathogenic bacteria that cause the infectious diseases edwardsiellosis and columnaris in wild 

and cultured fish. Prediction of major histocompatibility complex (MHC) binding is an impor-

tant issue in T-cell epitope prediction. In a healthy immune system, the T-cells must recognize 

epitopes and induce the immune response. In this study, T-cell epitopes were predicted by using 

in silico immunoinformatics approach with the help of bioinformatics tools that are less expen-

sive and are not time consuming. Such identification of binding interaction between peptides 

and MHC alleles aids in the discovery of new peptide vaccines. We have reported the potential 

peptides chosen from the outer membrane proteins (OMPs) of E. tarda and F. columnare, which 

interact well with MHC class I alleles. OMPs from E. tarda and F. columnare were selected 

and analyzed based on their antigenic and immunogenic properties. The OMPs of the genes 

TolC and FCOL_04620, respectively, from E. tarda and F. columnare were taken for study. 

Finally, two epitopes from the OMP of E. tarda exhibited excellent protein–peptide interaction 

when docked with MHC class I alleles. Five epitopes from the OMP of F. columnare had good 

protein–peptide interaction when docked with MHC class I alleles. Further in vitro studies can 

aid in the development of potential peptide vaccines using the predicted peptides.

Keywords: E. tarda, F. columnare, edwardsiellosis, columnaris, T-cell epitopes, MHC class I, 

peptide vaccine, outer membrane proteins

Introduction
Most fish are susceptible to various bacterial infections. Fish are in intimate contact 

with higher number of environmental pathogens. Hence, these pathogens easily attach 

to and degrade the tissues of fish.1 Degradation of fish tissue and the diseases caused by 

pathogens constitute the main reason for huge economic losses in aquaculture. Aquacul-

ture is the fastest growing food production industry in the world. Hence, there is a high 

demand for identifying ways to combat fish diseases. Existing pathogens’ host range 

and virulence are found to be increasing and this scenario has created a challenge to fish 

health researchers. Aquaculture researchers are trying to identify more efficacious vac-

cines and potent prophylactic and therapeutic drugs against bacterial fish diseases.2

Edwardsiella tarda and Flavobacterium columnare are two virulent intracellular 

bacterial pathogens responsible for causing edwardsiellosis and columnaris in most 

fish species.
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Features of E. tarda and F. columnare
E. tarda belongs to the Enterobacteriaceae family. E. tarda 

are Gram-negative facultative anaerobic rods that are motile. 

They possess peritrichous flagella and they have a length of 

2–3 µm and diameter of 1 µm.3–5 The organism has been 

isolated from warmwater fish and it is found worldwide. The 

mode of transmission of disease is by means of exposure to 

aquatic environments and animals and by means of ingestion 

of contaminated fish.6 Most strains of E. tarda are resistant 

to drugs such as penicillin, polymyxin B, oxacillin, rifampin, 

and colistin.7,8 When there is an imbalance in environmental 

conditions, such as the presence of high organic content, high 

water temperature, and poor water quality, edwardsiellosis 

occurs in fish.9 The symptoms of infected fish include spiral 

movement, abnormal swimming, and floating near the surface 

of water. The mortality rate of the disease is very high among 

different populations of fish of various age groups. Hence, 

edwardsiellosis causes serious threats to catfish and flounder 

farming. This emphasizes the need for the development of 

new vaccines. Vaccination with an ideal immunogenic pro-

tein would be the best way of preventing the diseases rather 

than using antibiotics.

F. columnare is a highly prevalent Gram-negative rod 

that is motile in nature. It leads to columnaris disease among 

freshwater fish throughout the world.10 Several species of fish 

that are commercially very important are severely affected by 

columnaris. The mortality rate is very high, and this leads to a 

drastic economic loss.11,12 Columnaris mostly affects species 

of salmonids, carp, peach, eel, tilapia, channel catfish and 

goldfish. The fish affected by columnaris exhibit yellowish 

brown lesions on their fin, skin, and gills. The bacteria grow 

in individual gill filaments.13 These considerations lead to 

the increased need for the development of new vaccines 

against columnaris.

immunoinformatic approach for vaccine 
design
The use of antibiotics to treat diseases has led to antibiotic 

resistance among pathogens. Currently, vaccines to treat 

columnaris are available. However, there is a danger of rever-

sion in case of live attenuated vaccines.14 In this study, we 

have identified potential T-cell epitopes that can be used as 

effective vaccine candidates by means of using immunoin-

formatic tools, software, and databases. T-cells are reported 

to be mediators exhibiting competent immune responses 

elicited by the target vaccine.15 Such reports have catalyzed 

research into and development of in silico immunoinformat-

ics methods for further exploring T-cell epitopes in peptide 

sequences.16 The first step in vaccine designing to identify the 

T-cell epitope is to determine which peptide of the proteome 

of the virulent bacterial pathogen will bind to the major his-

tocompatibility complex (MHC) molecules. The strength of 

MHC molecule binding to epitopes is an important parameter 

in determining T-cell immunogenicity.17 In this study, we 

have modeled peptide–MHC complexes and studied their 

interactions using appropriate immunoinformatics tools.

Outer membrane proteins and cytotoxic 
T-cells
We analyzed the sequences of the outer membrane proteins 

(OMPs) of the pathogens based on their inherent ability to 

elicit immune responses during the time of infection. Cyto-

toxic T-lymphocyte (CTL) epitopes were predicted from the 

OMPs of the virulent pathogens. CTLs are responsible for 

killing infected cells. The infected antigen-presenting cell 

activates the T-cell to become an effector cell and further, 

the T-cell can kill any target cell infected by the pathogen. 

CTLs attack the target cells and make the target undergo 

apoptosis or self-destruction.

Mhc protein–peptide complex
The MHC molecule binds to the peptide fragments of the 

pathogens and, later, the peptides are displayed on the cell 

surface. The CTLs recognize the peptide–protein complex 

and kill the infected cell. The underlying mechanism behind 

the antigen processing and its presentation to the T-cell is 

as follows. Peptides are processed by the proteosome in the 

cytosol and transported to the endoplasmic reticulum, the 

site of MHC synthesis. MHC proteins bind to the peptides 

at the endoplasmic reticulum. A protein complex called 

T cell activating protein (TAP) moves the peptide into 

the MHC I molecule and later it is transported to the cell 

surface. The terminal amino group of the peptide binds to 

the invariant pocket present at one end of the class I MHC 

groove. The terminal carboxyl group of the peptide binds to 

the invariant pocket present at the other end of the groove 

of the class I MHC molecule. Both the N- and C-termini 

of the peptide are secured by hydrogen bond interactions 

and networks. Anchor amino acids of the peptide bind to 

the specificity pockets of the groove. The T-cell receptor 

recognizes the side chains of the other amino acids pointing 

outward. Diverse sequences of peptides bind to each allelic 

form of a class I MHC protein. The specificity pockets that 

differ along the groove bind to the specific amino acids of 

the side chain of the peptide. Later, each allelic form binds 

and presents a specific characteristic of the peptides.18 The 

MHC molecule promiscuously binds peptides tightly because 

the virulent pathogens will try to mutate the epitope of the 
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MHC molecule. Thus, MHC molecule binds to a variety of 

peptides with high affinity.19

Methods
Protein sequence retrieval
Ethical approval was not required from the Institutional 

Animal Ethics Committee of Vels University as the data 

is available in the public domain, and therefore the data is  

anonymized. OMPs were chosen for this study owing to 

their significant antigenic and high immunogenic properties. 

OMPs were retrieved from the UniProt database, which is 

a highly annotated protein sequence database that contains 

accurate structural and functional information of proteins. 

The amino acid sequences of the OMPs were retrieved in 

FASTA format from UniProt.20,21

OMP of E. tarda: Tolc
TolC (Swiss-Prot: Q4ACC9) is an OMP responsible for the 

transport of toxic compounds and virulent proteins. It has 

the capacity to induce resistance in bacteria against different 

antibiotics.22,23

OMP of F. columnare: OMPa FcOl_04620
OMPA FCOL_04620 (Swiss-Prot: G8X7P2) is a protein 

in the outermost lipid bilayer of the cell envelope, which 

contains protein and lipopolysaccharide structures that are 

highly toxic.24

Prediction of antigenic sites
Prediction of antigenic sites was performed using Kolaskar 

and Tongaonkar antigenicity tool (http://tools.immuneepitope.

org/tools/bcell/iedb_input). A semiempirical approach is 

used in the prediction of peptides, which depends on various 

physical and chemical properties of the amino acids and 

is also based on the frequency of occurrence of residues 

in experimentally known epitopes. It has the efficiency to 

predict antigens with ~75% accuracy, and the threshold 

value is 1.000.25

Prediction of cTl epitopes
CTL epitopes were predicted using the NetCTL.1.2 server 

(http://www.cbs.dtu.dk/services/NetCTL). CTLs destroy the 

infected cells, and their activation normally takes place on the 

surface of antigen-presenting MHC molecules.26 The NetCTL 

1.2 server integrates prediction of TAP transport efficiency, 

MHC class I binding, and proteasomal C-terminal cleavage. 

The FASTA sequence of the organism was given as input. 

Peptide length and human leukocyte antigen (HLA) alleles 

were selected and submitted. T-cell epitopes were generated 

as output. Artificial neural network is used to predict MHC 

class I binding and proteasomal C-terminal cleavage. Weight 

matrix is used to predict TAP transport efficiency.

Modeling and docking of protein–peptide 
complex
MODPROPEP tool was used for the modeling of protein–

peptide complexes.27 Peptide sequence was given as input, 

and the crystal structure of MHC alleles (HLA-A0201 and 

HLA-B2705) taken from Protein Data Bank (PDB) was used 

as a template for modeling the protein–peptide complex.

Rosetta FlexPepDock tool was used for high-resolution 

peptide docking (http://flexpepdock.furmanlab.cs.huji.

ac.il). FlexPepDock uses the Rosetta fragment library and 

a representation of the receptor and peptide structures for 

simultaneous docking and de novo folding of peptides. The 

space of the backbone conformation of the peptide and ori-

entations of a rigid body on the receptor surface of a binding 

site are sampled simultaneously and efficiently. The final 

results are reported as high-resolution models.28 The peptide 

structure is accurately refined by FlexPepDock, starting 

from up to 5.5 Å root mean square deviation (RMSD) of its 

native conformation. It also allows side chain flexibility of 

receptor and complete flexibility of the peptide.29 The overall 

conformation of the peptide in a centroid mode is detected 

by using fragment based sampling.30

input model
The modeled complex from MODPROPEP was given as 

input PDB structure for docking analysis.

selection of models
Top-scoring models were selected as models for interaction 

study. The Rosetta cluster application results in clusters of 

500 top-scoring models with cluster radius cutoff of 2 Å 

peptide backbone atom RMSD. A representative model is 

selected from each cluster according to the top energy score 

and, finally, all clusters are ranked based on the energy.31

energy function
The energy functions and energy calculations are well cali-

brated in the Rosetta protocol used by FlexPepDock. The 

Rosetta library consists of fragments of proteins derived from 

solved protein structures. The Dunbrack Rotamer library and 

the Rosetta side chain repacking protocol were used.32,33

interaction study
The hydrogen bond interactions between the peptide and 

the MHC protein complex were studied using Argus Lab 

software.
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Docked peptide–protein complexes obtained from 

FlexPepDock were visualized in Argus Lab. The peptide 

residues bound in the groove of the MHC complex were 

selected and grouped separately using the option “Make a 

group from the selected residues”. A group consisting of the 

peptide residues was obtained. Hydrogen bond interaction 

between the peptide and the MHC protein was retrieved using 

the option “Show hydrogen bonds”. Hydrogen bonds, along 

with their atomic distances, are displayed in the peptide–

MHC complex. The stability of the peptide–protein complex 

was evaluated using the number of hydrogen bonds formed 

between the complexes.

Results
Predicting antigenic sites in OMPs is of major importance 

for synthesis of peptide vaccines. We predicted the anti-

genic sites of the OMPs of E. tarda and F. columnare using 

Kolaskar and Tongaonkar antigenicity tool.

antigenic sites in OMP of E. tarda
There were six antigenic sites predicted in the OMP of 

E. tarda (Table 1). Proline at the eighth position, found 

in the antigenic peptide from positions 4 to .24 (KKLL-

PLLIGLSLSGFSALSQA), was identified as having the 

maximum residual score of 1.164, well over the threshold 

score of 1.000. It should be noted that the amino acids Gln 

(Q) and Ala (A) from this antigenic site were also predicted 

as comprising a CTL epitope, thus significantly enhancing 

the scope of amino acids Q and A to be treated as potential 

peptide vaccine candidates.

antigenic sites in OMP of F. columnare
We identified 31 antigenic sites from OMPA FCOL_04620 

of F. columnare (Table 2). Phenylalanine at the seventh posi-

tion found at the antigenic site IILFTVLGLSLHGG had a 

maximum residual score of 1.170. The longest peptide was a 26-residue peptide GDSYYYNAKLVDAHKWYAELFAL-

GET from the 61st position to .86th position. We found 

that the amino acids Glu (E) and Thr (T) at positions 85 

and 86 also exhibited the immunogenic properties of CTL 

epitopes. Furthermore, the amino acids Phe (F) and Ala (A) 

at positions 288 and 289, as well as the amino acids from 

positions 574–586, namely, His (H), Thr (T), Asp (D), Cys 

(C), Arg (R), Gln (Q), Thr (T), Val (V), and Ala (A), were 

also predicted to be CTL epitopes.

cTl epitope prediction
CTL epitopes are potential candidates for peptide vaccine 

design for various diseases. We predicted CTL epitopes 

using NetServer 1.2 prediction tool. Peptides were predicted 

Table 1 antigenic sites in the OMP of E. tarda

S 
No

Start 
position

End 
position

Peptide Peptide 
length, 
amino acids

1 4 24 KKllPlliglslsgFsalsQA 21
2 27 34 lMQVYQQa 8
3 60 69 sPllPQlglg 10
4 91 98 aslalTQT 8
5 107 112 QlslTe 6
6 117 124 iQDVsYQs 8

Notes: Six antigenic sites were identified in the OMP of E. tarda. Proline (in bold) at 
the eighth position has a maximum residual score of 1.164 (threshold =1.000).
Abbreviations: OMP, outer membrane protein; E. tarda, Edwardsiella tarda; s, 
serial number.

Table 2 antigenic sites in the OMP of F. columnare

S 
No

Start 
position

End 
position

Peptide Peptide 
length, 
amino acids

1 4 17 iilFTVlglslhgg 14
2 32 49 nglaYVDaiDTYlKVaQK 18
3 53 59 sKelFQr 7
4 61 86 gDsYYYnaKlVDahKWY 

aelFalgeT
26

5 88 105 ePeYYYrYaQTlKsVeDY 18
6 113 118 sKFYel 6
7 147 153 iKPVsin 7
8 165 172 gDKVlFas 8
9 177 182 igVFKa 6
10 192 197 TnlYaa 6
11 223 229 DsPVFTK 7
12 231 236 lKTVYF 6
13 253 261 iinlKiYra 9
14 270 276 iniVelP 7
15 281 291 QYsVahPalsP 11
16 294 299 KTlYFa 6
17 311 317 lFKVail 7
18 345 353 DKgVlYYaT 9
19 359 369 lgglDiYaaQl 11
20 375 385 VsnlVnVgsPV 11
21 415 429 DDiYsFieKsPlnle 15
22 431 440 QhelagVVTn 10
23 444 456 reViPgaTVTlYD 13
24 462 468 igKVlaD 7
25 475 488 FKKVPagKKYYVra 14
26 518 525 KVrViQeg 8
27 528 544 laKiFeiKiiYFDlDKs 17
28 547 563 raDaaVelaKileVMKQ 17
29 566 586 TMKVDVrshTDccrQTV 

aYnaK
21

30 594 603 eTVaWlVKng 10
31 616 626 esQlVnDcgce 11

Notes: Number of antigenic sites identified in the OMP of F. columnare is 31. 
Phenylalanine (in bold) at the seventh position has a maximum residue score of 
1.170 (threshold =1.000).
Abbreviations: OMP, outer membrane protein; F. columnare, Flavobacterium columnare; 
s, serial number.
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based on their MHC binding affinity, proteasomal C-terminal 

cleavage, and transport affinity. Prediction was carried out 

using MHC supertype A1.

We identified four peptide sequences whose prediction 

scores were .0.75000 as CTL epitopes (Table 3). As stated 

earlier, the amino acids Gln and Ala were also predicted 

as antigenic sites. Hence, QAENLMQVY, one of the CTL 

epitopes predicted from E. tarda, can be considered a poten-

tial vaccine candidate.

Eighteen peptide sequences from the OMP of F. colum-

nare were predicted as CTL epitopes (Table 4). We found 

that most of the peptide sequences had more than one amino 

acid residues that were antigenic in nature. Moreover, we 

also found a lot of mismatch between the predicted antigenic 

sites and CTL epitope peptides. For example, YVDAIDTYL 

and QTLKSVEDY, epitopes with residue numbers 36 and 

97, respectively, were also predicted as antigenic sites. But 

the docking results did not throw up the peptides as vac-

cine candidates. On the other hand, the predicted epitopes 

FAKEINSKY and NSDQYSVAH, with residue numbers 212 

and 278, respectively, had no antigenic sites predicted but 

were found to be bound well with MHC class I when docked, 

showing significant hydrogen bonding, indicating that the 

peptides might be worthy candidates for peptide vaccine 

design. Similar was the case for the peptide sequences from 

residue numbers 151, 227, 289, 465, and 485, wherein we 

identified the amino acids (in bold) to be antigenic in nature, 

but not desirable as candidates for vaccine design. One inter-

esting finding that can be considered significant is the peptide 

sequence HTDCRQTVA from the residue number 574. All 

the amino acids from the CTL epitope were also predicted 

as antigenic sites in our study, and hence, we can confidently 

say that the herein-mentioned epitope can elicit immune 

responses against these pathogens very effectively.

Docking results
The predicted CTL epitopes of the OMPs of E. tarda and 

F. columnare were docked with MHC class I proteins using 

Table 3 cTl epitopes predicted for E. tarda

Residue 
number

Peptide 
sequence

Predicted MHC 
binding affinity

Rescale binding 
affinity

C-terminal 
cleavage affinity

Transport 
affinity

Prediction 
score

MHC 
ligands

23 QAenlMQVY 0.5080 2.1567 0.9746 2.9000 2.4479 e
81 ssglnsnnY 0.4391 1.8645 0.9507 2.7160 2.1429 e
114 QagiQDVsY 0.1322 0.5613 0.9648 2.9280 0.8524 e
123 QsseQTlMl 0.2315 0.9829 0.9559 0.9520 1.1739 e

Notes: Prediction of cTl was carried out using Mhc supertype a1. Prediction score should be .0.75000. Bold indicates amino acids Q and a are also predicted as antigenic sites.
Abbreviations: cTl, cytotoxic T-lymphocyte; E. tarda, Edwardsiella tarda; Mhc, major histocompatibility complex.

Table 4 cTl epitopes predicted for F. columnare

Residue 
number

Peptide 
sequence

Predicted MHC 
binding affinity

Rescale binding 
affinity

C-terminal 
cleavage affinity

Transport 
affinity

Prediction 
score

MHC 
ligands

36 YVDaiDTYl 0.2217 0.9415 0.9655 1.0510 1.1388 e
85 eTVePeYYY 0.1547 0.6566 0.9700 2.7470 0.9395 e
97 QTlKsVeDY 0.3957 1.6799 0.9271 3.0880 1.9734 e
107 KaDeYMsKF 0.2138 0.9079 0.8821 2.6190 1.1711 e
120 sKDTraniY 0.4282 1.8182 0.9309 2.8610 2.1009 e
151 SINgsssDY 0.2323 0.9865 0.9569 3.0590 1.2830 e
155 sssDYgTaF 0.2948 1.2519 0.9398 2.5940 1.5225 e
156 ssDYgTaFY 0.7716 3.2759 0.8263 2.8960 3.5447 e
212 FaKeinsKY 0.2298 0.9758 0.9764 3.0120 1.2729 e
227 FTKDlKTVY 0.4014 1.7043 0.9283 2.8530 1.9862 e
278 nsDQYsVah 0.3665 1.5559 0.2328 -0.7390 1.5539 e
289 LSPDeKTlY 0.4668 1.9818 0.9711 3.1080 2.2828 e
298 FasnMPgTY 0.5098 2.1646 0.9467 2.8260 2.4479 e
342 FiTDKgVlY 0.3314 1.4072 0.9735 2.7770 1.6921 e
343 iTDKgVlYY 0.8205 3.4838 0.9769 2.6450 3.7626 e
465 VLADeKgFY 0.3778 1.6040 0.8288 3.1240 1.8845 e
485 YVRAeKeDY 0.1300 0.5518 0.8316 3.0400 0.8286 e
574 HTDCRQTVA 0.2482 1.0539 0.6383 -0.7700 1.1112 e

Notes: Prediction of cTl was carried out using Mhc supertype a1. Prediction score should be .0.75000. amino acids in bold indicate that they are also predicted as antigenic 
sites.
Abbreviations: cTl, cytotoxic T-lymphocyte; F. columnare, Flavobacterium columnare.
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FlexPepDock server. It is a high-resolution docking server 

implemented in the Rosetta framework. The docking server 

provided well-calibrated energy functions and efficient 

energy calculations. The stability of docked structures was 

studied using Argus Lab. Argus Lab software helped us in the 

hydrogen bond interaction studies between the peptide and 

the protein complex, thus enabling in-depth understanding 

of the docked structure.

Docking results for Tolc of E. tarda
Four CTL epitopes predicted from TolC of E. tarda were 

docked with MHC class I HLA-A0201. We identified two 

peptides QAENLMQVY and SSGLNSNNY, which bound 

well with HLA-A0201. Figure 1A shows the docked structure 

of QAENLMQVY–MHC bound complex. We identified 

12 hydrogen bond formations with interatomic distances 

of ~2.8–3.0 Å, thus giving stability to the docked structure 

(Table 5). Significant H-bonding interactions were seen 

between the residues Asn, Gln, Tyr, Val, Glu, and Ala of the 

peptide and Thr, Asp, Trp, Tyr, Gln, and Glu of the MHC 

protein. The docked structure of SSGLNSNNY is shown in 

Figure 1B. We identified four hydrogen bond formations 

between the peptide and the protein (Table 6). Residues Ser, 

Gly, and Tyr had significant hydrogen-bonding interactions 

with Glu, Tyr, Thr, and Asp of the MHC protein.

Docking results for OMPa FcOl_04620 
of F. columnare
Out of 18 epitopes predicted, five epitopes, namely, ETVE-

PEYYY, FAKEINSKY, FASNMPGTY, HTDCRQTVA, 

and NSDQYSVAH, bound well with MHC-HLA-B2705 and 

exhibited excellent protein–peptide interactions.

The docked structure of the peptide ETVEPEYYY with 

the MHC protein is shown in Figure 2A. It can be seen from 

Table 7 that the overall stability of the structure is well pre-

served by the formation of eight H-bonds. The amino acid 

residues that participated in the bonding were Tyr, Glu, and 

Thr from the MHC and Asn, Tyr, Thr, and Trp from the 

peptide. The docked structure of the FAKEINSKY–MHC 

complex is shown in Figure 2B. We identified 15 H-bonds 

between the peptides (Phe, Ile, and Ala) and the MHC 

protein (Tyr, Asn, Thr, and Trp) (Table 8). It should once 

again be reiterated that although this peptide is considered 

to be one of the peptide vaccine candidates, none of the 

amino acid residues are predicted to be antigenic. Figure 2C 

represents the docked structure of the FASNMPGTY–MHC 

Figure l Docking results for OMPs of E. tarda.
Notes: (A) QaenlMQVY–Mhc. (B) ssglnsnnY–Mhc.
Abbreviations: Mhc, major histocompatibility complex; OMPs, outer membrane proteins.

Table 5 Peptide QaenlMQVY–Mhc hla-a0201 interaction

H-bond interaction

(Peptide–protein) Distance (Å)

asn O–Thr O 2.882885
gln O–Thr n 2.982010
Tyr O–Thr O 2.843064
Tyr n–asp O 2.999412
Tyr O–Tyr O 2.735772
Val O–Tyr O 2.863572
Val n–Trp O 2.822387
glu O–Tyr O 2.986599
asn O–gln n 2.824341
ala O–glu O 2.893713
ala O–glu O 2.643045
Val n–gln O 2.837853

Note: Interaction profile of peptide QAENLMQVY and MHC.
Abbreviations: Mhc, major histocompatibility complex; hla, human leukocyte 
antigen.

Table 6 Peptide ssglnsnnY-Mhc hla-a0201 interaction

H-bond interaction

(Peptide–protein) Distance (Å)

ser n–glu O 2.937921
ser O–Tyr O 2.686530
gly n–Tyr O 2.983901
Tyr n–asp O 2.852504

Note: Interaction profile of peptide SSGLNSNNY with MHC.
Abbreviations: hla, human leukocyte antigen; Mhc, major histocompatibility 
complex.
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complex. The structure is well stabilized by the formation 

of 12 H-bonds (Table 9). By analyzing this peptide, we 

found that the amino acid residues Phe and Ala are capable 

of eliciting good immune responses because they are also 

predicted to be antigenic sites. The interaction between the 

peptide HTDCRQTVA and the MHC complex is shown in 

Figure 2D. The docked structure is well stabilized because 

Figure 2 Docking results for OMPs of F. columnare.
Notes: (A) eTVePeYYY–Mhc. (B) FaKeinsKY–Mhc. (C) FasnMPgTY–Mhc. (D) hTDcrOTVa–Mhc. (E) nsDQYsVah–Mhc.
Abbreviations: Mhc, major histocompatibility complex; OMPs, outer membrane proteins.

Table 7 Peptide eTVePeYYY–Mhc hla-B2705 interaction

H-bond interaction

(Peptide–protein) Distance (Å)

Tyr O–asn n 2.927478
Tyr O–Tyr O 2.826191
Tyr O–Thr O 2.885364
Tyr O–Trp n 2.865319
Thr O–asn O 2.886496
Thr n–asn O 2.906432
glu n–Tyr O 2.832275
glu n–Tyr O 2.684366

Note: Interaction profile of peptide ETVEPEYYY with MHC.
Abbreviations: hla, human leukocyte antigen; Mhc, major histocompatibility 
complex.

of the formation of 16 H-bonds (Table 10). The structure is 

well conserved because of the presence of a greater number 

of polar residues such as His, Thr, and Arg in the peptide. 

This peptide should be noted as being a significant finding 

because all amino acid residues are predicted to be antigenic 

in nature and hence the chance of eliciting better immune 

responses is more compared to other peptides. The docked 

structure of NSDQYSVAH–MHC is shown in Figure 2E 

and their respective hydrogen bond interactions are shown 

in Table 11. We identified many polar and hydrophobic resi-

dues that take part in hydrogen bonding. Though this peptide 

has been predicted as a worthy vaccine candidate by means 

of docking studies, we are skeptical regarding the finding 

because none of the amino acids in the peptide sequence 

exhibit the property of antigenicity and immunogenicity.

Discussion
The main aim of this study was to identify potential T-cell 

epitopes for designing peptide vaccines. An immunoin-

formatics approach was carried out to perform this study. 
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In silico immunoinformatics tools were used to perform 

prediction analysis and docking between the peptide and 

the protein.

Analysis of pathogenomics on a genome-wide scale with 

the help of in silico immunoinformatics tools aids in the 

identification of new vaccines.34 Conventional experimental 

approaches have several limitations. The complete spectrum 

of potential antigens is analyzed by using in silico immu-

noinformatics study. The antigens that cannot be expressed 

in vitro due to the nonfeasibility of pathogen culturing can 

also be analyzed in silico. Several immunoresearch groups 

have reported in silico vaccine candidates, which have pro-

duced promising preclinical results.35,36

We have identified potential T-cell epitopes that bind with 

MHC protein from the OMPs of the infectious pathogens 

E. tarda and F. columnare. The two potential E. tarda 

epitopes from that can be treated as candidates for peptide 

vaccine production are QAENLMQVY and SSGLNSNNY. 

Five F. columnare epitopes that can be used as potential 

targets for peptide vaccine design were identified. The 

peptides are ETVEPEYYY, FAKEINSKY, FASNMPGTY, 

HTDCRQTVA, and NSDQYSVAH.

The prediction of antigenic sites helps in identifying 

potential residues from the OMPs. There are six antigenic 

peptides predicted in the OMP of E. tarda and the OMP of 

Table 8 Peptide FaKeinsKY–Mhc hla-B2705 interaction

H-bond interaction

(Peptide–protein) Distance (Å)

lys n–asn O 2.513240
Tyr O–Tyr O 2.906147
Tyr O–Thr O 2.438210
lys O–Trp n 2.853989
ser O–Trp O 2.681267
ile O–Thr O 2.680878
Tyr n–ser O 2.818796
Phe n–Tyr O 2.626686
ile n–asn O 2.903029
ala n–asn O 2.932375
Phe n–Tyr O 2.927618
Phe O–Tyr O 2.622406
lys n–asp O 2.616177
lys O–asn n 2.948305
lys n–Tyr–O 2.943702

Note: Interaction profile of peptide FAKEINSKY and MHC.
Abbreviations: hla, human leukocyte antigen; Mhc, major histocompatibility 
complex.

Table 9 Peptide FasnMPgTY–Mhc hla-B2705 interaction

H-bond interaction

(Peptide–protein) Distance (Å)

Thr O–Trp n 2.707887
Tyr O–Tyr O 2.843315
Tyr O–asn n 2.811533
Met O–Thr O 2.795226
Met n–asn O 2.901555
ser O–asn n 2.862460
ala n–asn O 2.836011
Phe O–Tyr O 2.824663
Phe n–Tyr O 2.688093
Phe n–Tyr O 2.756931
Thr O–Trp n 2.925384
asn n–asn O 2.925179

Note: Interaction profile of peptide FASNMPGTY with MHC.
Abbreviations: hla, human leukocyte antigen; Mhc, major histocompatibility 
complex.

Table 10 Peptide hTDcrQTVa–Mhc hla-B2705 interaction

H-bond interaction

(Peptide–protein) Distance (Å)

his n–arg n 2.929034
his n–Tyr O 2.743620
Thr n–asn O 2.840459
Thr O–asn O 2.935561
his O–Tyr O 2.795949
asp n–Tyr O 2.738891
arg n–asp O 2.861077
arg n–asn O 2.701008
Val O–Trp n 2.835952
Thr O–Trp n 2.871054
ala O–Tyr O 2.855676
ala O–asn n 2.738801
ala O–lys n 2.888888
his n–Tyr O 2.702608
arg n–ser O 2.702492
arg O–Thr O 2.733620

Note: Interaction profile of peptide HTDCRQTVA and MHC.
Abbreviations: hla, human leukocyte antigen; Mhc, major histocompatibility 
complex.

Table 11 Peptide nsDQYsVah–Mhc hla-B2705 interaction

H-bond interaction

(Peptide–protein) Distance (Å)

his O–Tyr O 2.906147
his O–Thr O 2.438210
ala O–Trp O 2.853989
his n–ser O 2.818796
Tyr O–Thr O 2.680878
Tyr n–asn n 2.903029
asp O–asn n 2.948305
ser n–asn O 2.932375
asn n–Tyr O 2.626686
asn n–Tyr O 2.927618
asn O–Tyr O 2.622406
asp n–Tyr O 2.943702

Note: Interaction profile of peptide NSDQYSVAH with MHC.
Abbreviations: hla, human leukocyte antigen; Mhc, major histocompatibility 
complex.
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F. columnare has 31 predicted peptides. These residues are 

antigenic in nature and can be treated as potential targets for 

vaccine design.

T-cell epitope prediction is a milestone in the field of in 

silico vaccine designing.37 Several research groups that have 

been involved in development of different vaccines against 

various infectious diseases, including autoimmune disease 

and cancer, have reported excellent results by using in silico 

epitope prediction methods.38 Because the in silico process 

reduces the number of in vitro experimental techniques, CTL 

epitope prediction by this method serves as an important tool 

in the vaccine designing approach.

Four peptide sequences were identified as epitopes in the 

OMP of E. tarda. The amino acids Gln and Ala serve also 

as potential antigenic sites, as can be noted from Table 1. 

Eighteen peptide sequences were identified as epitopes in 

the OMP of F. columnare. It must be noted that most of the 

peptide sequences had more than one amino acid residue that 

was antigenic in nature.

Among the four peptide sequences identified as epitopes in 

E. tarda, two epitopes – QAENLMQVY and SSGLNSNNY – 

were identified as potential candidates for peptide vaccine 

synthesis. When docked with MHC–HLA alleles, these 

peptides bound well with the MHC protein and had excellent 

hydrogen bond interactions with them. Similarly, the five 

epitopes from the OMP of F. columnare – ETVEPEYYY, 

FAKEINSKY, FASNMPGTY, HTDCRQTVA, and 

NSDQYSVAH – were selected as excellent candidates for 

peptide vaccine synthesis. This analysis was performed first 

on the basis of the docking between peptide and protein and, 

later, on the basis of the stability of the docked complexes. 

For understanding protein folding, protein movement, and 

protein structure, hydrogen bonds and their relative strengths 

are very important.

The peptide binding site is located in a groove between 

the α1 and α2 domains, bound by two α-helices on top of 

the eight-strand antiparallel β-sheets as the binding floor. In 

peptide–MHC bound complexes, the N- and C-termini of 

the peptide are nestled into the MHC protein, with extensive 

hydrogen bond networks and salt bridges. The central portion 

of the peptide bulges out and is more exposed to the surface.

Most of the epitope prediction methods depend on struc-

tural information and use algorithms that predict potentially 

promiscuous binders. A stable complex of ligands and recep-

tors is formed when there is proper geometric and electro-

static complementarity between them; only then can the MHC 

molecules recognize the antigens. Several computational 

studies use a protocol that aligns the known sequences of the 

MHC molecule and identifies residues that favor the binding 

of peptides.39,40 This information, along with crystallographic 

knowledge, serves as a guide to understanding the principle 

behind peptide–MHC recognition.39,40

Docking is a widely used important methodology in bio-

informatics for studying interactions between molecules.41 

Earlier, docking studies were only used for analyzing pep-

tides that bind only with class I MHC molecules.42,43 Later, a 

research group investigated residues with different physical 

properties and evaluated the properties of acceptable resi-

dues.44 Furthermore, a study45 designed peptides with high 

binding affinity by using a genetic algorithm and later their 

binding energy values were reported.

After the in vitro experimental identification of the binding 

affinity of peptides, there was a good correlation observed 

between the in silico predicted and experimentally identified 

affinity values. Later on, docking was used to investigate 

peptides binding to class II MHC molecules.46 Thus, docking 

serves as an important tool in investigating the interaction 

between a T-cell receptor and an MHC–ligand complex.47,48

Interaction profile of TolC from E. tarda
The docking results for OMP TolC are shown in Figure 1A 

and B. Peptides QAENLMQVY and SSGLNSNNY are nes-

tled in between the grooves of the MHC. The residues Asn, 

Gln, Tyr, Val, Glu, and Ala of the peptide QAENLMQVY 

show significant H-bonding with the MHC protein residues 

Thr, Asp, Trp, Tyr, Gln, and Glu (Table 5). There are 12 

hydrogen bonds between in the peptide–protein complex. 

Typically, hydrogen bonds in peptides are ~2.8–3 Å in 

length between N and O atoms. Accordingly, from the table, 

it can be noted that the distances between N and O atoms 

for the residues Tyr N–Asp O, Val N–Trp O, Glu N–Tyr O, 

Asn N–Gln O, and Ala N–Glu O are ~2.8–3 Å, ensuring the 

stability of the protein–peptide complex.

In the SSGLNSNNY–MHC bound complex, residues 

Ser, Gly, and Tyr of the peptide had significant H-bonding 

interactions with the MHC residues Glu, Tyr, Thr, and Asp 

(Table 6). Four hydrogen bonds formed between the peptide 

and the MHC protein ensure the needed stability. The inter-

atomic distances between the atoms are ~2.8–3 Å, thereby 

holding the complex rigidly.

Interaction profile of OMPA 
FcOl_04620 of F. columnare
Peptides ETVEPEYYY, FAKEINSKY, FASNMPGTY, 

HTDCRQTVA, and NSDQYSVAH bound well with MHC 

and exhibit excellent protein–peptide interactions.
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The interaction between ETVEPEYYY and MHC is 

shown in Figure 2A. Residues Tyr, Glu, and Thr form 

hydrogen bonds with the MHC protein residues Asn, Tyr, 

Trp, and Asn (Table 7). Tyr and Asn are polar residues that 

participate in hydrogen bonding. They cover the surface of 

the molecule and are in contact with the solvent due to their 

ability to form hydrogen bonds. The overall stability of the 

complex is well preserved because of the formation of eight 

hydrogen bonds.

The FAKEINSKY–MHC complex is shown in Figure 2B. 

Peptides use more hydrogen bonds than proteins in bind-

ing to their protein partner. The residues Lys, Tyr, Ser, Ile, 

Ala, and Phe of the peptide FAKEINSKY show significant 

H-bonding with the MHC protein residues Asn, Tyr, Trp, 

Thr, Asn, and Tyr. In this complex, there are as many as 

15 hydrogen bonds formed between the peptide and the MHC 

complex (Table 8). Many of the hydrogen bonds involve 

the peptide backbone. Residues Phe, Ile, and Ala form the 

core of the complex because of their strong hydrophobicity. 

Polar residues such as Tyr, Asn, Thr, and Trp of the protein 

complex participate in hydrogen bonding with the peptide, 

thus providing structural rigidity to the complex.

The FASNMPGTY–MHC bound complex is shown in 

Figure 2C. It must be noted that almost all residues of the 

peptide, namely, Thr, Tyr, Met, and Ser, are polar amino 

acids. The residues Thr, Tyr, Met, Ser, Ala, and Phe of the 

peptide FASNMPGTY show significant H-bonding with 

the MHC protein residues Trp, Tyr, Thr, Asn, Asn, and Tyr. 

They are in contact with the solvent due to their ability to 

form hydrogen bonds. The interactions between the polar 

residues and their respective protein residues are often crucial 

for the stabilization of the complex. Hydrophobic residues 

Phe and Ala form the core of the complex (Table 9). The 

FASNMPGTY–MHC complex is stabilized by the formation 

of 12 hydrogen bonds.

Peptide HTDCRQTVA was docked with MHC 

(Figure 2D). The hydrogen bonds between the peptide and 

MHC protein are shown in Table 10. The residues His, Thr, 

Arg, Val, Ala, and Asp of the peptide HTDCRQTVA show 

significant H-bonding with the MHC protein residues Arg, 

Asn, Asn, Trp, Tyr, and Tyr. The structure is stabilized by 

the formation of 16 hydrogen bonds. The structure is con-

served because of the presence of greater number of polar 

residues such as His, Thr, and Arg in the peptide. Most of 

the complexes have a hydrophobic core that is not accessible 

to the solvent, and hydrophobic amino acids build up the 

hydrophobic core. In this complex, the hydrophobic core 

contains Val and Ala residues. This peptide is a potential 

candidate for vaccine synthesis also because of the fact that 

the residues of this peptide are predicted to be antigenic sites 

(Table 2, residue number 574).

The potential epitope NSDQYSVAH and its MHC-

bound complex are shown in Figure 2E. Their respective 

interactions can be studied from Table 11. The residues His, 

Ala, Asp, Tyr, Ser, Asn, Gln, Val, and Glu of the peptide 

NSDQYSVAH show significant H-bonding with the MHC 

protein residues Tyr, Trp, Thr, Asn, Asn, and Tyr. The 

interaction study shows that there are 12 hydrogen bonds 

formed between the peptide and the MHC protein, and the 

complex’s stability is enhanced because of the presence 

of large number of hydrogen bonds. There are numerous 

polar and hydrophobic residues that take part in the bonding 

between the peptide and the protein. Although this peptide is 

identified as a potential T-cell epitope because of its binding 

and interaction with the MHC complex, it must be noted that 

none of the residues from the peptide are predicted to be an 

antigenic site (Table 2). Similar is the case for two other 

predicted epitopes, SSGLNSNNY and FAKEINSKY. Hence, 

it is a wait-and-watch scenario until the epitopes are taken 

forward for in vitro peptide vaccine synthesis.

A recent study reported that in silico analysis enhances the 

precision and identification of functional CTL epitopes.49 The 

authors predicted the CTL epitopes of conserved hepatitis C 

virus (HCV) proteins and measured their binding affinity with 

MHC class I molecules in vitro. They also determined the 

immunogenicity of the identified epitopes in vivo to verify 

the protective HCV CTL epitopes. They validated in silico 

approaches and concluded that potential CTL epitope candi-

dates for therapeutic vaccine development can be identified 

and narrowed down. They have also suggested combining 

several algorithms for MHC class I and proteasomal cleavage 

site prediction for more accurate CTL epitope prediction. 

These findings show the significance of the in silico approach 

for peptide vaccine synthesis and its practical application 

in vitro.49 We hope that the predicted CTL epitopes from 

our study, when taken for in vitro experiments, will produce 

peptide vaccines with therapeutic usages.

Conclusion
The development of vast genome sequence databases along 

with structural and genomic data, coupled together with 

computational tools, aids in the design and discovery of novel 

vaccine candidates. Recently, many refined assays that mea-

sure the T-cell responses against various vaccine candidates 

have been developed, which have facilitated the progress in 

vaccine-designing research.49 This study identified potential 
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peptides from the OMPs of fish pathogens, which bound well 

with MHC class I alleles. It can be noted from the results 

that most of the peptides bound well between the α1 and α2 

grooves of the MHC class I complex. There were significant 

hydrogen bonding interactions between the residues of the 

peptides and the MHC. The peptides QAENLMQVY and 

SSGLNSNNY from the OMP of E. tarda and the peptides 

ETVEPEYYY, FAKEINSKY, FASNMPGTY, HTD-

CRQTVA, and NSDQYSVAH from F. columnare showed 

excellent peptide–protein interactions.

The designing of peptide vaccines in silico is a very novel 

approach in computer-aided vaccine design. By means of 

different in silico approaches, an attempt has been made in 

identifying potential peptides that can be used for design-

ing a peptide vaccine. We need to validate the predicted 

epitopes by proceeding with in vitro experiments. Much of 

the research and most of the studies in recent times have 

concentrated on the successful transition of in silico peptide 

vaccines to in vitro peptide vaccines that have enormous 

therapeutic use. The therapeutic uses of peptide-based vac-

cines range from the treatment of allergic diseases, autoim-

mune diseases, and asthma to combating cancers such as lung 

cancer, pancreatic cancer, gastric cancer, prostate cancer, and 

breast cancer. Peptide vaccines are widely used because of 

their low molecular weight, specificity toward target tumor 

cells, and low toxicity toward normal tissues. The first stan-

dard vaccine for the treatment of prostate tumor, accepted 

by the US Food and Drug Administration is sipuleucel-T.50 

Clinical trials now focus on administering a combination 

of peptides and nanomaterials using an improved delivery 

system because clinical trials using peptide-alone therapy 

showed limited efficacy.50 We are moving forward to con-

duct further in vitro research on the CTL epitopes predicted 

in this study at the Centre for Fish Immunology, School of 

Life Sciences, Vels University, based on the positive and 

encouraging results obtained from the previous in vitro 

experiments. We conclude that the predicted CTL epitopes 

possess huge therapeutic potential, with higher scope in the 

future, and they can be considered for testing in clinical trials 

by various immunologists involved in vaccine research.
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