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Introduction  

Enterohemorrhagic Escherichia coli O157:H7 is an 

important zoonotic pathogen serotype in human and animals 

worldwide and induces bacterial diarrhea and hemolytic 

uremic syndrome and can cause acute renal failure and 

death.1 The main identified source of bacteria is cattle, 

therefore, to reduce the incidence of infection cattle 

vaccination can be a suitable strategy.2 Recent investigations 

have shown the effectiveness of different vaccine 

formulations in calves and mice to decrease the bacteria and 

production of neutralizing antibodies.3 Different proteins 

such as shiga toxin 2B subunit,4 Tir, Intimin-531 or EspA,5 

and outer membrane protein F, have been used to induce 

immunogenicity as vaccines. Epitope vaccines have been 

effectively used against a variety of bacterial infections.6 

Epitopes are recognized by major histocompatibility 

complex I and II (MHC I and II) molecules and trigger 

immunogenic responses to defeat infection. 

Iron is a vital nutrient element for bacterial growth; 

however, its accessibility is restricted in mammalian hosts.7 

Due to the limited accessibility of pathogens to iron in the 

host, E. coli has evolved membrane systems to transport 

sufficient amounts of iron into the cell.  Siderophores are 

low-molecular-weight compounds and transport chelated 

iron to the cell through membrane receptors. An alternative 

system is using outer membrane transport systems to obtain 

host compounds harboring iron in their structures. Various 

Abstract 

Introduction: E. coli heme-utilization (ChuA) protein is an outer membrane protein, which has been shown as an amenable target for vaccine 

design studies. In the present study, we aimed to identify and characterize the most potent B and T cell epitopes of ChuA pro tein to unveil its 

most immunogenic regions. 

Materials and Methods: In the present study, homology modeling was invoked to determine the three-dimensional (3D) structure of E. coli 

heme-utilization protein (ChuA). Thereafter, membrane topology, ligand binding site, surface accessibility, and clefts were assigned for ChuA, 

Linear and conformational B cell epitopes and T cell epitopes were predicted for ChuA. The 2D and 3D interaction plots between the most 

potent T cell epitopes and HLA-A020 and HLA-DRB0101 structures were drawn following the molecular docking analyses. 

Results: Our results indicated that ChuA is heme ligand transporter protein, which forms a common beta-barrel structure. It is located in the 

membrane via 22 membrane-spanning regions. Residue–based pockets and clefts were identified on the ChuA protein. Immunological analyses 

revealed 9 highly potent B cell epitopes. Among predicted T cell epitopes 2 most potent epitopes were analyzed for HLA binding via molecular 

docking. The YSKQPGYG and FAAATTMSY epitopes showed stable interactions with HLA-A020 and HLA-DRB0101. 

Conclusions: Our immunological, biochemical, and functional analysis highlighted the region of the ChuA protein, which harbors the highest 

immunogenic properties for vaccination purposes. Our strategy to employ 3D structure prediction and epitope prediction results could be 

deemed as an amenable approach for efficient vaccine design in various platforms. 

Keywords: Urinary Tract Infections, Vaccine, Iron Receptor, Bioinformatics, OMP 

Citation: Sefid F, Payandeh Z, Khalili S, Hashemi ZS, Zakeri A, Alagheband Bahrami A, et al. In Silico Characterization of Epitopes for Vaccine 

Design against Escherichia coli based on Heme-Utilization Protein. J Appl Biotechnol Rep. 2024;11(1):1207-1219. doi: 10.30491/JABR.2023.388522.1612 

https://doi.org/10.30491/JABR.2023.388522.1612
mailto:pourzardosht@gums.ac.ir
https://doi.org/10.30491/JABR.2023.388522.1612
https://www.orcid.org/0000-0001-7855-0967
https://www.orcid.org/0000-0003-0867-9305


http://www.biotechrep.ir 

Characterization of Epitopes for Vaccine Design against Escherichia coli  

 

 J Appl Biotechnol Rep, Volume 11, Issue 1, 2024  |  1208 

Gram-negative bacteria including Haemophilus influenza 

type b,8 Vibrio cholera, and Shigella dysenteriae9 use heme 

protein and its different compositions as an iron supply by 

expressing membrane proteins. E. coli heme-utilization (ChuA) 

protein is an outer membrane protein that is synthesized in 

response to lack of iron and as an iron transport system, 

which imports heme or hemoglobin as iron source.10 After 

targeting a single component of the iron uptake system using 

conventional vaccines, no other iron uptake mechanism can 

compensate the generated iron deficiency. 

The coding sequence of ChuA is highly homologous to the 

sequence of the ShuA gene, a heme receptor coding sequence 

identified in Shigella dysenteriae type 1.11 ChuA coding 

gene is located in the heme transport locus, which has a 

widespread distribution among pathogenic E. coli strains. 

Heme transport locus harbors eight open reading frames and 

is localized within the region equivalent to 78.7 min in E. 

coli K-12 chromosome.12 Pathogenic bacteria secrete cytotoxins 

to effectively achieve the intracellular heme and/or 

hemoglobin sources. This feature alongside the ability of 

these bacteria to invade the host tissue cells has been 

considered as an efficient way to obtain the required iron 

and extend the bacterial infection12 The virulence of these 

pathogens is negatively affected by the lack of iron and 

probably targeting ChuA protein and restricting heme 

transport will inhibit the onset of infection. Therefore, ChuA 

can be considered as a suitable candidate to design and 

develop new vaccines to defeat E. coli infections.  

Since protein structure is associated with its function, 

having information about the conformation of the proteins 

makes it possible to, in part, predict protein function and 

also identify their binding ligands13 Furthermore, unraveling 

the three-dimensional (3D) structure of the proteins will 

pave the way to properly modify the proteins, design 

efficient drugs, and also to predict useful immunogen 

vaccine epitopes.14,15 However, the 3D structure of ChuA 

protein has not experimentally been resolved, yet. 

The number of proteins with identified structures is far less 

than the number of proteins whose structures have been 

determined which accentuates the importance of solving the 

structure of these proteins. Determination of high-resolution 

3D structure of proteins is still a challenge and many 

experiments fail to solve the correct structure.16 Moreover, 

the purification and crystallization processes of outer 

membrane proteins are complicated.16 Since the experimental 

methods are cost-effective and cumbersome, extensive 

efforts have been made to develop predictive in silico 

procedures.17 In this regard, multiple algorithms and methods 

such as homology modeling have been developed.  Homology 

modeling is a computational template-based procedure to 

predict protein structures based on template proteins with 

known structure.18 

The purpose of the current study is to predict the 3D 

structure and also antigenic B- and T-cell epitopes of the 

ChuA protein. Moreover, the antigenicity of epitopes and 

their binding ability to MHC class-I (MHC I) and class-II 

(MHC II) by in silico molecular docking approach are analyzed. 

 

Materials and Methods 

Sequence Availability, Homology Alignment and Template 

Search 

The ChuA protein sequence with NCBI (http://www. 

ncbi.nlm.nih.gov/protein) accession number of AAC44857.1 

and Uniprot (https://www.uniprot.org/) ID of P77069 was 

obtained in FASTA format. The protein sequence was used 

as a query for BLAST against non-redundant protein 

database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Also, in the 

same server we searched for the probable putative conserved 

domains of the protein query. PSI-BLAST against protein 

data bank (PDB) was used to identify homologous structures 

of the protein.19,20 

 

Protein Antigenicity Prediction 

The Vaxijen (v.2.0) server21 (http://www.ddg-pharmfac.net/ 

vaxijen/VaxiJen/VaxiJen.html) was used to predict the 

efficient immunogenic protein sequence. The threshold 

value for being a probable antigen was set at 0.4. 

 

Protein Structure Evaluation 

Protparam server23 (http://expasy.org/tools/protparam.html) 

was employed to estimate and predict physiochemical 

properties of the protein. Secondary structure features of 

ChuA protein were predicted using iterative threading 

assembly refinement (I-TASSER)24 (https://zhanglab.ccmb. 

med.umich.edu/I-TASSER/) and phyre2 method (http:// 

www.sbg.bio.ic.ac.uk/phyre2). These are improved in silico 

protein secondary structure prediction servers which use 

multiple alignments to predict consensus structure. 

 

Topology and Signal Peptide Prediction  

Topology prediction of integral transmembrane (TM) 

proteins provides valuable information about their function. 

Furthermore, the retrieved structure can be used as a useful 

template for further experimental studies. PRED-TMBB25 

(http://biophysics.biol.uoa.gr/PRED-TMBB/) predicts the TM 

strands and the topology of β-barrel outer membrane 

proteins of gram-negative bacteria and also predicts the 

topology of the loops in protein structure. SignalP 4.126 

server (http://www.cbs.dtu.dk/services/SignalP/) localizes 

signal peptide cleavage sites in a variety of organisms based 

on several combined artificial neural networks. 

 

3D structure Prediction and Evaluation 

The 3D structure of the protein was predicted using different 

homology modeling software. The protein sequence in 

FASTA format was used to retrieve the predicted structure 
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from Phyre2 and SWISS-MODEL servers. In parallel I-

TASSER was also used to predict protein structure. SWISS-

MODEL27 (https://swissmodel.expasy.org/), predicts the 3D 

structure of proteins through comparative modeling using 

experimentally solved protein structures as template. Protein 

homology/analogy recognition engine V2.0 (Phyre2)28 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) 

generates 3D protein models. Moreover, Phyre2 predicts 

ligand binding sites of the protein and the effects of amino 

acid mutations on protein features. I-TASSER generates a 

model for proteins following template-based fragment assembly 

simulation strategy. The function of the protein is inferred 

from similar structures in protein databases.24 The accuracy 

of constructed 3D models was qualitatively evaluated by 

verify3D, Anolea,29 QMEAN,30 and Procheck.31 

 

Orientation of the Protein 3D Structure in Membrane 

The Positioning of Proteins in Membrane (PPM) server 

(http://opm.phar.umich.edu/server.php) was applied for spatial 

positioning of the ChuA as a transmembrane protein using 

its predicted 3D model structure as an input data. The related 

orientations of proteins in membranes (OPM) database 

provides extensive information about structure and location 

of membrane-associated proteins.32 

 

Ligand Binding Site 

COFACTOR (http://zhanglab.ccmb.med.umich.edu/COFAC 

TOR/) predicts the biological function of the proteins based 

on their structure, sequence, and protein-protein interactions 

(PPI). COFACTOR is a protein threading algorithm, which 

uses the BioLiP protein function database to find the best 

structure matches to predict functional sites and homologies. 

Retrieved homologue templates will give some information 

about the function, gene ontology (GO), enzyme commission 

(EC), and ligand-binding sites. For GO, further information 

can be gained from UniProt-GOA by sequence and sequence 

-profile alignments and from a search tool for the retrieval of 

interacting genes/proteins (STRING).33 

 

Surface Accessible Pockets and Clefts Analyses 

Pocket regions were defined using different online servers. 

Structural pockets and cavities are related to the binding and 

functional regions of the proteins and nucleic acids.34 

GHECOM (Grid-based HECOMi finder) server (http:// 

strcomp.protein.osaka-u.ac.jp/ghecom/) is a program for 

finding multi-scale pockets on protein surface using 

mathematical morphology. The computed atlas of surface 

topography of proteins (CastP) server (http://sts.bioe.uic. 

edu/castp/) uses the weighted Delaunay triangulation and the 

alpha complex for shape measurements. It provides information 

to recognize and measure accessible and inaccessible 

pockets for proteins and other molecules.35 DEPTH 

(http://mspc.bii.a-star.edu.sg/tankp/help.html) is a server for 

computing or predicting depth, cavity sizes, ligand binding 

sites and PKa of ionizable residues in proteins. Depth measures 

the closest distance of a residue or atoms to bulk solvent.36 

 

Prediction Antigenic B-cell Epitopes 

Recognition of B-cell epitopes is vital to develop an 

efficient vaccine, immunodiagnostic tests, and also to 

produce antibody. Therefore, in silico methods for reliable 

and accurate prediction of linear B-cell epitopes are highly 

desirable. B cell epitopes were identified using immune 

epitope database (IEDB)37 server (http://tools.iedb.org/bcell/). 

IEDB server predicts linear epitopes, beta-turn structures, 

surface accessibility, flexibility, antigenicity, and hydrophilicity 

of the epitopes through BepiPred, Chou–Fasman, Emini, 

Karplus–Schulz, Kolaskar–Tongaonkar, and Parker prediction 

algorithms. DiscoTope (http://www.cbs.dtu.dk/services/Disco 

Tope/) predicts discontinuous B cell epitopes by measuring 

the surface accessibility and a novel epitope propensity 

amino acid score. The final scores are calculated by 

combining the propensity scores of residues in spatial 

proximity and the contact numbers.38-40 Ellipro server 

(http://tools.iedb.org/ellipro/) is a new structure-based tool 

that predicts continuous epitopes in the accessible protein 

regions on the surface of the proteins. ElliPro uses three 

different algorithms to approximate the protein shape as an 

ellipsoid, measure the residue protrusion index (PI) and 

cluster neighboring residues based on calculated PI values.41 

 

Prediction of T-cell Epitopes 

To predict T-cell epitopes, selected B-cell epitopes were 

utilized. To identify antigenic T-cell epitopes that bind both 

MHC I and MHC II classes two Propred-1 (http://www. 

imtech.res.in/raghava/propred1/)42 and Propred (http://www. 

imtech.res.in/raghava/propred/)43 servers were used. The 

epitopes interacted at least with 15 MHC alleles and the 

antigenic ones based on VaxiJen score were chosen as 

probable vaccine antigen candidates. The interaction of 

selected antigenic epitopes with two frequent MHC alleles, 

HLA-A0201 and HLADRB1-0101 was assessed using T-

epitope designer (http://www.bioinformation.net/ted/designer. 

htm)44 and MHCpred (http://www.ddg-pharmfac.net/mhc 

pred/MHCPred/)45 servers. MHCpred calculates the half 

maximal (50%) inhibitory concentration (IC50) of epitopes 

and T-epitope designer predicts if the epitopes bind with 

high affinity to HLA-A0201 allele and also if they interact 

with more than 75% of total HLA alleles. Epitopes with 

high affinity to HLA-A0201 and DRB1*0101 (IC50 <100 

nmol/L) were selected. 

 

Molecular Docking of Predicted T-cell Epitopes with HLA 

Structures 

The RCSB Protein data bank (PDB) (http://www.rcsb. 

org/pdb/home/home.do) was searched to find 3D structures 
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of Hla-A0201 and HLA-DRB0101. The PDB editor 

software was invoked to remove all non-protein moieties 

and any accompanying epitopes. The 3D structures of the 

epitopes were built by PEP-FOLD2.0 (http://bioserv. 

rpbs.univ-paris-diderot.fr/services/PEP-FOLD/). Then, the 

*.pdb files were converted to in *.pdbqt format using 

AutoDock Tools v.1.5.6. All epitopes were docked against 

their corresponding HLA by standalone AutoDock Vina v. 

1.1.2 software. The center grid box was set to be IN 

maximum size. This would consider the whole HLA 

molecule for docking search and the results would be more 

reliable. All other parameters were set to be as default. The 

binding energy of the interactions between the epitopes and 

the HLA molecules were calculated by AutoDock Vina v. 

1.1.2 software. The initially docked protein complex files 

were subjected to restricted sidechain optimization followed 

by soft rigid-body minimization using FireDock. The 2D 

interaction plot between the docked HLA and epitope 

structures were drawn using the LigPlot c.2.5.5 software. 

Results 

Sequence Availability, Homology Alignment and Template 

Search 

The ChuA protein sequence with 660 amino acids was saved 

in FASTA format and was used as a query for BLAST to 

find sequences with high similarity. BLAST and PSI-

BLAST searches revealed several homologous hits to the 

ChuA protein sequence. Retrieved sequences mostly belonged 

to CirA superfamily of proteins in TonB dependent/ligand-

gated channels. These are outer membrane receptor proteins 

that transport substrates including siderophores (ferric chelates), 

vitamin B12, nickel complexes, and carbohydrates. The 

conserved structure of these channels shares a 22-stranded 

beta-barrel (C-terminal) folded around a plug domain (N-

terminal). The first hit with the highest identity score (98%) 

and coverage (95%) was outer membrane heme receptor 

ShuA from Shigella dysenteriae (PDB code: 3FHH-A). 

Supplementary Figure1 shows the alignment of ChuA and 

ShuA proteins using Clustal W program. 

 

 
 

Figure 1. A 2D Topology Model of ChuA Protein Predicted by PRED-TMBB. 

 

Antigenicity Prediction of ChuA Protein 

The immunogenic and antigenic efficiency of ChuA protein 

was predicted using VaxiJen (cutoff ≥0.4). The calculated 

VaxiJen score of ChuA protein was 0.6266 and suggests the 

antigenic propensity of the protein. 

 

Primary and Secondary Structure Evaluation 

The molecular weight of ChuA (660 amino acids) was 

estimated to be 72429.05 Da with theoretical isoelectric 

point (pI) of 5.17. This indicates total negative charge of the 

protein which accords to the calculated number of 72 

negative (Asp + Glu) and 57 positive (Arg + Lys) residues. 

The grand average of hydropathicity (GRAVY) and 

instability index factors were calculated to be -0.474 and 

28.00, respectively. These suggest the protein is hydrophilic 

and also stable in test tube. Moreover, aliphatic index of 

67.58 implies thermo-stability of the ChuA protein. Coils, 

helices and strands are components constitute the secondary 

structure of proteins and prediction of the proportion of these 

components in protein structure is used to validate its tertiary 

structure. The phyr2 prediction estimated the content of 

secondary structure components in ChuA protein as alpha 

helix (7%), extended strand (57.00%), and random coil 

(23%). The result of secondary structure prediction by I-

TASSER was different and calculated alpha helix, beta 

strand and coil content of ChuA was predicted to be 6.96%, 

47.5%, and 45.45%, respectively. 

 

Topology and Signal Peptide Prediction 

A two-dimensional (2D) topology model of ChuA was built 

using PRED-TMBB server and the predicted inside, 

transmembrane and outside regions of the protein are 
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indicated in Figure 1. The model suggests that the protein 

has β-barrel structure in native form and harbors 22 

transmembrane anti-parallel β-strands. Strands forming β–

barrel are linked together through 11 loops at the outer or 

through 10 turns at the inner sides of the membrane. 

SignalP4.1 identified the first 28 residues at the N terminal 

of the protein sequence as signal peptide. 

 

ChuA Protein Modeling 

SWISS-MODEL and phyr2 servers recruited for homology 

modeling and protein templates were built based on target-

template alignments. The best identified template by both 

SWISS-MODEL and phyr2 was heme/hemoglobin outer 

membrane transporter ShuA from Shigella dysenteriae 

(PDB: 3FHH). Based on information retrieved from SWISS-

MODEL, ShuA protein has a sequence identity of 99.53%, 

and coverage of residues (29-660) of 95%. Coverage indicates 

the fraction of the query sequence structure that can be 

predicted from the template, and the plausibility of the 

resulting model. Phyr2 modeled 620 residues (94%) of input 

sequence with 100.0% confidence based on the highest 

scored template protein, ShuA (PDB: 3FHH). I-TASSER 

was the other online server employed to predict the 

appropriate structural model for ChuA protein. According to 

I-TASSER program, ShuA was the only protein suggested 

by all ten programs implemented by I-TASSER server as a 

suitable model for ChuA protein. Sequence identity and 

coverage of residues between ChuA model and ShuA were 

99% and 94%, respectively. The predicted models were 

evaluated through a series of tests including verify3D, 

Anolea, QMEAN, and procheck (Table 1). Moreover, the 

secondary structure of the models was assigned using DSSP 

algorithm (Table 1). According to the result of evaluation 

among suggested models from different servers, the model 

retrieved from SWISS-MODEL with the highest quality was 

selected for further assessments. 

 
Table 1. Evaluation Results for the Obtained Models from Three Different Servers for ChuA Protein 

Models 
QMEAN 

Z-Score 

Verify 3-D 

(% of aa with score ≥ 0.2) 

Procheck QMEAN 

score6 

DSSP 

% in most favoured % in allowed regions alpha beta coil 

Swiss-model -3.311 83.54% 90.9 8.8 0.464 3.8 55.4 40.8 

I-TASSER -4.317 76.52% 75.1 23.6 0.373 5 53.2 41.8 

Phyr2 -3.456 76.70% 85.7% 14.2 0.45 4.35 55.8 39.9 

QMEAN score6: Calculated score of the whole model that indicates the reliability of predicted structure ranging from 0 to 1. QMEAN Z-score: Demonstrates 

the quality of a model. Positive Z-scores are associated with models of poor quality. Verify 3D: Shows degree of the consistency between protein sequence 

and structure atomic coordination. Procheck: Determines the geometry of bulk protein and each residue to be within a given range. 

 

 
 

Figure 2. Orientation of the ChuA Protein Model in the Cell 

Membrane. Embedded_residue numbers include 1-46, 48, 63-64, 72-

80, 90-112, 115, 118-132, 138-147, 151-160, 165-174, 193-204, 

207-217,  247-256,  261-271, 294-303, 309-319, 350-359, 362-372, 

390-412, 452-461, 470-478, 510-518, 520-528, 548-557, 561-570, 

589-598, 602, 604-615, 631-640. 

 

Orientation of the Protein 3D Structure in Membrane 

The energetically preferred orientation of the ChuA protein 

model within the membrane was predicted using online 

PPM server. PPM server is able to predict the position and 

spatial arrangement of peripheral and integral proteins in the 

membrane. Based on obtained information from this server, 

depth of peptide protrusion into the nonpolar membrane 

region calculated to be 24.6 ± 0.3 Å. Measured angle 

between peptide axis and the bilayer (tilt angle) determined 

to be 1.0 ± 1.0°.  The residues embedded into the membrane 

hydrocarbon core are mentioned in Figure 2. 

 

Ligand Binding Site Prediction 

Ligand binding sites of modeled protein was determined 

based on homologous known proteins using COFACTOR 

software. Among suggested proteins hemophore receptor 

from Serratia marcescens as a heme binding protein had the 

highest C-score. The result indicates the involvement of 

conserved residues from the plug (residues ASP68, LEU70, 

THR118) in iron binding site (Supplementary Figure 2). 

Moreover, COFACTOR predicted the function of ChuA 

protein by identifying 24 GO terms. High consistency was 

observed among the suggested functions (GO terms). Taken 

altogether, results suggested that ChuA is a transmembrane 

protein and functions as a heme ligand transporter protein. 

Involvement of the protein in metabolic and cellular 

processes has also been suggested. 

 

Surface Accessible Pockets and Clefts on the ChuA Protein 

Binding sites or pockets of ChuA protein surface were 

predicted using GHECOM server. The produced graph  
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Figure 3. GHECOM Results Showing Graph Residue-Based Pocketness and Jmol View of ChuA Protein Pocket Structure. A) Contribution of ChuA 

residues to cluster pocketness. Lines indicate the value of pocketness [%] for each residue. Residues located in a deeper and larger pocket have a 

larger value of pocketness. The cluster number of pockets has been indicated by the color of the pocketness bar. B) Grid-based pocketness cluster 

of ChuA protein. 

 

shows 5 identified residue–based pockets on the protein 

(Figure 3A). The pockets are often associated with binding 

sites of proteins. The result of analyses of pocketness 

indicates the residues that create the cluster with the highest 

degree of pocketness. The degree in pocketness of cluster 1 

is higher compared to other clusters and is in consistence 

with the result of COFACTOR as a probable binding site 

for heme (Figure 3B). CastP server predicts pockets and 

cavity regions of 3D structure of the protein which can be 

related to the binding activity of the protein. This server 

analytically measures the area and the volume of each 

pocket and cavity, both in a solvent accessible surface and 

molecular surface. Figure 4 shows predicted pockets and 

cavities that reside in the target protein. DEPTH server 

calculates the distance of buried atom/residue from bulk 

solvent and provides information to define physical and 

chemical characteristics of protein structures and predict 

protein-protein interaction regions, phosphorylation and 

ligand binding sites.36 Residue depth and solvent-accessible 

area values of all residues are calculated based on crystal 

structures of proteins and have been utilized to estimate the 

probability of each residue to be involved in binding 

activity. Figure 5 shows the probability of residues forming 

a binding site and residue depth plot and a 3D rendition of 

the cavity prediction. 

 

B Cell Epitope Identification 

To identify linear B-cell epitopes IEDB B-cell epitope 

prediction server was used to obtain information about 

epitope antigenic propensity, surface accessibility, beta turn 

structure and flexibility of the protein. The regions of the 

ChuA protein with probable ability of B cell activation were  
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Figure 4. CastP Results Showing Surface Accessible Pockets and also Interior Inaccessible Cavities. Pockets are colored based on area and volume 

size and are shown from top (left) and lateral (right) view. The most important one is illustrated in red and others are  shown in blue, green, purple, 

and orange, respectively. 

 

 
Figure 5. Probability of Residues in Creating a Binding Site and 3D Views of the Cavity Prediction. A) Residue depth plot predicted by Depth server, 

and B) 2D plot indicating the probability of participation of each residue in forming a binding site. The predicted binding site residues are listed 

below the plot. C) 3D renditions of the cavity prediction is shown from top (left) and lateral (right) view. Residues of the predicted binding cavity 

are colored in red and the rest of the protein is in blue. 

 

identified through each tool. Supplementary Figure 3 shows 

the result of each used tool in IEDB server. In the first step, 

the antigenic epitopes recognized at least by 4 out of 6 

IEDB server different tools considered as common epitopes. 

Sequences 205-218 and 249-267 were among residues with 

highest probability. ABCpred was the other server used to 
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predict B cell epitopes of target protein (Table 1S). Further 

investigations were performed using ElliPro (Table 2S) and 

Disco Tope (Table 3S) servers by loading PDB structure of 

the protein (Figure 6). The predicted epitopes by these four 

servers are highly varied and are overlapped. Considering 

VaxiJen cutoff >0.5 nine sequences (20mer) were selected 

as common suitable B cell epitopes from ChuA protein 

(Table 2). 

 

 

 
Figure 6. 4 Best Linear and Discontinuous Epitopes with the Highest Score Predicted by Ellipro Server. 

 
Table 2. Antigenic B-Cell Epitopes of E.coli ChuA are Identified Using IEDB, ABCPred, Disco Tope, and ElliPro Servers 

Sequence Position Sequence Vaxijen Score 

307-326 QNTGSSGEYREQITKGARLE 1.348 

340-360 LTYGGEYYRQEQHPGGATTG 1.224 

204-223 RGDLRQSNGETAPNDESINN 1.099 

551-570 RGKDTDTGEYISSINPDTVT 1.069 

591-620 ADRSTHISSSYSKQPGYGVN 1.01 

390-410 RYDSYRGSSDGYKDVDADKW 0.986 

451-471 IGRFYTNYWVPNPNLRPETN 0.804 

252-271 PKNPQTVGASESSNPMVDRS 0.602 

504-523 DYISTTVDFAAATTMSYNVP 0.5217 

 
Table 3. Predicted B- and T-Cell Epitopes. Number of MHC binding alleles and Vaxigen score of each epitope in indicated. Underlined T-cell 

epitopes were used for binding ability determination 

B-cell Epitopes T-cell Epitopes Position 
No. of MHCI 

Binding Alleles 

No. of MHCII 

Binding Alleles 

Vaxigen 

Score 

QNTGSSGEYREQITKGARLE YREQITKGA 315-323 12 10 0.5801 

LTYGGEYYRQEQHPGGATTG YYRQEQHPG 346-354 7 2 0.6024 

ADRSTHISSSYSKQPGYGVN YSKQPGYGV 611-619 32 1 1.1979 

RGDLRQSNGETAPNDESINN LRQSNGETA 207-215 18 4 2.5536 

IGRFYTNYWVPNPNLRPETN YTNYWVPNP 455-463 8 3 0.7038 

IGRFYTNYW 451-459 15 7 -0.1990 

DYISTTVDFAAATTMSYNVP FAAATTMSY 512-520 20 9 0.6707 

RYDSYRGSSDGYKDVDADKW YRGSSDGYK 394-402 11 2 2.161 

RGKDTDTGEYISSINPDTVT YISSINPDT 560-568 12 1 0.727 

 
Table 4. Binding Features of Selected T-Cell Epitopes Predicted by MHCPred v.2 

T-cell Epitopes 
T-Epitope Designer Score of T-Cell Epitopes for 

HLA- A0201 
IC50 Value of T-Cell Epitopes Confidence of Prediction (Max = 1) 

YREQITKGA 658.25 38.37 0.89 

YSKQPGYGV 256.37 51.88 1 

LRQSNGETA -351.28 1194 1 

FAAATTMSY 443.67 10 1 

 
T Cell Epitope Identification 

To recognize MHC I and MHC II binding T cell epitopes all 

identified antigenic B cell epitopes with VaxiJen cutoff >0.5 

were further assessed using ProPred 1 and ProPred servers 

with default settings. T-cell epitopes that create complex 

with both MHC I and MHC II were identified and epitopes 

recognized by more than 15 MHC classes were selected for 

further investigation (Table 3). Among identified 9mer 

epitopes four epitopes were chosen and their antigenic 

features were confirmed using VaxiJen cutoff >0.5. Binding 

ability of each epitope was predicted using MHCPred v.2 

(Table 4). According to MHCPred analysis two 9mer 

sequences with IC50 value under 100nM (high affinity) and 

confidence prediction of 1 were chosen as suitable for 

vaccine candidates. The YSKQPGYG (called Y) sequence 

is recognized by both HLA-A0201 MHC I class and HLA-

DRB0101 MHC II. These two MHC alleles have high 

frequency hence, the interaction of selected peptides was  
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Figure 7. The Docking Results between the Predicted F and Y T Cell Epitopes and the Hla-A020 and HLA-DRB0101 Molecules. The complexes of 

Hla-A020/F (a), Hla-A020/Y (b), HLA-DRB0101/F (c), and HLA-DRB0101/Y (d) are presented. The HLA molecules are in ribbon presentation while 

the epitopes are in surface presentation. 

 

 
 

Figure 8. The 2D Interaction Results between the Predicted F and Y T Cell Epitopes and the Hla-A020 and HLA-DRB0101 Molecules. The 

complexes of Hla-A020/F (a), Hla-A020/Y (b), HLA-DRB0101/F (c), and HLA-DRB0101/Y (d) are presented. 
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analyzed using MHCPred. The other FAAATTMSY (called 

F) epitope bind to 20 MHC I and 9 MHC II alleles. 

According to the result of topology prediction using PRED-

TMBB server in Figure 2, both selected epitopes are located 

on 8th and 10th loops of ChuA protein in outer membrane 

region which further proves the suitability of epitopes. The 

structure under the PDB ID of 4UQ3 was used as the 3D 

structure for HLA-A020 and the structure under the PDB ID 

of 1AQD was used as the 3D structure for HLA-DRB0101. 

Molecular docking analyses indicated that predicted epitope 

structures are capable of binding to cavities within the 

grooves of HLA molecules. Moreover, the binding energies 

between the epitopes and HLA molecules were calculated to 

be -8.2, -8.7, -9.4, and -9.1 for HLA-A020/F, HLA-A020/Y, 

HLA-DRB0101/F and HLA-DRB0101/Y, respectively. The 

structures of built complexes were refined by the FireDock 

server (Figure 7). The 2D interaction plots of the built 

complexes were also drawn using the LigPlot software. 

Given the interaction between the peptide and HLA 

molecules, the results of the binding energies from docking 

analyses were confirmed (Figure 8). The HLA-DRB0101/F 

complex had the highest number of hydrogen bonds (5 

hydrogen bonds) compared to the other complexes (3 

hydrogen bonds). Thus, this complex is expected to have 

the most stable interaction with its docked peptide. 
 

Discussion 

The development of immunogenic agents for the practical 

activation of the adaptive immune system is one of the 

captivating and also challenging fields to achieve an efficient 

vaccine.46,47 E. coli is known as a lethal hospital-acquired 

infection and to design an effective vaccine it has been 

subjected to extensive studies. The widespread occurrence of 

E. coli infections in hospitals particularly in intensive care 

units (ICUs), emphasizes the necessity of developing potential 

vaccines against this pathogen.48 Accurate vaccine design 

could be facilitated by acquiring information about the 

protein 3D structure. The development of experimental or 

computational procedures has made it possible to unravel the 

structural conformation of proteins. These procedures provide 

some information about the biochemical features and 

function of target proteins. To overcome the disadvantages 

of using costly, labor-intensive, and error-prone experimental 

procedures, computational methods are increasingly drawing 

the researcher’s attention to be used in the determination of 

the 3D structure of proteins.14,49,50  

The current study aimed to predict the 3D structure and 

also antigenic B- and T-cell epitopes of the ChuA protein. 

Moreover, the antigenicity of epitopes and their binding 

ability to MHC class-I (MHC I) and class-II (MHC II) by in 

silico molecular docking approach are analyzed. To achieve 

reliable and accurate models, the prediction process was 

performed using homology modeling.51 

Several homologous proteins were found to ChuA protein 

using the BLAST homology search tool. These homologous 

proteins mostly belong to the outer membrane-channels 

superfamily, TonB-dependent/Ligand-Gated channels, and 

ligand-gated-channel protein family.52 These protein families 

are considered as virulence factors and play essential roles in 

bacterial pathogenicity. Amongst, the 3D structure for one of 

the proteins called heme/hemoglobin outer membrane transporter 

ShuA from Shigella Dysenteriae has been already resolved 

(PDB: 3FHH_A). ShuA belongs to the TonB-dependent 

transporter family (TBDT) and its resolved structure represents 

valuable information about the architecture of the TBDT 

family.53 The predicted 3D structures for unresolved proteins 

could provide some information about the immunogenic 

characteristics of proteins and were used to design probable 

vaccine candidates. Homology modeling is a major method 

with the highest accuracy in computational prediction of 

protein conformation.54,55 To have a successful homology 

modeling, a similar and reliable template is required which 

could be acquired based on the similarity between query and 

template protein using sequence alignment methods. A 

reliable template is defined as a sequence with low e-value, 

high query identity (>35%), and coverage against the target 

protein. Therefore, the protein with top scoring can be 

considered as the best template. The improvement of the 

quality of predicted structures could be achieved by a 

refinement run. Model refinement aims to refinement is to 

adequately draw the predicted model toward its native 

structure regarding hydrogen bonding, the position of side 

chain groups, and protein backbone. Assessment of the 

quality of full-atom refined constructed models was performed 

based on two sets of measure parameters. The first set of 

parameters is based on the overall conformational similarity 

between the predicted model and experimental structure 

including the root-mean-square deviation (RMSD). Template 

modeling (TM)-score is considered as the second set. Lower 

value of RMSD and higher TM-score/GDT-TS correspond 

to more accurate predicted models.56,57 Furthermore, the 

overall secondary structure of the ChuA protein was predicted 

based on the template. The results of this study indicate that 

the structure of ChuA protein is mainly consisted of multiple 

trans-membrane β-strands in an antiparallel arrangement. 

The predicted models suggest that β-strands assembled 

together and created a β-barrel structure in the membrane.58 

In β–barrel structure adjacent β strands are connected by 

loops on the surface side and turns on the periplasmic side of 

the protein. This protein harbors more than 11 external loops. 

It is assumed that side chains of surface-exposed residues in 

the loops are involved in binding to Fe-siderophore complex.  

Previous data on various pathogenic antigens indicates that 

the epitope density of an antigen is associated with antigenicity 

and immunogenicity features.59 Therefore, gaining information 

about the 3D structure of B-cell epitopes is essential to 
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developing vaccines, designing diagnostic immune tests, and 

antibody production. In silico methods provide reliable tools 

in the prediction of tertiary and linear epitopes recognized by 

B- and T-cells. Linear epitopes are short stretches of 

contiguous residues belonging to a fragment of a protein, 

while, in the primary sequence of the tertiary epitopes no 

contiguity is observed, however, protein folding will bring 

the residues to the vicinity of each other.60 Epitomic data can 

be used to find the promising ChuA fragments with higher 

epitope density. The identified fragments can be utilized to 

develop protective immunogens which can efficiently elicit 

humoral responses and induce the production of high avidity 

epitope-specific neutralizing monoclonal and polyclonal 

antibodies. The most efficient Linear B cell fragments of 

ChuA protein as a vaccine candidate are predicted to be 

located on the largest surface-exposed loops. Immunogens 

presented on the surface-exposed loops are consisted of 

continuous B cell epitopes which are spatially in close 

vicinity. The predicted epitopes in this study were in 

agreement with the results of previously recognized epitopes 

whose efficiency has been shown using approved antibodies. 

This agreement verified the accuracy of the computational 

methods used to predict the structure of immunogenic 

epitopes. Inclusion of T cell epitopes within the sequence of 

the final antigen would guarantee high immunogenicity of 

the vaccine candidate. In this regard, we have predicted the 

T cell epitope content for the ChuA protein. Two predicted T 

cell epitopes were restricted to Hla-A020 and HLA-

DRB0101. Our docking analyses have confirmed the epitope 

prediction results. The interaction between the epitopes and 

HLA molecules were in correct orientation within the major 

groove of the HLA molecule. Moreover, the binding energies 

indicated that the interactions are strong enough to make an 

effective interaction and consequent activation of T cell 

epitopes. It could be expected that a vaccine candidate 

containing T cell epitopes would be more successful in 

eliciting humoral immunity due to the activated T helper 

cells. 
 

Conclusion 

In summary, it should be considered that computational 

methods are amenable tools to fill the gap between the 

tremendous number of identified protein sequences and their 

tertiary structures. Data retrieved from computational studies 

on immunogenic structures of pathogens can be considered 

as a suitable source to develop efficient vaccines. Predicting 

the tertiary structure of immunogenic agents and epitopes 

could pave the way to unravel the conformation, function, 

and subsequently therapeutic effects of the antigen and will 

facilitate further vaccine development studies. 
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