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Abstract
The iron ion is an essential element in biological processes. Many of biological activities in cells, such as peroxide reduction, 
nucleotide biosynthesis, and electron transport, are helped via iron ions. Extra-intestinal localities have few iron content; so 
that, during the infection period, the ExPEC strain attempts to pick up iron from the host. The ireA gene is an iron-regulated 
gene and is involved in iron attainment in human pathogenic E. coli isolates. A better understanding of the essence of ireA 
as well as its role in serious E. coli infections will help to provide a new and more effective treatment for E. coli infections. 
Knowledge of the three-dimensional structure of proteins can contribute to the fraction of their function, as well as their 
interactions with other compounds such as ligands. In addition, rational modification and protein engineering depend on 
identification of their 3D structures. Thereafter, various bioinformatics tools were employed to predict their immunological, 
biochemical and functional properties. Our results indicated that this modeled protein form common beta barrel structures. 
Our immunological, biochemical and functional analysis have led us to select a region of each antigen harboring the highest 
immunogenic properties. Our strategy to employ 3D structure prediction and epitope prediction results could be deemed 
as an amenable approach for efficient vaccine design. Our strategy could pave the way for further structural, functional and 
therapeutic studies in the context of vaccine design investigations.
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Introduction

Avian pathogenic Escherichia coli (APEC), a subgroup of 
extra-intestinal pathogenic E. coli (ExPEC) causes avian 
coli bacillosis and burden economic losses in the global 

poultry industry (Singer 2015). However, the APEC patho-
genesis is not well known. Many of the virulence genes have 
been studied in order to identify viral agents in the APEC, 
consist of those that have been studied in adhesion, iron 
regulation, toxin/cytotoxin production and serum resist-
ance (Singer 2015; Vincent et al. 2010). The iron ion is an 
essential element in the biological processes whereas many 
of biological activities in cells, such as peroxide reduction, 
nucleotide biosynthesis, and electron transport, are helped 
via iron ions. Extra-intestinal localities have less iron con-
tent; so that, during the infection period, the ExPEC strain 
attempts to pick up iron from the host (Agarwal et al. 2012). 
During natural infection, the onset, development and trans-
mission of most bacterial infections depends on the ability 
of the invading pathogen to obtain iron from a complex cir-
cumstance (Schaible and Kaufmann 2004). Within the iron 
attainment, the cell should produce transmembrane recep-
tors for siderophores that chelate iron ions (Schaible and 
Kaufmann 2004). There are several receptors that chelate 
iron ions which encoded by bacterial genes such as chuA, 
SitABCD, iron, iha, iutA, and ireA (Pilarczyk-Zurek et al. 
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2013). It was suggested that IreA interferes with in Fe incep-
tion and acts as an iron-regulated virulence gene in ExPEC 
E. coli that derived from human blood or urine (Russo et al. 
2001). Nevertheless, its exact role in APEC strains is still 
unclear (Russo et al. 2001).

The ireA gene is an iron-regulated gene that involved in 
iron attainment in human pathogenic E. coli isolates, and 
studies affirmed the role of this protein in APEC. In addi-
tion, studies reported two new ireA functions that utilized 
deletion mutant. The ireA contribute in adhesion to the DF-1 
cells. Furthermore, expression of multiple adhesion genes 
was tested and the results indicated that there is no signifi-
cant difference between wild-type and mutated strain, sug-
gest that in fact, the ireA gene affects adhesion (Tarr et al. 
2000).

The IrgA Siderophore receptor has been reported to con-
tribute to growth in the rabbit ileal loop model in vivo and 
increase the viral load in an infant mouse model, maybe 
play a role in colonization (Goldberg et al. 1990; Tashima 
et al. 1996). Studies have shown that the iron-regulated gene, 
ireA plays an important role in the adhesion of the APEC 
strains. The ireA gene also increased stress-resistance in 
alkaline and hyperosmolality conditions, also low tempera-
ture. Therefore, the redundancy of the siderophore receptors 
may reflect their multifunctional roles. The ireA gene was 
mainly distributed in the more virulent phylogenetic ECOR 
group B and D. In ireA deletion mutant, the adhesion and 
resistance to environmental stress in comparison to the wild-
type strain were significantly reduced Implying that ireA is 
an iron-regulated gene that helps with adhesion and resist-
ance to stress in the APEC strain DE205B (Li et al. 2016).

A better understanding of the essence of ireA as well 
as, its role in serious E. coli infections will help to provide 
a new and more effective treatment for E. coli infections. 
Knowledge of the three-dimensional structure of proteins 
can contribute to the fraction of their function, as well as 
their interactions with other compounds such as ligands 
(Floudas et al. 2006). In addition, rational modification and 
protein engineering depend on the identification of their 3D 
structures (Blundell et al. 1988).

The 3D protein structures can be used in drug and vaccine 
designs (Li et al. 2016) and conformational epitope predic-
tions (Khalili et al. 2014). A large number of known protein 
sequences highlight the need to identify the tertiary protein 
structures compared to the insignificant number of structural 
annotation. The empirical determination of protein struc-
tures because of its high rate of failure is an important chal-
lenge. Since experimental determination of 3D protein struc-
tures is expensive and time-consuming, other approaches 
need to be considered (Floudas et al. 2006; Rahman and 
Zomaya 2005).

For outer membrane proteins, purification and crystalliza-
tion, in addition to the common experimental determination 

of 3D protein structures, are further obstacles. Today, bio-
informatics tools are of great interest to biologists. The pre-
diction of the 3D protein structure is one of the broadest 
applications of these tools (Floudas et al. 2006).

To predict the protein structure, there are several methods 
and algorithms, that one of which is homology modeling. 
Homology modeling is an in silico method for predicting 3D 
protein structures based on well-known homologous protein 
structures as a template.

In this study, we aimed to determine the 3D structure of 
ireA proteins. The 3D structures of these proteins help us 
to predict that the linear and conformational B cell epitopes 
based on their sequences. According to this information, 
most immunogenic regions of the antigens could be identi-
fied and applied to design a multivalent vaccine associated 
with flexible linkers (Haddad et al. 2017). Due to the inap-
propriate amount of iron’s free form in biological fluids, 
the bacteria obtain the iron in complex forms using vari-
ous strategies. The immunological targeting of all involved 
antigens in iron metabolism is a new strategy that can block 
all possible mechanisms of iron attainment. This does not 
allow for any iron attainment mechanism to compensate the 
iron deficiency by conventional vaccines targeting an iron 
uptaking antigen.

Methods

Sequence Retrieval and Alignment

The protein sequence of IreA retrieved from NCBI at http://
www.ncbi.nlm.nih.gov/prote in in FASTA format (acces-
sion no. AMR36194.1) and served as a query for BLAST 
at http://blast .ncbi.nlm.nih.gov/Blast .cgi against a non-
redundant protein database. Probable putative conserved 
domains of the query were also searched for, at this address. 
Searching the template, the protein sequence as an input to 
PSI-BLAST against protein data bank (PDB) at http://blast 
.ncbi.nlm.nih.gov/Blast .cgito  identifying its homologous 
structures (Fiser 2004; Gish 1993).

Analysis of Primary Sequence and Subcellular 
Localization

The online software, Protparam (Gasteiger et al. 2005) at 
http://expas y.org/tools /protp aram.html employed for deter-
mination of properties such as molecular weight, theoretical 
pI, amino acid composition, instability index, aliphatic index 
and Etc.

Likewise, CELLO subcellular Localization predictor at 
http://cello .life.nctu.edu.tw/ (Yu et al. 2014) and PSLpred, 
a SVM based method for the subcellular localization of 

http://www.ncbi.nlm.nih.gov/protein
http://www.ncbi.nlm.nih.gov/protein
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgito
http://blast.ncbi.nlm.nih.gov/Blast.cgito
http://expasy.org/tools/protparam.html
http://cello.life.nctu.edu.tw/
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prokaryotic proteins at http://crdd.osdd.net/ragha va/pslpr 
ed/ employ to predict the position of vaccine candidate.

Secondary Structure Prediction

In order to prediction of protein secondary structure, two 
online server SOPMA at https ://npsa-prabi .ibcp.fr/cgi-bin/
npsa_autom at.pl?page=npsa_sopma .html and phyre2 at 
http://www.sbg.bio.ic.ac.uk/phyre 2 applied by consensus 
prediction from multiple alignments (Geourjon and Deleage 
1995).

Topology and Signal Peptide Prediction

Prediction of the integral transmembrane topology (TM) of 
a protein provides valuable information about the function of 
protein. TopCons (Tsirigos et al. 2015) (http://topco ns.cbr.
su.se/) predicts consensus topology of membrane proteins 
and signal peptides (SPs). This server uses different algo-
rithms including SPOCTOPUS (predicts SPs and membrane 
protein topology), RHYllus, OCTOPUS (employs Hidden 
Markov Models in combination with artificial neural net-
works). TMHMM (Krogh et al. 2001) at http://www.cbs.
dtu.dk/servi ces/TMHMM / and SPOCTOPUS at http://
octop us.cbr.su.se/ predict trans-membrane helices in pro-
tein structure.

Moreover, PRED-TMBB (Bagos et al. 2004) (http://bioph 
ysics .biol.uoa.gr/PRED-TMBB/) localize transmembrane 
β-strands of gram-negative bacteria and also predicts the 
topology of the loops in protein structure. Signal P 4.1 server 
(Petersen et al. 2011) at http://www.cbs.dtu.dk/servi ces/
Signa lP/ searches for the presence of signal peptide cleav-
age sites and localizes them in different organisms based on 
several combined artificial neural networks.

3D Structure Prediction Based on Homology 
Modeling and Threading

PS2v2 (Chen et al. 2009) (http://ps2.life.nctu.edu.tw/) is an 
automated homology modeling server using a combination 
of PSI-BLAST, IMPALA, and T-Coffee methods to select 
a template and align target-template. SWISS-MODEL 
(Schwede et al. 2003) at https ://swiss model .expas y.org/, 
a fully automated protein structure homology-modeling 
server, available on ExPASy web server, and DeepView 
(Swiss PDB-Viewer) program (Guex and Peitsch 1997).

LOMETS (Local Meta-Threading-Server) (Wu and 
Zhang 2007) a protein structure prediction server at http://
zhang lab.ccmb.med.umich .edu/LOMET S/, uses ten thread-
ing programs (FUGUE, HHsearch, MUSTER, PPA, PROS-
PECT2, SAM-T02, SPARKSX, SP3, FFAS, and PRC) to 
generate the tertiary structure. Phyre 2 (Kelley et al. 2015) 
(Protein homology/ analogy recognition engine V2.0) at 

http://www.sbg.bio.ic.ac.uk/phyre 2/html/page.cgi?id=index  
is an updated version of Phyre’s main server using new fea-
tures including improved accuracy and applying stronger 
interface. Unlike Phyre which uses a profile–profile align-
ment algorithm, Phyre2 uses the alignment of hidden 
Markov models via HHsearch1 to improve the accuracy of 
alignment and detection rate. Furthermore, Phyre2 included 
Poing, a new ab initio folding simulation to predict the struc-
ture and generate a model for proteins which no homology 
has been detected for. Poing is also used to combine multi-
ple templates. Distance constraints from individual models 
are treated as linear elastic springs. Poing then synthesizes 
your entire protein in the presence of these springs, whilst 
modeling unconstrained regions using its physics simulation.

Evaluations of Models

The quality of all 3D models was assessed via Rampage at 
http://mordr ed.bioc.cam.ac.ukrap per/rampa ge.php. So that, 
Ramachandran plots were depicted for each model (Carugo 
and Djinović-Carugo 2013).

Models Refinement

We applied protein structure refinement methods with the 
goal of taking template-based approximate models and 
bringing them closer to the native state (Xu and Zang 2011). 
To this end, we used Mod Refiner, (http://zhang lab.ccmb.
med.umich .edu/ModRe finer /), is a high-resolution protein 
structure refiner that will significantly improve the physical 
quality of local structures.

Orientation of the Protein 3D Structure 
in Membrane

The OPM server (http://opm.phar.umich .edu/serve r.php) 
was applied for positioning the rotation of transmembrane 
and peripheral proteins in membranes that use the tertiary 
structure (PDB coordinate file) as an input. Many of the 
membrane-associated proteins from the PDB have already 
been calculated and can be found in the OPM database 
(Lomize et al. 2012).

Prediction of Ligand Binding Site

COFACTOR at http://zhang lab.ccmb.med.umich .edu/
COFAC TOR/ predicts the biological function of proteins 
based on their structure, sequence, and protein–protein 
interaction (PPI). COFACTOR is a protein threading algo-
rithm that uses BioLiP protein function database to find 
the best structure matches to predict functional sites and 
homologies. Retrieved homology templates provide some 
information about function, Gene Ontology (GO), Enzyme 

http://crdd.osdd.net/raghava/pslpred/
http://crdd.osdd.net/raghava/pslpred/
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html
http://www.sbg.bio.ic.ac.uk/phyre2
http://topcons.cbr.su.se/
http://topcons.cbr.su.se/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://octopus.cbr.su.se/
http://octopus.cbr.su.se/
http://biophysics.biol.uoa.gr/PRED-TMBB/
http://biophysics.biol.uoa.gr/PRED-TMBB/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://ps2.life.nctu.edu.tw/
https://swissmodel.expasy.org/
http://zhanglab.ccmb.med.umich.edu/LOMETS/
http://zhanglab.ccmb.med.umich.edu/LOMETS/
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://mordred.bioc.cam.ac.ukrapper/rampage.php
http://zhanglab.ccmb.med.umich.edu/ModRefiner/
http://zhanglab.ccmb.med.umich.edu/ModRefiner/
http://opm.phar.umich.edu/server.php
http://zhanglab.ccmb.med.umich.edu/COFACTOR/
http://zhanglab.ccmb.med.umich.edu/COFACTOR/
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Commission (EC), and ligand-binding sites. For GO, more 
information can be obtained from UniProt-GOA by sequence 
and sequence-profile alignments and from STRING by pro-
tein–protein interaction inferrals (Roy et al. 2012).

Identification of Functionally and Structurally 
Important Residues

In order to predict the functional sites of the protein surface 
using InterProSurf at http://curie .utmb.edu/patte st9.html. In 
this regard, the Protein 3D structure served as an input file 
for this server (Negi et al. 2007).

Surface Accessible Pockets and Clefts Analyses

Pocket regions are defined using several online servers. The 
GHECOM (Grid-based HECOMi finder) server at http://
strco mp.prote in.osaka -u.ac.jp/gheco m/ is a program for find-
ing multi-scale pockets on protein surfaces that use math-
ematical morphology. Structural pockets and cavities are 
related to the binding and functional regions of the proteins 
and nucleic acids (Kawabata 2010).

The CastP server (http://sts.bioe.uic.edu/castp /) uses the 
weighted Delaunay triangulation and the alpha complex for 
shape measurements. It provides information that identifies 
and measure the accessible and inaccessible pockets for pro-
teins and other molecules (Dundas et al. 2006).

In addition, Depth (http://mspc.bii.a-star.edu.sg/tankp /
help.html) is a server for calculating/predicting depth, cav-
ity sizes, ligand binding sites and PKA. Depth measures 
the closest distance of a residue/atom to bulk solvent (Tan 
et al. 2013).

Single‑Scale Amino Acid Properties Assay

According to the physicochemical properties of the pro-
tein including hydrophilicity, flexibility, accessibility, turns 
and antigenic propensity of the polypeptide, using two 
progressed servers IEDB (Vita et al. 2014) at http://tools 
.immun eepit ope.org/tools /bcell /iedb and BCEPred (Saha 
and Raghava 2004) at http://webs.iiitd .edu.in/ragha va/bcepr 
ed/ the position of the B cell epitopes has determined.

Prediction of Linear, Spatial Epitopes 
and Immunogenic Regions

The identification and characterization of B-cell epitopes 
play an important role in vaccine design, immunodiagnos-
tic tests, and antibody production. Therefore, the compu-
tational tools for reliably predicting linear B-cell epitopes 
are very favorable. BepiPred at http://www.cbs.dtu.dk/
servi ces/BepiP red/ predicts the location of linear B-cell 

epitopes by combination of the hidden Markov model and 
the propensity scale method (Jespersen et al. 2017).

SVMTriP at http://sysbi o.unl.edu/SVMTr iP/predi ction 
.php used to predict the antigenic epitope within sequence 
input. In this method, Support Vector Machine (SVM) 
has been utilized by combining the Tri-peptide similarity 
and Propensity scores (SVMTriP) in order to achieve the 
higher accuracy and specificity by leave-one-out test (Yao 
et al. 2012).

Protein 3D structure served as an input file for predict-
ing B cell epitopes based on 3D structure. For prediction 
of discontinuous B cell epitopes, we used Discotope at 
http://www.cbs.dtu.dk/servi ces/Disco Tope/. The method 
utilizes calculation of surface accessibility (estimated in 
terms of contact numbers) and a novel epitope propensity 
amino acid score. The final scores are calculated by com-
bining the propensity scores of residues in spatial proxim-
ity and the contact numbers (Davies and Flower 2007).

Likewise, Ellipro server at http://tools .iedb.org/ellip ro/, 
a method for identifying continuous epitopes in the protein 
regions protruding from the protein’s globular surface. It 
is a new structure-based tool for predicting the antibody 
epitopes that is suggested. ElliPro executes three algo-
rithms based on the following tasks: Estimating the protein 
shape as an ellipsoid, computing the residue protrusion 
index (PI) and clustering of neighboring residues based 
on their PI values (Ponomarenko et al. 2008).

Immunogenic Regions Selection

Regions with the largest collection of linear and confor-
mational epitopes could be selected as vaccine candidates. 
These regions should be qualified as single-scale amino 
acid properties assay. Furthermore, some specifications 
such as probability of antigenicity, physiochemical proper-
ties average, and etc should also be considered in region 
selection. Therefore, two regions were selected as suitable 
antigenic candidates. Further analyses were conducted in 
selected regions to confirm the selection. The probability 
of antigenicity was predicted for selected regions using 
Vaxijen (Doytchinova and Flower 2007) at http://www.
ddg-pharm fac.net/vaxij en/VaxiJ en/VaxiJ en.html.

Physiochemical properties average of the selected 
regions calculated by Protparam at http://expas y.org/tools 
/protp aram.html that was employed for estimation and 
determination of properties such as molecular weight, 
theoretical pI, amino acid composition, the total number 
of negatively and positively charged residues, instability 
index and aliphatic index. All analyses performed in this 
section were also carried out on IreA in order to compare 
with those of selected regions.

http://curie.utmb.edu/pattest9.html
http://strcomp.protein.osaka-u.ac.jp/ghecom/
http://strcomp.protein.osaka-u.ac.jp/ghecom/
http://sts.bioe.uic.edu/castp/
http://mspc.bii.a-star.edu.sg/tankp/help.html
http://mspc.bii.a-star.edu.sg/tankp/help.html
http://tools.immuneepitope.org/tools/bcell/iedb
http://tools.immuneepitope.org/tools/bcell/iedb
http://webs.iiitd.edu.in/raghava/bcepred/
http://webs.iiitd.edu.in/raghava/bcepred/
http://www.cbs.dtu.dk/services/BepiPred/
http://www.cbs.dtu.dk/services/BepiPred/
http://sysbio.unl.edu/SVMTriP/prediction.php
http://sysbio.unl.edu/SVMTriP/prediction.php
http://www.cbs.dtu.dk/services/DiscoTope/
http://tools.iedb.org/ellipro/
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
http://expasy.org/tools/protparam.html
http://expasy.org/tools/protparam.html
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Result

Sequence Availability, Homology Alignment 
and Template Search

The IreA protein sequence with 682 amino acid was saved 
in FASTA format. Protein sequences serving as a query for 
BLAST produced a set of sequences as the highest similar 
sequence. BLAST search revealed numerous hits to the IreA 
protein sequence. PSI-BLAST against protein data bank 
(PDB) results displayed several hits as homologous struc-
tures. The first hit possessing the highest score was selected 
as a template for homology modeling. This top hit for IreA 
sequence was proteins with PDB code 2HDI_A (36% iden-
tity). Putative conserved domains were detected within this 
sequence. Most of the sequences belong to putative iron-
regulated outer membrane virulence protein super family.

This family includes Outer membrane receptor proteins, 
mostly Fe transport.

Primary Sequence Analysis and Subcellular 
Localization

The protein sequences served as input for the computation 
of various physical and chemical parameters. IreA pos-
sesses 682 residues. The total number of negatively charged 
(Asp + Glu) and positively charged (Arg + Lys) residues 
compute 81 and 76 respectively.

The computed parameters included the molecular weight, 
theoretical pI (isoelectric point), instability index, aliphatic 
index and grand average of hydropathicity (indicates the 
solubility of the proteins: positive GRAVY (hydrophobic), 
negative GRAVY (hydrophilic)) and Vaxijen score are 
summarized in Table 1. The aliphatic index of a protein is 
defined as the relative volume occupied by aliphatic side 
chains (alanine, valine, isoleucine, and leucine). It may be 
regarded as a positive factor for the increase of thermosta-
bility of globular proteins. The instability index provides 
an estimate of the stability of the protein in a test tube. The 

GRAVY value for a peptide or protein is calculated as the 
sum of hydropathy values of all theamino acids, divided 
by the number of residues in the sequence. The protein 
sequence Subcellular localization predicted by CELLO 
was outer membrane with the highest reliability of 3.909. 
PSLpred predicted the protein sequence as outer membrane 
with 90.2% accuracy.

Secondary Structure Prediction

Coil, helix and strands are components constituting second-
ary structure of the protein. The secondary structure could 
be used to validate the tertiary structures. Attribution of sec-
ondary structure components in the protein is alpha helix 
(16.57%), extended strand (28.59%), beta turn (12.76%) and 
random coil (42.08%).

SOPMA confirm phyre2 Secondary structure predictions. 
Consensus Secondary Structure Prediction results for the 
protein sequence was shown in Fig. 1.

Topology and Signal Peptid Prediction

A 2D topology model of IreA was built based on predicted 
inside, transmembrane and outside regions of the protein 
(Fig. 2). This protein is composed of 22 trans membrane anti 
parallel β-strands. The model suggests that the protein has 
β-barrel structure in native form. Strands forming β-barrel 
are linked together through loops at the outside or turns at 
the inside.

TMHMM, TOPCONS and SPOCTOPUS predicte 
no trans membrane helixes (TMHs) all over the protein 
sequence. SignalP and SPOCTOPUS predict no signal pep-
tide at the N terminal of the protein sequence.

Whole protein include two domains comprising a cork 
domain at N terminal of the protein and a trans membrane 
barrel at the C terminal. The barrel topology composed of 
22 trans membrane beta sheet, 10 short periplasmic turns 
and 11 large extracellular loops.

Table 1  Protparam and Vaxijen primary sequence analysis

Protein name VaxiJen score Number of amino acids Molecular weight Theoretical pI Instability index Aliphatic index GRAVY

IreA 0.6570 682 75291.25 6.15 32.38 (stable) 79.93 − 0.487

Fig. 1  SOPMA 2D structure prediction (blue: alpha helix, red: extended strand, green: beta turn, yellow: random coil). (Color figure online)
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3D Structure Prediction Using Homology Modeling 
and Threading

Swiss model and  Ps2v2 (template-based protein struc-
ture prediction server) recruited for homology modeling 
identified 4 and 1 model respectively. Their models was 
selected for further scrutinizes. Phyre2 predicted one 
three-dimensional model and Lomets Meta server pre-
dicted 10 models for the protein. The models were taken 
for validation analyses. Some template proteins of similar 
folds (or super-secondary structures) were retrieved from 
the PDB library by LOMETS, a locally installed meta-
threading approach.

Evaluations of Models

The 3D models estimated qualitatively by Rampage. To rec-
ognize the errors in the generated models, coordinates were 
supplied by uploading 3D structures in PDB format into 
Rampage, which is frequently employed in protein structure 
validation. In Ramachandran plot of models the percent resi-
dues were located in favored, allowed and outlier regions. 
The Ramachandran plot is the 2d plot of the φ–ψ torsion 
angles of the protein backbone. It provides a simple view of 
the conformation of a protein. The φ–ψ angles cluster into 
distinct regions in the Ramachandran plot where each region 
corresponds to a particular secondary structure. Amongst all 
the predicted models, the selected model was outstanding. 

With the maximum percent of favored residue (95.3%) and 
the minimum percent of outlier residue (0.9%). All the mod-
els validations summarized in Table 2.

Fig. 2  A 2D topology model of IreA

Table 2  The Ramachandran plot structures validation represent the 
percent of residues located in favored, allowed and outlier regions

Program Favoured 
region (%)

Allowed 
region (%)

Outlier 
region 
(%)

FFAS-3D 95.3 3.8 0.9
PRC 93.4 4.9 1.8
SP3 94.9 3.5 1.6
FFAS03 94.9 4.0 1.2
PROSPECT2 84.7 9.6 5.7
pGenTHREADER 81.0 13.2 5.7
Neff-PPAS 93.2 4.1 2.6
SPARKS-X 93.7 5.0 1.3
wdPPAS 95.0 3.8 1.2
MUSTER 93.5 4.4 2.1
Swiss model 94.1 4.6 1.2
Swiss model 89.4 8.0 2.6
Swiss model 90.4 6.3 3.3
Swiss model 90.0 6.9 3.1
PS2V2 91.8 6.5 1.8
Phyre2 90.6 4.6 4.8
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Models Refinement

One model was selected as the best 3D model. This model 
was built by lomets meta threading server. Template based 
modeling (TBM) represents the most accurate method in 
protein structure prediction. In the contemporary TBM, mul-
tiple templates are often identified through meta threading 
techniques, and full-length combining the models are built 
by structural fragments/restraints from multiple templates.

Selected models serve as input for Mod refiner server. 
Mod refiner refine protein structure closer to the native 
while keeping the physically meaningful atomic details of 
local structure. The Ramachandran plot of initial and the 
final models after refinement are compared in Fig. 3. In ini-
tial model the percent residues in the favored region was 
95.3% while 96.3% in the final model. Percent residues in 
allowed region for initial and final models are 3.8% and 2.8% 
respectively.

Orientation of the Protein 3D Structure 
in Membrane

The OPM database currently includes all unique structures 
of transmembrane protein complexes and selected mono-
topic, peripheral proteins and membrane-bound peptides 
from PDB with their calculated membrane boundaries 
(Fig. 4). OPM explores orientations of quaternary com-
plexes formed by a number of interacting proteins, rather 
than orientations of individual subunits or domains. The 
precision of calculated hydrophobic thicknesses and tilt 

angles are ~ 1 Å and 2°, respectively, as judged from their 
deviations in different crystal forms of the same proteins. 
The fluctuations of these parameters calculated within 
1 kcal/mol around the global minimum of transfer energy 
are usually smaller than 2 Å and 4°, respectively (± values 
in all tables of the database). The calculated tilt angles in 
homologous proteins differ by 2°–16° depending on the 

Fig. 3  Ramachandran plot of initial and the final IreA models after refinement. The percent residues in the favored region was 95.3% while 
96.3% in the final model. Percent residues in allowed region for initial and final models are 3.8% and 2.8% respectively

Fig. 4  Orientation of protein in cell membrane. The origin of coordi-
nates corresponds to the center of lipid bilayer. Z axis coincides with 
membrane normal; atoms with the positive sign of Z coordinate are 
arranged in the “outer” leaflet as defined by the user-specified topol-
ogy
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size of the protein, its oligomeric state and percentage of 
sequence identity.

Ligand Binding Site Prediction

Ligand binding sites determined using COFACTOR soft-
ware, indicate involvement of conserved residues between 
the crock domain and the large extracellular loops of barrel 
in iron binding site with the highest Cscore. Cscore is the 
confidence score of predicted binding site (Fig. 5).

Identification of Functionally and Structurally 
Important Residues

The protein was predicted as an iron transporter outer mem-
brane protein. Interprosurf results show functional sites on 
protein structure surface. These results show that outer 
membrane loops and the cork domain are the most func-
tionally site in the protein structure. Functional residues at 
the protein structure surface predicted by Interprosurf are 
shown in Fig. 6.

Surface Accessible Pockets and Clefts Analyses

GHECOM server finds five pockets on protein surfaces using 
mathematical morphology. In this regard, GHECOM com-
putes a pockets score (sum of 1/[Rpocket] /(1/[Rmin] * [vol 
of shell])) for each residue. A residue in a deeper and larger 
pocket has a larger value of pockets. The pockets of small-
molecule binding sites and active sites were higher than the 
averaged value; specifically, the values for the active sites 
were much higher. This suggests that pockets contribute to 
the prediction of binding sites and active sites from protein 
structures. GHECOM results are shown in Fig. 7.

CastP server predicts nine areas in protein structure. This 
server measures analytically the area and volume of each 
pocket and cavity, both in a solvent accessible surface (SA, 
Richards’ surface) and molecular surface (MS, Connolly’s 
surface). Biologically important functional residues anno-
tated from three sources mapped to PDB structures and 
visualization is provided. Figure 8 shows the atoms of the 
charge relay system that resides in a functional pocket of 
the protein. The atoms of annotated residues that lie in the 
pocket are highlighted.

The potential binding sites (PBS) of proteins are those 
residues or atoms which bind to ligands directly on protein 
surface, they are near to the ligand binding sites. Binding 
cavity is a protein sub-structure of conserved geometrical 

Fig. 5  IreA structure at contact 
with ligand from lateral and top 
view. The protein 3D structure 
is shown in ribbon and ligand in 
the space filling model

Fig. 6  Top functional residues are highlighted in filling space model 
with red balls and the next top cluster highlighted in filling space 
model with green balls
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and chemical properties complimentary to its bound ligand. 
Using a training-set of ligand bound high-resolution crystal 
structures of proteins, residue depth, and solvent-accessible 
area values were computed for all residues. The probability 
of individual amino acids to form part of the binding cavity 

is parametrized by the residue depth accessible area value 
pairs. The algorithm estimates the probability value of form-
ing part of a binding cavity for every residue of the protein. 
The plot shows both mean and standard deviation of depth 
values. Probability of residue forming a binding site and 

Fig. 7  GHECOM results showing graph residue-based pocketness 
and Jmol view of pocket structure. Top: graph residue-based pock-
etness. The height of the bar shows the value of pocketness [%] for 
each residue. The color of pocketness bar indicates cluster number of 

pocket (red: cluster 1, blue: cluster 2, green: cluster 3, yellow: clus-
ter 4, cyan: cluster 5). Below: Jmol view of pocket structure based on 
pocketness color. (Color figure online)
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residue depth plot and a 3D rendition of the cavity prediction 
is shown in Fig. 9.

Single‑Scale Amino Acid Properties Assay

IEDB and BCEpred server predict several properties such as 
hydrophilicity, accessibility, antigenicity, flexibility and beta 
turn secondary structure in the protein sequence. Although 
single-scale amino acid properties were detectable in all 
sequence length, most saleint regions of higher probability 
was located in position 500–670 where a segment of beta 
barrel with large extracellular loops located. Peaks in the 
plot indicate putative susceptible epitope boundaries. Ter-
mini hits to the first 30 residues of the protein sequence were 
not remarkable these properties points of view. These serv-
ers predicted the most exposed amino acids in loop regions 
and the most buried amino acids in turns.

Prediction of Linear, Spatial Epitopes 
and Immunogenic Regions of Protein

Linear B cell epitops predicted by Bepipred server are more 
concentrated in the region of 500–600. The highest score is 
related to “RKSDDESLNGKSLKGEPLERTPR” sequence 
at position 560–582.

Svmtrip predicted 10 linear B cell epitopes ranking based 
on their scores. One of the best epitope recommended by 
this server is “LNVTDRKSEDIDTIDGNWQV” at position 
649–668.

18 linear along with 5 discontinuous B cell epitopes were 
predicted by ElliPro software. The best discontinuous and 
linear epitopes with the highest PI (protrusion index) are 
shown in Fig. 10. “WDYTQDITF” at position 591–599 is 
the best linear epitope determined by Ellipro. Discontinuous 
B cell epitopes predicted from the 3D structure of protein by 
Discotope. This serve highlighted outer membrane loops as 
conformational B cell epitopes.

Immunogenic Regions Selection

A region covering residues 500–670 (inclusive a part of 
barrel) was selected as vaccine candidate and several prop-
erties were compared to its parent protein (IreA). Vaxijen 
antigenicity score, PI, instability index, solubility, hydro-
philicity, accessibility, flexibility and secondary structure 
properties calculated for both vaccine candidate and IreA 
protein. All results for the vacine candidate and IreA protein 
were summarized in Table 3.

Discussion

Identification of new or undetectable bacterial agents in the 
pathogenesis of this infection may lead to the development 
of an effective vaccine or new therapies. An approach to this 
end is to identify genes with enhanced in vivo expression. 
Such genes are probably involved in pathogenesis (Mekala-
nos 1992). In addition, the bacterial traits that are exposed 
to the surface, regardless of their role in pathogenesis, are 
potential candidates for vaccine. Various methods have been 
successfully developed for this purpose (Young and Miller 
1997).

An approach to identifying genes has been enhanced by 
ex vivo expression after exposures to body fluids (e.g., urine) 
or eukaryotic tissue cell culture (Zhang and Normark 1996). 
Further evaluations of the genes identified by this method in 
animal models have validated its advantage for identifying 
virulence traits. Using ex vivo human body fluids, we have 
identified a new ireA gene that has increased expression 
in urine, blood, and ascites. The sequencing analysis of its 
putative gene product showed significant identities (29–38%) 
and similarities (48 to 56%) with a diversity of siderophore 
receptors. Additionally, 5′ is suppressed into coding region 
for ireA, a fur box and ireA Fe expression. So, although we 
have no experimentally confirmation for IreA’s performance, 
it is probably involved in Fe attainment (Russo et al. 2001).

Clearly, the presence of almost everywhere of Fe attain-
ment systems among the human and animal pathogens has 
been evaluated to date, and the increase in the expression 

Fig. 8  CastP results showing surface accessible pockets as well as 
interior inaccessible cavities. Residues are colored based on area and 
volume size. The most important one illustrate in red and other are 
shown in blue, green, purple, orange, yellow, brown, pink and white 
respectively. (Color figure online)
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Fig. 9  Probability of resi-
due forming a binding site 
and residue depth plot and 
a 3D rendition of the cavity 
prediction. Top: probability of 
residue forming a binding site 
and residue depth plot. Below: 
a 3D rendition of the cavity 
prediction is shown using Jmol. 
Residues of the predicted bind-
ing cavity are colored red while 
the rest of the protein is colored 
blue. (Color figure online)
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Fig. 10  The best linear (top) 
and discontinuous (below) 
epitopes with the highest PI 
score predicted by Ellipro 
server. Epitopes mapped on 3D 
models using Discovery Studio 
Visualizer 2.5.5 software

Table 3  Average physicochemical properties of two vaccine candidates and IreA

Parameters such as hydrophilicity, flexibility, accessibility, turns, exposed surface, polarity and antigenic propensity of polypeptides chains have 
been correlated with the location of continuous epitopes. This has led to a search for empirical rules that would allow the position of continuous 
epitopes to be predicted from certain features of the protein sequence. All prediction calculations are based on propensity scales for each of the 
20 amino acids. Each scale consists of 20 values assigned to each of the amino acid residues on the basis of their relative propensity to possess 
the property described by the scale

Residue 
number

Weight Vaxijen score Instability index pI B cell epitope Hydrophilicity Flexibility Beta turn Accessibility

Vaccine 
candi-
date

170 19300.43 0.8625 21.12 5.20 0.526 1.964 1.0 1.027 1.00

IreA 682 75291.25 0.6570 32.38 6.15 0.514 1.963 1.0 1.018 1.00
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of these systems in vivo or ex vivo (e.g., iroN and ireA) 
is strongly influenced by functional requirements for them 
within the host. However, it is not clear that if the defined 
siderophore systems are site specific or not. Test of this 
hypothesis pending the discovery of all Fe attainment sys-
tems for a certain pathogen, producing single and multi-iso-
geneic mutant for each of these and subsequent experiments 
in various in vitro and in vivo systems (Russo et al. 2001).

Moreover, IreA also has a significant homology with 
IrgA, a Fe-regulated virulence factor in Vibrio Cholera. IrgA 
contributes to in vivo growth in the rabbit ileal loop model 
and increases the virulence in an infant mouse model, shows 
the potential role in colonization (Tashima et al. 1996). Per-
haps IreA and IroN also have the ability to serve as adhesins. 
In this case, especially if any siderophore receptor is known 
to have a particular ligand, the evolutionary advantage of 
such multifunctional proteins can be easily predicted. In this 
regard, our findings indicate that IreA’s contribution to blad-
der colonization is consistent with such a role. Studies spe-
cifically designed to evaluate both IreA and IroN as adhesins 
are currently underway (Goldberg et al. 1990).

Our BLAST search results indicated that IreA sequences 
are homologous to many other molecules. Most of the 
sequences that obtained are belong to the TonB dependent/
Ligand-Gated channels, the ligand-gated-channel protein 
family and the outer membrane channels superfamily. The 
highest homology is with 2HDI_A, is the crystalline struc-
ture of the Colicin I receptor Cir from E. coli in conjunction 
with the Receptor Binding Domain of Colicin Ia.

A successful homology modeling requires a reliable tem-
plate that can be obtained by searching for similarity and 
sequence alignment. An acceptable template should bear 
low E value, high query coverage and high identity (more 
than 35%) against the target sequence. Therefore, a hit with 
the highest overall score can be the most reliable model for 
homology modeling. After modeling a protein, a model 
refinement run can improve the quality of predicted models. 
The refinement of the model can bring the initial models in 
terms of hydrogen bonds, backbone topology and side-chain 
position, closer to their native state. Two sets of criteria were 
considered to evaluate the results of full-atom refinement of 
the predicted model (Kleywegt and Jones 1998). The first set 
is based on the global topological similarity of the model to 
the experimental structure, consist of the root mean square 
deviation (RMSD) and a second set is template modeling 
(TM)-score. Specifically, the lower RMSD and higher TM-
score/GDT-TS showed that the models are closer to their 
native state (Brillet et al. 2011).

The 2D IreA topology model is based on the predicted 
inside, transmembrane and outside regions of the proteins. 
Our results showed that this protein consists of several 
trans-membrane antiparallel β-strands. The predicted 

model shows that the protein has a β-barrel structure in its 
native form (Bagos et al. 2005). The strands that make the 
β-barrel are joined together through loops at the outside or 
turns at the inside. There are more than 11 external loops 
in these proteins, and the side chains of all residues are 
highly exposed to the environment, which shows its role 
in the initial binding events with complex Fe-siderophore.

Previously, the antigenicity and immunogenicity of 
the antigen have been shown to correlate directly with 
the epitope density (Liu and Chen 2005). Therefore, the 
collection of information on B-cell epitopes can play 
an important role in vaccine design studies, developing 
immunodiagnostic tests, and antibody production. The 
determined epitomic data can be subjected to select IreA 
regions with higher epitopes density. These areas can 
be used to design more effective immunogens that can 
induce humoral responses with a higher average avidity 
for epitope-specific mAb and polyclonal antibodies (pAb).

The best Linear B cell epitopes in the IreA protein are 
located in the largest extracellular loops. Interestingly, 
conformational B cell epitopes predict from the 3D pro-
tein structure include all of the extracellular loops. The 
results of epitope predictions were confirmed according 
to experimentally identified epitopes tested by approved 
antibodies. This concordance represents the precision of 
applied procedures for both 3D structures and epitope 
predictions. Comparison of antigenic scores in selected 
regions and the whole protein showed that the antigenicity 
of the selected regions is significantly higher than the total 
antigen (Chen et al. 2007).

In conclusion, it should be noted that the use of bio-
informatics tools is a compelling strategy to close the 
gap between the number of protein sequences and the 3D 
protein structure. In silico data from the structural and 
immunological properties of the antigens can be used for 
vaccine design purposes. The design of the chimeric vac-
cine design from a set of immunogens can compensate 
for the limitations associated with antigen vaccines. Our 
strategy for utilizing the 3D structure prediction and the 
results of epitope predictions can provide a way for more 
structural, functional and therapeutic studies in the field 
of vaccine design research.
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