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A B S T R A C T   

Cystic echinococcosis (CE) is a neglected zoonosis especially in underdeveloped countries around the world. 
Hence, immunization strategies are beneficial to avert the infection. The present investigation was aimed to 
predict the primary biochemical characteristics of the EgMyophilin and its potential B-cell and human leukocyte 
antigen (HLA)-binding epitopes as a promising vaccine candidate. Different web servers were used to predict 
physico-chemical, antigenic and allergenic profiles, transmembrane domain, subcellular localization, post- 
translational modification (PTM) sites, secondary and 3D structure, tertiary model refinement and validations. 
B-cell and HLA-binding epitopes were predicted and screened in terms antigenicity, allergenicity, solubility (B- 
cell) or hydrophobicity (T-cell). The 89.82 KDa protein was non-allergenic, hydrophilic, stable, with improved 
thermotolerance and 94 post-translational modification sites. The secondary structure included 42.94% alpha 
helix, 42.82% random coil and 41.23% extended strand. Based on Ramachandran plot output for refined model, 
96.2%, 99.5%, and 0.45% of amino acid residues were incorporated in the favored, allowed, and outlier regions 
of the refined model, respectively. After epitope screening, four B-cell and five HLA-binding epitopes possessed 
the highest antigenic index in the protein sequence. This paper is a premise for further researches, and provides 
insights for the development of a suitable vaccine against CE. More empirical studies are required using the 
EgMyophilin alone or in combination with other antigens/epitopes in the future.   

Zoonotic Diseases Research Center, Ilam University of Medical Sci-
ences, Ilam, Iran. 

1. Introduction 

Hydatidosis or cystic echinococcosis (CE) is one of the most 

significant neglected human zoonosis worldwide caused by Echinococcus 
granulosus (E. granulosus) larval stages (Wen et al. 2019). This near- 
cosmopolitan disease remains a substantial public health concern, 
particularly in developing countries (Pourseif et al. 2018). The adult 
tapeworms employ canids and felids as definitive hosts, producing 
gravid proglottid containing eggs which further contaminate the 
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environment via carnivorous feces (Khalkhali et al., 2018). Subse-
quently, herbivorous preys such as ungulates ingest the infective ova, 
serving as intermediate hosts for the so-called hydatid cysts, containing 
thousands of protoscoleces (PSCs), in liver, lungs and other organs 
(McManus et al. 2012). Generally, humans are not directly involved in 
the life cycle of CE, but may accidentally ingest the parasite ova through 
contaminated food or water (Budke et al., 2013). With an incidence rate 
of <1 to 200 per 100,000 individuals and the mortality rate of 2–4%, CE 
still provokes disability and impotency in affected populations (Budke 
et al. 2006; McManus et al. 2012). Possenti et al. (2016) mentioned dog 
free to roam, feeding dogs with viscera, home slaughtering, dog 
ownership, living in rural areas and country low income as the potential 
risk factors for human CE infection (Possenti et al. 2016). 

Many studies have been conducted to control the parasite trans-
mission, mostly from dogs to livestock and humans, predominantly by 
promoting health education and slaughter hygiene as well as adminis-
tration of anthelminthic drugs (Otero-Abad and Torgerson 2013). 
Inevitably, disease pharmacotherapy may be linked to several side ef-
fects, including drug residues in the livestock meat and milk and drug 
resistance concern due to under-dosing and/or long-term drug admin-
istration (Pourseif et al. 2018). Immunotherapy approaches such as 
advanced vaccination strategies may entail more efficiency to prevent 
CE (Lightowlers et al., 2003; Vercruysse et al. 2004). An ideal vaccine is 
aimed to prevent the oncospheral development in sheep and humans 
along with tapeworm maturation in dog intestine (Larrieu et al. 2019). 
So far, several vaccine candidate antigens used for immunization against 
E. granulosus have been introduced, showing degrees of inconsistency in 
their clinical investigations. These antigens have been extensively 
reviewed by Pourseif et al. (2018) (Pourseif et al. 2018) and Anvari et al. 
(2020) (Anvari et al.). A representative is the oncospheral antigen, 
EG95, sheep vaccine with substantial prophylactic effects on CE trans-
mission in Chinese and South American pilot and field trials (Craig et al. 
2017). The advances in the omics-based technologies and computer- 
aided tools have assisted us for stringent identification of Echinococcus 
candidate molecules as diagnostic and follow-up biomarkers as well as 
immunization targets (Wen et al. 2019). The E. granulosus Myophilin 
(EgMyophilin) is expressed in subtegumental parenchyma of PSCs and 
adult worm suckers. The protein mediates host tissue invasion and the 
worm movement by regulating smooth muscle contractions (Martin 
et al., 1995b; Pourseif et al. 2018). The present study was aimed to 
investigate the detailed features of the EgMyophilin by in silico predic-
tion methods with emphasis on the most potent immunogenic epitopes 
as a foundation for further vaccination strategies. 

2. Materials and methods 

2.1. Amino acid sequence retrieval 

The complete amino acid sequence of the EgMyophilin was retrieved 
as FASTA format via the NCBI database, available at https://www.ncbi. 
nlm.nih.gov/, under accession number of XP_024348222.1 for further 
analysis. 

2.2. Prediction of physico-chemical, antigenic and allergenic profiles 

The theoretical physico-chemical properties of EgMyophilin were 
predicted using Expasy ProtParam web server (https://web.expasy. 
org/protparam/), which calculates the total number of amino acids, 
molecular weight (MW), isoelectric point (pI), total number of positive 
and negative charged residues, extinction coefficients, estimated half- 
life in vitro and in vivo, instability index, aliphatic index and the grand 
average of hydropathicity (GRAVY) score (Gasteiger et al. 2005). The 
antigenicity of the protein was estimated by ANTIGENpro online tool, 
available at http://scratch.proteomics.ics.uci.edu/, which utilizes spe-
cific microarray data for the prediction of antigenic index, independent 
of alignment and pathogen (Magnan et al. 2010). Also, a freely 

accessible server, VaxiJen v2.0 (http://www.ddgpharmfac.net/vax 
ijen/VaxiJen/VaxiJen.html), was used for antigenicity prediction. This 
server focuses on physico-chemical features of the protein and predicts 
according to sequence transformation by auto cross covariance (ACC) 
into uniform vectors of main amino acid properties (Doytchinova and 
Flower 2007). To evaluate the allergenicity, AllergenFP v1.0 and 
AllerTOP v2.0 were used. The AllerTOP v2.0 server (http://www. 
ddg-pharmfac.net/AllerTOP) sorts the allergens by making use of ma-
chine learning methods, including auto and cross variance trans-
formation, E-descriptors and k-nearest neighbors. The server accuracy at 
five-fold cross-validation is 85.3% (Dimitrov et al. 2014a). AllergenFP 
v1.0 (https://ddg-pharmfac.net/AllergenFP/) differs antigens from al-
lergens using a descriptor-based fingerprint platform. The accuracy of 
this alignment-free approach was estimated as 88.9% (Dimitrov et al. 
2014b). 

2.3. Post-translational modification (PTM) sites 

The prediction of serine, threonine and tyrosine phosphorylation 
sites was done using ensembles of neural networks by NetPhos 3.1 server 
(http://www.cbs.dtu.dk/services/NetPhos/) (Blom et al., 1999). Po-
tential acylation sites in the EgMyophilin amino acid sequence was 
predicted by CSS-Palm server, available at (http://csspalm.biocuckoo. 
org/online.php). Moreover, N-linked and O-linked glycosylation sites 
were predicted using NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/ 
NetNGlyc/) and NetOGlyc 4.0 (http://www.cbs.dtu.dk/services/ 
NetOGlyc/) servers, respectively. The prediction in NetNGlyc 1.0 was 
based on “All Asn residues” (Gupta et al. 2004), while default parame-
ters was used for NetOGlyc 4.0 server (Steentoft et al., 2013). 

2.4. Transmembrane domains and subcellular localization 

The subcellular localization of EgMyophilin was predicted in silico 
using PSORT II web server with k-nearest neighbors classifier algorithm 
(https://psort.hgc.jp/form2.html). Furthermore, presence of potential 
transmembrane helices was predicted by TMHMM 2.0 online server (htt 
p://www.cbs.dtu.dk/services/TMHMM-2.0/). 

2.5. Prediction of secondary and tertiary structures 

The secondary structure of the protein was predicted using two web 
servers, including position specific iterated prediction (PSIPRED) anal-
ysis on PSI-BLAST outputs for determination of sequences with signifi-
cant similarity to the submitted sequence (http://bioinf.cs.ucl.ac.uk/ps 
ipred/) (Buchan and Jones 2019) and Garnier-Osguthorpe-Robson (GOR 
IV) server having mean accuracy of 64.4% (https://npsa-prabi.ibcp.fr/c 
gi-bin/npsa_automat.pl?page=npsa_gor4.html) (Garnier et al. 1996). 
Further, the EgMyophilin sequence was subjected to I-TASSER server for 
homology modelling (https://zhanglab.ccmb.med.umich.edu/ 
I-TASSER/). “I-TASSER (Iterative Treading ASSEmbly Refinement) is a 
best-ranked server which is used to create automated protein structures 
and prediction. Upon submission of an amino acid sequence, I-TASSER 
works to design a 3D atomic model by utilizing the multiple threading 
alignments and iterative structural assembly simulations” (Majid and 
Andleeb 2019; Roy et al. 2010). 

2.6. Refinement of the 3D structure and validations 

The best-fit tertiary structure modelled by the I-TASSER was further 
subjected to the GalaxyRefine server for refinement (http://galaxy. 
seoklab.org/cgi-bin/subunit.cgi?type=REFINE). This server performs 
structural improvement via establishing side chains and repacking them, 
thus yielding a total structural relaxation by integration of dynamic 
simulations. According to various investigations, GalaxyRefine is one of 
the best servers for refinement which enhances the quality of both local 
and global structures (Heo et al. 2013). This server provides five refined 
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models, based on different scores, comprising GDT-HA, RMSD, Mol-
Probity, Clash Score, Poor rotamers and Rama favored. In next step, the 
quality of the refined model was evaluated using two web servers. 
ERRAT server analyzes the statistics of non-bonded interactions among 
various atom types by comparison with statistics from highly-refined 
structures (https://servicesn.mbi.ucla.edu/ERRAT/) (Colovos and 
Yeates 1993). Moreover, the Ramachandran plots were visualized to 
confirm the protein structure based on energetically allowed and dis-
allowed dihedral angels of psi (ψ) and phi (ϕ) of each amino acid residue 
(Majid and Andleeb 2019). The MolProbity server was used in present 
study for structure validation and Ramachandran analysis (http:// 
molprobity.biochem.duke.edu/) (Williams et al. 2018). 

2.7. Prediction of continuous and conformational B-cell epitopes 

To predict the linear B-cell epitopes, BCPREDS server was used with 
fixed-length prediction (20 amino acids) and 80% specificity (http:// 
ailab.ist.psu.edu/bcpred/predict.html). The server employs subsequent 
kernel (SSK) and support vector machine (SVM) attitudes with an ac-
curacy of 74.57% (Chen et al. 2007). In the following, epitope cross- 
validation was checked by BepiPred (http://www.cbs.dtu.dk/services/ 
BepiPred/), SVMTriP (http://sysbio.unl.edu/SVMTriP/prediction.php) 
and ABCpred (http://crdd.osdd.net/raghava/abcpred/ABC_submission. 
html) web servers. Next, shared linear B-cell epitopes were further 
assessed in terms of antigenicity, allergenicity and solubility, using 
VaxiJen v2.0, AllerTOP v2.0 and PepCalc (https://pepcalc.com/) online 
servers, respectively, to appropriately screen the potentially immuno-
genic epitopes. Also, Bcepred web server was used to determine 
continuous B-cell epitopes based on physico-chemical parameters, 
including hydrophilicity, flexibility, accessibility, turns, exposed sur-
face, polarity and antigenic propensity (http://crdd.osdd.net/raghava/ 
bcepred/bcepred_submission.html) (Saha and Raghava 2004). More-
over, ElliPro tool of the IEDB server was used to predict conformational 
B-cell epitopes of EgMyophilin using default settings of 0.5-min score 
and 6 Å max-distance. This server performs a three-step prediction, by 
neighbor residue clustering, residue protrusion index (PI) and protein 
shape estimation (http://tools.iedb.org/ellipro/) (Ponomarenko et al. 
2008). 

2.8. Prediction and selection of human leukocyte antigen (HLA)-related 
epitopes 

The prediction of specific epitopes capable to bind HLA molecules 
was performed by the multi-functional IEDB server. Each epitope is 
given a percentile rank having inverse correlation to the epitope affinity. 
For this aim, two molecules of T CD8

+ (HLA-A*02:01, HLA-A*24:02) and 
two molecules of T CD4

+ (HLA-DRB1*01:02, DQA1*05:01/DQB1*03:01) 
were considered for prediction, according to IEDB recommended 
2020.04 (NetMHCpan EL 4.0) and IEDB recommended 2.22 methods, 
respectively. These HLAs were selected from the HLA allele reference 
sets with maximal population coverage (Greenbaum et al. 2011). Sub-
sequently, the epitopes were further screened regarding antigenicity, 
allergenicity and hydrophobicity using a set of online tools including 
VaxiJen v2.0, AllerTOP v2.0 and peptide2 (https://www.peptide2. 
com/N_peptide_hydrophobicity_hydrophilicity.php). 

3. Results 

3.1. General characteristics of EgMyophilin 

Based on ProtParam server outputs, EgMyophilin contained 822 
amino acids with a MW of 89,827.69 Da and theoretical pI of 5.89. The 
protein possessed 91 positively-charged (Arg + Lys) and 102 negatively- 
charged (Asp + Glu) residues. The total number of atoms was 12,625 
having extinction coefficient of 59,080 M− 1 cm− 1 at 280 nm measured in 
water. The estimated half-life for EgMyophilin was as follows: 30 h 

(mammalian reticulocytes, in vitro), > 20 h (yeast, in vivo) and > 10 h 
(Escherichia coli, in vivo). The instability index of the protein was 
computed to be 39.68, indicating to the protein stability. Furthermore, 
aliphatic index and GRAVY score of the protein were estimated as 86.02 
and − 0.188, respectively. The probability of antigenicity by ANTI-
GENpro was 0.578852, while the VaxiJen v2.0 output (threshold: 0.4) 
was 0.4006. Moreover, the output of AllerTOP v2.0 and AllergenFP v1.0 
web servers demonstrated that the protein has no allergenicity. 

3.2. Prediction of PTM sites of EgMyophilin 

According to NetPhos 3.1 server results, 73 phosphorylation sites are 
present in the EgMyophilin, with 49 serine, 18 threonine and 6 tyrosine 
(Fig. 1). Medium-threshold prediction of the acylation sites revealed two 
positions (691 and 701) in the sequence. Moreover, EgMyophilin protein 
was predicted to have 4 N-linked glycosylation and 15 O-linked glyco-
sylation sites. 

3.3. Transmembrane domains and subcellular localization 

The output of subcellular localization by PSORT II was as follows: 
cytoplasmic (65.2%), nuclear (17.4%), mitochondrial (13%) and vesi-
cles of the secretory system (4.3%). Additionally, TMHMM 2.0 server 
output demonstrated that there is no transmembrane helices in the 
examined sequence. 

3.4. Extrapolation of secondary and tertiary structures 

Secondary structure prediction by GOR IV indicated to 353 (42.94%) 
alpha helix, 352 (42.82%) random coil and 117 (14.23%) extended 
strand in the EgMyophilin sequence. Graphical details of the GOR IV 
server along with the output of secondary structure by PSIPRED server 
are illustrated in Fig. 2. In the following, I-TASSER server was employed 
for 3D homology modelling. The server predicted five tertiary structure 
models on the basis of top 10 threading templates identified by the 
multiple-threading approach LOMETS. Three out of ten templates, 
including 1wb9A, 1ng9A and 1e3m, were the best among others with 
good alignments and higher Z-scores. C-score, as the confidence index 
for each predicted model, is typically in the range of − 5 to 2, where 
higher value demonstrates higher confidence of the model. The provided 
models by the I-TASSER server had C-scores between 1.68 to − 3.20. 
Hence, we picked model 1 with the highest C-score for further refine-
ment and validation. The selected model had a C-score of 1.68, esti-
mated TM-score of 0.51 ± 0.15 and estimated RMSD of 12.6 ± 4.3 Å 
(Fig. 3A). 

3.5. 3D model refinement and quality assessment 

The output of GalaxyRefine server revealed five rehashed models for 
EgMyophilin 3D structure. According to provided parameters of GDT- 
HA (0.9673), RMSD (0.373), MolProbity (1.803), Clash score (10.6), 
Poor rotamers (0.6) and Rama favored (96.2), model number 4 was 
selected as the best refined structure for further investigations. Next, 
validation of the refined model was done using two web servers. In 
ERRAT server, the total quality of the crude model was computed to be 
71.46, which was optimized to 87.99 in the refined model. MolProbity 
Ramachandran plot analysis of the initial 3D structure showed 62.3% of 
residues in favored region, 81.3% in allowed region and 18.65% as 
outliers. After refinement, these were improved as follows: 96.2% of all 
residues in favored region, 99.5% in allowed region and 0.45% as out-
liers (Fig. 3B & C). 

3.6. Linear and conformational B-cell epitope prediction 

Prediction of linear B-cell epitopes of EgMyophilin was performed 
via a cross-checking procedure. Initially, BCPREDS server was used to 
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predict such epitopes with a threshold of 80%. A total number of ten 
high-ranked epitopes were determined by this server. To increase the 
confidence of prediction, shared epitopes were found by cross-checking 
using three additional web servers comprising BepiPred 2.0, ABCpred 
and SVMTriP. Subsequently, those high-score epitopes with sequence 
similarity among used servers were selected for final screening in terms 
of antigenicity, allergenicity and solubility. Finally, four epitopes with 
high antigenic index, good solubility and without allergenicity were 
marked as the most potent ones for future investigations (Table 1). 
Additionally, linear B-cell epitopes of EgMyophilin based on several 
physico-chemical properties were shown in Table 2. Based on ElliPro 
output of IEDB server, there were seven conformational B-cell epitopes 
in the EgMyophilin protein, with length and scores as follows: I) 52 
residues (0.797); II) 114 residues (0.754); III) 17 residues (0.663); IV) 
12 residues (0.636); V) 3 residues (0.619); VI) 40 residues (0.524); and 
VII) 3 residues (0.517) (Fig. 4). 

3.7. Prediction and selection of HLA-binding epitopes 

In the first step, those epitopic regions having higher binding ca-
pacity to T CD8

+ (HLA-A*02:01, HLA-A*24:02) and T CD4
+ (HLA- 

DRB1*01:02, DQA1*05:01/DQB1*03:01) cells were predicted based on 
percentile ranks. Next, antigenicity, allergenicity and hydrophobicity of 
determined epitopes were analyzed by VaxiJen v2.0, AllerTOP v2.0 and 
peptide2, respectively, to reveal the potent epitopic regions. Five epi-
topes were finally selected as the most potent regions in the sequence 

(Table 3). 

4. Discussion 

Hydatidosis was initially described by Hippocrates in ancient times, 
reminding that human being has encountered CE since long time ago 
(Eckert and Thompson 2017). Today, much is known about this zoonotic 
infection, though it still predominates in nearly all over the globe, with 
special endemicity in underdeveloped countries (Deplazes et al. 2017). 
Regardless of treatment side effects, a close follow-up of CE patients for 
at least 5 years should be done, due to the uncertainty of complete cure 
following percutaneous puncture and/or chemotherapy or the high rates 
of post-operational relapses (Wen et al. 2019). Hence, preventive mea-
sures such as dosing dogs with praziquantel, safe animal slaughtering 
and immunization strategies would be more pragmatic and affordable to 
barricade CE transmission. Vaccination of livestock and domestic dogs 
provide an appropriate basis to prevent the infection (Larrieu et al. 
2019). Before, some protective antigens of E. granulosus were identified 
and produced in a recombinant form to be used in efficacious vaccine 
candidates (Gauci et al. 2008; Ma et al. 2016; Wang et al. 2016). In total, 
traditional vaccine development is a costly and time-consuming pro-
cedure, particularly for parasitic diseases with complex life cycle such as 
CE, while this could be done more accurately with reduced experimental 
time using computational methods. Actually, there would be a number 
of immunodominant epitope regions in a particular antigenic molecule, 
which are more comprehensible to the immune system cells. These 

Fig. 1. NetPhos 3.1 server output for EgMyophilin phosphorylation sites. (A) The number of predicted sites, based on S (serine), T (threonine) and Y (tyrosine); (B) 
Prediction diagram of EgMyophilin phosphorylation sites. 
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regions are potentially immunostimulant and their identification would 
assist us for improved vaccine design against CE. This approach is 
facilitated via implementing immunoinformatics algorithms using web- 
based servers and standalone software programs (Del Tordello et al. 
2017; Pourseif et al. 2018). 

Much of the immunological mechanisms involved in the host-CE 
interaction level have been recognized in the 21st century using 
omics-based technologies (Gottstein et al. 2017). Regarding humoral 
immunity against CE, there is an increase in levels of IgM, IgE and IgG, 
particularly IgG1 and IgG4 subtypes. There exists a dichotomy in cell- 
mediated response to the infection. During early infection, Th1 re-
sponses would inhibit the growth of the parasite and benefit the host, 
while Th2 responses act inversely. Thus, imbalance in Th1/Th2 response 
is significantly associated with the immunopathogenesis control in CE 
(Zhang et al. 2003). Accordingly, targeting novel vaccine candidates is 
of utmost importance for this aim. In this study, we explored the potent 
immunogenic epitopes of the EgMyophilin as a premise for future im-
munization studies. 

Previously, muscle proteins of certain parasitic worms were shown to 
elicit specific immunity in their hosts (Irvine et al., 1994; Lanar et al. 
1986; Mühlschlegel et al., 1993; O’Donnell et al., 1989). Identification 
and characterization of a muscle-specific antigen of Echinococcus gran-
ulosus, myophilin, was initially done by Martin et al. in 1995 (Martin 
et al., 1995). In the last decade, only two vaccination strategies were 

performed using recombinant protein vaccines of EgMyophilin. Sun 
et al. (2011) produced and subcutaneously injected 50 μg of the re-
combinant EgMyophilin with complete Freund adjuvant (CFA) to ICR 
mice and applied 1000 PSCs for intraperitoneal challenge. They re-
ported 86.11% cyst load reduction, accompanied by high levels of total 
IgG, IgG1, IgG2a, IgE as well as interferon gamma (IFN-γ) and 
interleukin-4 (IL-4) (Sun et al. 2011). Five years later, Zhu et al. followed 
similar protocol for sheep vaccination with oral administration of 1500 
E. granulosus eggs for challenge. Their results showed cyst load reduc-
tion, increased IgG and IgA, IL-2 and IFN-γ (Zhu et al., 2016). Such 
vaccination studies using EgMyophilin show the potential immunogenic 
functions lying in this muscle-specific protein. Thus, we sought to 
investigate the detailed in silico features and the immunogenic epitopes 
of the protein using a number of web servers and screening tools. 

At initial step, the theoretical physico-chemical properties of 
EgMyophilin were revealed using ProtParam Expasy server. This 822 
amino acid protein had a MW of 89.82 KDa, indicating proper immu-
nogenicity (antigens having MW above 5–10 KDa are potent immuno-
gens) (Majidiani et al. 2020). The pI (pH at which net charge turns zero) 
and instability score were computed to be 5.89 and 39.68, respectively, 
showing partly acidic nature and stability of the protein. Aliphatic index 
estimation showed a score of 86.02; the higher is the aliphatic index, the 
more protein stability is in a wide range of temperatures. Also, 
EgMyophilin was recognized as a hydrophilic molecule with respect to 

Fig. 2. Graphical output of the secondary structure prediction for EgMyophilin. (A) GOR IV server results indicated that 42.94%, 42.82% and 14.23% of the 
sequence are dedicated to the alpha helix (blue H), random coil (yellow C) and extended strand (red E), respectively. (B) Graphical 
illustration of the secondary structure by PSIPRED server. 
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its negative GRAVY score (− 0.188). Altogether, such preliminary 
biochemical features would be beneficial for further extraction/purifi-
cation protocols in future experimental investigations. The potential 
antigenicity of the protein was evaluated using ANTIGENpro and Vax-
iJen v2.0 servers, providing antigenic scores of 0.558752 and 0.4006. 
Regardless the relatively low antigenicity by in silico assessment, pre-
viously experimental immunization studies by recombinant EgMyophi-
lin in mice and sheep have indicated that the protein exerts proper 

antigenic functions to elicit appropriate levels of immunity (Abdoli et al. 
2016; Sun et al. 2011; Zhu et al., 2016). A vaccine candidate must not 
show allergenicity, as we found for the EgMyophilin using AllerTOP 
v2.0 and AllergenFP v1.0 servers. 

Several enzymatic modifications are applied to the crude synthesized 
proteins, including glycosylation, phosphorylation and acylation, totally 
known as PTMs (Walsh 2006). These modifications play a critical role in 
protein glycosylation (altering protein half-life), phosphorylation 
(signal transduction), acylation (membrane anchoring) and other 
cellular control mechanisms (Lee et al. 2009). Moreover, recognition of 
PTM sites in proteins of eukaryotic origin such as parasites is a sub-
stantial step in selection of correct expression hosts in the production of 
recombinant proteins (Hansson et al., 2000). In present study, NetPhos 
3.1 was used to determine possible phosphorylation sites; accordingly, 
73 sites were detected in the sequence with 49 serine, 18 threonine and 6 
tyrosine. Also, CSS-Palm server output showed that there exist two 
acylation sites in 691 and 701 position of the sequence. Moreover, the 
protein sequence consisted of 4 N-linked and 15 O-linked glycosylation 
sites. Hence, for recombinant production yeast- and mammal-based 
expression systems are more preferred. According to TMHMM 2.0 
server result, no transmembrane domain was in the sequence, suggest-
ing better antigen presentation accompanied by rapid response (Ghaffari 
et al. 2020). In general, the presence of hydrogen bonds in a polypeptide 
chain between amino hydrogen and carboxyl oxygen represents the 
secondary structure, with frequent α-helices and β-structures (Yadav 
et al. 2017). Also, present bonds and interactions in a given protein 
defines tertiary structure. The presence of alpha helix and beta-turn 
inside the protein structure having high hydrogen-bond energy could 

Fig. 3. Protein 3D modelling and validation. (A) The final tertiary model of the EgMyophilin gathered following homology modelling by I-TASSER web server, as 
shown in ribbon and surface. (B) Ramachandran plot analysis of the initial model by MolProbity, 62.3% and 81.3% of the residues in favored and allowed areas, 
respectively. (C) MolProbity results for the refined model showed 96.2% and 99.5% of the residues in favored and allowed regions, respectively. 

Table 1 
The final screening of selected linear B-cell epitopes from EgMyophilin.  

B-cell epitopes Antigenicity Allergenicity Solubility 

EAASAQEEKV 0.8232 No Good 
PKPYVRPRFTAHQP* 1.1243 No Good 
TAHQPDGSG* 1.0281 No Good 
QVKKKLEGKRDKDQENEALE* 1.2482 No Good 
FKTITGPNMGGKSTY − 0.1164 No Poor 
PFLNSIK 0.5576 No Poor 
FLNSSSA − 0.5644 No Poor 
KRGWGGR* 2.1310 No Good 
VFQRSPSGSSS 0.3613 No Good 
IPDSDVVM − 0.0094 No Good 
RTCQTHPEYSGP 0.9299 Yes Good 
THPEYSGPVLGPKL 1.2754 No Poor 
LQYGSNKGA − 0.0392 No Poor 
SQAGINMGK − 0.1268 No Good 
IKKINENATMP − 0.3064 No Good 
ERHNALKEEYAKTQ 0.8637 No Good 

(*) indicates potent epitopes selected. 
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maintain the protein conformation and, therefore, make a good inter-
action with antibodies (Shaddel et al. 2018). Secondary structure pre-
diction revealed three major secondary structure constituents in the 
sequence, comprising 42.94% alpha helix, 42.82% random coil and 
41.23% extended strand. Subsequently, the I-TASSER server of Zhang 
Lab was used to automatically generate high-quality model predictions 
of 3D structure from the amino acid sequence of EgMyophilin. The 
server provided Top 5 models in PDB which were structurally closest to 
the submitted sequence. “To select the final models, I-TASSER uses 
SPICKER program to cluster all the decoys based on the pair-wise 
structure similarity, and report up to five models which corresponds 
to the five largest structure clusters and a C-score of higher value sig-
nifies a model with a high confidence” (Roy et al. 2010). In present 
study, model number 1 was chosen as the best-fit model, having a C- 
score of 1.68, estimated TM-score of 0.51 ± 0.15 and estimated RMSD of 
12.6 ± 4.3 Å. In the following, 3D selected model was further subjected 
to refinement server for establishment and repacking side chains, which 
significantly improve the overall quality of the structure. GalaxyRefine 
outputs including GDT-HA (0.9673), RMSD (0.373), MolProbity 
(1.803), Clash score (10.6), Poor rotamers (0.6) and Rama favored 
(96.2), directed us to the selection of model 4 as the best refined 
structure. Subsequent validations using ERRAT and MolProbity servers 
showed relative improvement in the vaccine sequence, comparable to 
the crude model. 

Induction of acquired immunity, i.e. humoral and cellular responses, 
is a crucial step to prevent and/or control the infection (Zhang et al. 
2012). In silico vaccination approaches provide a basis to directly induce 
such immunological pathways to confine the parasite. We performed a 
cross-checking procedure to predict and screen the potent linear B-cell 
epitopes using BCPREDS, BepiPred 2.0, ABCpred and SVMTriP web 
servers. Finally, four potential epitopes were marked with the highest 
antigenicity scores, good solubility and without allergenicity, 
comprising “KRGWGGR” (2.1310), “QVKKKLEGKRDKDQENEALE” 
(1.2482), “PKPYVRPRFTAHQP” (1.1243) and “TAHQPDGSG” (1.0281). 
Moreover, seven conformational B-cell epitopes were determined using 
ElliPro tool of IEDB server, which are important in terms of antigen- 
antibody interactions. With respect to cellular immunity, prediction of 
potent epitopes with special binding capacity to T CD4

+ (HLA- 
DRB1*01:02, DQA1*05:01/DQB1*03:01) and CD8

+ (HLA-A*02:01, HLA 
A*24:02) cells was done and epitopes were selected based on their 
percentile ranks. Further, we used hydrophobicity, as a feature of 

Table 2 
Specific B-cell linear epitopes of EgMyophilin based on different physico- 
chemical parameters predicted by the Bcepred web server (Threshold 0.51%).  

Physico- 
chemical 
parameter 

B-cell epitopes 

Hydrophilicity EAAKENE, ESAEGVG, QSTEMSR, KEEYAKTQ, 
TAHQPDGSGGGI, NMGGKST, RGTSTYDG, QRSPSGSSSNIPDSD, 
EAASAQEEKVES, PSPSQEKSQTDVGA, SNSNKGDGEL, 
KRSGREHGE, EGKRDKDQENEAL, ATENKRE, QYGSNKGASQAG 

Flexibility PFLNSIK, RCQSTEMSRLS, TAHQPDGSG, TGPNMGGK, 
DELGRGT, EVFQRSPSGSSS, EAASAQEEKV, VDVPSPSQEKSQ, 
EQALSNSNKGD, VAMGNVKRSGREH, YQVKKKLEGKRDKDQE, 
TGLKLDR, PKLATENK, LQYGSNKGA 

Accessibility DLEAAKENEF, VRPDFDEA, REFEEVS, KRGWGGR, EPGKSIKLES, 
TLKMEKQIRG, LKKVDMQKA, 
QSTEMSRLSERHNALKEEYAKTQM, APKPYVRPRFTAHQP, 
HLRDFRHP, NDVHLERGKQIFK, GKSTYIRG, RLATRDS, 
RGTSTYD, NYRVSAEVFQRSPSGSS, DRSYGLQ, ASAQEEKVESL, 
DVPSPSQEKSQTDVG, ALSNSNKGDGE, RDSLTNA, EMLNRPS, 
TTFEVQR, PPPMQSHRW, TFQSNFK, NVKRSGREHGE, 
APALEKQFQQSNF, PSLARSKAMSN, 
LSYQVKKKLEGKRDKDQENEALE, LKLDRSKLYEDILKD, 
IKKINENATMP, DLFEKKDIAQ, RTCQTHPEYSGP, 
PKLATENKREFTEQQLREGQN, LQYGSNKGASQ, 
INMGKQRMIMD 

Turns ALSNSNKGD, FLNSSSA 
Exposed surface TLKMEKQIR, KKVDMQK, LKEEYAKTQ, PKPYVRPR, QEEKVES, 

PSPSQEKSQTD, KRSGREH, EKQFQQSN, 
SYQVKKKLEGKRDKDQENEA, LKLDRSKLYED, IKKINENA, 
DLFEKKDIAQ, KLATENKREFTEQQLRE 

Polarity DLEAAKENEFIVRPDFDEALQSVKEHLEAVEADIFREFEEVS, 
KRGWGGR, KSIKLES, RVTLKMEKQIRGI, KKVDMQK, 
EMSRLSERHNALKEEYAKTQ, KPYVRPRFTAH, 
IHLRDFRHPCLEF, NDVHLERGKQIFK, SEHLACHV, 
FATHFHELTS, ASAQEEKVESLW, VVAERLRAGLEEVLEQA, 
NVKRSGREHGEIMDRCR, SYQVKKKLEGKRDKDQENEALEWIE, 
LKLDRSKLYEDILKDG, CIKKINENA, VDLFEKKDIAQ, 
KLATENKREFTEQQLREG 

Antigenic 
propensity 

VSLPYGPPLPFL, VGYFLRVTLK, KTQMCIVKEIL, GYLEPLY, 
QLDVVVSLAV, DFRHPCLEFQDGVSVIPNDVH, RGTGVVV, 
RDSLVIVDELG, CHVGCFSLF, HLLPGLV, 
IPDSDVVMLYKVEPGVCD, GLPSDLV, KVESLWVR, GVDVPSPS, 
FEVQRCSPVDIPPP, LGHLPSL, VPPPSGLSYQVKK, 
KDGTVLCKLMN, KGYGVPV, LFQTVDLF, YSGPVLGPKL, 
GQNVVSLQYGS  

Fig. 4. Predicted conformational B-cell epitopes by ElliPro tool of IEDB analysis Resource. Length and score of each epitope are as follows: 1) 52 residues (0.797); 2) 
114 residues (0.754); 3) 17 residues (0.663); 4) 12 residues (0.636); 5) 3 residues (0.619); 6) 40 residues (0.524); and 7) 3 residues (0.517). 
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immunogenic T-cell epitopes (Chowell et al., 2015), along with antige-
nicity and allergenicity to select the final potent epitopic regions. 
Consequently, five epitopes with highest antigenicity and hydropho-
bicity were determined including “GLPSDLVAEA” (1.5709), “FMAEM-
LETAA” (0.9668), “GYGVPVADLF” (1.2400), “SLPYGPPLPF” (0.6641) 
and “VVVSLAVAAVSAPKP” (0.5650). In total, such qualified epitopes 
alone or combined with epitopes from other candidate antigens could be 
used to engineer a potent multi-epitope vaccine construct to be evalu-
ated against CE in future studies. 

5. Conclusion 

Still, many parts of the globe, particularly underdeveloped sheep- 
raising countries, suffer from the chronic CE and its serious conse-
quences. Thus, developing immunization strategies is highly recom-
mended in such areas of endemicity. The present computer-aided 
investigation was performed to accurately decipher immunodominant 
B-cell and HLA-binding epitopes of EgMyophilin and to characterize the 
substantial biochemical features of the protein. In the next step, it is 
suggested to confirm the proposed vaccine candidate regarding cross- 
reaction, effective dose, lymphocyte proliferation, total antibody ti-
ters, and cytokine production assays as well as potential toxicity in the 
context of proper animal model challenges. Actually, the findings of the 
present in silico could theoretically assist for future immunization 
against CE in the context of in vivo experiments. 
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