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I-TASSER	 	Iterative	Treading	ASSEmbly	Refinement
GDT-HA  global distance test-high accuracy
RMSD  root mean square deviation
SVM  Support vector machine
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IEDB  Immune Epitope Database
MHC  Major histocompatibility complex
BoLA  Bovine Leukocyte Antigen
PTM	 	Post-translational	modification

  Morteza Shams
Shamsimorteza55@gmail.com

1 Department of Parasitology and Mycology, School of 
Medicine, Isfahan University of Medical Sciences, Isfahan, 
Iran

2 Department of Parasitology, School of Medicine, Hamadan 
University of Medical Sciences, Hamadan, Iran

3 Department of Internal Medicine, Faculty of Veterinary 
Medicine, University of Tehran, Tehran, Iran

4 Faculty of Veterinary Medicine, Garmsar Branch, Islamic 
Azad University, Garmsar, Iran

5 Doctor of Veterinary Medicine student, Sanandaj Branch, 
Islamic Azad University, Sanandaj, Iran

6 Zoonotic Diseases Research Center, Ilam University of 
Medical Sciences, Ilam, Iran

7 Doctorate in Veterinary Medicine, Head of Zabol Veterinary 
Network, Zabol, Baluchistan, Sistan, Iran

Abstract
Tropical theileriosis is a protozoan infection caused by Theileria annulata,	which	significantly	affects	cattle	worldwide.	
This study was aimed to analyze the TaSPAG1 protein and design a novel multi-epitope vaccine candidate. Online tools 
were employed for the prediction of Physico-chemical properties, antigenicity, allergenicity, solubility, transmembrane 
domains	and	signal	peptide,	posttranslational	modification	(PTM)	sites,	secondary	and	tertiary	structures	as	well	as	intrin-
sically	disordered	regions,	followed	by	identification	and	screening	of	potential	linear	and	conformational	B-cell	epitopes	
and	 those	peptides	having	affinity	 to	bind	bovine	major	histocompatibility	complex	class	 I	 (MHC-I)	molecules.	Next,	a	
multi-epitope	vaccine	construct	was	designed	and	analyzed.	This	907-residue	protein	was	hydrophilic	 (GRAVY:	-0.399)	
and	acidic	(pI:	5.04)	in	nature,	with	high	thermotolerance	(aliphatic:	71.27).	Also,	5	linear	and	12	conformational	B-cell	
epitopes along with 8 CTL epitopes were predicted for TaSPAG1. The 355-residue vaccine candidate had a MW of about 
35 kDa and it was antigenic, non-allergenic, soluble and stable, which was successfully interacted with cattle MHC-I mol-
ecule	and	finally	cloned	into	the	pET28a(+)	vector.	Further	wet	studies	are	required	to	assess	the	vaccine	efficacy	in	cattle.
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Introduction

Theileriosis is a serious vector-borne disease caused by 
Theileria	parasites	with	significant	morbidity,	mortality	and	
clinical	disorders	among	affected	animals	(Majidiani	et	al.	
2016).	Hard	ticks	transmit	the	parasitic	agents	to	the	domes-
tic and wild ruminants in tropical and subtropical countries 
as	the	main	host	species	(Gharbi	et	al.	2020).	Several	Thei-
leria spp. may infect ruminants, but only a few cause severe 
or malignant clinical disease and major economic losses, 
including Theileria lestoquardi	(small	ruminants),	T. annu-
lata and T. parva	(cattle	and	buffalo)	(Stuen	2020).	Theileria 
annulata is the causative agent of tropical theileriosis, which 
is transmitted by various species of Hyalomma, mostly in 
the Mediterranean Basin, the Middle East, northeast Africa, 
southern	Asia	and	India	(Bishop	et	al.	2004).	The	life	cycle	
includes	a	host	animal	(ruminant)	in	which	asexual	replica-
tion of blood stages occurs and a tick vector within which 
sexual	 multiplication	 happens	 (Bishop	 et	 al.	 2004).	 The	
infective sporozoites are inoculated while blood-feeding of 
infected ticks, which subsequently invade host leukocytes. 
At this stage, some Theileria	species	(T. annulata, T. parva, 
T. lestoquardi)	 transform	 the	 cell	 and	 force	 it	 to	multiply	
indefinitely	while	harboring	parasites.	These	cellular	struc-
tures are the so-called schizonts, being frequently seen 
in	 the	 circulating	 blood	 (Dobbelaere	 and	Heussler	 1999).	
Upon leukocyte lysis, merozoites are released and invade 
erythrocytes to undergo merogony. Finally, tick vectors 
suck up the blood stages, including merozoites and gametes, 
to	complete	the	life	cycle	(Sivakumar	et	al.	2014).

The	disease,	theileriosis,	is	defined	by	leukocyte	lympho-
proliferation, anemia, fever and lymph node enlargement, 
low milk productivity and loss of carcass quality. Due to 
the fatal, acute nature of the infection in vulnerable stocks, 
untreated animals may succumb to death 3–4 weeks post-
infection	 (Gharbi	 et	 al.	 2006; Irvin and Morrison 1987; 
Norval et al. 1991).	Utilization	of	acaricides	for	vector	con-
trol, chemotherapeutic agents to combat the parasites and 
vaccination to prevent the infection are three major control 
measures against theileriosis. The application of acaricides 
is	only	efficacious	at	the	community	level	and	for	long	peri-
ods	(Kar	and	Srivastava	2018).	Buparvaquone,	parvaquone	
and halofuginone are the main treatment options against 
theileriosis;	however,	they	are	only	effective	against	initial	
stages	(McHardy	et	al.	1985)	of	infection	and	the	develop-
ment	 of	 resistant	 parasites	 is	 a	matter	 of	 concern	 (Mhad-
hbi et al. 2010).	Only	a	live	attenuated	vaccine	is	available	
for theileriosis, which requires cold-chain storage. Also, 
some vaccinated immunocompromised cattle may play as a 
provenance for the transmission of Theileria to other cattle 
(Maritim	et	al.	1989; Pipano and Tsur 1966).	Because	of	the	

shortcomings of such measures, vaccination seems essential 
for	improved	disease	control	(Nene	and	Morrison	2016).

Today, next-generation vaccine design is a pioneer pro-
cedure	to	develop	more	efficacious	and	affordable	vaccines,	
based on identifying novel antigenic proteins/epitopes in the 
organism and engineering those immunodominant regions 
in	the	context	of	multi-epitope	vaccine	constructs	(Asghari	
et al. 2022; Kallerup and Foged 2015).	This	kind	of	vaccine	
research	is	desirable	to	produce	a	highly	efficient	immuni-
zation approach against tropical theileriosis in cattle herds. 
Theileria annulata	sporozoite	surface	antigen	1	(TaSPAG1)	
is encoded by single-copy genes, and it is a principal compo-
nent	of	the	sporozoite	membrane	(Williamson	et	al.	1989).	
This protein plays a critical role in host cell recognition and 
invasion	(Nene	and	Morrison	2016).	Hence,	in	the	present	
in silico study, TaSPAG1 was selected to reveal further its 
immunogenic epitopes and biochemical characteristics, 
employing them towards multi-epitope vaccine design.

Methods

Retrieval of TaSPAG1 protein sequence

The amino acid sequence of TaSPAG1 protein was obtained 
using the UniProtKB database, available at https://www.
uniprot.org/	(Consortium	2015),	under	the	accession	num-
ber of Q26675.

Prediction of antigenicity, allergenicity, solubility 
and physico-chemical properties

Prediction of antigenicity is the main step in the identify-
ing of a promising vaccine candidate. For this purpose, 
two	 web	 servers,	 including	ANTIGENpro	 (http://scratch.
proteomics.ics.uci.edu/)	and	VaxiJen	v2.0	(http://www.ddg-
pharmfac.net/vaxijen/),	were	employed,	which	apply	differ-
ent	machine-learning	methods	to	identify	antigens	(Asghari	
et al. 2021c; Asghari et al. 2021d; Doytchinova and Flower 
2007; Magnan et al. 2010).	 A	 proper	 vaccine	 candidate	
should not represent allergenicity. Hence three web servers 
were used to predict allergenicity in the protein sequence, 
including	 AllerTOP	 v2.0	 (http://www.ddgpharmfac.net/
AllerTOP),	 AllergenFP	 v1.0	 (https://ddgpharmfac.net/
AllergenFP/)	 and	 AlgPred	 (http://crdd.osdd.net/raghava/
algpred/).	In	order	to	spot	the	IgE	epitopes,	MEME	(Multi-
ple	Em	for	Motif	Elicitation)/MAST	(Motif	Alignment	and	
Search	Tool)	allergen	motifs	were	utilized	by	the	AlgPred	
webserver	to	predict	allergens	(Sharma	et	al.	2020).	More-
over, an alignment-free approach with Mathews correlation 
coefficient	of	0.759	is	employed	by	AllergenFP	v1.0	server,	
while AllerTOP v2.0 exploits several machine learning 
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methods, comprising k-nearest neighbors, cross variance 
transformation	and	E	descriptors	(Dimitrov	et	al.	2014a, b).	
Finally,	ExPASy	ProtParam	server	(https://web.expasy.org/
protparam/)	was	used	to	estimate	some	important	Physico-
chemical properties of TaSPAG1 such as molecular weight 
(MW),	the	number	of	negatively	and	positively-charged	res-
idues,	aliphatic	and	instability	indices,	isoelectric	point	(pI),	
half-life	 and	 grand	 average	 of	 hydropathicity	 (GRAVY)	
(Gasteiger	et	al.	2005; Shams et al. 2021b).

Prediction of post-translational modification (PTM) 
sites of TaSPAG1

A number of PTM sites were predicted for TaSPAG1 pro-
tein, including Phosphorylation, O-glycosylation, N-glyco-
sylation and GPI anchor prediction. For this purpose, the 
DTU	Health	Tech	Services	(Denmark)	online	tools,	includ-
ing NetPhos, NetOGlyc, NetNGlyc and NetGPI, were used, 
respectively	 (https://services.healthtech.dtu.dk/).	 The	 “All	
Asn residues” option was used for NetNGlyc 1.0 predic-
tion, while default parameters were applied to NetOGlyc 
4.0 server.

2.4. Signal peptide and transmembrane domain 
prediction

Prediction of the putative signal peptide in the protein 
sequence was done using the SignalP web server, avail-
able at http://www.cbs.dtu.dk/services/SignalP/. Moreover, 
transmembrane domains were predicted by TMHMM 2.0 
web	 tool	 of	 DTU	 Health	 Tech	 Services	 (https://services.
healthtech.dtu.dk/).

Prediction of TaSPAG1 secondary structure and 
disordered regions

The secondary structure of the TaSPAG1 protein was pre-
dicted by utilization of the NetSurfP-2.0 tool of DTU Health 
Tech Services, available at https://services.healthtech.dtu.
dk/. This Server predicts the surface accessibility, secondary 
structure, disordered regions, and phi/psi dihedral angles 
of	amino	acids	 in	an	amino	acid	sequence	 (Klausen	et	al.	
2019).

Prediction of three-dimensional (3D) model, 
refinement, validations and solubility analysis

An	Iterative	Treading	ASSEmbly	Refinement	(I-TASSER)	
modality	was	employed	for	a	fine-tuned,	automated	homol-
ogy	modelling	 of	 the	 TaSPAG1	 protein	 (https://zhanglab.
dcmb.med.umich.edu/I-TASSER/)	(Yang	et	al.	2015).	Sub-
sequently,	the	best-fit	3D	model	provided	by	I-TASSER	was	

subjected	 to	 refinement	 analysis	 using	GalaxyRefine	web	
server, being accessible at http://galaxy.seoklab.org/cgi-bin/
submit.cgi?type=REFINE.	Based	on	the	submitted	pdb	file	
as	 the	 initial	model,	 the	server	provides	five	refined	mod-
els based on several parameters, including global distance 
test-high	accuracy	(GDT-HA),	root	mean	square	deviation	
(RMSD),	MolProbity,	Clash	score,	Poor	rotamers	and	Rama	
favored	(Heo	et	al.	2013).	Validation	of	the	refining	process	
was	done	using	Prosa-web	(https://prosa.services.came.sbg.
ac.at/prosa.php)	 (Wiederstein	 and	 Sippl	 2007)	 and	 PRO-
CHECK	 (https://saves.mbi.ucla.edu/)	 servers,	 in	 order	 to	
determine the Z-score and Ramachandran plot analysis of 
the	refined	model	in	comparison	with	the	initially	submitted	
one	(Laskowski	et	al.	1993).	The	protein	solubility	was	cal-
culated using the Protein-Sol web server available at https://
proteinsol.manchester.ac.uk/, which outputs above 0.45 
indicates	higher	solubility	(Hebditch	et	al.	2017).

Prediction of continuous and conformational B-cell 
epitopes

Linear B-cell epitopes were predicted using a multi-step 
approach	(Asghari	et	al.	2021a; Shams et al. 2021a).	For	this	
aim, 14-mer epitopes were initially predicted for TaSPAG1 
using	BCPREDS	server	with	80%	specificity	 (http://ailab.
ist.psu.edu/bcpred/predict.html).	 This	 server	 applies	 sup-
port	 vector	machine	 (SVM)	and	 subsequent	kernel	 (SSK)	
to	predict	epitopes	(El-manzalawy	et	al.	2008).	In	the	next	
step, cross-validation of the predicted epitopes was accom-
plished with the outputs of two other web servers, including 
ABCpred	 (http://crdd.osdd.net/raghava/abcpred/ABC_sub-
mission)	 (Saha	 and	Raghava	2006)	 and	 SVMTriP	 (http://
sysbio.unl.edu/SVMTriP/prediction.php)	(Yao	et	al.	2012).	
Those epitopes being shared among outputs of the above 
servers were selected for further screening with respect to 
antigenicity, allergenicity and water solubility using Vaxi-
Jen	v2.0,	AllerTOP	v2.0	and	PepCalc	web	servers,	respec-
tively. Another server was, also, employed for the prediction 
of	continuous	antibody	epitope	(http://tools.iedb.org/bcell/).	
“Parameters	such	as	hydrophilicity,	flexibility,	accessibility,	
turns, exposed surface, polarity and the antigenic propen-
sity of polypeptides chains have been correlated with the 
location of continuous epitopes. Those residues with higher 
probability to be a part of a linear epitope are colored in yel-
low”	(Vita	et	al.	2019).	Conformational	B-cell	epitopes	are	
highly essential for improved antigen-antibody interactions. 
Hence, they were also predicted using the ElliPro tool of the 
Immune	Epitope	Database	(IEDB)	server	(http://tools.iedb.
org/ellipro/)	(Ponomarenko	et	al.	2008).
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In addition, NetSurfP-2.0 and I-TASSER servers were 
employed to analyze the secondary and tertiary structures 
of	 the	designed	vaccine	candidate.	Upon	refinement	using	
GalaxyRefine	server,	the	most	appropriate	refined	3D	vac-
cine model was further validated through Prosa-Web and 
PROCHECK online tools.

Conformational B-cell epitope prediction and 
molecular docking with bovine MHC-I

Conformational	B-cell	 epitopes	 are	 important	 for	 specific	
antibody responses against vaccine molecule, so they were 
predicted using a highly-reliable web tool, ElliPro of IEDB 
server. In the following, a protein-protein docking was per-
formed to assess possible interactions between the designed 
multi-epitope vaccine model and bovine MHC-I molecule 
as	 receptor	 (PDB	ID:	2XFX).	The	most	populated	cluster	
with high energy was chosen for visualization of the resi-
due-by-residue interactions.

Reverse translation, codon adaptation and in silico 
cloning

Higher protein yields produced by the E. coli expres-
sion system is a vital step for subunit vaccine production. 
Accordingly, reverse translation and codon optimization 
were accomplished using reverse translate tool of sequence 
manipulation	 suite	 (https://www.bioinformatics.org/sms2/
rev_trans.html)	 and	 JCat	 server	 (http://www.jcat.de/),	
respectively. The latter demonstrates the codon adapta-
tion	 index	 (CAI)	 and	 GC	 content	 of	 a	 submitted	 DNA	
sequence, which are necessary for high-throughput expres-
sion in the respective host. Here, we optimized the codons 
for enhanced protein expression in E. coli K12 strain using 
pET28a(+)	vector.	Finally,	upon	checking	the	potential	cut-
ting sites of commercially-available restriction enzymes 
through	 NEBcutter	 2.0	 server	 (https://nc2.neb.com/NEB-
cutter2/),	start/stop	codons	and	restriction	sites	of	Eco53KI 
and EcoRV	enzymes	were	added	to	the	5′	and	3′-OH	of	the	
codon adapted vaccine sequence, respectively. The in-silico 
cloning process was performed using SnapGene® v6.2 
software.

Results

General antigenic, allergenic and biochemical 
characteristics of TaSPAG1

Theileria annulata SPAG1 protein was shown to be highly 
antigenic;	 this	 was	 substantiated	 by	 the	VaxiJen	 score	 of	
0.8560 and the ANTIGENpro score of 0.938922. Moreover, 

Prediction and screening of epitopes capable to 
bind cattle major histocompatibility complex 
(MHC)-I molecule

All epitope predictions were made using the MHC-I binding 
epitope	prediction	tool	of	the	IEDB	server	(http://tools.iedb.
org/mhci/),	and	the	cow	was	selected	as	the	main	host	spe-
cies for T. annulata. The lower percentile rank demonstrated 
a higher capacity for the epitope to bind the respective MHC 
molecule. Based on this, nine bovine leukocyte antigen 
(BoLA)	 alleles	 including	BoLA-1:00901,	 BoLA-2:00501,	
BoLA-3:05002,	 BoLA-4:02401,	 BoLA-5:00301,	 BoLA-
6:01501,	BoLA-AW10,	BoLA-T2a	 and	BoLA-JSP.1	were	
used with subsequent screening in terms of antigenicity, 
allergenicity	 and	 toxicity	 using	VaxiJen	 v2.0,	AllergenFP	
v1.0	 and	 ToxinPred	 (https://webs.iiitd.edu.in/raghava/tox-
inpred/algo.php)	web	servers,	respectively.

Molecular docking analysis of the TaSPAG1 protein 
and bovine MHC-I

The online computerized docking procedure was performed 
using	ClusPro2	web	server	using	refined	TaSPAG1	protein	
and	cattle	MHC-I	(PDB	ID:	2XFX)	in	order	to	estimate	the	
binding	affinity	between	both	molecules.	The	server	output	
provides top-rank clusters, among which the most popu-
lated docking pose with highest energy was selected for 
visualization.

Multi-epitope vaccine design

After a computer-based multi-step prediction and screening 
of	specific	epitopes,	a	multi-epitope	vaccine	was	designed	
using selected B-cell and bovine MHC-I epitopes. To 
enhance the immunogenicity of the vaccine, 50 S ribosomal 
protein L7/L12 of Mycobacterium tuberculosis	(Accession	
No:	P9WHE3)	was	added	as	genetic	adjuvant	to	the	N-ter-
minal of the vaccine sequence. Also, a 6×histidine	 (His-
tag)	 sequence	 (CATCACCATCACCATCAC)	 was	 added	
C-terminally	for	future	protein	purification.	It	is	noteworthy	
that	 “EAAAK”,	 “GPGPG”	and	 “AAY”	 linkers	were	used	
to connect adjuvant, B-cell and MHC-I epitopes together, 
respectively.

Basic characteristics and structural analysis of the 
designed vaccine candidate

The antigenicity, allergenicity and solubility of the multi-
epitope	vaccine	were	predicted	using	VaxiJen	v2.0,	Aller-
genFP and AllerTOP as well as Protein-Sol web servers, 
respectively. Physico-chemical properties of the vaccine 
model were, also, forecasted using ProtParam web tool. 
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0.93,	Norm	Z-score:	2.66)	was	 chosen.	Also,	 the	 selected	
model had a C-score of -1.77, an estimated TM-score of 
0.50 ± 0.15 and an estimated RMSD of 13.1 ± 4.2 Å. Gal-
axyRefine	 server	 provided	five	 refined	models,	 and	based	
on several criteria mentioned before, we selected model 
number	one	for	further	validations.	This	refined	model	pos-
sessed GDT-HA of 0.8881, RMSD of 0.580, MolProbity of 
2.592, Clash score of 23.4, Poor rotamers of 0.7 and Rama 
favored	of	80.2.	Finally,	the	quality	of	the	refined	model,	as	
compared with the crude model, was evaluated using two 
servers.	The	 Z-score	 of	 the	 crude	model	 (-1.31)	was	 sig-
nificantly	increased	in	the	refined	model	(-2.35).	Moreover,	
Ramachandran plot analysis showed that in crude model 328 
(47.3%),	270	(39.0%),	67	(9.7%)	and	28	(4.0%)	of	residues	
are appointed to the most favored, additional allowed, gen-
erously allowed and disallowed regions, respectively. Upon 
refinement,	 the	 arrangement	 of	 the	 residues	was	 changed	
as	471	(68.0%),	175	(25.3%),	17	(2.5%)	and	30	(4.3%)	in	
the most favored, additional allowed, generously allowed 
and disallowed regions, respectively. A considerably high 
solubility score was calculated for TaSPAG1, with predicted 
scaled	solubility	of	0.652	(Fig.	1).

Linear and conformational B-cell epitopes

Multi-step approach showed 15 shared epitopes predicted 
using	three	web	servers	(ABCpred,	BCPREDS	and	SVM-
TriP)	(Supplementary File 3).	Among	these,	five	epitopes	
were potentially antigenic, non-allergenic with acceptable 
water	 solubility,	 including	 “TTTTTTSSGKPSDQ”	 (Vaxi-
Jen	score:	1.8820),	“SEGEDDDDEEEEEE”	(VaxiJen	score:	
2.1164),	 “DQTSGSGSKGTE”	 (VaxiJen	 score:	 1.7398),	
“SSASPTSPT”	(VaxiJen	score:	1.5176)	and	“GPIPSPGD”	
(VaxiJen	score:	0.5559)	(Table	1).	Also,	ElliPro	tool	demon-
strated 12 conformational B-cell epitopes in TaSPAG1 with 
the	 following	 lengths	 and	 scores:	 (1)	 129	 residues,	 score:	
0.759;	(2)	143	residues,	score:	0.735;	(3)	59	residues,	score:	
0.715;	(4)	80	residues,	score:	0.698;	(5)	33	residues,	score:	
0.602;	 (6)	 6	 residues,	 score:	 0.581;	 (7)	 8	 residues,	 score:	
0.57;	 (8)	 23	 residues,	 score:	 0.557;	 (9)	 7	 residues,	 score:	
0.553;	(10)	3	residues,	score:	0.542;	11)	6	residues,	score:	
0.526,	and	12)	10	 residues,	 score:	0.509	(Supplementary 
File 4).	Moreover,	 linear	 antibody	 epitope	prediction	was	
done using B-cell tool of the IEDB server, with regard to 
beta-turn,	 accessibility,	 flexibility,	 antigenicity	 and	 hydro-
philicity	(Supplementary File 5).

Prediction of cattle MHC-I binding epitopes

The top three MHC-I binding epitopes that were strong 
binders	(lower	percentile	ranks)	were	predicted	for	several	
BoLA molecules. Among these, 8 epitopes were shown 

the protein neither was allergenic nor had IgE epitopes and/
or MEME/MAST motifs. Based on the ProtParam server 
output, this 907-residue protein had 12,903 atoms, a molec-
ular	weight	of	91885.12	Dalton,	with	most	residues	(104)	as	
negatively	charged	 (Asp	+	Glu),	whereas	only	81	 residues	
were	positively-charged	(Arg	+	Lys).	The	estimated	half-life	
was	30	h	(mammalian	reticulocytes,	in	vitro),	>	20	h	(yeast,	
in	vivo)	and	>	10	h	(Escherichia coli,	in	vivo).	Based	on	the	
computed theoretical pI of 5.04, TaSPAG1 was relatively 
acidic.	The	instability	index	of	41.68	classified	the	protein	
as	 unstable.	 Furthermore,	 the	 aliphatic	 index	 (71.27)	 and	
GRAVY	 score	 (-0.399)	 demonstrated	 that	 this	 protein	 is	
highly thermotolerant and hydrophilic.

Prediction of transmembrane domain, signal 
peptide and PTM sites

Based on TMHMM server output, there was one transmem-
brane domain in the sequence. Also, the SignalP server 
demonstrated that a signal peptide is present within the pro-
tein	sequence,	with	a	high	probability	(0.8123).	The	cleav-
age site for the signal peptide was embedded somewhere 
between 18 and 19 positions. With respect to PTM sites, 
there were 138 O-glycosylation regions and 3 N-glycosyl-
ation sites. Also, it was a GPI-anchored protein, based on 
the NetGPI server result, with the likelihood of 0.509. Of 
note,	 the	 protein	 had	 several	 phosphorylation	 sites	 (121	
regions);	in	detail,	serine,	tyrosine	and	threonine	phosphor-
ylation sites were calculated to be 80, 39 and 2, respectively 
(Supplementary File 1).

Prediction of secondary structures and disordered 
regions

NetSurfP-2.0	 server	 was	 used	 for	 a	 fine-tuned	 secondary	
structure prediction. The output revealed that over half of 
the protein sequence, particularly between 1 and 545 amino 
acid residues, was structurally disordered. Such disordered 
areas were relatively surface accessible, while other areas 
were buried. Most of the sequence was constituted by ran-
dom	coils	(mostly	between	1	and	547	residues)	followed	by	
helices, whereas few areas were predicted to be extended 
strand	(Supplementary File 2).

3D structure homology modelling, refinement, 
validations and solubility analysis

I-TASSER	 server-generated	 top-five	 structural	 conforma-
tions, among which the model with the highest C-score 
(high	 confidence)	was	 selected	 as	 the	 final	TaSPAG1	 ter-
tiary structure. Among top 10 threading templates used by 
I-TASSER,	template	7qfpA	(Iden1:	0.09,	Iden2:	0.19,	Cov:	
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Protein-protein docking analysis between TASPAG1 
and cattle MHC-I

The piper-based ClusPro 2.0 web server provided a number 
of	docking	poses	between	the	cattle	MHC-I	molecule	(PDB	
code:	2XFX)	as	receptor	and	the	refined	protein	structure.	
The	first	 ranked,	 highly	 populated	 (70	members)	 docking	
cluster	with	the	highest	binding	score	(-973.3)	was	chosen	
for further visualization of the molecular interactions and 

to be antigenic, non-allergenic and non-toxic, comprising 
“LSQTGLGPSGSH”	 (VaxiJen	 score:	 0.9975),	 “SQTGL-
GPSGSHA”	 (VaxiJen	 score:	 1.1970),	 “SSASPTSPTTTL”	
(VaxiJen	 score:	 0.9973),	 “SFQEPVSQELEF”	 (VaxiJen	
score:	0.5648),	“KLLGSGFEVASI”	(VaxiJen	score:	0.9138),	
“TSPTTTLSQTGL”	 (VaxiJen	 score:	 0.5101),	 “VTLE-
SAVTQPSK”	(VaxiJen	score:	0.7541)	and	“SAVTQPSKD-
PFK”	(VaxiJen	score:	0.9265)	(Table	2).

No. Shared B-cell epitopes VaxiJen	antige-
nicity score

AllergenFP allerge-
nicity prediction

PepCalc 
water 
solubility 
prediction

1 GVGVPGVGGVPGVG 0.1574 Allergen Poor
2 PGVGVPGVGVPG 1.8473 Non-allergen Poor
3 TTTTTTSSGKPSDQ* 1.8820 Non-allergen Good
4 SEGEDDDDEEEEEE* 2.1164 Non-allergen Good
5 DEDDDDDEEEEEDD 1.8020 Allergen Good
6 SKNGKGSPKAQPGV 1.1911 Allergen Good
7 DQTSGSGSKGTE* 1.7398 Non-allergen Good
8 LNTIPDKVGREF -1.4691 Non-allergen Good
9 QQDPAPSKP 0.4336 Non-allergen Good
10 LVKDVSEE 0.5285 Allergen Good
11 VGVAPGVGV -0.6451 Allergen Poor
12 LSSITNSVYSLIK 0.5128 Non-allergen Poor
13 SASQTSPTTT 0.8422 Non-allergen Poor
14 SSASPTSPT* 1.5176 Non-allergen Good
15 GPIPSPGD* 0.5559 Non-allergen Good

Table 1	 The	final	screening	of	
shared linear B-cell epitopes from 
T. annulataSPAG1.

(*)	indicates	antigenic,	non-aller-
genic epitopes with potential 
good water solubility

 

Fig. 1	 Homology	modelling	(A),	3D	model	validations	(B, C)	and	solubility	analysis	(D)	of	TaSPAG1
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servers. According to the Protein-Sol web tool, the vaccine 
demonstrated	 considerable	 solubility	 (0.802).	 ProtParam	
server revealed that the vaccine had a MW of 35214.85 Dal-
ton,	with	a	relatively	acidic	theoretical	pI	(4.36).	Moreover,	
the vaccine model possessed considerable half-life in mam-
malian	 reticulocytes	 (30	 h),	was	 stable	 (Instability	 index:	
38.51),	 highly	 thermotolerant	 (aliphatic	 index:	 64)	 and	
hydrophilic	in	nature	(GRAVY:	-0.203).

Secondary structure analysis of the vaccine model using 
NetSurfP-2.0 server showed the predominance of exposed 
areas and disordered regions, and coils followed by helices 
were abundant in the sequence. Next, I-TASSER server was 
used for 3D model prediction, and the output showed model 
number 1 as the best predicted model for the designed vac-
cine,	with	the	highest	C-score	(-2.31),	estimated	TM-score	
of 0.44 ± 0.14 and RMSD of 12.0 ±	4.4	 Å	 (Fig.	 3B&C).	
Based on Prosa-Web, the Z-score was improved from − 2.78 
(crude)	 to	 -3.04	(refined).	 In	addition,	Ramachandran	plot	
analysis showed improvements in those residues in favored 
(77.9%),	 additional	 allowed	 (15.8%),	 generously-allowed	
(1.8%)	and	disallowed	regions	(4.6%)	in	the	refined	model,	

binding conformation. As illustrated in Fig. 2, the molecular 
interaction	was	observed	among	chains	C	(TaSPAG1)	and	
both	chains	(A	and	B)	of	the	cattle	MHC-I	molecule.	More-
over, the interactions at the amino acid level are provided.

Designing the multi-epitope vaccine candidate

In the present study, a multi-epitope vaccine candidate was 
designed	 using	 five	 potent	B-cell	 and	 eight	 cattle	MHC-I	
binding	epitopes.	To	enhance	the	adjuvancity	and	purifica-
tion rate of the polypeptide, M. tuberculosis 50 S ribosomal 
L7/L12 and H6-tag were added to the N- and C-termini of 
the vaccine sequence. Of note, the vaccine had 355 residues 
in	length	(Fig.	3A).

Basic and structural properties of the vaccine 
candidate

Based	 on	VaxiJen	 server,	 this	 vaccine	model	 possessed	 a	
high antigenicity score of 0.7871, while it was not shown 
to be allergenic in nature by AllergenFP and AllerTOP web 

Table 2 Prediction of bovine MHC-I-binding epitopes of T. annulataSPAG1 using IEDB server followed by antigenicity, allergenicity and toxicity 
screening
Bovine MHC-I alleles Position T-cell peptide Percentile 

rank
VaxiJen	antige-
nicity score

AllergenFP allerge-
nicity prediction

ToxinPred 
toxicity 
prediction

BoLA-1:00901 43–54 LSQTGLGPSGSH* 1.5 0.9975 Non-Allergen Non-Toxin
44–55 SQTGLGPSGSHA* 2.0 1.1970 Non-Allergen Non-Toxin
2–13 LDELVKDVSEEH 3.2 0.3472 Non-Allergen Non-Toxin

BoLA-2:00501 32–43 SSASPTSPTTTL* 1.0 0.9973 Non-Allergen Non-Toxin
31–42 KPSPLVTLESAV 1.4 0.3746 Allergen Non-Toxin
23–34 SSRTPNAKPAEL 2.2 1.1019 Allergen Non-Toxin

BoLA-3:05002 28–39 NAKPAELGPSLV 7.3 0.8086 Allergen Non-Toxin
32–43 SSASPTSPTTTL 8.0 0.9973 Non-Allergen Non-Toxin
27–38 SRTSKPSPLVTL 11 0.4847 Non-Allergen Non-Toxin

BoLA-4:02401 49–60 FLGDFKPKPRRY 1.8 2.0571 Allergen Non-Toxin
32–43 VNKPEELAEFLW 3.0 0.4296 Allergen Non-Toxin
28–39 SFQEPVSQELEF* 3.4 0.5648 Non-Allergen Non-Toxin

BoLA-5:00301 26–37 AQYATNDILSSI 0.68 0.4415 Non-Allergen Non-Toxin
11–22 KQFIFEEVKSLV 1.6 0.2293 Non-Allergen Non-Toxin
43–54 KLLGSGFEVASI* 1.9 0.9138 Non-Allergen Non-Toxin

BoLA-6:01501 34–45 SQELEFQSDTEI 0.99 1.3244 Allergen Non-Toxin
26–37 AQYATNDILSSI 1.2 0.4415 Non-Allergen Non-Toxin
10–21 KELEEAFNSIGL 1.4 -0.2356 Non-Allergen Non-Toxin

BoLA-AW10 37–48 TSPTTTLSQTGL* 0.44 0.5101 Non-Allergen Non-Toxin
32–43 SSASPTSPTTTL 0.6 0.9973 Non-Allergen Non-Toxin
27–38 SRTSKPSPLVTL 0.64 0.4847 Non-Allergen Non-Toxin

BoLA-T2a 35–46 SSITNSVYSLIK 0.33 0.5926 Non-Allergen Non-Toxin
36–57 VTLESAVTQPSK* 0.39 0.7541 Non-Allergen Non-Toxin
40–51 SAVTQPSKDPFK* 0.71 0.9265 Non-Allergen Non-Toxin

BoLA-JSP.1 37–48 TSPTTTLSQTGL 0.12 0.5101 Non-Allergen Non-Toxin
27–38 SRTSKPSPLVTL 0.6 0.4847 Non-Allergen Non-Toxin
32–43 SSASPTSPTTTL 0.86 0.9973 Non-Allergen Non-Toxin

(*)	indicates	potential	high-ranked,	antigenic,	non-allergenic	and	non-toxic	epitopes
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Fig. 3	 The	engineered	vaccine	construct	and	structural	analyses.	(A)	Multi-epitope	vaccine	construct;	(B)	tertiary	structure	prediction	of	the	vac-
cine	candidate	using	I-TASSER	server;	and	(C)	Secondary	structure	prediction	using	NetSurfP-2.0	server

 

Fig. 2 Schematic diagram of the type and the extent of interactions 
between	TaSPAG1	protein	and	cattle	MHC-I	(chains	A and B).	Blue	
line denotes hydrogen bond, red denotes salt bridge and orange striped 
lines denote non-bonded contacts. In cases which the non-bonded con-

tacts are plentiful, the width of the striped line increases depending 
on the number of the non-bonded contacts. The size of each circle is 
proportional to the surface area of the corresponding protein chain
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residues,	 0.602;	 (6)	 20	 residues,	 0.558;	 (7)	 24	 residues,	
0.556;	and	(8)	5	residues,	0.532	(Fig.	4).

Based on the ClusPro server, cluster 0 had the high-
est	number	of	members	 (n	=	160)	 and	 the	highest	binding	
energy	 score	 (-1002.2),	 which	 was	 selected	 as	 the	 best	
docked	 complex	 for	 visualization.	 Significant	 molecular	
interactions were observed between the vaccine and bovine 
MHC-I molecule, prominently with respect to the chain B 
of MHC-I. The interactions at the molecular and amino acid 
levels are illustrated in Fig. 5.

In silico cloning

The reverse-translated vaccine sequence was further codon-
adapted for expression in E. coli	 K12	 strain	 using	 JCat	
server. The output showed substantial improvements in the 
CAI-value and GC%, so that these values were changed 
from 0.62 to 65.35% in the crude sequence, respectively, 
to	1	and	54.74%	in	the	refined	model.	Ultimately,	the	start	
(ATG)	 and	 stop	 (TAA)	 codons	 were	 added,	 along	 with	
Eco53KI	 (GAGCTC)	 and	 EcoRV	 (GATATC)	 restriction	
sites, and the complete DNA sequence of the multi-epitope 
vaccine	model	was	successfully	cloned	into	the	pET28a(+)	
plasmid	using	SnapGene®	v6.2	software	(Fig.	6).

in	comparison	with	those	(53%,	37.9%,	5.6%	and	3.5%)	in	
the crude model.

Non-linear B-cell epitopes and protein-protein 
docking

Based on ElliPro tool, eight conformational B-cell epitopes 
were predicted for the vaccine model, with the following 
residues	and	scores:	(1)	33	residues,	0.887;	(2)	4	residues,	
0.825;	 (3)	31	 residues,	0.82;	 (4)	36	 residues,	0.77;	 (5)	46	

Fig. 5 Schematic diagram of the type and the extent of interactions 
between	vaccine	candidate	protein	and	cattle	MHC-I	(chains	A and B).	
Blue line denotes hydrogen bond, red denotes salt bridge and orange 
striped lines denote non-bonded contacts. In cases which the non-
bonded contacts are plentiful, the width of the striped line increases 
depending on the number of the non-bonded contacts. The size of each 
circle is proportional to the surface area of the corresponding protein 
chain

 

Fig. 4	 Conformation	B-cell	epitopes	present	in	the	final	vaccine	model,	predicted	by	ElliPro	tool
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(Morrison	and	McKeever	2006).	These	practical	disadvan-
tages force us to improve the vaccine design approaches to 
control theileriosis more successfully. Over the past few 
decades, vaccine development technologies have changed 
so that characterization of antigenic fragments and/or epit-
opic regions in a protein that could fruitfully stimulate the 
desired immune responses is the major challenge in the 
post-genomic era. In this sense, computational immuno-
informatics approaches could assist us in virtually analyz-
ing the virulence factors of a given pathogen, e.g. a protein 
compound, for a rational vaccine design in a cost- and time-
effective	manner	(Parvizpour	et	al.	2020).

It is said that cattle may survive a primary Theileria 
infection, with or without treatment; this fact may suggest 
only low-levels of immunological control of infection at 
sporozoite stage, after further challenge with sporozoites 
(Musoke	et	al.	1984).	Nevertheless,	it	is	obvious	that	the	fre-
quent challenge using sporozoites would result in the induc-
tion	of	neutralizing	antibodies	(Musoke	et	al.	1982).	Hence,	
the investigation of sporozoite-stage antigens deserves 

Discussion

Tropical	 theileriosis	significantly	affects	the	cattle	produc-
tion industry in tropics and subtropical regions of the world 
(Sivakumar	et	al.	2014).	The	disease	is	difficult	 to	control	
because of insidious tick vectors in the life cycle and drug 
resistance phenomenon in both ticks and Theileria parasites 
(Gharbi	et	al.	2020).	Therefore,	the	application	of	vaccina-
tion strategies directed towards ticks and parasitic agents 
seems	rational	 to	harness	the	disease	effectively	(Agina	et	
al. 2020).	Live	vaccination	 strategy	 is	 a	 principal	 process	
to prevent Theileria infections in cattle herds. This proce-
dure was initiated in Israel during the 1970s using Theileria-
infected cell lines, which was further developed in several 
other countries such as Iran, Tunisia, India and Turkey using 
native Theileria	isolates	(Darghouth	et	al.	1996; Hashemi-
Fesharki 1988, 1998; Morrison and McKeever 2006).	How-
ever, prolonged cell-culture passage, cryopreservation, 
dose-dependent	effects	and	the	risk	of	disease	development	
by vaccine strains are the major concerns for live vaccines 

Fig. 6 Illustration of the in silico	cloning	process	of	the	final	vaccine	DNA	sequence	into	the	pET28a(+)	vector,	using	Eco53KI and EcoRV restric-
tion sites
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signal peptide demonstrates that a synthesized protein could 
be destined towards several pathways, including excretory-
secretory,	virulence	 factor	or	 surface	proteins	 (Antelmann	
et al. 2001).	On	 this	basis,	 a	 signal	peptide	 sequence	was	
detected with high probability in TaSPAG1. Using the Net-
SurfP-2.0 server, surface accessibility, secondary structure 
and disordered regions were predicted in the submitted pro-
tein sequence. The output showed that half of the protein is 
structurally disordered and surface accessible in nature. Dis-
ordered proteins are highly abundant, mostly dedicated to 
regulatory functions and molecular signaling. Supposedly, 
these regions are likely immunological targets for antibod-
ies, hence they seem to be important in vaccination studies 
(MacRaild	et	al.	2018).	Also,	random	coils	and	helices	were	
the most frequent secondary structures within the protein. 
the random coil is a randomly-oriented polymer conforma-
tion	bonded	 to	nearby	units	 (Smith	et	al.	1996).	Together,	
the protein conformation is maintained and protected during 
molecular interactions using such internally-located struc-
tures	(Shaddel	et	al.	2018).	Based	on	the	I-TASSER	server,	
pair-wise	structure	similarity	reported	five	models,	among	
which	the	first	model	with	the	highest	C-score	(-1.77)	was	
selected with a TM-score of 0.50 ± 0.15 and estimated 
RMSD of 13.1 ± 4.2 Å. The 3D model was further subjected 
to	refinement	and	validation.	According	to	Prosa-Web	and	
PROCHECK	analyses,	the	quality	of	the	refined	model	was	
enhanced	after	refinement,	compared	to	the	crude	model.

In general, innate and adaptive immunity play a substan-
tial	role	in	response	to	different	stages	(sporozoite,	schizonts	
and	merozoites)	of	Theileria infection. Despite a low-level 
production of antibodies against T. annulata sporozoites, 
repeated sporozoite challenge of animals is seemingly capa-
ble of increasing the levels of fully-neutralizing antibodies 
in	 the	 bovine	 circulating	 blood	 (Gray	 and	 Brown	 1981).	
Monoclonal neutralizing antibodies have been produced by 
vaccinating mice using sporozoites; such antibodies recog-
nize SPAG1 protein in T. annulata	(Williamson	et	al.	1989).	
On this basis, we predicted linear and conformational B-cell 
epitopes for TaSPAG1 protein. A multi-step approach was 
conducted to screen linear B-cell epitopes using six web 
servers;	three	web	servers	were	employed	for	the	identifica-
tion	 of	 shared	 epitopes	 (BCPREDS,	ABCpred	 and	 SVM-
TriP),	 and	another	 three	were	used	 for	 screening	 in	 terms	
of	antigenicity,	allergenicity	and	water	solubility	(VaxiJen,	
AllerTOP	 and	 PepCalc).	 The	 output	 showed	 five	 poten-
tially antigenic, non-allergenic epitopes having good water 
solubility,	 comprising	 “TTTTTTSSGKPSDQ”	 (VaxiJen	
score:	 1.8820),	 “SEGEDDDDEEEEEE”	 (VaxiJen	 score:	
2.1164),	 “DQTSGSGSKGTE”	 (VaxiJen	 score:	 1.7398),	
“SSASPTSPT”	(VaxiJen	score:	1.5176)	and	“GPIPSPGD”	
(VaxiJen	 score:	 0.5559).	 Moreover,	 12	 conformational	
B-cell epitopes were predicted for this protein, and most of 

further attention to develop of novel vaccines. Theileria 
annulata SPAG1 is a sporozoite-stage protein homologous 
to its counterpart in T. parva	 (p67	protein),	particularly	in	
N-	and	C-terminals	 (Hall	et	al.	1992; Knight et al. 1996).	
Previously,	the	protective	efficacy	of	TaSPAG1	was	mostly	
focused on the full-length and/or C-terminal fragment 
(SR1),	 including	 neutralizing	 epitopes,	 both	 in	 recombi-
nant	 form	 (Morrison	 and	McKeever	2006).	 Boulter	 et	 al.	
(1999)	showed	reduced	early	parasitemia,	increased	animal	
survival upon challenge, delay in macroschizont formation 
and partial protection following cattle vaccination using 
TaSPAG1	 formulated	with	 different	 adjuvants	 (Boulter	 et	
al. 1999).	Another	 vaccination	 trial	 in	 calves	 using	 TaS-
PAG1 and attenuated T. annulata- infected cell-line showed 
a high rate of recovery in sporozoite-challenged animals 
vaccinated with both TaSPAG1 and infected cell-lines, 
showing	 substantial	 synergistic	 effects	 (Darghouth	 et	 al.	
2006).	 Immunoblotting	evidence	 showed	 that	neutralizing	
constituents elicited by SPAG1 or p67 appear to be cross-
protective against challenge with the reciprocal parasite 
(Hall	et	al.	2000).	This	arises	from	highly-conserved	epit-
opes between two molecules, in spite of only 47% sequence 
similarity	(Knight	et	al.	1996).	Due	to	the	potential	capacity	
of TaSPAG1 to be a vaccine candidate, we further investi-
gated its immunogenic B- and MHC-I binding epitopes in 
this in silico study.

In	the	first	step,	biochemical	characteristics	of	the	TaS-
PAG1 was evaluated using a set of bioinformatics web 
servers. This 907-residue, heavy protein had a MW of 
about 92 kDa, and most of its residues were negatively-
charged	 (Asp	+	Glu).	 It	 is	 said	 that	 charged	 residues	 in	 a	
protein	 play	 a	 significant	 role	 in	 protein	 orientation/posi-
tion	(Kiefer	et	al.	1997; Monné et al. 1998).	The	charge	at	
which the pH turns zero is called pI, which was 5.04 for 
this	protein	(Asghari	et	al.	2021a, b).	The	protein	instabil-
ity	index	(41.68)	showed	that	the	protein	is	only	borderline	
unstable. Moreover, GRAVY score of about − 0.400 and 
aliphatic index of 71.27 showed that TaSPAG1 is hydro-
philic and highly-thermotolerant, respectively. Hydrophilic 
proteins could better interact in the water-based milieu, 
while thermotolerant proteins could withstand higher tem-
peratures. In addition, this protein was proved to be highly 
antigenic, non-allergenic with high solubility. Understand-
ing such preliminary chemical and biophysical properties 
is essential for basic wet-lab experiments. Of the predicted 
PTM sites, O-glycosylation was the most frequent with 138 
regions, followed by phosphorylation sites with 121 regions 
and N-glycosylation with only three regions. Reportedly, 
these PTM regions are crucial in the recombinant produc-
tion process of the proteins, so that eukaryotic expression 
systems	 (yeast,	 insect	 or	mammalian)	 are	more	 preferred	
than	bacterial	hosts	(Rai	and	Padh	2001).	The	presence	of	a	
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being critical for antigen-antibody interactions. The ClusPro 
2.0	output,	 also,	demonstrated	 that	 significant	 interactions	
existed between cattle MHC-I molecule and the designed 
multi-epitope vaccine candidate, particularly between the 
vaccine and chain A of MHC molecule. Finally, the vac-
cine candidate was codon-adapted for E. coli K12 strain and 
successfully	cloned	into	the	pET28a(+)	vector	for	efficient	
protein expression.

Conclusion

Due to the importance of tropical theileriosis in the tropi-
cal and subtropical regions of the globe and its impact on 
the cattle industry, preventive measures such as vaccina-
tion seems necessary. Next-generation vaccine design using 
strictly-screened, highly-antigenic epitopic fragments of 
known T. annulata antigens in the context of unprecedented 
immunization platforms provides novel insights into the 
vaccination against tropical theileriosis. The present in 
silico study highlighted the most important biophysical 
characteristics and novel B-cell and MHC-I binding epit-
opes of TaSPAG1 protein using a set of immunoinformatics 
servers. It was found that conformational antibody determi-
nants are mostly located C-terminally, whereas CD8

+ epit-
opes were located at the N-termini of the protein. As well, 
a remarkable molecular interaction between the TaSPAG1 
protein and cattle MHC class I molecule was estimated. 
Altogether, the information provided here could be further 
directed towards immunization studies alone or combined 
with other immunodominant T. annulata antigens.
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the involved residues were located C-terminally. Such simi-
lar neutralizing epitopes were found in T. parva p67 protein, 
which showed to be equivalently protective, comparable 
to	the	full-length	p67	protein	(Musoke	et	al.	2005).	Previ-
ously,	Boulter	et	al.	(1994)	remarked	that	“the	C-terminus	
of TaSPAG1 is an immunologically-relevant region that can 
be recognized by the bovine immune response, which could 
be	implicated	in	subunit	vaccine	design”	(BOULTER	et	al.	
1994).

A large body of evidence demonstrates that natural killer 
cells,	γδ	and	CD8

+	T	cells	play	a	crucial	role	in	IFN-γ	pro-
duction, which stimulates macrophages to produce nitric 
oxide,	 which	 is	 essential	 for	 parasite	 clearance	 (Agina	 et	
al. 2020).	Also,	adoptive	 transfer	of	established	 immunity	
could be done using CD8

+, but not CD4
+ T cells from immu-

nized animals. This represents the central role of cytotoxic 
T-lymphocyte	 (CTL)	 in	 developing	 immune	 responses	
against Theileria	 agents	 (Kar	and	Srivastava	2018).	Here,	
we	predicted	 the	potential	 epitopes	with	higher	affinity	 to	
bind with bovine MHC-I molecules using the IEDB web 
server.	In	total,	8	different	epitopes	were	shown	to	be	strong	
binders, with high antigenicity scores and without allerge-
nicity	and	toxicity,	including	“LSQTGLGPSGSH”	(VaxiJen	
score:	 0.9975)	 and	 “SQTGLGPSGSHA”	 (VaxiJen	 score:	
1.1970)	 for	BoLA-1:00901,	 “SSASPTSPTTTL”	 (VaxiJen	
score:	 0.9973)	 for	 BoLA-2:00501,	 “SFQEPVSQELEF”	
(VaxiJen	 score:	 0.5648)	 for	 BoLA-4:02401,	 “KLLGS-
GFEVASI”	 (VaxiJen	 score:	 0.9138)	 for	 BoLA-5:00301, 
“TSPTTTLSQTGL”	 (VaxiJen	 score:	 0.5101)	 for	 BoLA-
AW10,	 “VTLESAVTQPSK”	 (VaxiJen	 score:	 0.7541)	 and	
“SAVTQPSKDPFK”	 (VaxiJen	 score:	 0.9265)	 for	 BoLA-
T2a. While predicting several BoLA molecules in the IEDB 
server,	an	 interesting	finding	was	 that	about	all	CTL	epit-
opes were determined N-terminally, between 1 and 55 resi-
dues, mostly between 25 and 50 residues.

In	the	final	step	of	this	study,	a	355-residue,	31.25	kDa	
multi-epitope vaccine candidate was designed using highly 
antigenic, non-allergenic B-cell and bovine MHC-I-binding 
epitopes connected together with appropriate adjuvants and 
M. tuberculosis 50 S ribosomal protein L7/L12 as a genetic 
adjuvant. This vaccine model was shown to be highly anti-
genic	(score:	0.7871),	hydrophilic	(GRAVY:	-0.203),	stable	
(index:	 38.51),	 soluble	 (0.802)	 and	 thermophilic	 (64)	 in	
nature, without allergenic traits. Numerous coils and helices 
existed in the vaccine sequence, as shown by NetSurfP-2.0 
server, and the best predicted 3D model by I-TASSER 
server	possessed	a	C-score	of	-2.31,	which	further	refined	
by	GalaxyRefine	server,	then	validated	by	Z-score	(Prosa-
web	 server)	 and	 Ramachandran	 plot	 (PROCHECK	 tool)	
comparison	 between	 the	 crude	 and	 refined	models.	 Simi-
lar to the naïve TaSPAG1 protein, several conformational 
B-cell epitopes were predicted in the vaccine construct, 
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