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Abstract
Epsilon toxin (ETX) is one of four lethal toxins of Clostridium perfringens produced by types B and D of the pathogen. 
This pore-forming toxin is one of the most potent bioterrorism agents with economic importance. Although an effective 
vaccine and an equine antitoxin are available to protect livestock against ETX, no approved vaccine or antitoxin is available 
for humans. In the current study, an integrative, simple, fast, and reliable approach is availed to design a safe and minimized 
construct based on preexisting experimental linear B cell epitopes. This guideline is designed based on the surface acces-
sibility, flexibility, hydrophilicity, content of beta-turn structure, and antigenicity of potential epitopes. Experimental linear 
B-cell epitopes were analyzed with respect to antigenicity. Two antigenic regions were introduced based on the distribution of 
epitopes. Moreover, three constructs were designed based on top ranking epitopes. These constructs were evaluated for their 
antigenicity, surface accessibility, flexibility, hydrophilicity, and beta-turn content and were compared to the ETX sequence. 
The 114-aa construct with an antigenicity score of 0.8592 was the most stable, antigenic, hydrophilic, flexible, and surface 
accessible antigen within the ETX sequence, the selected regions, and the designed constructs. Although the performed in 
silico analyses revealed that the designed construct could serve as a safe antigen triggering highly reactive and neutralizing 
anti-ETX antibodies, it should be verified by experimental assays in future studies.
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Introduction

Clostridium perfringens is an anaerobic, Gram-positive, 
rod-shaped, and spore-forming bacterium, which could 
produce up to 17 exotoxins (Schlatter et al. 2019; Shrestha 
et al. 2019). This pathogen is classified into five toxigenic 
types based on the production profile of four lethal toxins 
(alpha, beta, epsilon, and iota) (Rumah et al. 2017). C. per-
fringens types B and D produce the ETX, which belongs 
to the pore-forming toxins of the aerolysin family (Kang 
et al. 2017). ETX is a secreted pro-toxin (33-kDa) which 
is converted to an active form (28.6-kDa) via an enzymatic 
cleavage process. The active form of the enzyme is endowed 
with approximately > 1000-fold higher toxicity (Khalili et al. 
2017). ETX could cause enterotoxemia in domestic rumi-
nants (Yao et al. 2016). In addition to economic importance, 
ETX is one of the most potent bioterrorism agents classified 
in category B by the U.S Centers for Disease Control (CDC) 
(Koo et al. 2020).
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Contemporary, formalin-inactivated ETX is used as an 
effective vaccine to protect livestock (McClain and Cover 
2007; Babele et al. 2020). Moreover, an equine antitoxin is 
available to be administrated for unvaccinated animals in 
enterotoxemia outbreaks (McClain and Cover 2007). How-
ever, to the best of our knowledge, no approved vaccine or 
antitoxin is available for humans. Cytotoxicity of this toxin 
is the main obstacle ahead of its approval for human admin-
istration. Hence, introducing a safe and highly antigenic 
immunogen is imperative to develop effective ETX-based 
vaccines and antitoxins. In this regard, rational design strat-
egies such as ‘antigen minimization’ could play a pivotal 
role. This strategy relies on the preservation of appropriate 
immunogenic regions such as antigenic determinants and 
removal of junk regions (Jahangiri et al. 2018b, c). There-
fore, localizing the position of existing B-cell epitopes is a 
critical step in the vaccine design procedure. Recently, Alves 
et al. have mapped the positions for linear B-cell epitopes of 
ETX type D. They have revealed that more than 40 overlap-
ping and non-overlapping 15-meric linear B-cell epitopes 
are scattered throughout the ETX sequence with various 
reactivity (Alves et al. 2017). Although highly reactive 
epitopes could be considered as regions of interest for vac-
cine design, there is not a direct correlation between epitope 
reactivity and protectivity (Jahangiri et al. 2019). In the case 
of toxins, elicitation of neutralizing antibodies could confer 
protection against their toxicity (Cole et al. 2019). Therefore, 
accommodation of appropriate epitopes within the designed 
immunogen is pivotal to trigger neutralizing antibodies. In 
this regard, bioinformatics could be harnessed to select 
epitopes of interest (Mahboobi et al. 2017). Nowadays, bio-
informatics tools are widely employed in various fields of 
biological researches such as vaccine design and develop-
ment, structure and function prediction, and drug discovery 
(Moghaddam et al. 2017; Jahangiri et al. 2018a, b, c; Khalili 
et al. 2018; Sedighian et al. 2018; Moghadam et al. 2019; 
Rahbar et al. 2019a, b; Rezaie et al. 2019; Mahmoudi et al. 
2020; Neshani et al. 2020; Payandeh et al. 2020; Rasooli 
et al. 2020; Sefidi-Heris et al. 2020). Harnessing bioinfor-
matic tools turns to be inevitable in rational antigen design 
efforts; however, various available tools with different speci-
ficity and sensitivity encourage researchers to adapt integra-
tive approaches in which tools are employed in consensus 
or combined manners. Recently, an integrative approach is 
introduced to design vaccines based on OMPs sequences 
(Jahangiri et al. 2018b, c). In this approach, exposed anti-
genic B-cell epitopes are assigned based on topology, anti-
genicity and linear B-cell epitope predictions. However, the 
suggested guideline is not suitable for globular antigens 
(Jahangiri et al. 2018b, c). This study is conducted aiming at 
the design of a novel, minimized, and safe antigen consisting 
of highly immunogenic peptides of ETX which are engaged 
by an innovative, simple, fast, and reliable approach.

Methods

Protein Sequence and Structure Retrieval

A reference sequence of ETX type D with entry identifier 
A0A140F7X0 was retrieved from the UniProt knowledge 
base at http://www.unipr ot.org in FASTA format. FASTA 
format is a standard text-based format used in bioinfor-
matics to represent protein and DNA sequences, in which 
amino acids or nucleotides are represented as single-letter 
codes (Jahangiri et al. 2018b, c). In this research, all analy-
ses were carried out on this sequence.

Linear B Cell Epitope Predictions

Linear B-cell epitopes determined experimentally via 
epitope mapping (Alves et al. 2017) along with two neu-
tralizing epitopes were considered (McClain and Cover 
2007; Féraudet-Tarisse et al. 2017) as controls for B-cell 
epitope predictions. The antigenicity of these epitopes 
was examined by VaxiJen v2.0 at http://www.ddgAp 
harmf ac.net/vaxij en/VaxiJ en/VaxiJ en.html. VaxiJen is a 
free online alignment tool to predict the antigenicity of 
protein sequences with an accuracy of 80–90%; the Vaxi-
Jen approach is based on physicochemical properties of 
queried proteins (Doytchinova and Flower 2007).

In order to improve the prediction accuracy, linear 
B-cell epitopes of ETX were predicted by various serv-
ers including Ellipro (Ponomarenko et al. 2008), BepiPred 
(Larsen et al. 2006), BepiPred 2 (Jespersen et al. 2017), 
SVMTriP (Yao et  al. 2012) and LBtope (Singh et  al. 
2013). The threshold and specificity of all servers were 
kept as default. All available different length options of 
the epitopes in SVMTrip were set for the ETX sequence. 
Predicted linear B-cell epitopes with a length of > 8 amino 
acids (aa) were considered as positive results.

Physicochemical Properties

Some physicochemical properties that are important for 
B-cell epitope prediction (beta-turn, flexibility, surface 
accessibility, and hydrophilicity) were analyzed. The anal-
yses were carried out by the tools (Chou and Fasman 1978; 
Emini et al. 1985; Karplus and Schulz 1985; Parker et al. 
1986) available in IEDB at http://tools .iedb.org/bcell /.

Construct Designs

Two main approaches were considered in the selection and 
design strategies: (1) selection of appropriate regions as 

http://www.uniprot.org
http://www.ddgApharmfac.net/vaxijen/VaxiJen/VaxiJen.html
http://www.ddgApharmfac.net/vaxijen/VaxiJen/VaxiJen.html
http://tools.iedb.org/bcell/
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subunit vaccine candidates; (2) engineering and design of 
novel immunogenic constructs.

Based on the location of the experimentally defined neu-
tralizing and highly reactive epitopes, the immunogenic 
regions of ETX were selected. The criteria for selection were 
as follow: the region should be 110–150 aa in length, the 
region should contain at least one neutralizing epitope and it 
should include epitopes with experimental reactivity of > 3.

To design the construct, we have employed an integrated 
strategy to retain all experimental epitopes with the reactiv-
ity of ≥ 3, the antigenic (VaxiJen score of > 0.4) experimen-
tal epitopes with the reactivity of ≥ 1.5, and the neutralizing 
epitopes (Doytchinova and Flower 2007). If the length of the 
obtained construct failed to comply with the length criteria, 
the peptides with the lowest reactivity score were removed 
from the sequence. Another construct was derived from the 
first one. It was designed to only include the antigenic (Vaxi-
Jen score of > 0.4) experimental epitopes with the reactivity 
of ≥ 3 and the neutralizing ones.

Construct Analyses

The selected regions, as well as the designed construct, were 
analyzed with respect to epitope density, antigenicity, and 
physicochemical properties.

Some physicochemical properties (e.g. molecular weight, 
pI, etc.) of the selected regions and the designed constructs 
were analyzed by ProtParam at https ://web.expas y.org/protp 
aram/. The antigenicity of these sequences was estimated 
by VaxiJen. Flexibility, beta-turn, surface accessibility, and 
hydrophilicity of the sequences were predicted by tools 
available at IEDB. All previously employed B-cell epitope 
prediction tools were harnessed to retrieve the original 
B-cell epitopes within the construct sequences.

Data Validation

In the selection regions of interest and construct designs, an 
integrative method was harnessed to engage highly antigenic 
peptides of ETX experimentally validated as B-cell epitopes.

Moreover, to enhance the results accuracy, robust servers 
and tools with heavily cited articles were employed for per-
formed predictions. Retrieval of original B-cell epitopes of 
ETX in the context of designed constructs was also carried 
out to enhance validity of the prediction.

Results

Linear B Cell Epitopes

Experimental linear B cell epitopes and their reac-
tivity scores (Alves et  al. 2017) along with VaxiJen 

scores are shown in Table 1. The minimum score was 
−  0.4297 assigned to “YDNVDTLIEKGRYNT” pep-
tide and the maximum score was 1.3311 assigned to 

Table 1  Experimental linear B cell epitopes and their VaxiJen scores
Experimental epitope 

Sequence 

Position Experi

mental 

Score 

(reactivi

ty) 

VaxiJen 

YSIVNIVSPTNVIAK 19-33 1.5 -0.1275 

IAKEISNTVSNEMSK 31-45 1.5 0.4971  

KASYDNVDTLIEKGR 46-60 1.0 -0.2902  

YDNVDTLIEKGRYNT 49-63 1.5 -0.4297 

VDTLIEKGRYNTKYN 52-66 3 0.3261 

LIEKGRYNTKYNYLK 55-69 4 0.1567  

KGRYNTKYNYLKRME 58-72 4 0.6974 

YNTKYNYLKRMEKYY 61-75 4  0.1485 

KYNYLKRMEKYYPNA 64-78 3 0.0863 

YLKRMEKYYPNAMAY 67-81 3 0.0597 

RMEKYYPNAMAYFDK 70-84 3 -0.1225

KYYPNAMAYFDKVTI 73-87 3 -0.1585 

PNAMAYFDKVTINPQ 76-90 1.5 0.2522 

MNYLEDVYVGKALLT 109-123 2.5 -0.0112 

LEDVYVGKALLTNDT 112-126 2.5 0.0555 

GKALLTNDTQQEQKL 118-132 4 0.4896 

QQEQKLKSQSFTSKN 126-141 1 1.1006 

KSQSFTSKNTDTVTA 132-147 1 0.9681 

SKNTDTVTATTTHTV 139-153 1 1.2898 

TTTHTVGTSIQATAK 148-162 1.5 1.3311 

HTVGTSIQATAKFTV 151-165 1.5 1.0805 

GTSIQATAKFTVPFN 154-168 2 0.9296 

LVPANTTVEVIAYLK 202-216 1.5 0.0263 

https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
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“TTTHTVGTSIQATAK”. No direct correlation was found 
between the antigenicity score and reactivity score of the 
epitopes.

Ellipro predicted 7 epitope regions within the ETX 
sequence among which “RNLNTNNVQ” (position 
257–265) was the best. BepiPred 1.0 assigned 10 peptides 
as linear B-cell epitopes. The highest scored residues were 
located within the “PVDKKEKSNDSN” peptide sequence 

at position 302–313. BepiPred 2.0 assigned 7 peptides 
as linear B-cell epitopes. SVMTriP determined 10 (12-
meric), 7 (14-meric), 9 (16-meric), 7 (18-meric) and 5 
(20-meric) epitopes. “KSLAIASAVISI”, “NYSAVMGDE-
LIVKV”, “NYSAVMGDELIVKVRN”, “NYSAVMGDE-
LIVKVRNLN” and “PKVELDGEPSMNYLEDVYVG” 
were assigned as the highest scored 12, 14, 16, 18 and 
20-meric epitopes respectively. Two peptides were pre-
dicted as epitopes by LBtope (“ELDGEPSMNYL” and 
“MGDELIVKVRNLNTNNVQEYV”) (Fig. 1).

Physicochemical Properties

The average score of beta-turn for the ETX sequence was 
1.017.  I212 with 0.657 and  G274 with 1.403 were respec-
tively the residues with the minimum and maximum 
scores. The average flexibility score of the ETX sequence 
was 1.010.  A80 (0.894) and  Q128 (1.127) were the least 
and the most flexible residues, respectively. The aver-
age surface accessibility score of the ETX sequence was 
1.000.  S13 (0.091) and  K306 (5.65) were the least and the 
most surface accessible residues respectively. The average 
hydrophilicity score of the ETX sequence was 2.123.  Y241 
(− 2.514) and  N310 (7.214) were the least and the most 
hydrophilic residues, respectively.

Selected Regions and Constructs

Among the 44 reactive peptides, 18 peptides had an exper-
imental score of ≥ 3. Amongst, 9 peptides were predicted 
to be antigenic by VaxiJen. These peptides were the can-
didates to be elongated within the sequence. Moreover, 
the two neutralizing epitopes were also considered in this 
regard (Fig. 2).

Two regions (52–190 and 190–318) could be intro-
duced as appropriate immunogenic regions containing 
highly reactive and neutralizing epitopes (Fig. 2). The 
first region, RETX-1, comprises 139 residues and the other 
one, RETX-2, is containing 140 residues. VaxiJen score of 
the V52-K190 and S179-R318 regions were predicted as 
0.6757 and 0.6731, respectively. The highest reactive (with 
a score of 5) experimental epitope (256–276) was located 
in the second region. The V52-K190 region contained both 
neutralizing epitopes while the S179-R318 region harbors 
one neutralizing epitope. Table 2 shows the antigenicity 
and physicochemical properties of ETX, selected regions, 
and the designed constructs in detail. Details of flexibility, 
surface accessibility, hydrophilicity, and beta-turn second-
ary structure of these sequences are shown in Supplemen-
tary Fig. 1. 

Table 1  (continued)

WGEIPSYLAFPRDGY 235-249 1.5 -0.2367 

TVNKSDLNEDGTINI 256-270 5  0.6741 

KSDLNEDGTININGK 259-273 5 0.9360 

LNEDGTININGKGNY 262-276 5 0.9651 

SAVMGDELIVKVRNL 277-291 2.5 0.5602 

MGDELIVKVRNLNTN 280-294 2.5 0.8533 

ELIVKVRNLNTNNVQ 283-297 3 0.7841 

VKVRNLNTNNVQEYV 286-300 2.5 1.0025 

RNLNTNNVQEYVIPV 289-303 2 0.7199 

NTNNVQEYVIPVDKK 292-306 1 0.1436 

DKKEKSNDSNIVKYR 304-318 3 1.2864 

NDSNIVKYRSLSIKA 310-324 1 0.8373 

NIVKYRSLSIKAPGI 313-327 1 0.6810 

IVKYRSLSIKAPGIk 314-328 1.5 0.9704 

SFANTNTNTNSK 179-190 Neutral

izing 

1.3230 

LLTNDTQQ 121-128 Neutral

izing 

-0.0573 

ANTTVEVIAYLKKVN 205-219 2 0.1116 

TVEVIAYLKKVNVKG 208-222 3 0.4768 

VIAYLKKVNVKGNVK 211-225 3.5 0.6548 

YLKKVNVKGNVKLVG 214-228 3.5 0.7942 

KVNVKGNVKLVGQVS 217-231 1 0.7728 

GSEWGEIPSYLAFPR 232-246 2 -0.1543  

Underlined epitopes are those with the reactivity of > 2.5
Highlighted epitopes are antigenic epitopes (VaxiJen > 0.4) with reac-
tivity of > 1.5



International Journal of Peptide Research and Therapeutics 

1 3

Discussion

Antigen minimization is an immunogen design approach 
in which key epitopes of the original antigen are retained 
while the rest regions are removed (Kulp and Schief 
2013). This strategy could be used in toxin-based antigen 
designs aiming at eliminating the toxicity of the antigen. 
Moreover, this strategy could be employed to avoid non-
protective and antibody-dependent enhancement (ADE) 

epitopes. ADE had been reported for in vitro cytotoxic-
ity of Bacillus anthracis lethal toxin (Little et al. 2011). 
Among 73 monoclonal antibodies (mAbs) against the pro-
tective antigens, 17 mAbs enhanced cytotoxicity of lethal 
toxin at suboptimal concentrations (Little et al. 2011). 
Although the possibility of ADE is not studied for ETX, 
it could not be ruled out for occurrence of this phenom-
enon is neutralizing of this toxin. Linear epitopes of ETX 
type D have already been mapped on its sequence. The 
information offered by the epitope mapping could be used 

Fig. 1  Predicted epitopes by 
various tools

Fig. 2  Schematic illustration of the selected peptides and regions. a The selected regions; b the selected peptides. 121–128 and 179–190 are neu-
tralizing epitopes, speckled regions are antigenic peptides with reactivity of 3 > peptide > 1.5 or non-antigenic peptides with reactivity of > 2.5
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to design a non-toxic ETX-based antigen. Previous stud-
ies have revealed that the denatured antigens could elicit 
protective antibodies against the corresponding pathogens 
(Toobak et al. 2013; Jahangiri et al. 2019). These antibod-
ies are attributed to linear B-cell epitopes which could be 
recognized in native and denatured forms of the antigens 
(Toobak et al. 2013; Jahangiri et al. 2019). Since keeping 
the native protein structure is suggested to be dispensable 
for linear B-cell epitope recognition, the immunogenic 
antigens based on these epitopes could be designed with-
out artificial linkers (Jahangiri et al. 2018b, c). Such an 
antigen design strategy in which the epitopes are tandemly 
fused could be employed for the design of minimized 
antigens with high epitope density. To integrate antigen 
minimization and incorporation of maximum numbers 
of immunogenic epitopes within the construct, length of 
110–150 aa was considered. This size also ensures immu-
nogenicity of the designed antigen in regard of molecular 
weight (> 10,000 Da). Linear B-cell epitope prediction 
was performed by various servers to compare the predic-
tion results with the results obtained from the experimen-
tal epitope mapping. None of the employed B-cell epitope 
predictors assigned all of the experimentally approved 
epitopes. These results imply that harnessing one or two 
prediction tools alone is not sufficient for highly accurate 
and successful B-cell epitope predictions. In this study, 
linear B-cell epitope predictors were not quite successful 
to predict the majority of highly reactive epitopes in a con-
sensus manner. Moreover, only Bepipred predicted neu-
tralizing epitopes of which 121–128 region was partially 
assigned. Although, the employed B-cell epitope predic-
tors are among powerful tools, they performed unreliable 
in case of ETX. Bepipred, Ellipro, and Bepipred2 were 
more successful in recognizing top-ranking (score > 3.5) 
experimental epitopes. However, Ellipro needs a PDB ID 
or a PDB file as an input for B-cell epitope prediction. The 
neutralizing and top-ranking (score > 3.5) experimental 

epitopes were not successfully predicted by LBtope and 
SVMTrip; in the light of these observations, LBtope and 
SVMTrip tools along with Ellipro were ignored for B-cell 
epitope retrieval analyses of the designed construct. Two 
out of four regions with highest surface accessibility score 
(58–76, 124–133, 183–192 and 304–310) are located in 
both neutralizing epitopes. The experimental reactivity 
score of the 58–75 region is 4 (Alves et al. 2017). The 
304–310 residues are involved in an epitope with an exper-
imental reactivity score of 3. Hence, surface accessibility 
prediction could be considered as an appropriate crite-
rion to select protective B-cell epitopes. In addition, the 
majority of the residues of the neutralizing epitopes are 
among the four hydrophilic and flexible regions with high-
est scores. One of these neutralizing epitopes (179–190) 
forms a beta-turn secondary structure. The majority of 
the experimentally defined epitopes with highest reactiv-
ity score are hydrophilic and flexible regions with beta-
turn secondary structure. Hence, the predicted physico-
chemical parameters could be used in the design of an 
antigenic construct. The first construct that was designed 
based on all highly reactive epitopes (> 2.5) as well as 
moderately reactive antigenic ones (3 > epitope > 1.5) did 
not meet the allowed sequence length criteria. Moreover, 
this construct was not superior to the selected regions’ 
in terms of antigenicity, flexibility, hydrophilicity, and 
beta-turn structure. Removal of “GTSIQATAKFTVPFN” 
resulted in increased stability, surface accessibility, flex-
ibility, hydrophilicity, and beta-turn content of the con-
struct. However, the obtained scores were not satisfac-
tory to be considered as an optimized construct design. 
Moreover, the antigenicity score of the construct was 
reduced to the lowest score among the antigenic regions, 
constructs, and ETX sequences. The reduced antigenicity 
could be attributed to the non-antigenic epitopes embed-
ded within the construct. Hence, in order to minimize the 
antigen and improve its antigenicity, a stringent approach 

Table 2  Antigenicity and physicochemical properties of ETX, selected regions, and the constructs

ETX Region 1 Region 2 Construct 1 Construct 1.1 Construct 2

Number of amino acids 327 139 140 162 147 114
Molecular weight 36191.78 15703.42 15452.26 18259.72 16695.94 12957.62
Theoretical pI 8.57 6.76 6.55 9.48 9.42 9.81
The instability index (II) 22.22 13.81 16.97 8.19 7.12 2.20
Aliphatic index 82.48 57.48 86.14 81.11 83.40 78.51
Grand average of hydropathicity (GRAVY): − 0.442 − 0.740 − 0.536 − 0.635 − 0.714 − 1.012
VaxiJen score (antigenicity) 0.5955 0.6757 0.6731 0.6085 0.5867 0.8592
The average score of beta-turn 1.017 1.027 1.041 1.013 1.019 1.040
Average flexibility score 1.010 1.014 1.017 1.014 1.016 1.029
Percentage of surface accessible regions 30.58% 27.33% 31.42% 32.71% 34.01% 36.84%
Average hydrophilicity score 2.123 2.449 2.308 2.278 2.359 2.787
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was followed in which non-overlapping residues of non-
antigenic epitopes and antigenic epitopes with moderate 
reactivity (3 > epitope > 1.5) were trimmed from the con-
struct. Among the selected regions, designed constructs, 
and the full-length ETX, the designed construct was asso-
ciated with the minimized sequence length with the high-
est antigenicity, stability and physicochemical property 
scores involved in B-cell epitope assignment. Since the 
pore-forming activity of ETX highly relies on the struc-
ture of the toxin and the interaction of its monomers, this 
function is expected to be hampered in the minimized con-
struct. This property would render the designed construct 
as safe with respect to cytotoxicity.

Based on the obtained results, surface accessibility, flex-
ibility, hydrophilicity, and beta-turn structure of a given 
protein sequence along with antigenicity of overlapping 
peptides are reliable criteria to engage highly immunogenic 
peptides in design of an antigen with minimized length 
against ETX. Although the current in silico study demon-
strated that the designed construct is a safe antigen trigger-
ing highly reactive and neutralizing anti-ETX antibodies, it 
should be verified by experimental assays in future studies.

Acknowledgements The authors wish to thank Applied Microbiol-
ogy Research Center of Baqiyatallah University of Medical Sciences, 
Tehran-Iran for supporting this work.

Funding This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Compliance with Ethical Standards 

Competing interest The authors declare no conflict of interest.

References

Alves GG, Machado-de-Ávila RA, Chávez-Olórtegui CD, Silva ROS, 
Lobato FCF (2017) Mapping of the continuous epitopes dis-
played on the Clostridium perfringens type D epsilon-toxin. Braz 
J Microbiol 48(3):570–575

Babele P, Kumar RB, Rajoria S, Rashid F, Malakar D, Bhagyawant 
SS, Kamboj DV, Alam SI (2020) Putative serum protein biomark-
ers for epsilon toxin exposure in mouse model using LC-MS/MS 
analysis. Anaerobe 63:102209

Chou PY, Fasman GD (1978) Empirical predictions of protein confor-
mation. Annu Rev Biochem 47(1):251–276

Cole LE, Li L, Jetley U, Zhang J, Pacheco K, Ma F, Zhang J, Mundle S, 
Yan Y, Barone L (2019) Deciphering the domain specificity of C. 
difficile toxin neutralizing antibodies. Vaccine 37(29):3892–3901

Doytchinova IA, Flower DR (2007) VaxiJen: a server for prediction of 
protective antigens, tumour antigens and subunit vaccines. BMC 
Bioinform 8(1):4

Emini EA, Hughes JV, Perlow D, Boger J (1985) Induction of hepatitis 
A virus-neutralizing antibody by a virus-specific synthetic pep-
tide. J Virol 55(3):836–839

Féraudet-Tarisse C, Mazuet C, Pauillac S, Krüger M, Lacroux C, 
Popoff MR, Dorner BG, Andréoletti O, Plaisance M, Volland H 

(2017) Highly sensitive sandwich immunoassay and immunochro-
matographic test for the detection of Clostridial epsilon toxin in 
complex matrices. PLoS ONE 12(7):e0181013

Jahangiri A, Amani J, Halabian R (2018a) In silico analyses of staphy-
lococcal enterotoxin B as a DNA vaccine for cancer therapy. Int J 
Pept Res Ther 24(1):131–142

Jahangiri A, Rasooli I, Owlia P, Fooladi AAI, Salimian J (2018b) 
Highly conserved exposed immunogenic peptides of Omp34 
against Acinetobacter baumannii: an innovative approach. J 
Microbiol Methods 144:79–85

Jahangiri A, Rasooli I, Owlia P, Fooladi AAI, Salimian J (2018c) An 
integrative in silico approach to the structure of Omp33-36 in 
Acinetobacter baumannii. Comput Biol Chem 72:77–86

Jahangiri A, Owlia P, Rasooli I, Salimian J, Derakhshanifar E, 
Naghipour Erami A, Darzi Eslam E, Darvish Alipour Astaneh 
S (2019) Specific egg yolk antibodies (IgY) confer protection 
against Acinetobacter baumannii in a murine pneumonia model. 
J Appl Microbiol 126(2):624–632

Jespersen MC, Peters B, Nielsen M, Marcatili P (2017) BepiPred-2.0: 
improving sequence-based B-cell epitope prediction using confor-
mational epitopes. Nucleic Acids Res 45(W1):W24–W29

Kang J, Gao J, Yao W, Kang L, Gao S, Yang H, Ji B, Li P, Liu J, Yao 
J (2017) F199E substitution reduced toxicity of Clostridium per-
fringens epsilon toxin by depriving the receptor binding capabil-
ity. Hum Vaccines Immunother 13(7):1598–1608

Karplus P, Schulz G (1985) Prediction of chain flexibility in proteins. 
NW 72(4):212–213

Khalili S, Jahangiri A, Hashemi ZS, Khalesi B, Mard-Soltani M, 
Amani J (2017) Structural pierce into molecular mechanism 
underlying Clostridium perfringens Epsilon toxin function. Toxi-
con 127:90–99

Khalili S, Rasaee MJ, Bamdad T, Mard-Soltani M, Ghalehni MA, 
Jahangiri A, Pouriayevali MH, Aghasadeghi MR, Malaei F (2018) 
A novel molecular design for a hybrid phage-DNA construct 
against DKK1. Mol Biotechnol 60(11):833–842

Koo B-S, Hwang E-H, Kim G, Park J-Y, Oh H, Lim KS, Kang P, Lee 
H-Y, Jeong K-J, Mo I (2020) Prevalence and characterization of 
Clostridium perfringens isolated from feces of captive cynomol-
gus monkeys (Macaca fascicularis). Anaerobe 64:102236

Kulp DW, Schief WR (2013) Advances in structure-based vaccine 
design. Curr Opin Virol 3(3):322–331

Larsen JEP, Lund O, Nielsen M (2006) Improved method for predicting 
linear B-cell epitopes. Immunome Res 2(1):2

Little SF, Webster WM, Fisher DE (2011) Monoclonal antibodies 
directed against protective antigen of Bacillus anthracis enhance 
lethal toxin activity in vivo. FEMS Immunol Med Microbiol 
62(1):11–22

Mahboobi M, Sedighian H, Mojtaba Hedayati CH, Bambai B, Soofian 
SE, Amani J (2017) Applying bioinformatic tools for modeling 
and modifying type II E. coli L-Asparginase to present a better 
therapeutic agent/drug for acute lymphoblastic leukemia. Int J 
Cancer Manag 10(3)

Mahmoudi Z, Rasooli I, Jahangiri A, Darvish Alipour Astaneh S 
(2020) Prevention of nosocomial Acinetobacter baumannii infec-
tions with a conserved immunogenic fimbrial protein. APMIS. 
https ://doi.org/10.1111/apm.13061 

McClain MS, Cover TL (2007) Functional analysis of neutralizing 
antibodies against Clostridium perfringens epsilon-toxin. Infect 
Immun 75(4):1785–1793

Moghadam ZM, Halabian R, Sedighian H, Behzadi E, Amani J, Fool-
adi AAI (2019) Designing and analyzing the structure of DT-
STXB fusion protein as an anti-tumor agent: an in silico approach. 
Iran J Pathol 14(4):305

Moghaddam EK, Owlia P, Jahangiri A, Rasooli I, Rahbar MR, 
Aghajani M (2017) Conserved OprF as a selective immunogen 
against Pseudomonas aeruginosa. Iran J Pathol 12(2):165

https://doi.org/10.1111/apm.13061


 International Journal of Peptide Research and Therapeutics

1 3

Neshani A, Sedighian H, Mirhosseini SA, Ghazvini K, Zare H, Jahan-
giri A (2020) Antimicrobial peptides as a promising treatment 
option against Acinetobacter baumannii infections. Microb Pat-
hog. https ://doi.org/10.1016/j.micpa th.2020.10423 8

Parker J, Guo D, Hodges R (1986) New hydrophilicity scale derived 
from high-performance liquid chromatography peptide reten-
tion data: correlation of predicted surface residues with anti-
genicity and X-ray-derived accessible sites. Biochemistry 
25(19):5425–5432

Payandeh Z, Rahbar MR, Jahangiri A, Hashemi ZS, Zakeri A, 
Jafarisani M, Rasaee MJ, Khalili S (2020) Design of an engi-
neered ACE2 as a novel therapeutics against COVID-19. J Theor 
Biol 505:110425

Ponomarenko J, Bui H-H, Li W, Fusseder N, Bourne PE, Sette A, 
Peters B (2008) ElliPro: a new structure-based tool for the predic-
tion of antibody epitopes. BMC Bioinform 9(1):514

Rahbar MR, Zarei M, Jahangiri A, Khalili S, Nezafat N, Negahdaripour 
M, Fattahian Y, Ghasemi Y (2019a) Pierce into the native struc-
ture of ata, a trimeric autotransporter of Acinetobacter baumannii 
ATCC 17978. Int J Pept Res Ther. https ://doi.org/10.1007/s1098 
9-019-09920 -5

Rahbar MR, Zarei M, Jahangiri A, Khalili S, Nezafat N, Negahdaripour 
M, Fattahian Y, Ghasemi Y (2019b) Trimeric autotransporter 
adhesins in Acinetobacter baumannii, coincidental evolution at 
work. Infect Genet Evol 71:116–127

Rasooli I, Abdolhamidi R, Jahangiri A, Astaneh SDA (2020) Outer 
membrane protein, Oma87 prevents Acinetobacter bauman-
nii infection. Int J Pept Res Ther. https ://doi.org/10.1007/s1098 
9-020-10056 -0

Rezaie E, Pour AB, Amani J, Hosseini HM (2019) Bioinformatics pre-
dictions, expression, purification and structural analysis of the 
PE38KDEL-scfv immunotoxin against EPHA2 receptor. Int J Pept 
Res Ther. https ://doi.org/10.1007/s1098 9-019-09901 -8

Rumah KR, Vartanian TK, Fischetti VA (2017) Oral multiple sclerosis 
drugs inhibit the in vitro growth of epsilon toxin producing gut 
bacterium, Clostridium perfringens. Front Cell Infect Microbiol 
7:11

Schlatter DC, Paul NC, Shah DH, Schillinger WF, Bary AI, Shar-
ratt B, Paulitz TC (2019) Biosolids and tillage practices influ-
ence soil bacterial communities in dryland wheat. Microb Ecol 
78(3):737–752

Sedighian H, Halabian R, Amani J, Heiat M, Amin M, Fooladi AAI 
(2018) Staggered Target SELEX, a novel approach to isolate 
non-cross-reactive aptamer for detection of SEA by apta-qPCR. 
J Biotechnol 286:45–55

Sefidi-Heris Y, Jahangiri A, Mokhtarzadeh A, Shahbazi M-A, Khalili S, 
Baradaran B, Mosafer J, Baghbanzadeh A, Hejazi M, Hashemzaei 
M (2020) Recent progress in the design of DNA vaccines against 
tuberculosis. Drug Discov Today. https ://doi.org/10.1016/j.drudi 
s.2020.09.005

Shrestha A, Uzal FA, McClane BA (2019) Enterotoxic clostridia: 
Clostridium perfringens enteric diseases. Gram-Posit Pathog. 
https ://doi.org/10.1128/97816 83670 131.ch60

Singh H, Ansari HR, Raghava GP (2013) Improved method for linear 
B-cell epitope prediction using antigen’s primary sequence. PLoS 
ONE 8(5):e62216

Toobak H, Rasooli I, Talei D, Jahangiri A, Owlia P, Astaneh SDA 
(2013) Immune response variations to Salmonella enterica 
serovar Typhi recombinant porin proteins in mice. Biologicals 
41(4):224–230

Yao B, Zhang L, Liang S, Zhang C (2012) SVMTriP: a method to pre-
dict antigenic epitopes using support vector machine to integrate 
tri-peptide similarity and propensity. PLoS ONE 7(9):e45152

Yao W, Kang J, Kang L, Gao S, Yang H, Ji B, Li P, Liu J, Xin W, 
Wang J (2016) Immunization with a novel Clostridium perfrin-
gens epsilon toxin mutant rETX Y196E-C confers strong protec-
tion in mice. Sci Rep 6(1):1–7

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.micpath.2020.104238
https://doi.org/10.1007/s10989-019-09920-5
https://doi.org/10.1007/s10989-019-09920-5
https://doi.org/10.1007/s10989-020-10056-0
https://doi.org/10.1007/s10989-020-10056-0
https://doi.org/10.1007/s10989-019-09901-8
https://doi.org/10.1016/j.drudis.2020.09.005
https://doi.org/10.1016/j.drudis.2020.09.005
https://doi.org/10.1128/9781683670131.ch60

	Harnessing an Integrative In Silico Approach to Engage Highly Immunogenic Peptides in an Antigen Design Against Epsilon Toxin (ETX) of Clostridium perfringens
	Abstract
	Introduction
	Methods
	Protein Sequence and Structure Retrieval
	Linear B Cell Epitope Predictions
	Physicochemical Properties
	Construct Designs
	Construct Analyses
	Data Validation


	Results
	Linear B Cell Epitopes
	Physicochemical Properties
	Selected Regions and Constructs

	Discussion
	Acknowledgements 
	References




