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Abstract 

Objectives: Toxoplasma gondii (T. gondii), an obligate intracellular apicomplexan parasite, could affect numerous 
warm-blooded animals, such as humans. Calcium-dependent protein kinases (CDPKs) are essential  Ca2+ signaling 
mediators and participate in parasite host cell egress, outer membrane motility, invasion, and cell division.

Results: Several bioinformatics online servers were employed to analyze and predict the important properties of 
CDPK4 protein. The findings revealed that CDPK4 peptide has 1158 amino acid residues with average molecular 
weight (MW) of 126.331 KDa. The aliphatic index and GRAVY for this protein were estimated at 66.82 and – 0.650, 
respectively. The findings revealed that the CDPK4 protein comprised 30.14% and 34.97% alpha-helix, 59.84% and 
53.54% random coils, and 10.02% and 11.49% extended strand with SOPMA and GOR4 tools, respectively. Ramachan-
dran plot output showed 87.87%, 8.40%, and 3.73% of amino acid residues in the favored, allowed, and outlier regions, 
respectively. Also, several potential B and T-cell epitopes were predicted for CDPK4 protein through different bioin-
formatics tools. Also, antigenicity and allergenicity evaluation demonstrated that this protein has immunogenic and 
non-allergenic nature. This paper presents a basis for further studies, thereby provides a fundamental basis for the 
development of an effective vaccine against T. gondii infection.
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Introduction
Toxoplasma gondii (T. gondii), a compulsory intracel-
lular parasite, could affect nearly all warm-blooded ani-
mals, such as humans [1, 2]. The current drugs against 
toxoplasmosis are not effective enough and are associ-
ated with serious side effects [3]. Therefore, the finding 

and development of an effective vaccine have high pri-
ority and is critically required to limit T. gondii infec-
tion [4–6]. Calcium-dependent protein kinases (CDPKs) 
are a category of serine/threonine kinases found only 
in plants and protists like ciliates and apicomplexan 
parasites [7, 8]. Multiple CDPKs (the most important 
household proteins) have been identified in apicom-
plexan protists, especially in T. gondii. The CDPKs are 
essential  Ca2+ signaling mediators and participate in 
parasite host cell egress, outer membrane motility, inva-
sion, and cell division [9–12]. The CDPK family was 
regarded as a good choice for anti-Toxoplasma medica-
tions and an appropriate option for the design of vaccines 
[13–17]. There is no report regarding immunization with 
CDPK4 in experimental animals yet. However, in several 
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studies, vaccination with CDPK1 [13, 18, 19], CDPK2 
[20], CDPK3 [15, 21, 22], CDPK5 [14], and CDPK6 [16] 
induced strong humoral and cellular responses and pro-
longed the survival time in mouse models.

Predicting epitopes is highly important for the determi-
nation of an antigen’s immunogenicity in vaccine devel-
opment. So, bioinformatics tools and online resources 
can enable researchers to predict and recognize the 
potential epitopes of B- and T-cells [23–26]. Bioinformat-
ics has recently become the preferred interdisciplinary 
new science for analyzing biological data using defined 
computer science, mathematics, statistics, physics, biol-
ogy, medicine technologies and algorithms [23, 26]. Thus, 
the current study was  performed to analyze the several 
important features of CDPK4 protein using different bio-
informatics servers.

Methodology
Retrieval of CDPK4 protein sequence of T. gondii
First, the complete amino acid sequence of T. gondii 
CDPK4 protein was attained from ToxoDB server (https 
://toxod b.org/toxo/).

Physicochemical evaluations
The physicochemical characteristics of the CDPK4 pro-
tein are of crucial significance in the evaluation of its ali-
phatic index, half-life, theoretical isoelectric point (pI), 
a grand average of hydropathicity (GRAVY), and elec-
tric charge distribution. The mentioned features were 
explored by ProtParam server [27, 28].

Prediction of acylation and phosphorylation sites of CDPK4
In order to predict acylation and phosphorylation sites 
of CDPK4 protein, CSS-Palm and NetPhos online tools 
were employed, respectively [29, 30].

Transmembrane domains and subcellular location 
prediction
The transmembrane domains of CDPK4 were examined 
by the TMHMM server v.2.0. Moreover, the PSORT II 
server was applied to predict the subcellular position of 
the CDPK4 protein.

Prediction of secondary structure
Garnier–Osguthorpe–Robson 4 (GOR4) [31], SOPMA 
[32], and PSIPRED [33] online servers were utilized for 
prediction of the secondary structure of the CDPK4 
protein.

Construction of the 3D model
3D models play a decisive role in the development of vac-
cines. In this case, the SWISS-MODEL webserver was 
applied to build the three-dimensional models of the 

CDPK4 protein through a homology modeling approach 
[34].

Refining and validating the 3D modeled structure
The proper SWISS-MODEL-constructed model was 
selected and modified by GalaxyRefine to attain high-
quality template-based protein predictions [35]. The 
Ramachandran plot was utilized to validate the three-
dimensional construct of the CDPK4 protein through the 
use of the SWISS-MODEL software [36]. The quality of 
the model was checked out using ProSAweb [37, 38].

Prediction of B‑cell epitopes
Various databases were employed for the analysis of the 
linear epitopes of the B-cells, including, Bcepred [39], 
ABCpred [40], SVMTriP [41], and the immune epitope 
database (IEDB). Furthermore, discontinuous B-cell 
epitopes were predicted by ElliPro [42].

Prediction of major histocompatibility complex‑I (MHC‑I) 
and MHC‑II epitopes
In this study, the IEDB [43] and NetMHCcons 1.1 [44] 
online services were used to predict the binding affinity 
of CDPK4 peptides toward the MHC class I. Further-
more, IEDB [45] and NetMHCIIpan 3.2 [46] servers were 
exploited to examine the 15-mer T- cell epitopes of H-2-
IEd, H2IAd, and H2IAb mouse alleles.

Detection of the CTL epitopes
To activate the immune system, an antigen should be 
first presented on the MHC-I surface. So, the choice of 
cytotoxic T lymphocyte (CTL) epitopes plays a decisive 
role in designing a vaccine. To this end, a free web server 
CTLpred [47] was utilized.

Allergenicity, immunogenicity, and solubility evaluation
The possible allergenicity of the CDPK4 protein was 
explored utilizing AllerTOP [48] and AlgPred [28] serv-
ers. Protein antigenicity of CDPK4 protein was estimated 
using ANTIGENpro [49] and VaxiJen v. 2.0 [50] servers. 
Furthermore, we used the SOLpro online site to deter-
mine the protein solubility [38].

Results and discussion
Initial overview of the protein CDPK4
The amino acid sequence of CDPK4 protein was deter-
mined by the ToxoDB server under the accession ID: 
TGME49_237890. The CDPK4 protein includes 1158 
amino acid residues with an estimated molecular weight 
of 126.331 KDa (antigens which have MW of < 5–10 KDa 
are considered as weak immunogens) [51], whereas its 
theoretical pI was 9.15. The total number of residues 
with the negative and positive charge was 145 and 167, 

https://toxodb.org/toxo/
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respectively. Its half-life was predicted as 30  h, > 20  h, 
and > 10  h in mammalian reticulocytes cells (in vitro), 
yeast cells, and E. coli, respectively. Based on the insta-
bility index results (58.84), the CDPK4 protein is unsta-
ble. The relatively good estimated aliphatic index value 
of 66.82 indicates the thermostability of the protein. 
According to GRAVY data (− 0.650), CDPK4 protein 
exhibits hydrophilic features.

Prediction of PTM sites of CDPK4
As it is evident, PTMs have important roles in cellular 
control processes [52]. Based on the findings, 137 phos-
phorylation and 21 acylation sites were predicted on 
CDPK4 sequence, suggesting that these sites may control 
several functions of the protein and affect protein activity 
(Fig. 1; Additional file 1: Table S1).

Identification of transmembrane domains and subcellular 
location
The data obtained from TMHMM server v. 2.0 indicated 
no transmembrane domain in the CDPK4 sequence 
(Additional file 2: Figure S1). Furthermore, based on the 
PSORT II prediction, the subcellular location of CDPK4 
is as follows: 82.6% nuclear, 8.7% plasma membrane, 4.3% 
mitochondrial, and 4.3% cytoskeletal.

Secondary structure assessment
It should be noted that determining the protein second-
ary structure by introducing special constraints, such 
as beta-turn or alpha helix, is a key step in the assess-
ment of the tertiary structure. The findings showed 
the CDPK4 protein comprised 30.14% (349/1158) and 
34.97% (405/1158) alpha-helix, 59.84% (693/1158) and 
53.54% (620/1158) random coils, and 10.02% (116/1158) 
and 11.49% (133/1158) extended strand by SOPMA and 
GOR4 servers, respectively (Additional file 2: Figures S2 
and S3). The findings from the PSIPRED server are 
depicted in Additional file 2: Figure S4. It is apparent that 
alpha-helix and beta-turn placed in the protein’s internal 
portions, with high hydrogen bond-energy, will maintain 
the protein’s structure resulting in a better interaction 
with antibodies [38, 53]. The principal biological behav-
ior of the proteins is focused on their spatial structure. 
Knowledge of protein structures and awareness the rela-
tionships between structures and functions are impor-
tant [38].

3D model analysis
Following the analysis, five 3D models were established 
for the CDPK4 sequence among which, the one with the 
highest identity was chosen. The chosen template exhib-
ited a 34.99% sequence identity. The SWISS-MODEL 
results are presented in Additional file 2: Figure S5.

Refinement and validation of the tertiary structure
The GalaxyRefine software was employed to refine 
the tertiary structures. According to the results of 
the Ramachandran plot and ProSAweb servers, an 
enhancement was observed in the quality of the three-
dimensional structure after the refinement. Prior to the 
refinement process, validation of the protein using the 
SWISS-MODEL tool showed that 87.87% of residues 
were situated in favored regions, while 8.40% and 3.73% 
of them lied in allowed and outlier regions, respectively, 
verifying its immunogenic efficiency (Fig. 2c). The post-
refinement exploration of Ramachandran plots demon-
strated that 95.34% of the residues lied within the favored 
regions, whereas 3.54% of them were in the allowed 
regions and only 1.12% of the residues were placed the 
outlier regions (Fig.  2d). The Z-score is indicative of 
the model quality; this parameter was − 8.09 in the ini-
tial model (based on the ProSA-web), and the majority 
of residues lied in the favored regions (Fig.  2a). Further 
improvement in the quality of the 3D structure after 
refinement can be also inferred from the Z-score value 
(− 8.15) (Fig. 2b).

B‑cell epitopes prediction
The epitope prediction could offer invaluable data that 
can be used to identify the immunogenic peptides. The 
Bcepred-determined linear B-cell epitopes are presented 
in Additional file 1: Table S2; while the results obtained 
from the ABCpred server are listed in Additional file 1: 
Table S3. The greater peptide score indicates the higher 
possibility of being an epitope. According to the IEDB 
online tool, the mean scores of hydrophilicity, antigenic-
ity, beta-turn, bepipred linear epitope prediction, flex-
ibility, and surface accessibility of the CDPK4 protein are 
2.381, 1.016, 1.012, 0.350, 1.013, and 1.000, respectively 
(Additional file  2: Figure S6). The SVMTriP-derived 
results are also tabulated in Additional file  1: Table  S4. 
The analysis of linear B-cell epitopes demonstrated that 
the CDPK4 protein contains favorable epitopes and 
appropriate indices. The Bcepred’s estimation accuracy of 
models based on various properties differs from 52.92% 
to 57.53%. This server also assists to forecast epitopes of 
B-cells using physicochemical features [38, 39]. Another 
valuable step for the in  silico analysis is the identifica-
tion of the conformational epitopes needed for antibody-
antigen interaction [30]. In this case, the application of 
ElliPro tool resulted in five discontinuous B-cell epitopes 
(Table 1).

Analysis of MHC‑I and MHC‑II molecules
The connection of peptides to MHC molecules is an 
important step in the presentation of antigens to T-cells 



Page 4 of 9Foroutan et al. BMC Res Notes           (2021) 14:50 

Fig. 1 The output from the NePhos server for CDPK4 phosphorylation sites. a The number of predicted S/T/Y phosphorylation sites; Residues 
having a prediction score above the threshold is indicated by ‘S’, ‘T’ or ‘Y’, respectively. b Graphic showing the phosphorylation prediction sites
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and also a key step in the choice of potential epitopes. 
Additional file  1: Tables S5 and S6, respectively indi-
cate the lowest percentile ranks for CDPK4 MHC-I and 

MHC-II as obtained from the IEDB site. The results 
derived from NetMHCcons and NetMHCIIpan are also 
listed in Additional file 1: Tables S7 and S8, respectively. 

Fig. 2 Validation of CDPK4 protein 3D structure using Ramachandran plot. a The Z-score plot for 3D structure of predicted protein before 
refinement with ProSA-web server. b The Z-score plot for 3D structure of predicted protein after refinement with ProSA-web server. c The analysis of 
Ramachandran plot using SWISS-MODEL server in initial model showed 87.87%, 8.40% and 3.73% of residues were located in favored, allowed and 
outlier regions, respectively. d The results after refinement were changed as follow: 95.34%, 3.54% and 1.12% of residues were located in favored, 
allowed and outlier regions, respectively
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Table 1 Conformational B cell epitopes of CDPK4 protein predicted by ElliPro server

Residues Number 
of Residues

Score 3D structure

A:K627, A:P628, A:A629, A:A630, A:E631, A:S632, A:P633, A:R634, A:L635, 
A:A636, A:G637, A:N638, A:R639, A:E640, A:R641, A:A642, A:E643, 
A:S644, A:A645, A:E646, A:A647, A:R648, A:G649, A:D650, A:S651, 
A:R652, A:S653, A:L654, A:V655, A:G656, A:S657, A:S658, A:P659, 
A:V660, A:H661, A:A662, A:V663, A:G664, A:K665, A:T666, A:G667, 
A:D668, A:V669, A:R670, A:T671, A:P672, A:V673, A:S674, A:S675, 
A:E676, A:G677, A:T678, A:P679, A:L680, A:R681, A:A682, A:E683, 
A:D684, A:L685, A:K686, A:S687, A:E688, A:D691, A:D692, A:R693, 
A:E694

66 0.809

A:L950, A:D951, A:D952, A:L953, A:E954, A:R955, A:L956, A:F957, A:R958, 
A:K959, A:I960, A:D961, A:I962, A:D963, A:N964, A:S965, A:G966, 
A:C967, A:I968, A:K969, A:M970, A:D971, A:R972, A:M973, A:V974, 
A:A975, A:V976, A:F980, A:P984, A:R985, A:D986, A:A988, A:L989, 
A:R990, A:I991, A:F992, A:R994, A:I995, A:D996, A:Q997, A:T998, 
A:R999, A:A1000, A:E1001, A:E1002, A:I1003, A:N1004, A:Y1005, 
A:S1006, A:E1007, A:F1008, A:L1009, A:A1010, A:A1011, A:T1012, 
A:L1013, A:Q1014, A:T1015

58 0.773

 

A:F845, A:G847, A:H848, A:G849, A:E852, A:I855, A:K856, A:R858, A:R859, 
A:D1032, A:V1033, A:D1034, A:N1035, A:S1036, A:G1037, A:H1038, 
A:I1039, A:S1040, A:L1041, A:E1042, A:N1043, A:L1044, A:R1045, 
A:G1049, A:Y1052, A:D1053, A:S1054, A:L1055, A:S1056, A:V1057, 
A:E1058, A:E1059, A:I1060, A:L1061, A:R1062, A:Q1063, A:C1064, 
A:D1065, A:K1067, A:Q1068, A:N1069, A:G1070, A:V1071, A:I1072, 
A:E1073, A:F1074, A:D1075, A:E1076, A:M1078, A:L1079, A:A1080, 
A:T1082, A:G1083, A:D1084

54 0.679

A:R740, A:Y741, A:S742, A:E743, A:K744, A:D745, A:G747, A:R748, A:R751, 
A:N758, A:Q762, A:D779, A:D780, A:S781, A:D782, A:D783, A:A784, 
A:N823, A:E824, A:K825, A:L839, A:S840, A:P844, A:C860, A:Y862, 
A:N863, A:M864, A:D865, A:G866, A:P867, A:R868, A:W869, A:R870, 
A:G871, A:I872, A:S873, A:E874, A:Q875, A:A876, A:K877, A:H878, 
A:F879, A:I880, A:A881, A:S882, A:L884, A:R885, A:R886, A:N887, 
A:P888, A:E889, A:E890, A:R891, A:P892, A:S893, A:A894, A:E895, 
A:E896, A:A897, A:L898, A:K899, A:H900, A:P901, A:W902, A:L903, 
A:V904, A:A905, A:A906, A:E907, A:K908, A:E909, A:A910, A:L911, 
A:A912, A:D913, A:T914, A:E915, A:I916, A:D917, A:V918, A:S919, 
A:K922

82 0.667
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In general, the lower percentile ranks (or  IC50 values) 
indicate the higher level affinity, which represents a 
better T-cell epitopes and vice versa [28]. Based on the 
bioinformatics analyses, CDPK4 T-cell epitopes could 
strongly bind to MHC-I and MHC-II molecules. Since T. 
gondii is considered as an intracellular protozoa, the cel-
lular immunity mediated by the T-cells have a pivotal role 
against this microorganism [54]. It is therefore extremely 
essential for the development of an effective vaccine 
against T. gondii to explain which type of T-cell-mediated 
immune response is participated [38, 54].

Prediction of the CTL epitopes
The CTLpred server was utilized to select 10 high-rank 
and suitable epitopes to analyze the CTL epitope. The 
details are mentioned in Additional file 1: Table S9.

Allergenicity, immunogenicity, and solubility analysis
CDPK4 protein could exhibit high immunogenicity as 
its antigenicity score was determined 0.780 and 0.622 
(through the use of ANTIGENpro and VaxiJen servers), 
respectively. AllerTOP and AlgPred servers suggest the 
non-allergic features of this protein. The ability to deter-
mine allergenicity is important to make sure that candi-
dates for vaccines are low in allergenicity [38]. Based on 
the SOLpro output, the solubility of the CDPK4 protein 
was determined as 0.7087.

Conclusion
This paper provided a detailed explanation of the funda-
mental aspects of CDPK4 protein, such as physicochemi-
cal characteristics, transmembrane domains, secondary 
and tertiary structures, B- and T-epitopes, and other 
features of CDPK4, using bioinformatics servers. Based 
on the findings, CDPK4 protein revealed an acceptable 

antigenicity score. Also, this protein contains many good 
epitopes of B- and T-cells, suggesting that CDPK4 can 
considered as an appropriate vaccine candidate against 
T. gondii. This research presented important fundamental 
and theoretical evidence for further in vivo investigations 
on the CDPK4 protein to establish an effective vaccine 
against acute and chronic T. gondii infection.

Limitations
In this paper, only in silico analysis was performed. More 
studies are recommended for the development of an 
effective vaccine in vivo using the CDPK4 alone or com-
bined with other antigens in the future. Also, a combina-
tion of immunodominant CDPK4 epitopes with various 
adjuvants and formulations will be useful.

Supplementary Information
The online version contains supplementary material available at https ://doi.
org/10.1186/s1310 4-021-05467 -1.

Additional file 1: Table S1. The acylation sites of CDPK4 sequence. 
Table S2. Epitopes predicted in CDPK4 protein by different parameters 
based on Bcepred online server. Table S3. The predicted B-cell epitopes 
via ABCpred tool. Table S4. Linear B-Cell epitope of the CDPK4 protein by 
SVMTriP. Table S5.  IC50 values for CDPK4 binding to MHC class I molecules 
obtained using the IEDB. Table S6.  IC50 values for CDPK4 binding to MHC 
class II molecules obtained using the IEDB. Table S7. Details of selected 
MHC-I T-cell epitope of T. gondii CDPK4 protein sequence using NetMHC-
cons server. Table S8. Details of selected MHC-II T-cell epitope of T. gondii 
CDPK4 protein sequence using NetMHCIIpan server. Table S9. Predicted 
CDPK4 epitopes by CTLpred.

Additional file 2: Figure S1. Transmembrane domains expected 
in CDPK4 protein. (A) Some statistics and a list of the location of the 
predicted transmembrane helices and the predicted location of the 
intervening loop regions. Length: the length of the protein sequence; 
Number of predicted TMHs: The number of predicted transmembrane 
helices; Exp number of AAs in TMHs: The expected number of amino acids 
in transmembrane helices. If this number is larger than 18 it is very likely to 
be a transmembrane protein (OR have a signal peptide); Exp number, first 

Table 1 (continued)

Residues Number 
of Residues

Score 3D structure

A:V551, A:Y552, A:H572, A:R573, A:Q574, A:S575, A:R576, A:R577 8 0.569

https://doi.org/10.1186/s13104-021-05467-1
https://doi.org/10.1186/s13104-021-05467-1
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60 AAs: The expected number of amino acids in transmembrane helices in 
the first 60 amino acids of the protein. If this number more than a few, you 
should be warned that a predicted transmembrane helix in the N-term 
could be a signal peptide; Total prob of N-in: The total probability that the 
N-term is on the cytoplasmic side of the membrane; (B) Analysis of the 
transmembrane domains of CDPK4. Figure S2. (A) The results of the GOR4 
server suggested that CDPK4 contains 34.97% alpha helix (Hh), 11.49% 
extended strand (Ee) and 53.54% random coils (Cc) in secondary structure; 
(B) Graphical finding from prediction of secondary structure of CDPK4 
using GOR4. Figure S3. (A) The results of the SOPMA server suggested 
that CDPK4 contains 30.14% alpha helix (Hh), 10.02% extended strand (Ee) 
and 59.84% random coils (Cc) in secondary structure; (B) Graphical finding 
from prediction of secondary structure of CDPK4 using SOPMA server. Fig‑
ure S4. Graphical output from prediction of secondary structure of CDPK4 
using PSIPRED tool. Figure S5. Predicted 3D model by the SWISS-MODEL 
server. Figure S6. Propensity scale plots of CDPK4 protein. (A) Surface 
accessibility; (B) Antigenicity; (C) Bepipred linear epitope prediction; (D) 
Beta-turn; (E) Flexibility; (F) Hydrophilicity. On the graphs, the Y-axes indi-
cate the corresponding score for each residue (averaged in the specified 
window), while the X-axes indicate the residue positions in the sequence. 
The higher residue score could be interpreted as having a higher likeli-
hood that the residue would be part of the epitope (yellow color on the 
graphs). Green color (under the threshold) shows the unfavorable regions 
that are related to the properties of interest.
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