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Toxoplasma gondii (T. gondii) is a cosmopolitan zoonotic infection that affects a wide 

range of warm-blooded animals and is estimated to be over 30% of the human popula-

tion to be seropositive worldwide [1,2]. Beyond the socioeconomic and health conse-

quences of toxoplasmosis, it is also considered an important abortifacient agent in 

farm animals that could cause significant economic damage to the field of animal 

farming in various countries [1,3]. The routine medications prescribed to treat toxo-

plasmosis are insufficient due to their side effects and inability to remove bradyzoites 

within tissue cysts, thus vaccination strategies might be a good alternative to restrict T. 

gondii infection in domestic animals and humans, given its considerable global bur-

den [4,5]. In the past decades, several studies have been performed to evaluate the vac-

cine types through different strategies against acute and chronic toxoplasmosis world-

wide [5,6].

Overall, it is estimated that rhoptry proteins (ROPs) occupy about 1%–30% of the to-

tal parasite cell volume and participate in the formation and functional properties of 

the parasitophorous vacuole (PV) and PV membrane [7,8]. During 20 years ago, some 
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The present study aimed to evaluate the key characteristics of Toxoplasma gondii rhoptry 
protein 4 (TgROP4), including physicochemical parameters, structural features, immunogenic 
epitopes, and virtual immune simulation, using several bioinformatics-based servers and tools. 
Based on allergenicity and antigenicity outputs, the TgROP4 protein seemed to have an im-
munogenic and non-allergenic nature. The quality of the three-dimensional (3D) structure im-
proved after refinement, according to the outcomes of the Ramachandran plot and the ProSA-
web servers. ABCpred and SVMTriP web tools were used to predict linear B lymphocyte 
epitopes and found several promising epitopes. Acceptable antigenicity, hydrophilicity, beta-
turn, Bepipred linear epitope 2.0, flexibility, and surface accessibility scores were obtained 
through the Immune Epitope Database (IEDB). Also, seven discontinuous B-cell epitopes 
ranging from scores 0.966 to 0.848 were found in the 3D model of TgROP4 via the ElliPro. The 
IEDB findings showed T-cell epitopes on TgROP4 protein are capable to strongly bind to the 
major histocompatibility complex classes. In silico immune simulation was performed using C-
ImmSim server and showed three injections of TgROP4 protein at 4-week intervals is capable 
to elicit adequate humoral and cell-mediated immune responses.
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Completing the pieces of a puzzle: 
in-depth probing of Toxoplasma 
gondii rhoptry protein 4 as a 
promising target for vaccination 
using an in-silico approach
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ROPs were employed as immunogens for vaccine develop-

ment to induce strong specific humoral and cellular immune 

responses [6,7]. Rhoptry protein 4 (ROP4), a member of the 

ROP2-protein family, is expressed in tachyzoite, sporozoite, 

and bradyzoite stage forms [9]. This protein is released from 

the parasite during or shortly after invasion into the PV, asso-

ciates with the vacuole membrane, and becomes phosphory-

lated in the infected cell [8]. In addition, ROP2 and ROP4, as 

ligands of human lactoferrin, play a key role in the uptake of 

iron from the infected host, suggesting that the host lactofer-

rin acquisition by T. gondii is one of the vital mechanisms for 

parasite growth during infection [10]. Hence, the T. gondii 

ROP4 (TgROP4) protein can be proposed as a potential suit-

able vaccine candidate against both acute and chronic toxo-

plasmosis. The present research aimed to assess the key char-

acteristics of TgROP4 in terms of physicochemical parame-

ters, structural features, immunogenic epitopes, virtual im-

mune simulation, and so forth, through several bioinformat-

ics servers and tools.

This study received approval from the Abadan University of 

Medical Sciences Ethical Committee (IR.ABADANUMS.REC. 

1401.157). The authors have completely observed ethical is-

sues (e.g., plagiarism, informed consent, misconduct, data 

fabrication and/or falsification, double publication and/or 

submission, and redundancy).

The protein sequence of TgROP4 (accession no., TGRH88_ 

020200) was obtained from the ToxoDB and saved in FASTA 

format for bioinformatics analysis. Appendix 1 lists the links 

to all bioinformatics servers employed in this study.

The physicochemical characteristics of TgROP4 were com-

puted through ExPASy ProtParam as follows: number of ami-

no acids, 578; molecular weight, 64,002.63 Da; theoretical iso-

electric point, 8.48; total number of negatively charged resi-

dues (Asp+Glu), 70; total number of positively charged resi-

dues (Arg+Lys), 73; chemical formula, C2832H4482N828O839S14; to-

tal number of atoms, 8,995; the estimated half-life was, 30 

hours (mammalian reticulocytes, in vitro), >20 hours (yeast, 

in vivo), and >10 hours (Escherichia coli, in vivo); the instabili-

ty index, 45.39 (This classifies the protein as unstable.); ali-

phatic index, 82.49; and grand average of hydropathicity, 

-0.337.

NetPhos ver. 3.1 (DTU Bioinformatics, Kongens Lyngby, 

Denmark) and GPS-PAIL (http://pail.biocuckoo.org/index.

php) web services predicted 55 and one phosphorylation 

(Ser: 30, Thr: 20, and Tyr: 5) and acetylation (RQRPHQWKS-

SEAALS, position 41) sites, respectively (Fig. 1C, D), suggest-

ing that these post-translational modifications might regulate 

the protein functions and affect their key activities. TgROP4 

protein was predicted to be non-allergenic via AlgPred ver. 2.0 

(https://webs.iiitd.edu.in/raghava/algpred2/) and AllerTOP 

ver. 2.0 (Bulgarian Academy of Sciences, Sofia, Bulgaria), 

while it was determined as an allergen with AllergenFP ver. 1.0 

web server (Bulgarian Academy of Sciences). Also, a moder-

ate antigenicity score was estimated using the VaxiJen ver. 2.0 

(0.6327, probable antigen; http://www.ddg-pharmfac.net/

vaxijen/VaxiJen/VaxiJen.html). Based on the outputs of the 

Protein-Sol (Warwicker Group, University of Manchester, 

Manchester, UK) (Fig. 1A, B) and SOLpro servers (https://

scratch.proteomics.ics.uci.edu/), TgROP4 was determined in-

soluble with a probability of 0.316 and 0.633, respectively. 

PSORT II (Osaka University, Osaka, Japan) was employed to 

predict the subcellular localization of TgROP4, and the server 

revealed that this protein is “extracellular” (77.8%). Also, the 

TMHMM ver. 2.0 server (DTU Bioinformatics) showed that 

the ROP4 sequence consists of one transmembrane helix (po-

sition: 13 to 32) (Fig. 1E). In addition, signal peptide predic-

tion was performed via the SignalP ver. 6.0 server (https://

services.healthtech.dtu.dk/services/SignalP-6.0/), and the 

TgROP4 sequence contains a conventional signal peptide of 

the Sec/SPI form with a likelihood of 0.9998 and a cleavage 

site between position 33 and 34 with probability of 0.973519.

The principal biological function of each protein is focused 

on its spatial structure. Thus, predicting the secondary and 

tertiary structures of the target protein is an essential step to 

realizing the connections between structures and functions 

[11,12]. Random coils, extended strands, and alpha helices 

were predicted as important secondary structures in the pro-

tein sequences using two online tools, GORIV and SOPMA. 

According to the findings of the secondary structure analysis 

performed using the GORIV and SOPMA servers, the ROP4 

protein sequence consisted of 37.37% (216 residues) and 

31.66% (183 residues) alpha helices, 13.32% (77 residues) and 

7.09% (41 residues) extended strands, and 49.31% (285 resi-

dues) and 61.25% (354 residues) random coils, respectively 

(Fig. 1F, G). The SWISS-MODEL web server (Swiss Institute of 

Bioinformatics, Geneva, Switzerland) was employed for the 

homology modeling of three-dimensional (3D) structures of 

the TgROP4 protein. Following the analysis, four 3D models 

were generated, and template 1 (Q5Y808.1.A) of the protein 

showed 100% sequence identity from amino acids 1 to 578 

(coverage was equal to 1.00) (Fig. 2A, B). In the next step, the 

best-created 3D model through the SWISS-MODEL tool, was 
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Fig. 1. (A) Solubility and (B) deviation from the population average, charge score, and fold propensity of TgROP4 predicted through the Protein-
Sol server; (C) prediction of TgROP4 sequence phosphorylation regions in terms of serine (S), threonine (T), and tyrosine (Y) through NetPhos 3.1 
server; (D) graphical diagram of phosphorylation sites; and (E) prediction of TgROP4 protein transmembrane helices. 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 the transmembrane helices. If this number is >18, it is very likely to be a transmembrane protein (or have a signal peptide). Exp 
number, first 60 amino acids: the expected number of amino acids in transmembrane helices in the first 60 amino acids of the protein. If this 
number is >a few, the 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. (F, G) Graphical representations of the secondary structure prediction of TgROP4 prepared 
by GOR IV (F) and SOPMA online servers (G) (e=extended strand, h=helix, and c=coil). (Continued on next page.)  
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Fig. 1. (Continued; caption shown on previous page). 
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Fig. 2. (A) Model-template alignment and (B) three-dimensional (3D) model structure predicted for TgROP4 protein, provided by SWISS-MODEL 
server. (C–F) Validation of the 3D model of the TgROP4 protein via structure assessment tool and ProSA-web. Following analysis, the structure 
assessment tool of the SWISS-MODEL generated Ramachandran plots. It estimated that 88.72% and 98.09% of residues were located in favored 
regions prior to (C) and post-refinement (D), respectively. Based on the ProSA-web server, Z-score was determined to be –8.63 and –8.98 in the 
crude (E) and refined (F) 3D models, respectively, indicating that the 3D structure’s quality was enhanced post-refinement procedure. NMR, nu-
clear magnetic resonance. (G) Seven conformational B-cell epitopes on TgROP4 protein predicted by ElliPro. The white rods and orange domains 
show the TgROP4 protein and discontinuous B-cell epitopes, respectively. (H) The results of the IEDB online server were visualized for six vari-
ables, including hydrophilicity (average: 1.526), beta-turn (average: 0.970), Bepipred linear epitope 2.0 (average: 0.530), flexibility (average: 1.003), 
surface accessibility (average: 1.000), and antigenicity (average: 1.031). The x-axes represent the residue positions in the sequence, while the y-
axes represent the corresponding score for each residue; the yellow color represents that the residue might have a greater probability of being a 
part of the epitope, and the green color represents the unfavorable regions relevant to the properties of interest. (Continued on next page.)  
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Fig. 2. (Continued; caption shown on previous page). 
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further analyzed and refined via the GalaxyRefine web server 

(Galux Inc. & Computational Biology Lab, Department of 

Chemistry, Seoul National University, Seoul, Korea). ProSA-

web (https://prosa.services.came.sbg.ac.at/prosa.php) was 

also employed to evaluate the model’s overall quality. The 

outputs of GalaxyRefine revealed that the crude model in-

cluded global distance test-high accuracy (1.0000), root mean 

square deviation (0.0000), MolProbity (1.710), the clash score 

(0.6), poor rotamers (3.8), and Rama favored (88.7). The 

scores were changed after refinement for these parameters: 

0.9278, 0.545, 1.385, 7.0, 0.6, and 98.1, respectively. The quality 

of the 3D structure improved after refinement, according to 

Fig. 3. Prediction of immune profile through in silico immune simulation approach using the C-ImmSim server. (A) Immunoglobulin secretion in 
response to TgROP4; (B) B-cell population per state (cells/mm3); (C) TH cell (CD4+) population per state (cells/mm3); (D) TC cell (CD8+) popula-
tion per state (cells/mm3); (E) Natural killer (NK) cell population (cells/mm3); and (F) level of cytokines production (ng/mL) by TgROP4. Ag, anti-
gen; Ab, antibody; IgM, immunoglobulin M; IgG, immunoglobulin G; IFN-γ, interferon-gamma; IL, interleukin; TGF-β, transforming growth factor-
beta; TNF-β, tumor necrosis factor-beta.
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the outcomes of the Ramachandran plot generated by the 

structure assessment tool (88.72% and 98.09% of residues 

were incorporated in the favored regions in the original and 

refined models, respectively.) and the ProSA-web (Z-score: 

–8.63 and –8.98 for the crude and refined models of TgROP4) 

online services (Fig. 2C–F).

Predicting B and T cell epitopes could suggest useful infor-

mation that helps in determine the immunogenic peptides. 

Thus, recognition of the prominent epitopes capable of acti-

vating the immune system is considered an important step in 

the field of reverse vaccinology through immunoinformatics 

approaches [11,13]. ABCpred (https://webs.iiitd.edu.in/

raghava/abcpred/index.html) and SVMTriP web tools (http://

sysbio.unl.edu/SVMTriP/index.php) were used to predict lin-

ear B lymphocyte epitopes for this aim. SVMTriP server was 

predicted three potential epitopes (16-mer) as follows: (1) 

HTRLLQHLRRVARIIR, score: 1.000, location: 143–158; (2) 

AWTLGSVIFLIWCSRA, score: 0.850, location: 479–494; and 

(3) PSCLVWLAAAFLVLGL, score: 0.814, location: 10–25. Ad-

ditionally, using the ABCpred online web server, we found 36 

promising epitopes (threshold: 0.75), which the five best epit-

opes were including, AHLQDEGVVHGKIMPD (start position: 

404, score: 0.94), TVLEATARDVDSMRNE (start position: 292, 

score: 0.94), PAEYDEYTPPEGRAAA (start position: 447, score: 

0.89), QGIIQEILRQKPGIAH (start position: 206, score: 0.89), 

and RGSDDAAEVSRRTRVP (start position: 126, score: 0.89). 

The higher score of the peptide means the higher probability 

of being an epitope [14]. Furthermore, we recruited the Im-

mune Epitope Database (IEDB) tool (http://tools.iedb.org/

bcell/) to predict six variables: antigenicity, hydrophilicity, 

beta-turn, Bepipred linear epitope 2.0, flexibility, and surface 

accessibility. According to the results, the above items’ aver-

age scores (threshold) were computed as 1.031, 1.526, 0.970, 

0.530, 1.003, and 1.000, respectively (Fig. 2H). Prediction of 

discontinuous epitopes is a valuable step that is needed for 

antibody-antigen interaction. For this aim, the ElliPro tool in 

the IEDB server (http://tools.iedb.org/ellipro/) was used, and 

seven conformational B-cell epitopes ranging from scores 

0.966 to 0.848 were found in the 3D model of TgROP4 (Fig. 

2G). The binding of peptides to the major histocompatibility 

complex (MHC) classes (MHC-I and MHC-II) is necessary to 

present target antigens to T-cells. It is the main step in choos-

ing potential epitopes [13,15,16]. The IEDB findings showed 

that T-cell epitopes on TgROP4 protein are capable of binding 

to both MHC classes strongly.

In silico immune simulation is a critical step that analyzes hu-

moral and cell-mediated immune responses of the mammali-

an immune system to a certain antigen [17]. The C-ImmSim 

server (https://kraken.iac.rm.cnr.it/C-IMMSIM/index.php) 

was used to simulate immune responses. The following set-

tings were applied: simulation volume, 10; random seed, 

12345; simulation steps, 1,050; three injections at 4-week in-

tervals (lipopolysaccharide free) with time series of 1, 84, and 

168; number of antigens to inject, 1,000; and host human leu-

kocyte antigen selection, default. Following injection, suffi-

cient titers of immunoglobulin M (IgM), immunoglobulin G 

(IgG)1, and a combination of both IgG+IgM were secreted 

(Fig. 3A). Approximately 65 days post-immunization, active B 

lymphocytes reached a peak state (approximately 720 cells/

mm3), which subsequently remained for 350 days (approxi-

mately 450 cells/mm3) (Fig. 3B). The active T-CD4+ and T-

CD8+ cells started duplicating just a few days after TgROP4 

immunization and remained for up to 350 days (Fig. 3C, D). 

Furthermore, interferon-γ (IFN-γ) and interleukin-2 cytokine 

levels were increased after injection (Fig. 3F), indicating 

strong induction of the T helper 1 immune responses re-

quired for the clearance of invasive free or intracellular 

tachyzoites.

In conclusion, in the present study, immunoinformatics-

based servers and tools recognized that the TgROP4 protein 

had many potential T and B-cell epitopes. Also, based on al-

lergenicity and antigenicity outputs, the TgROP4 protein 

seemed to have an immunogenic and non-allergenic nature, 

indicating its potential use for inclusion in vaccine formula-

tions. In silico immune simulation predicted that humoral re-

sponses, including specific IgM, IgG1, and a combination of 

both IgG+IgM titers along with cell-mediated cytokines, par-

ticularly IFN-γ, raised to significant levels following three in-

jections of TgROP4 by 4-week intervals. In the next step, it is 

highly recommended that a novel multi-epitope vaccine be 

constructed and tested through in silico and in vivo approach-

es in suitable animal models.
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Appendix 1. The links and description of all bioinformatics online servers used in the research

Server Function Setting References

ToxoDB TgROP4 protein sequence retrieval NA [A1]
ExPASy ProtParam Prediction of physicochemical parameters NA [A2]
NetPhos ver. 3.1 Prediction of phosphorylation sites in eukaryotic 

proteins
Default [A3]

GPS-PAIL ver. 2.0 Prediction of acetylation on internal lysines Threshold: medium [A4]
AllergenFP ver. 1.0 Prediction of protein allergenicity Default [A5]
AllerTOP ver. 2.0 Prediction of protein allergenicity Default [A6]
AlgPred 2.0 Prediction of protein allergenicity Default threshold + hybrid (RF+BLAST+MERCI) [A7]
VaxiJen ver. 2.0 Protein antigenicity Target organism: parasite (threshold=0.5) [A8]
SOLpro Solubility upon overexpression Default [A9,A10]
Protein-sol Protein solubility Default [A11]
PSORT II Prediction of subcellular localization(s) Default [A12]
TMHMM ver. 2.0 Prediction of transmembrane helices in proteins Default [A13,A14]
SignalP 6.0 Prediction of signal peptides and the location of their 

cleavage sites in proteins from Eukarya
Organism (Eukarya), output format (long output), model mode 

(slow)
[A15]

GOR IV Protein secondary structure prediction Default [A16]
SOPMA Protein secondary structure prediction Default [A17]
SWISS-MODEL Protein structure homology-modelling Default [A18]
GalaxyRefine 3D model refinement Default [A19,A20]
Structure assessment tool Prediction of quality and structural features of crude 

and refined models
Default [A21]

ProSA-web Prediction of the model’s overall quality Default [A22]
ABCpred Prediction of B cell epitope(s) in an antigen sequence, 

using artificial neural network
Threshold (0.75), overlapping filter (ON) [A23]

SVMTriP A tool to predict linear antigenic B cell epitopes Epitope length (16) [A24]
IEDB Antibody epitope prediction from protein sequences Default [A25-A30]
IEDB MHC-I binding predictions Prediction method (NetMHCpan 4.1 EL), MHC source species 

(mouse), length (10)
[A31]

IEDB MHC-II binding predictions Prediction method (NetMHCIIpan 4.1 EL), select species/locus 
(mouse), length (15)

[A31]

ElliPro Prediction of linear and discontinuous antibody 
epitopes based on a protein antigen’s 3D structure

Minimum score (0.8), maximum distance (6 angstrom) [A32]

C-ImmSim In silico immune simulation Simulation volume (10), random seed (12345), simulation 
steps (1,050), three injections at 4-week intervals 
(lipopolysaccharide free) with time series (1, 84, 168), 
number Ag to inject (1,000), host HLA selection (default)

[A33]

NA, not applicable; RF, random forest; BLAST, basic local alignment search tool; MERCI, maximal exact recurrent conserved instance; MHC, major histocompatibility 
complex; 3D, three-dimensional; HLA, human leukocyte antigen.
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