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Abstract

Introduction: Toxoplasma gondii is a parasite of the protozoan type and is
intracellular. These parasites can cause the occurrence of toxoplasmosis
in infected individuals. These protozoa are zoonotic and have a
global prevalence. The method of enforcing diagnosis in this parasite
serologically, molecularly, and microscopically has limitations, namely
in the values of sensitivity, specificity, and feasibility. Dense Granule
Antigen 7 (GRA 7), which is a protein secreted by T. gondii during the
infection stage in the acute and chronic phases, can elicit a strong immune
response, so GRA 7 can be used as a biomarker and is very promising.

Methods: This study used a method in the form of in silico. This method
was performed to characterize the physiochemical properties, secondary
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and tertiary structures, post-translational modification, and immunogenic

epitopes of GRA7.

Results: In silico analysis found that GRA7 is hydrophilic. In terms of structural stability, GRA 7 is dominated by alpha-helix.
Furthermore, GRA7 contains a transmembrane domain and several predicted epitope regions that may be recognized by B
cells and T cells. All of these findings support that GRA7 has the potential to be a potent antigen. In addition, the recombinant
productivity of GRA7 increases its application as a diagnostic and on a wide scale.

Conclusions: Overall, GRA7 shows strong potential as a reliable antigen for serological diagnosis of toxoplasmosis due to its
high sensitivity and specificity, especially among vulnerable groups such as pregnant women and individuals with weakened

immune systems.
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Introduction

Toxoplasma gondii (T. gondii) is an obligate intracellular
protozoan parasite and the main cause of toxoplasmosis, a
zoonotic disease that is estimated to infect nearly one-third
of people worldwide, with prevalence rates differing among
geographic regions (1). Humans can be infected by this
parasite through several main pathways, transmission can
occur through several routes, including consuming raw or
undercooked meat containing tissue cysts, ingestion of eggs
or vegetables contaminated with oocysts, or vertical transfer
from an infected mother to the fetus through the placenta
(2). In its life cycle, T. gondii manifests in three different
biological forms, namely takizoites that are invasive and
trigger acute infections, bradyzoites that settle inside tissue
cysts, and sporozoites in oocysts that are released with cat
feces (2).

To detect T. gondii infection, the medical world applies
serological, molecular, and microscopic methods, each of
which has its own advantages and limitations. The most
commonly used method in the laboratory is serological
testing, specifically the ELISA technique, to detect the
presence of IgM and IgG antibodies. Although this method
is highly sensitive and effective for initial screening, the
interpretation of the results is often challenging because
IgM antibodies may remain detectable in the body
for several months, making it difficult for doctors to
distinguish between a recent infection and a past infection
(3,4). Meanwhile, the presence of IgG antibodies only
indicates past exposure without being able to confirm an
active infection. To overcome this constraint, IgG avidity
testing is sometimes performed to help estimate the time
of infection, although its reliability will decrease if the
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test is done too early (5). As a more specific alternative,
molecular approaches, particularly Polymerase Chain
Reaction (PCR), are used to identify T. gondii DNA in
various biological samples, including blood, cerebrospinal
fluid, and amniotic fluid. This PCR technique is very
valuable for early diagnosis because it has high specificity,
especially for patients with immune system disorders
(immunocompromise) and in cases of suspected congenital
toxoplasmosis (6,7). However, the PCR method still has
its own drawbacks, such as the possibility of producing
false-negative results if the number or load of parasites in
the sample is too low, and requires the support of special
and sophisticated laboratory facilities (8).

Microscopic examination of tissue samples was actually
able to detect the presence of T. gondii directly. However,
this method is rarely applied in routine clinical procedures
due to its invasive nature, low level of sensitivity, and lack
of direct therapeutic benefits to patients. In addition to
these technical constraints, the application of this method
is also limited by strict ethical regulations, such as the need
to obtain approval from the Institutional Review Board
(IRB), the existence of informed consent, and the obligation
to reduce risks that can be accepted by patients, except in
certain high-risk medical situations (9).

Given the high rate of spread of toxoplasmosis globally
and the adverse impact it can cause, innovation in creating
more practical and accurate diagnostic instruments is
needed. One potential breakthrough is to utilize specific
antigens as T. gondii biomarkers. Dense Granule Antigen
7 (GRA7), a protein excreted by the parasite, shows
much more promising advantages over other antigens
for immunological and diagnostic needs as biomarkers.
GRA7 has very strong immunogenic properties because
it can stimulate both humoral and cellular immune
responses. This makes it an ideal modality for serology-
based detection. Unlike other antigens that only appear
in certain life cycles, GRA7 is produced consistently in
both the tachyzoite (acute) and bradyzoite (chronic)
phases, making it reliable at various stages of infection.
In addition, GRA7 has the potential to be a vaccine
candidate because it has been shown to trigger a protective
immune response in experimental animals, as well as
being active in host-pathogen interactions, including
modulating immune signaling pathways such as NF-kB and
activating inflammasomes. This combination of unique
characteristics is what positions GRA7 as the flagship
protein for the development of diagnostic tools as well as
future toxoplasmosis therapy (10-12).

Dense Granule proteins, particularly GRA7, are not yet
commercially available as diagnostic kits for toxoplasmosis,
although GRA7 accumulates in the parasitophorous
vacuole during tachyzoite infection of host cells. In contrast,
when the intracellular parasite is in the bradyzoite form,
GRA7 can be found in the cytoplasm of infected cells. This
characteristic is highly valuable for the recognition of Tc/
CD8+ cells (cytotoxic T cells), as GRA7 is processed and
displayed through the MHC class I antigen presentation
pathways (13). GRA proteins are abundantly secreted

in infected patients, making them detectable in blood
samples during the early stages of infection. Therefore,
GRA7 holds great potential as a target protein for detecting
toxoplasmosis infection (14).

The development of bioinformatics technology today has
opened up a new paradigm in infectious disease research,
including in the treatment of toxoplasmosis. The use of
in silico analysis tools, computer-based modeling, and
biological prediction simulations now allow researchers
to identify and map the characteristics of potential antigens
targeted as diagnostic targets. Considering the widespread
occurrence of T. gondii infection worldwide and the
weaknesses of current conventional diagnostic methods,
an in-depth exploration of GRA7 as a serological biomarker
is very urgent in order to produce a more sensitive, precise,
and valid detection tool. Through this bioinformatics
approach, antigen validation processes such as GRA7 can
be carried out more innovatively and efficiently before
being implemented in the clinical realm. Therefore,
this study focuses on the in silico method to thoroughly
explore the biophysical features as well as the configuration
of local and three-dimensional protein structures, post-
translational modification, and mapping of immunogenic
epitopes possessed by the GRA7 protein.

Materials and Methods

The methodology applied in this study refers to Karimipour-
Saryazdi et al (2024). In order to ensure the relevance and
accuracy of the analysis, several forms of modification and
specific adjustments were deliberately applied so that all
stages of work continued to run in accordance with the
main objectives of this study (15).

Amino Acid Sequence

The TgGRA?7 protein sequence was obtained by accessing
amino acid data available in the National Center for
Biotechnology Information (NCBI) database. The data is
downloaded in the form of a FASTA format and refers to
the specific accession number ABE69202. The sequence
was accessed through the official website of the NCBI
(https://www.ncbi.nlm.nih.gov) (16).

Physicochemical Characteristics

The molecular and chemical characteristics of the TgGRA7
protein were assessed with the aid of ExPASy ProtParam
(https://web.expasy.org/protparam/) (17). Through
this platform, a series of structural and biochemical
parameters are evaluated. The evaluation was carried out
including the calculation of the total the total number of
amino acids, estimated molecular mass, and predicted
isoelectric point (pI). Additionally, several calculations
were performed to determine the predicted protein half-
life, the overall count of residues carrying positive and
negative charges, the predicted protein stability score, light
absorption coefficient, aliphatic residue index, and grand
average hydropathicity value (GRAVY) score in order to
understand the fundamental properties of the protein.
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Post-Translational Modification Sites

Possible post-translational modification regions in the
TgGRA7 protein were identified using two platforms,
namely the NetAcet 1.0 and NetPhos 3.1 servers. The
NetAcet 1.0 (https://services.healthtech.dtu.dk/services/
NetAcet-1.0/) device was used to map the possible presence
of N-acetylation sites in protein structures (18). The process
of tracking potential areas for phosphorylation processes
involving serine, threonine, and tyrosine amino acid
residues was assessed through the NetPhos 3.1 prediction
platform (https://services.healthtech.dtu.dk/services/
NetPhos-3.1/) (19).

Prediction Methods for Transmembrane Domain, Signal
Peptide, and Subcellular Localization

The membrane-spanning segments of TgGRA7 were
identified through the TMHMM v.2.0 prediction platform
(https://services.healthtech.dtu.dk/services/ TMHMM-2.0/)
(20). To examine whether TgGRA7 contains an N-terminal
signal peptide and to determine the possible cleavage
position, the sequence was further analyzed using SignalP
6.0. The probable intracellular location of the protein was
subsequently assessed with PSORT II (https://psort.hgc.
jp/form2.html) (21).

Secondary and Tertiary Structure Prediction

The local structural elements of TgGRA7 were examined
through the GOR4 web-based prediction tool (https://npsa.
lyon.inserm.fr/cgi-bin/npsa_automat.pl?page =/NPSA/
npsa_gor4.html) (22). For three-dimensional modeling,
the protein sequence was submitted to SWISS-MODEL
(https://swissmodel.expasy.org/) (23), where its structure
was generated using a homology-based approach according
to sequence similarity with available templates. The
reliability of the obtained 3D model was then checked using
a Ramachandran plot generated by PROCHECK through
the SAVES v6.0 server (https://saves.mbi.ucla.edu/) (24).
Moreover, the three-dimensional structure prediction
and the structural flexibility prediction of TgGRA7 were
carried out based on the Al platform AlphaFold2 (https://
alphafold.ebi.ac.uk/) by calculating its local accuracy and
model confidence score using per-residue pLDDT score
(25).

B-cell Epitope and Antigenicity Prediction

Potential linear B-cell epitope regions in TgGRA7 were
identified by submitting its amino acid sequence to the
BcePred web server (http://crdd.osdd.net/raghava/
bcepred/) (26). The analysis used multiple protein
characteristics as prediction parameters, including residue
flexibility, water affinity, surface accessibility, turn-forming
tendency, exposed regions, polarity, and antigenicity
potential. Furthermore, antigenicity was predicted
using IEDB (https://tools.iedb.org/main/) (27) and
ANTIGENPro (https://scratch.proteomics.igb.uci.edu/)
(28) to evaluate potential antigenic regions and identify
peptide segments that may contribute to the immunogenic
properties of the TgGRA?7 protein.

Protein-Protein Interaction Network Analysis

The network of predicted protein interactions involving
TgGRA?7 was evaluated to determine its possible functional
relationships with other Toxoplasma gondii proteins. The
network was constructed using the STRING database,
where Toxoplasma gondii was designated as the target
organism (29). During the process, the T¢gGRA7 protein
is positioned as the main input to predict various potential
interactions based on the functional association data that
has been recorded. Once the interaction data was obtained,
visual mapping as well as network topology analysis were
executed using the Cytoscape 3.0 software (30). This
analysis process aims to map the interaction profile of
TgGRA?7, including in calculating the degree value and
identifying the centrality position of the protein in the
predicted network architecture.Through the integration
of the two platforms, the connectivity patterns between
TgGRA7 and other functional proteins can be observed
and understood. This makes it easier to identify the
strategic role of T¢GRA?7 as a hub/key node in the parasite’s
biological network. The entire series of modeling processes,
starting from the formation of an initial STRING-based
network for T. gondii organisms to the final visualization
through Cytoscape 3.0, can be observed.

Results

GRA?7 Protein Basic Analysis

The FASTA-formatted amino acid sequence of GRA7
was obtained from the NCBI database with the accession
ID ABE69202.1. Bioinformatic analysis showed that
this protein consists of 236 amino acid residues, has an
estimated molecular mass of 25,944.89 Da, and possesses
a theoretical isoelectric point of 5.33. The sequence
includes 30 basic residues, namely arginine and lysine, as
well as 39 acidic residues, represented by aspartic acid and
glutamic acid. GRA7 is predicted to contain 3,614 atoms,
with an extinction coefficient of 4.47 M'em™ in water
at 280 nm. Its estimated half-life varies across biological
systems, reaching approximately 30 hours in mammalian
reticulocytes under in vitro conditions, exceeding 20 hours
in yeast cells, and lasting more than 10 hours in E. coli.
Based on ExPASy ProtParam evaluation, GRA?7 falls into
the unstable protein category due to its instability index
value of 49.97. In addition, the aliphatic index of 71.19
reflects moderate heat stability, whereas the GRAVY score
of —0.594 indicates that GRA7 tends to be hydrophilic.

Prediction of Post-Translational Modification Sites in
GRA7

Post-translational modification sites in the GRA7 protein
were predicted using the web tools NetAcet-1.0 (DTU
Health Tech, 2005) and NetPhos 3.1 (DTU Health Tech,
1999), respectively. Analysis using NetAcet 1.0 identified
a single possible acetylation region in GRA7. In contrast,
NetPhos 3.1 revealed 34 predicted phosphorylation
positions, including 3 tyrosine, 14 threonine, and 17 serine
residues (Figure 1).
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Figure 1. Computational assessment of predicted phosphorylation regions in GRA7 (a) The protein amino acid sequence is 250 residues long, displayed in blocks
of 50 residues. Below the sequence, there are five lines labeled %1, which show the predicted potential phosphorylation sites. In the %1 lines, the symbols have
the following meanings: (S) Serine, (T) Threonine, (Y) Tyrosine are predicted to be phosphorylated. (.) Indicates no phosphorylation is predicted at that position. (b)
The horizontal axis represents the location of amino acid residues across the protein sequence. The Y-axis shows the phosphorylation potential, ranging from 0 to
1. The horizontal purple line represents the phosphorylation prediction threshold. Only predictions with potentials above this line are considered positive (valid).

Transmembrane Domain, Signal Peptide, and Subcellular
Localization

The TMHMM v.2.0 analysis provided by the Technical
University of Denmark showed that showed that the GRA7
sequence contains two transmembrane domains (Figure 2).
In addition, PSORT II predicted the subcellular localization
of GRA7, with 13% assigned to the Golgi apparatus, 17.4%
endoplasmic reticulum, 34.8% extracellular, including cell
wall, and 34,8% plasma membrane.

Based on the TMHMM analysis, the GRA7 protein is
predicted to contain two transmembrane helices, indicating
its potential association with cellular membranes. In addition,
the prediction of a possible N-terminal signal sequence
suggests that GRA7 may undergo targeting through the
secretory pathway. Subsequent evaluation using SignalP was
performed to confirm whether the protein contains a signal
peptide and to determine the possible cleavage position
within its N-terminal region (Figure 3).

Prediction of the Secondary and Tertiary Structures
The GOR4 web-based tool was used to evaluate the
secondary structure profile of GRA7. This analysis
identified the dominant structural components of the
protein, such as alpha-helical regions, random coil
segments, and extended strand formations. The GOR4
results showed that the GRA7 sequence consisted of 40.25%
alpha-helix (95/236), 51.69% random coil (122/236), and
8.05% extended strand (19/236), respectively (Figure 4).

# WEBSEQUENCE Length: 236

# WEBSEQUENCE Number of predicted TMHs: 2

# WEBSEQUENCE Exp number of AAs in TMHs: 44.63309
# WEBSEQUENCE Exp number, first 60 AAs: 22.08916
# WEBSEQUENCE Total prob of N-in: ©.89528
# WEBSEQUENCE POSSIBLE N-term signal sequence

WEBSEQUENCE TMHMM2.© inside 1 4
WEBSEQUENCE TMHMM2. @ TMhelix 5 27
WEBSEQUENCE TMHMM2. @ outside 28 178
WEBSEQUENCE TMHMM2. @ TMhelix 179 201
WEBSEQUENCE TMHMM2. @ inside 202 236

Figure 2. Analysis of the transmembrane domain of GRA7. The protein
sequence is 236 amino acids long. The predicted number of transmembrane
helices is 2. The average number of amino acids expected to be located
within transmembrane helices is 44.63. The average number of amino acids
in transmembrane helices located within the first 60 amino acids is 22.09. The
total probability that the N-terminal end is located inside the cell is 89.5%.

3D Model Forecast and Assessment

The prediction of the 3D structure of GRA7

The three-dimensional conformation of GRA7 was
constructed through the SWISS-MODEL platform. The
modeling process produced two structural candidates,
and the model showing the greatest sequence similarity
was chosen for further interpretation. The selected model
demonstrated 92.8% sequence identity and complete
coverage of the GRA7 sequence, spanning residues 1 to
236. The SWISS-MODEL result, including the alignment
between the target sequence and template as well as the
generated 3D protein structure, is shown in Figure 5a. A
separate structural prediction was also performed using
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AlphaFold, as illustrated in Figure 5b. The reliability of
the AlphaFold-derived model was then examined using
the predicted Local Distance Difference Test (pLDDT)
score, with this metric having a range from 0 to 100. It is
evident that high pLDDT scores can be observed for the
core domains of the structure (pLDDT > 70, colored blue),
which is consistent with the stable alpha helices detected by
the GOR4 and SWISS-MODEL algorithms. On the other
hand, low to very low pLDDT scores are seen within the
N-terminal and C-terminal parts, as well as in the loop
regions (pLDDT < 70; pLDDT <50, respectively, colored
yellow, orange, and red). According to the AlphaFold
protocol, such low pLDDT scores are strongly correlated
with intrinsically disordered regions or segments that
exhibit high structural flexibility. From the standpoint
of the immunobiology of the target protein, such flexible
regions are extremely beneficial since they significantly
increase the presentation of dynamic epitopes, rendering
the protein highly accessible to the host’s immune response.

Ramachandran Plot Analysis
The Ramachandran plot analysis for the GRA7 structure
model shows how the phi (¢) and psi (y) torsion angles

are distributed across amino acid residues in the generated
2D model (Figure 6).

The results indicate that most of the residues fall within
the allowed conformational regions, with 80% of them in
the favored region, suggesting that the predicted structure
is stable and aligns with the conformational predictions
typically found in natural proteins. Although there are a
few points that fall into the disallowed region, their number
is relatively small and does not affect the overall stability
and validity of the structure. This confirms that the GRA7
model generated from bioinformatics prediction has
acceptable quality and can be used for further analysis.

Prediction of Linear B-cell Epitopes and Antigenicity of
the GRA7 Protein

Continuous B-cell epitope candidates in the GRA7 protein
were identified through analysis with the BcePred platform.
This prediction was performed by evaluating several
sequence-based features, such as structural flexibility,
hydrophilic character, residue accessibility, turn tendency,
surface exposure, polarity, and antigenic potential. The
prediction results generated by BcePred are presented in
Table 1. These predicted epitopes may contribute to the

SignalP 6.0 prediction: ABE69202.1 granule antigen protein GRA7 _Toxoplasma gondii_
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Figure 4. Predicted secondary structure by the GOR4 online service. The
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Figure 5. A. Result from the web server SWISS-MODEL. The GRA7 protein’s
3D model. B. AlphaFold server-generated structural model of 3D TgGRA7
structure. This structure is highlighted according to its per-residue confidence
level as determined using the pLDDT value: dark blue represents a very
high confidence level (pLDDT>90), light blue represents a confident
prediction (90>pLDDT >70), yellow represents a low-confidence prediction
(70>pLDDT>50), and orange/red represents a very low confidence level
(pLDDT < 50), which directly relates to high flexibility and Intrinsically
Disordered Regions (IDRs).
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Figure 6. 2D Ramachandran plot for GRA7 structure analysis

Table 1. Epitope prediction of the GRA7 protein using multiple criteria from
the BcePred web server.

Prediction Parameter Epitope Sequence

AGVDSKGT; HFRKRGV; KVVPRKSEGKRSF;
RHFSPRKNRSR; EVPESGEDR

ATASDDE; VDSKGTDDH; ETEPDEQEE;
DAEVTDD; EEHTDRK; RKSEGKRS;
TEQQQTGDEP; PESGEDREDARQ

ESQLPRREPLETEPDEQEE;

Flexibility

Hydrophilicity

Accessibility YEEHTDRKVVPRKSEGKRS; ELTEQQQTGDE;
IKRTYRHFSPRKNRSRQPAP; PESGEDREDARQ
Turns NOT AVAILABLE

QLPRREPLETEPDEQEE;
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antigenic properties of GRA7.

The antigenicity analysis of the GRA7 protein shows that
this protein has a good potential to function as an antigen
recognized by the immune system, which is highly relevant
for diagnostic or vaccine development. According to the
graph generated from IEDB and ANTIGENPro (Figure 7),
most segments of the GRA7 protein have antigenicity scores
above the threshold value, with an average score of 1.016
and a maximum value of 1.257, indicating that this protein
is quite effective in triggering an immune response. The
green and yellow colors on the graph represent segments
with good antigenicity potential, where yellow indicates
areas with higher scores.

Further predictions identify several antigenic peptides in
the GRA7 protein that may trigger an immune response
(Table 2), such as HAIFFALCVLGVAAALPQPATA at

positions 4-26 (length 23), QAPVDSL at positions 47-53
(length 7), and VSTVIGFAALAAAVAFLGLG at positions
181-200 (length 20). These peptides have potential as
epitopes that may be applied in the design of serological
assays or vaccines to detect and combat Toxoplasma gondii
infection.

The Interaction of GRA7 Protein Network and Its Central
Role in the Immune System

Degree is a parameter used in network analysis to measure
how many proteins interact with other proteins. The higher
the degree value, the more interactions the protein has. In
this graph, GRA7 is marked in red, indicating the highest
degree compared to other proteins like RON4, ROP18,
BN1205_093730, MIC10, and MICS8, which have lower
degree values, shown by lighter colors (Figure 8).

Discussion

In this study, several characteristics of the GRA7 protein
were analyzed. The MW of GRA7 is 25.944.89 Da and its
amino acid sequence consists of 236 residues. Regarding
its immunogenic potential, the GRA7 is large enough
and structurally complex enough to form stable antigenic
determinants and elicit a strong immune response, as
proteins with MW between 5-10 kDa are generally weak
immunogens (31). GRA7 is considered a relatively large
protein, with an estimated molecular mass of 25.9 kDa
and a size exceeding 20 kDa. These two characteristics are
commonly linked to stronger antigenic potential, allowing
the protein to be more easily recognized by the immune
system and to induce an antibody response. The instability
index was applied to assess protein stability, and the value
obtained for GRA7 was 49.97, which classifies it theoretically
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Figure 7. The prediction of the antigenicity of the GRA7 protein

Table 2. Predicted Antigenic Peptides in the GRA7 Protein

No. Start End Peptide Length
1 4 26 HAIFFALCVLGLVAAALPQFATA 23
2 47 53 QAPVDSL 7
3 123 128 RKVVPR 6
4 137 149 KDLLKKLALPAVG 13
5 154 164 YFAADRILPEL 11
6 181 200 VSTVIGFAALAAAVAFLGLG 20

as an unstable protein. However, in an immunological
environment this trait may represent structural flexibility
which is beneficial for epitope exposure, consistent with
the prevalence of random coils and loop areas identified
in the secondary and tertiary structure investigations (32).

Furthermore, the hydropathicity and aliphatic index
assessments produced values of —0.594 and 71.19,
respectively. The negative GRAVY score further
supports that GRA7 is hydrophilic, interacting well with
surrounding water molecules, and highlights hydrophobic
interaction tendencies that reinforce the identification of
transmembrane domains and the proposed involvement of
GRA?7 in protein-membrane interactions and modulation
of host immune signalling, including NF-kB activation and
inflammasome pathways. The aliphatic index of 71.19
suggests a moderate thermal stability, which supports the
structural integrity of the a-helix-dominant configuration
predicted by the SWISS-MODEL 3D model in this work.
The theoretical isoelectric point (pI) of 5.33, however,
suggests a slightly acidic character that physiologically may
favour GRA7 stability and solubility in the host intracellular
milieu, consistent with its function as a dense granule
secretory protein active in the parasitophorous vacuole
(33). Therefore, GRA7 can be seen as a secretory protein
that is transported across cell membranes or targeted to
certain organelles by the classical secretion pathway. This
secretory property implies that the protein is not restricted

Node Fill Color: Degree

T
1.0 20 3.0 4.0 5.0

Figure 8. The protein interaction network places GRA7 at the center, as it
shows the highest degree value.

to hidden intracellular places, such as only within the
parasite nucleus or cytoplasm, but can instead be exposed
to settings accessible to the host immune system. Therefore,
this characteristic favours the potential of GRA7 as a good
vaccine antigen candidate, as exposed proteins usually have
more power to trigger immune responses involving both
humoral and cellular mechanisms (34). The estimated
half-life of about 30 hours in eukaryotic cells suggests
that GRA?7 is available for a sufficient time period to have
effective interactions with the host immune system. This is
consistent with the discussion that this antigen is present
during both the tachyzoite and bradyzoite developmental
stages, thus allowing the immune system to recognise it
during the progression of infection. This distinguishes
GRA7 from other antigens that are generally stage-specific
and provides GRA7 with a diagnostic benefit by allowing
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the detection of infection in multiple phases. The T. gondii
GRA7 antigen has demonstrated strong sensitivity and
specificity as a diagnostic marker candidate because this
protein was constantly expressed throughout the active
stage of infection and it had significant immunogenic
characteristics. Foroutan et al. (2019) revealed that GRA7
is a better diagnostic tool compared to other antigens
notably for the diagnosis of acute infections. Therefore, the
application of GRA7 antigen in serological or molecular-
based approaches is crucial to get prompt and accurate
diagnosis in high-risk individuals (35). GRA7 consistently
showed better diagnostic performance than the other 2
recombinant dense granule antigens, GRA6 and GRA14,
in detecting IgG antibodies against T. gondii in human sera
from the Philippines, according to another study by Ybarez
and Nishikawa (2022) (36). The T. gondii GRA7 antigen
has shown various benefits as an approach for diagnosing
toxoplasmosis, especially in distinguishing between acute
and chronic phases of infection. Identification of IgM
antibodies to GRA?7 is indicative of an acute infection
and assessment of anti-GRA7 IgG avidity can be useful to
differentiate recent infections from previous infections. The
key advantage of GRA?7 is the high expression in the initial
stage of infection and its ability to induce a robust humoral
immune response, which makes it very appropriate for
identifying IgG and IgM antibodies (35-37). The study
by Teimouri et al. (2019) further supports the efficiency
of GRA?7 in separating acute from chronic toxoplasmosis
which is important in clinical decision making, especially
in pregnant women and immunocompromised patients.
Thus, GRA?7 is a promising option for the development of
sensitive, specific and widely applicable diagnostic methods
for toxoplasmosis (38).

Post-translational modifications (PTMs) contribute
significantly to the regulation of biological activity. To
evaluate the potential acetylation and phosphorylation sites
in the GRA7 protein, two web-based prediction platforms,
NetAcet-1.0 and NetPhos 3.1, were used. The analysis
identified 35 possible PTM sites in GRA7, consisting of
a single predicted acetylation position and 34 potential
phosphorylation regions. These molecular changes may
contribute to the regulation of specific protein functions
and overall protein activity (39).

GRA7 was predicted to contain two transmembrane
domains and was recognized by antigen-presenting
cells, which may contribute in the stimulation of T- and
B-lymphocyte responses and trigger a rapid immune
response. SignalP 6.0 prediction results showed that the
GRA?7 protein possesses a Sec/SPI-type signal peptide with
a very high confidence score (0.9997) with the expected
cleavage location between amino acid residues 26 and 27.
This signal peptide clearly suggests that GRA7 follows
the traditional secretory pathway via the Sec system,
sending the protein to the endoplasmic reticulum before
secretion or targeting to particular compartments (40).
During the invasion of host cells, T. gondii releases dense
granule proteins such as GRA7 into the parasitophorous
vacuole. These proteins contribute to the re gulation of

immune responses in the host. From an immunological
perspective, proteins that are secreted or displayed on
the vacuolar surface are more likely to be processed by
antigen-presenting cells (APCs), displayed through MHC
class I and II pathways, and subsequently identified
by T and B lymphocytes (41). The detection of a signal
peptide and the secretory characteristics of GRA7 provide
important advantages for vaccine development. Naturally
secreted antigens tend to induce stronger protective
immune responses because they can be recognized and
processed more rapidly by the adaptive immune system.
Experimental studies have also shown that immunization
with recombinant GRA7 (rGRA?7), particularly when
encapsulated in nanoparticles or combined with suitable
adjuvants, can stimulate protective antibody-mediated
and cell-mediated immune responses during acute T.
gondii infection. Thus, the SignalP prediction provides
not only a bioinformatic level of support for the secretory
nature of GRA7 but also a compelling molecular basis
for its application as a prospective vaccine candidate
and diagnostic biomarker (36). Additionally, PSORT II
prediction of subcellular localisation indicated that GRA7
was largely localised in the extracellular space and the
plasma membrane. This extracellular localisation is fully
consistent with its role as a secreted protein released into
the host milieu, increasing its accessibility to host immune
cells for the rapid activation of immunity (42).

GRA7 is a secreted protein and also has a high degree,
closeness centrality and betweenness centrality in the T.
gondii protein-protein interaction network. This suggests
that GRA?7 is a highly central and important protein, which
can link proteins that are not directly connected, indicating
its potential function in controlling crucial biological
processes and altering host—pathogen interactions (34).
Protein-protein interaction network research identified
GRA7 as a hub protein with high degree value and high
centrality scores (closeness and betweenness centrality).
These topological network metrics show that GRA7 is a
major connection in the T. gondii interactome, mediating
complicated interactions with other virulence factors and
host defence mechanisms. Recent findings indicate that
GRA7 contributes to the control of innate immunity in
the host by influencing NF-kB pathway activation and
inflammasome regulation. In addition, phosphorylation
mediated by protein kinase C-a (PKCa) enhances the
ability of GRA7 to interact with adaptor molecules,
such as ASC, also known as apoptosis-associated speck-
like protein containing a CARD and phospholipase
D1 (PLD1). This interaction enhances inflammasome
formation, increases IL-1P production, and strengthens
the host antimicrobial response. In addition, TRAF6 has
been shown to associate with GRA7 through the adaptor
protein MyD88, thereby stimulating NF-«xB activation
and promoting the transcription of genes encoding pro-
inflammatory cytokines (43).

Moreover, to characterize secondary structural features,
particularly alpha-helical regions and beta-turn formations,
and integrating them into structural modeling is essential

178 | Int ] Med Parasitol Epidemiol Sci 2026;7(3)



Fadilla et al

for accurately predicting the protein’s three-dimensional
conformation. The GOR4 prediction shows that GRA7
protein contains 8.05% extended strands, 51.69% random
coils and 40.25% alpha-helices. The existence of random
coils indicates that GRA7 contains flexible areas that could
promote interaction with other molecules, particularly in
the context of immunological recognition. The large relative
percentage of alpha-helices indicates structural stability
and implies that these areas may play essential functions
in maintaining the protein shape and antigenicity. (35,38).
Overall, this structural composition supports the potential
of GRA7 as an effective antigenic candidate for diagnostic
applications in toxoplasmosis.

This study used the SWISS-MODEL platform to generate
a predicted three-dimensional structure of the GRA7
protein. SWISS-MODEL is a web-accessible interactive
platform used to generate 3D protein structure models. The
predicted GRA7 structure was mainly composed of alpha-
helices, indicated in red. These helical regions contribute
to maintaining the protein’s structural stability and are
often involved in immune-related interactions, including
antibody epitope binding. The grey areas around and
connecting the helices are coils or unstructured regions
(random coils). These regions are usually flexible and allow
dynamic movement that can help recognition of antigens
by immune cells (e.g., contact with T-cell receptors or
MHC molecules). The structural elements are lengthy
loops, which are not helices and are not beta-sheets.
These long loops could harbour potential linear epitopes
that can be recognised by antibodies. The high content of
a-helix and the overall structural order suggest that GRA7
is highly conformationally stable, which is significant for
its antigen function and its potential use in diagnosis or
vaccine production. The combination of stable helices
and flexible loops makes GRA7 a good antigen candidate,
as it has a surface that is stable but flexible enough to
bind to the immune system. The structural reliability of
the generated 3D model was further examined through
Ramachandran plot analysis, which indicated that 80% of
the residues occupied the favored conformational regions.
This high proportion suggests that the predicted structural
conformation is stereochemically stable and reliable, which
lays a solid foundation for subsequent functional and
epitope mapping assessments.

Furthermore, the architecture and physicochemical
dynamics of TgGRA?7, analysed using SWISS-MODEL,
have been significantly corroborated by the AlphaFold
prediction (44). Homology modelling provides a good
spatial view of the protein structure, but the residue-
wise confidence score (pLDDT) from AlphaFold gives us
an insight into the dynamical properties of the protein.
The very confident scores (blue regions, pLDDT >70)
in the core alpha-helices show how structurally robust
these regions are. On the other hand, the long stretches
of residues depicted in yellow, orange and red colour
(pLDDT < 50) within the N- and C-terminal regions as
well as in the extended loop sections gives unequivocal
evidence of the intrinsically disordered regions (IDRs)

(45). In the context of structural vaccinology, the lack of
structural conformational stability is a functional feature
of these disordered areas that preserves their flexibility
and accessibility in cellular environments. Therefore, the
fundamentally disordered areas are highly exposed as
antibody targets. This dynamical feature is thus bridging
the correlation between high coil content anticipated by
GOR4 and high antigenicity of the epitopes (46).

BcePred was applied to identify potential linear B-cell
epitope regions, while ANTIGENPro was utilized to
assess the antigenic potential of the protein, confirming
GRA7’s substantial immunogenic potential. The overall
ANTIGENPro average score of 1.016 is unusually high and
suggests very high chance of antigenicity. Linear epitopes
represented by high scoring particular peptide segments are
very promising. It is expected that these targeted peptide
sequences will be well recognised by host antibodies, giving
a reasonable basis for the production of highly specific
diagnostic tools or subunit vaccinations.

The study indicates that the GRA7 serves as a key
element of a protein complex with the virulence kinase
ROP18 and pseudokinases ROP8/2 on the cytosolic side
of the parasitophorous vacuole membrane. GRA7 directly
binds GTP-bound forms of the immunity-related GTPase
Irga6 and induces rapid polymerisation and subsequent
accelerated disassembly, leading to an increased turnover
of IRG. GRA7 deletion alone produces little modification in
virulence, but the combined deletion of GRA7 and ROP18
results in significantly increased IRG recruitment, higher
parasite clearance by IFN-y-activated macrophages and
total attenuation of acute virulence in mice. These results
demonstrate that GRA7 works together with ROP18 to
subvert IRG-dependent host immunity by modifying the
polymerisation kinetics of IRGs and so improving parasite
survival (47). The study demonstrates that GRA7 serves as a
key element of the T. gondii ROP5/ROP18 kinase complex
and contributes specifically to suppressing the immunity-
related GTPase Irga6. GRA7 directly binds to ROP5 and
improves ROP18-mediated phosphorylation of Irga6, while
also helping recruit ROPS5 to the parasitophorous vacuole
membrane. Although, the formation of the ROP5-ROP18
complex does not depend on the presence of GRA?7, its
deletion markedly decreases Irga6 phosphorylation,
increases IRG accumulation on the vacuole, reduces
parasite survival in cells activated by IFN-y and decreases
its virulence in mouse models. Together, these findings
identify GRA7 as an Irga6-specific effector that modulates
ROP18 activity and a crucial component of T. gondii’s
approach to disrupt the IRG-mediated host defence system
(48).

TgGRA7 appears as the essential component in the
protein-protein interaction network, whose importance
is far more than just being a vascular structural protein.
Protein-protein interaction network analysis revealed
that TgGRA7 has a notably high degree value. The high
degree value is a key signal that the protein in question is a
protein hub or the spot where multiple routes of parasites
meet. This finding is of particular interest since it implies
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a connection of GRA7 with other organellar proteins of
different origin. In particular, this is the case with RON4,
from the rhoptries, and MIC8 and MIC10, from the
microneme. (43).

The presence of BN1205_093730 gene in this network
further supports the suggested role of a hypothetical protein
not yet explored in helping to increase the functional
capacity of GRA7. As an internal signal regulator, T¢gGRA7
presents a unique aspect of being able to recruit certain
molecules from within the host, including forming
associations with rhoptry proteins and making the host’s
immune response paralysed (49). The fact that GRA7
regulates the activity of kinases such as ROP18 and this
illustrates the evolutionary importance of the centrality
of protein interactions is not coincidence (47). Hence,
the prominence of TgGRA?7 in this interaction network
confirms its importance as a possible therapeutic target
and vaccination development (11).

From a diagnostic perspective, recombinant rGRA7
shows strong diagnostic sensitivity and specificity for
identifying T. gondii infection in humans and animals
during both acute and chronic stages. Several comparative
investigations indicated that the diagnostic performance of
serological tests using rGRA7 (ELISA or ICT) was superior
or equal to that of other GRA antigens including GRA6 and
GRA14 (3,4). These results suggest GRA7 as a promising
diagnostic antigen for quick test development or for use in
multi-epitope antigen panels. GRA7 has also been tested
as a subunit vaccination candidate. The level of protection
differs across studies, but immunization with rGRA?7, either
alone or combined with other antigens such as GRA12, has
been reported to stimulate antibody-mediated and cell-
mediated immunity responses which may offer limited
protection during acute T. gondii infection (5). However,
the protective efficacy is heavily dependent on the choice
of adjuvant, delivery mechanism and antigen composition,
indicating the need for further optimisation. Together, the
evidence that is piling up supports the dual role of GRA7 as
an immunomodulatory effector and diagnostic biomarker,
making it an interesting target for improving T. gondii
diagnostic tools and subunit vaccine development. The
merging of genetic studies with applied immunodiagnostics
could boost our understanding of the processes of GRA7
and speed up the translational applications in toxoplasmosis
research (6,50).

Toxoplasma gondii can infect many types of hosts,
including humans. In individuals with normal immune
function, T. gondii infection usually does not cause
noticeable symptoms. However, severe outcomes may
occur in vulnerable groups, including pregnant women,
developing fetuses, individuals with HIV/AIDS, and organ
transplant recipients. For this reason, early identification
of T. gondii infection is essential to prevent severe
outcomes, including miscarriage, congenital defects, and
neurological or visual impairment (48). Thus, there is a
need for sensitive, specific and easily accessible diagnostic
procedures. GRA7 is a secretory antigen secreted by T.
gondii during the active phase of infection (31). GRA7 is a

useful serological biomarker for numerous reasons. It can
stimulate strong humoral and cellular immune responses
(51-55). This protein is antigenic and is recognised by
patients’ antibody in acute as well as chronic phase of
infection. Therefore, it is a suitable candidate for creation
of diagnostic kits. Antibodies against GRA7 can be found in
the early phases of infection and survive for a long time, so
that acute infections and reactivation of latent infection can
be recognised. GRA7 has been demonstrated to have great
sensitivity and specificity in serological tests such as ELISA
compared to other antigens, decreasing the possibility
of false positives or cross reactivity with other parasite
illnesses. GRA7 can be manufactured recombinantly
allowing the creation of recombinant antigen based
diagnostics which are more cost effective, stable and suited
for mass production (35).

Conclusions

Bioinformatics investigation shows that GRA7 comprises
a mostly alpha-helical structure with transmembrane
domains and several locations for post-translational
modifications that could modulate its biological activity.
The existence of flexible random coils and prolonged
loops further boosts its potential to efficiently engage with
immunological components. Its stable tertiary structure
makes it an ideal candidate for immunological recognition.
In addition, GRA7 allows the creation of scalable,
reliable diagnostic tools. Thus, GRA7 appears to be a
promising candidate for developing sensitive and specific
serological methods, particularly for the early detection of
toxoplasmosis among vulnerable populations, particularly
pregnant women and immunocompromised patients.
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