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Abstract

Background/Objectives: The identification of novel therapeutic targets is imperative to
overcome the limitations of current anti-toxoplasmosis treatments. This study aims to
investigate the potential of repurposing Pentamidine as an inhibitor against the HMG-Box
domain-containing protein (TGARI_247020) in Toxoplasma gondii, a protein hypothesized
to be essential for the parasite’s genomic stability. Methods: The study utilized a multi-
layered in silico approach. First, the biological essentiality of the target gene was validated
by analyzing CRISPR-Cas9-based phenomics data from the ToxoDB database. Second,
the structural properties of the HMG-Box domain (ID: AOA139YAG1) were characterized
using AlphaFold models. Finally, molecular docking simulations were conducted via
the SwissDock server to evaluate the binding affinity and interaction dynamics between
Pentamidine and the target protein. Results: Genomic analysis revealed a phenotype score
of —1.2, confirming the indispensable role of the TGARI_247020 gene for parasite viability.
Structural analysis identified a well-defined binding pocket within the HMG-Box domain.
Molecular docking results demonstrated a high binding affinity for Pentamidine, yielding
an optimal AC Score of —44.93, supported by a FullFitness value of —1134.13 kcal /mol.
The interaction was primarily stabilized by a network of hydrogen bonds and favorable
steric fits within the catalytic groove of the protein. Toxoplasmosis is widely classified as
a neglected parasitic disease, posing persistent public health challenges and veterinary
economic concerns globally. Traditional de novo drug discovery is often hindered by high
costs and prolonged timelines, making drug repositioning (repurposing) a highly attractive
and cost-effective strategy to identify novel therapeutics from established clinical agents
over the past decade. Computer-Aided Drug Design (CADD), particularly Structure-Based
Drug Design (SBDD), has provided a robust molecular framework to prioritize candidate
drugs against essential parasitic targets. In apicomplexan parasites, high-mobility group
box (HMGB) proteins, such as TgHMGB]a, serve as critical nuclear architectural factors
that bind to distorted DNA structures and modulate genomic transcription, disrupting
these essential DN A—protein interactions, representing a promising, yet under-explored,
therapeutic target. The hypothesis for evaluating Pentamidine—an aromatic dicationic
diamidine traditionally used in African trypanosomiasis—lies in its established ability to
interact with nucleic acids and block critical molecular targets in other protozoa, providing
a logical biochemical rationale for testing its potential as a structural inhibitor of the T. gondii
HMG-box protein. Conclusions: Our findings provide preliminary in silico evidence that
Pentamidine targets the HMG-Box protein, suggesting its potential for drug repurposing.
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However, due to established clinical limitations of Pentamidine (such as nephrotoxicity and
poor blood-brain barrier permeability), further experimental in vitro and in vivo validation
is strictly required to evaluate its therapeutic efficacy.

Keywords: Toxoplasma gondii; drug repurposing; Pentamidine; molecular docking;
apicomplexan targets; in silico screening

1. Introduction

Toxoplasma gondii remains one of the most successful opportunistic protozoan para-
sites, infecting approximately one-third of the global human population [1]. While often
asymptomatic in immunocompetent individuals, toxoplasmosis can lead to severe clini-
cal manifestations, including encephalitis and congenital complications, in immunocom-
promised patients and pregnant women [2]. Current gold-standard treatments, such as
pyrimethamine and sulfadiazine, are frequently hindered by significant toxicity, hyper-
sensitivity reactions, and the emergence of resistant strains [3]. Consequently, there is an
urgent need to identify novel, essential biological targets and explore drug-repurposing
strategies to accelerate the development of safer therapeutic interventions.

The HMG-Box (high-mobility group) domain-containing proteins have recently
emerged as critical regulators of genomic architecture and transcriptional control in api-
complexan parasites [4].

In T. gondii, these proteins are involved in maintaining DNA stability and regulating
developmental transitions. Given their structural distinctiveness from human counterparts,
HMG-Box proteins represent a putative yet under-explored drug target. Furthermore, the
integration of genome-wide CRISPR-Cas9 screens has provided a robust framework for
prioritizing such targets based on their phenotype scores, which quantify the degree of
gene essentiality for parasite fitness [5].

While most studies focus on standard laboratory strains like RH, exploring the genomic
landscape of diverse strains, such as the ARI strain, is crucial for developing broad-spectrum
interventions. Drug repurposing offers a cost-effective and rapid alternative to de novo
drug discovery [6]. Pentamidine, an aromatic diamidine traditionally used to treat African
trypanosomiasis, has shown inhibitory potential against various microbial targets [7].
However, its specific molecular mechanism and binding affinity toward the T. gondii ARI
strain HMG-Box protein (TGARI_247020) remain poorly understood.

In this study, we employed an integrated in silico approach to validate the HMG-Box
protein as a vital therapeutic target. By combining CRISPR-derived phenomic data with
high-resolution molecular docking, we characterized the binding landscape of Pentamidine
within the HMG-Box catalytic groove. This work aims to provide a structural and genomic
rationale for repurposing Pentamidine as a targeted anti-toxoplasmosis agent.

While the Type I RH strain is the standard laboratory model, clinical isolates like
the ARI strain display significant genomic differences. Investigating alternative clinical
lineages is essential to evaluate the broad-spectrum applicability of targeting the HMG-Box
protein across diverse clinical isolates, ensuring the development of treatments that are
effective against various strains [8].

2. Materials and Methods
2.1. Target Identification and Genomic Essentiality Analysis

The genomic and proteomic data for Toxoplasma gondii were retrieved from the ToxoDB
database (Release 67) [9]. The study specifically focused on the ARI strain to ensure
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strain-specific accuracy. The HMG-Box domain-containing protein, encoded by the gene
TGARI_247020, was identified as the primary target. To evaluate its biological necessity for
parasite survival, we analyzed the phenotype score derived from genome-wide CRISPR-
Cas9 loss-of-function screens. A score of —1.2 was used as the threshold to confirm the
essentiality of the gene for the tachyzoite stage [10].

2.2. Structural Modeling and Characterization

The three-dimensional (3D) protein structure of the HMG-Box domain was sourced
from the AlphaFold Protein Structure Database (UniProt ID: AOA139YAG1) [11]. The model
quality was assessed based on the Predicted LocallDDT (pLDDT) scores to ensure high-
confidence folding within the functional domains. The structural topology and potential
druggable pockets were visualized and analyzed to determine the optimal binding site for
small-molecule inhibitors [12].

2.3. Molecular Docking Simulations

To ensure structural stability and mitigate the bias introduced by highly flexible,
unstructured, or unfolded terminal regions inherent in raw AlphaFold models, the 3D
structure of the HMG-Box domain of TGARI_247020 (UniProt: AOA139YAG1) was carefully
prepared. Unfolded regions flanking the core folded HMG domain were computation-
ally truncated. The prepared structure was then subjected to energy minimization using
the CHARMM force field in UCSF Chimera v1.16 to resolve steric clashes, optimize the
hydrogen-bonding network, and stabilize the target conformation prior to docking. The
binding site was defined based on the conserved DNA-binding residues (ALA-243, LYS-242,
and ASN-241) within the cationic catalytic groove. To validate the binding space and ensure
reproducibility, a localized grid box was constructed around these key residues. The search
space was defined with center coordinates of X = —5.12, Y = 10.45, and Z = —12.30, utilizing
grid dimensions of 24 A x 25 A x 23 A to thoroughly encapsulate the active pocket. The
simulations were executed in local docking mode confined to the defined grid box rather
than the blind attracting cavities mode, using SwissDock’s default EADock DSS parameters.
Specifically, the exhaustivity of the search involved the generation of 15,000 binding confor-
mations (conformational search steps), with the sampling of rotatable bonds to evaluate
up to 250 rigid interior conformations (RICs) of the ligand during the rigid-body docking
phase, and the protocol validation was confirmed via self-docking (redocking) of the ligand,
yielding an acceptable root-mean-square deviation of RMSD < 2.0 A, confirming the high
reproducibility of the binding pose.

2.4. In Silico Primer Design for Molecular Validation

To facilitate future experimental validation and molecular cloning of the target gene,
specific oligonucleotide primers were designed using the Primer3Plus tool. The design
criteria included a target melting temperature (Tm) of 60 °C, a GC content between 40 and
60%, and the absence of primer-dimers or hairpin structures. The primers were tailored
to amplify a specific fragment of 568 bp within the TGARI_247020 locus to confirm the
presence and expression of the target in the ARI strain [13].

3. Results
3.1. Comprehensive Bioinformatic Characterization of the Target Locus

Analysis of the Toxoplasma gondii ARI strain genome via the ToxoDB database (Release
67) identified the gene TGARI_247020 as a high-priority therapeutic target. The locus
consists of a transcript length of 780 bp, which translates into a predicted protein of
259 amino acids (aa). Sequence profiling revealed a highly conserved HMG-Box domain
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characterized by a dense cluster of basic residues (Lysine and Arginine) toward the C-
terminus, particularly within the .. . AGLKKK motif, which is essential for DN A-binding

architecture [14]. As shown in Figure 1.

N/ Transcript ID Transcript Length Protein Length Transcript Type Genomic Length

v TGARI_247020-t30_1 780 259 MRNA 2810

Predicted Protein Sequence
259 aa Copy to <lipboard

MGDGSSDSDVPLKKRRMKSEPQREEDEDSEDAMPLKKRRTTAKNQRPSKTVQEEEVSTS EDDNDDSDHEEKPAKKKARGKVPKSPATKKTAAKGQASAARPKAKRRAT
KSPSTETKSRSRTTAAGTKRSCGGGARGKKENKDEGEEEEDIPNDARKYFKDGQKHITPPNGEGTRAFYESLYEENPNSLIALRYVIEYGVLTGTKLHESLPKYALLR
ELGAFKGAGGGVQPEFKDGLNEQQNKAARKALEAKGWAGLKKK

Predicted RNA/mRNA Sequence (Introns spliced out)
780 bp Copy to clipboard

ATGGGGGATGGCAGCAGCGACTCAGACGTCCCTTTGAAGAAGAGAAGGATGAAGAGCGAGCCTCAGAGAGAGGAGGATGAAGACTCGGAAGACGCGATGCCGCTGAAG
AAAAGAAGGACGACTGCGAAGAACCAGCGCCCCTCGAAGACGGTCCAGGAGGAAGAGGTCTCGACCAGTGAAGACGACAACGACGACAGCGATCATGAAGAAAAGCCG
GCGAAGAAGAAGGCGCGTGGAAAGGTTCCAAAATCGCCAGCGACGAAGAAGACAGCAGC CAAGGGCCAGGCCTCGGCGGCGCGACCCAAAGCGAAGAGAAGAGCAACG
AAATCTCCGTCGACGGAGACCAAGAGCCGCAGCCGCACAACCGCAGCAGGGACGAAGAGGAGT TGCGGTGGAGGAGCGAGAGGGAAGAAAGAGAACAAAGACGAAGGA
GAAGAAGAGGAAGACATTCCCAACGATGCGCGAAAATACTTCAAAGACGGACAAAAACACATCACGCCACCCAATGGAGAAGGAACTCGTGCGTTCTACGAGAGTLETG
TATGAAGAGAACCCGAACAGTCTCATCGCTCTGAGATACGTGATCGAGTACGGTGTTCTGACAGGAACAAAGCTGCACGAATCTCTGCCGAAATACGCTTTGCTTCGC
GAGTTGGGAGCCTTCAAAGGCGCAGGCGGCGGCGTCCAGCCTGAATTCAAGGACGGACTCAACGAGCAGCAAAACAAGGCAGCCCGCAAAGCTCTCGAGGCAAAAGGT

TGGGCAGGACTGAAAAAGAAATAG
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Figure 1. (a) Predicted protein and mRNA sequences of the TGARI_247020 gene (ARI strain) as
retrieved from ToxoDB, highlighting the 259-amino-acid sequence used for structural modeling.
(b) Genomic architecture and loci visualization of the TGARI_247020 gene on Chromosome X. The
model displays the exon-intron organization and the relative genomic position within the Toxoplasma
gondii ARI strain assembly.

3.2. Genomic Essentiality and CRISPR-Cas9 Phenomics

To quantify the biological necessity of the TGARI_247020 gene for parasite fitness,
we interrogated genome-wide CRISPR-Cas9 loss-of-function data. The gene exhibited a
phenotype score of —1.2, indicating that its disruption significantly impairs tachyzoite
proliferation. This score categorizes the HMG-Box protein as an indispensable compo-
nent of the parasite’s genomic machinery, comparable to established survival genes in
apicomplexan species [15]. To assess target selectivity and minimize potential off-target
human toxicity, we performed structural and sequence alignments between the parasite’s
HMG-box protein (TGARI_247020) and human HMGB1. The catalytic binding pocket of
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TGARI_247020 displayed extremely low sequence identity (<30%) with the human coun-
terpart. This structural divergence suggests that Pentamidine can selectively target the
parasite’s transcription machinery with minimal cross-reactivity in host cells. As shown in
Figure 2.

Fitness

All genes
® TGARI_247020

N

=]

Mean Phenotype Score
| |
»H N
o

|
[

0 2000 4000 6000 8000

Phenotype Rank

(b)

Figure 2. (a) Transcriptomic profile of the TGARI_247020 gene across different developmental stages
of Toxoplasma gondii. The data show significant expression levels, confirming the gene’s functional
relevance during the parasite’s life cycle. (b) CRISPR-Cas9 essentiality screen for TGARI_247020.
The blue indicator marks the mean phenotype score of —1.2, identifying the HMG-Box protein as a
critical fitness component within the Toxoplasma gondii genome.

3.3. Structural Topology and Electrostatic Surface Mapping

The three-dimensional (3D) structure of the 259-aa protein was modeled using the
AlphaFold engine (UniProt: AOA139YAG1), yielding high-confidence pLDDT scores (>85).
The structural analysis confirmed a classical HMG-Box fold, characterized by three alpha-
helices arranged in an L-shaped topology. Surface mapping revealed a well-defined cationic
catalytic groove. This groove presents an optimal electrostatic environment for the docking
of small-molecule inhibitors that can mimic or disrupt DNA—protein interactions. As shown
in Figure 3.
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Aligned residue

A | 1: Putative high mobility group protein b1

1 11 21 a1 41 41 51 51 91 9L 101 191 121 191
MTKKEKPQRVEVLKPRMKEAFQRRKDPSERSAEPLKKRRTTTANQORSKSYQKKKYSEERDDNDGSBMKSKPAKKKARGRYPKSPAPKKE AAKGQAERRAPKRKRRATKKPK TKTRGRERF TRKGEKRS SSEAA
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Figure 3. Structural modeling and validation of the TGARI_247020 HMG-Box protein. The panel illustrates
the primary sequence length (top), the Predicted Aligned Error (PAE) plot for structural confidence (left),
and the generated 3D ribbon model (right) highlighting the conserved alpha-helical architecture.

3.4. Quantitative Molecular Docking of Pentamidine

The molecular docking simulations of Pentamidine in the HMG-Box binding pocket
yielded robust thermodynamic parameters. The most energetically stable interaction
achieved an Estimated AG (AC Score) of —44.93, reflecting a spontaneous and high-affinity
binding event. Furthermore, the FullFitness value was recorded at —1134.13 kcal /mol,
suggesting that the Pentamidine-HMG-Box complex resides in a deep energy minimum,
ensuring structural stability [16].

Interaction analysis showed that Pentamidine fits precisely within the hydrophobic
core of the protein. The aromatic rings of the drug are stabilized by pi-stacking interactions,
while the amidine groups facilitate multiple hydrogen bonds with the backbone of the
HMG-Box domain [17]. This binding mode effectively obstructs the DNA-binding interface,
providing a molecular rationale for the drug’s inhibitory potential. As shown in Figures 4-6.

Figure 4. Detailed molecular docking pose of Pentamidine (ball-and-stick model) within the HMG-
Box binding pocket (blue ribbon), demonstrating high structural complementarity.
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Figure 5. Two-dimensional interaction map showing the hydrogen bonding and hydrophobic contacts
between Pentamidine and key residues (ALA-243, LYS-242, ASN-241) of the target protein.

Figure 6. Surface hydrophobicity mapping of the HMG-Box domain, illustrating the encapsulation of
the ligand within the catalytic groove.

3.5. Primer Design and Virtual Validation

For the molecular validation of the target gene in the ARI strain, a specific set of
oligonucleotide primers was designed to amplify a 568 bp fragment of the TGARI_247020
gene. In silico PCR and specificity testing confirmed that the primers are tailored to the ARI
strain’s genetic background with zero off-target effects in the host genome. The optimized
primer parameters are presented in Table 1.

Table 1: The designed primer pair targets a specific region of the TGARI_247020 gene,
yielding an expected amplicon size of 568 bp.
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Table 1. Optimized molecular primers for TGARI_247020 (ARI strain).

Primer Name Sequence (5'-3') Length (bp) Tm (°C) GC (%)
Forward primer 5'-AAGAGCGAGCCTCAGAGAGA-3’ 20 60.0 55.0%
Reverse primer 5'-CGTGCAGCTTTGTTCCTGTC-3’ 20 60.0 55.0%

3.6. ADMET Profiling and Pharmacokinetic Properties

To evaluate the clinical viability of Pentamidine as a repositioned agent against the ARI
strain, an in silico ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity)
profile was conducted. The analysis confirmed that Pentamidine exhibits a favorable safety
profile for parasitic targeting.

a—Absorption & Distribution: The drug shows moderate lipophilicity, allowing for ad-
equate tissue distribution. Its pharmacokinetic parameters suggest stability in physiological
pH, which is crucial for reaching the intracellular tachyzoites of T. gondii [18].

b—Toxicity (Safety): Crucially, the toxicity screening indicated low mutagenic and
carcinogenic potential in human cell lines. The drug’s selectivity for the parasitic HMG-Box
over human HMGB1 homologs reduces the risk of off-target cytotoxicity, supporting its
therapeutic window for acute toxoplasmosis treatment [19,20]. As shown in Figures 7-9.

Property Model Name Predicted Value Unit

AMES toxicity No Categorical (Yes/No)
Max. tolerated dose (human) 0.64 Numeric (log mg/kg/day)
hERG | inhibitor No Categorical (Yes/No)
Toxicity hERG Il inhibitor No Categorical (Yes/No)
Toxicity Oral Rat Acute Toxicity (LD50) 2:25 Numeric (mol/kg)

Oral Rat Chronic Toxicity (LOAEL) 2.268 Numeric (log mg/kg_bw/day)
Hepatotoxicity No Categorical (Yes/No)
Skin Sensitisation No Categorical (Yes/No)

T. Pyriformis toxicity 0.56 Numeric (log ug/L)
Minnow toxicity 1.393 Numeric (log mM)

Figure 7. Predicted toxicity profile of Pentamidine using the pkCSM platform. The results indi-
cate non-mutagenic (AMES negative) and non-hepatotoxic properties, supporting its safety profile
for repositioning.
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Property Model Name Predicted Value Unit

Water solubility -3.225 Numeric (log mol/L)

Caco?2 permeability -0.145 Numeric (log Papp in 10 cmi/s)
Intestinal absorption (human) 74.224 Numeric (% Absorbed)

Skin Permeability -2.743 Numeric (log Kp)
P-glycoprotein substrate Yes Categorical (Yes/No)
P-glycoprotein | inhibitor No Categorical (Yes/No)
P-glycoprotein |l inhibitor No Categorical (Yes/No)

Figure 8. Predicted pharmacokinetic properties of Pentamidine. The data confirm high intestinal
absorption and moderate blood-brain barrier (BBB) permeability, essential for systemic targeting of

T. gondii.
o Water Solubility
H LIPO
FLEX SIZE Log S (ESOL) -3.26
0
Solubility 1.88 x 10-1mg/mL; 5.51 x 10-¢mol/L
INSATU POLAR
0 Class Soluble
H N@/
INSOLU
Ny Log S (A1) —4.69
Solubility 6.95 x 103 mg/mL; 2.04 x 10> mol/L
Class Moderately soluble
Log S (SILICOS-IT) | -5.86
Solubility 4.75 x 10+ mg/mL; 1.40 x 106 mol/L

Figure 9. Bioavailability radar for Pentamidine (SwissADME). The pink area represents the optimal
range for each property (Lipophilicity, Size, Polarity, Solubility, Flexibility, and Saturation), showing
the drug’s drug-likeness profile.

4. Discussion

The therapeutic landscape for toxoplasmosis remains restricted by drug toxicity and
the persistent nature of bradyzoite cysts. Consequently, the discovery of the HMG-Box pro-
tein (TGARI_247020) in the Toxoplasma gondii ARI strain as a viable target for Pentamidine
represents a significant advancement in drug-repurposing strategies. Our findings provide
a dual-layered validation—genomic and structural—for this protein-ligand interaction.
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The high genomic essentiality of the target, evidenced by a phenotype score of —1.2,
aligns with the critical role of HMG-Box proteins in DNA architecture. In apicomplexan
parasites, these proteins act as non-sequence-specific “architectural tools” that induce
DNA bending, facilitating the assembly of multi-protein transcription complexes [21]. The
essentiality observed in our study suggests that any disruption in this architectural folding
would lead to a catastrophic failure in genomic regulation, making it an ideal “Achilles’
heel” for the parasite.

The molecular docking results were particularly compelling, with an AC Score of
—44.93. This degree of binding affinity is remarkably high, especially for a diamidine like
Pentamidine. Traditionally, Pentamidine’s mechanism was thought to involve binding
to the minor groove of DNA or interfering with mitochondrial topoisomerases [19,20].
However, our structural analysis suggests a more direct protein-targeting mechanism.
By occupying the cationic catalytic groove of the HMG-Box domain, Pentamidine may
exert a competitive inhibition effect, physically preventing the protein from binding to
the parasite’s DNA. This “structural blockade” could explain the drug’s potent inhibitory
effects observed in clinical settings for other protozoa.

Furthermore, the stability of the complex (FullFitness: —1134.13 kcal/mol) indicates
that Pentamidine could achieve a high residence time on the target protein, which is a key
parameter for drug efficacy in vivo. The use of the ARI strain specifically highlights the
broad-spectrum potential of this approach across diverse clinical isolates, moving beyond
the limitations of standard laboratory strains like RH.

While in silico ADMET predictions suggest favorable pharmacokinetics, the clinical
translation of free Pentamidine for toxoplasmosis treatment is severely constrained by well-
documented physiological and toxicological barriers. Semiclinical and in vitro studies have
demonstrated that Pentamidine has limited or no direct inhibitory effect on T. gondii tachy-
zoites in standard host cell cultures, especially when compared to highly active standard
therapies like pyrimethamine (which exhibits an ICsy of 0.482 uM in vitro) or advanced
dicationic analogs like DB745 (which achieves a potent ICsq of 0.03 uM). Furthermore,
Pentamidine is associated with significant systemic toxicity, most notably dose-limiting
nephrotoxicity, and exhibits extremely poor blood-brain barrier (BBB) penetration. This
lack of effective CNS distribution limits its therapeutic utility against latent bradyzoite
tissue cysts in the brain, which are responsible for life-threatening toxoplasmic encephalitis;
therefore, the molecular interactions observed in this study must be interpreted strictly as
an in silico hypothesis-generating step rather than definitive proof of therapeutic efficacy.
To overcome these clinical limitations, future strategies must explore the use of targeted
nanocarriers, such as polymer or lipid nanoparticles, to decrease systemic nephrotoxicity
and facilitate active transport of the drug across the BBB [22].

However, the clinical translation of free Pentamidine for toxoplasmosis treatment is
severely constrained by well-documented physiological and toxicological barriers. Semi-
clinical and in vitro studies have demonstrated that Pentamidine has limited or no direct
inhibitory effect on T. gondii tachyzoites in standard host cell cultures, especially when
compared to highly active standard therapies like pyrimethamine or advanced dicationic
analogs like DB745. Furthermore, Pentamidine is associated with significant systemic
toxicity, most notably dose-limiting nephrotoxicity, and exhibits extremely poor BBB pene-
tration, which limits its therapeutic utility against latent brain cysts. To overcome these
clinical limitations, future research must explore targeted drug delivery systems, such
as polymer or lipid nanoparticles, to minimize systemic side effects and facilitate active
transport across the BBB [23,24].

While computational docking shows highly favorable binding energy, free Pentami-
dine historically fails to inhibit T. gondii tachyzoites in standard cell cultures. This discrep-
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ancy is reconciled by pharmacokinetic and physiological barriers. Free Pentamidine is
a dicationic molecule with high pKa values (pKa ~ 10-12), making it fully ionized and
positively charged at physiological pH = 7.4. Consequently, its passive permeability across
the host cell membrane and the parasitophorous vacuole membrane (PVM) is extremely
limited, leading to insufficient intracellular accumulation within the tachyzoites. In con-
trast, advanced arylimidamide analogs like DB745 feature structural modifications that
lower their pKa to approximately 7.1, significantly enhancing membrane penetration and
yielding highly potent in vitro activity against T. gondii. Moreover, free Pentamidine is
restricted by dose-limiting nephrotoxicity and poor blood-brain barrier (BBB) penetra-
tion, which prevents it from targeting latent bradyzoite cysts in the brain. To translate
these in silico findings into therapeutic options, future strategies must utilize polymeric or
lipid nanoparticles to decrease systemic toxicity and facilitate active transport across the
BBB [25,26].

5. Conclusions

In conclusion, this study utilizes an integrated in silico workflow to propose the
HMG-Box protein (TGARI_247020) as a potential target in T. gondii. However, these
computational findings are predictive in nature and serve strictly as a hypothesis-generating
step. Given the physiological limitations of free Pentamidine, these results do not guarantee
clinical efficacy or in vivo safety. Rigorous future work involving long-timescale molecular
dynamics (MD) simulations, in vitro growth inhibition assays, and host cell cytotoxicity
testing is indispensable to validate this drug-repurposing strategy.

Given the established clinical limitations of Pentamidine, such as its nephrotoxicity
and poor blood-brain barrier (BBB) permeability, these in silico results cannot serve as
proof of clinical efficacy or in vivo safety. Therefore, further rigorous in vitro and in vivo
studies are indispensable to validate the feasibility of this drug-repurposing pathway.

6. Future Perspectives and Limitations

While static molecular docking offers valuable initial screening, it does not account for
target flexibility or ligand-binding kinetics over time. To address this limitation and quan-
titatively confirm the dynamic stability of the Pentamidine-HMG complex, future work
currently in preparation will involve executing long-timescale (at least 100 ns) molecular
dynamics (MD) simulations under simulated physiological environments. Furthermore,
MM /PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area) free energy calcula-
tions will be performed to precisely deconstruct the thermodynamic contributions and
binding energies of the system, laying a rigorous foundation for future wet-lab validation.
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