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Abstract

Background: Malaria remains a significant global health burden, particularly in sub-
Saharan Africa, accounting for high rates of illness and death. The growing resistance
to frontline antimalarial therapies underscores the urgent need for novel drug targets
and therapeutics. Bromodomain-containing proteins, which regulate gene expression
through chromatin remodeling, have gained attention as potential targets. Plasmodium
falciparum bromodomain protein 1 (PfBDP1), a 55 kDa nuclear protein, plays a key role
in recognizing acetylated lysine residues and facilitating transcription during parasite
development. Methods: This study investigated ex vivo PfBDP1 gene mutations and
identified potential small molecule inhibitors using computational approaches. Malaria-
positive blood samples were collected. Genomic DNA was extracted, assessed for quality,
and amplified using PfBDP1-specific primers. DNA sequencing and alignment were
performed to determine single-nucleotide polymorphism (SNP). Structural modeling used
the PfBDP1 crystal structure (PDB ID: 7M97), and active site identification was conducted
using CASTp 3.0. Virtual screening and pharmacophore modeling were performed using
Pharmit and AutoDock Vina, followed by ADME/toxicity evaluations with SwissADME,
OSIRIS, and Discovery Studio. GROMACS was used for 100 ns molecular dynamics
simulations. Results: The malaria prevalence rate stood at 12.24%, and the sample size
was 165. Sequencing results revealed conserved PfBDP1 gene sequences compared to
the 3D7 reference strain. Virtual screening identified nine lead compounds with binding
affinities ranging from —9.8 to —10.7 kcal/mol. Of these, CHEMBL2216838 had a binding
affinity of —9.9 kcal/mol, with post-screening predictions of favorable drug-likeness (8.60),
a high drug score (0.78), superior pharmacokinetics, and a low toxicity profile compared
to chloroquine. Molecular dynamics simulations confirmed its stable interaction within
the PfBDP1 active site. Conclusions: Overall, this study makes a significant contribution
to the ongoing search for novel antimalarial drug targets by providing both molecular
and computational evidence for PfBDP1 as a promising therapeutic target. The prediction
of CHEMBL2216838 as a lead compound with favorable binding affinity, drug-likeness,
and safety profile, surpassing those of existing drugs like chloroquine, sets the stage for
preclinical validation and further structure-based drug design efforts. These findings are
supported by prior experimental evidence showing significant parasite inhibition and gene
suppression capability of predicted hits.
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1. Introduction

Malaria continues to pose a major public health challenge, with approximately
249 million cases and over 600,000 deaths reported globally in 2023 [1]. Key interventions,
including insecticide-treated mosquito nets (ITNs), indoor residual spraying (IRS), rapid
diagnostic testing, and antimalarial drugs, have significantly contributed to malaria control
efforts. Recently, the introduction of vaccines such as RTS, S/AS01, and R21/Matrix-M
has provided additional tools for prevention [2]. Artemisinin-based combination therapies
(ACTs) serve as the frontline treatment for malaria, offering rapid action and significantly
reducing mortality and morbidity caused by Plasmodium falciparum (P. falciparum), the most
virulent malaria parasite [1-3]. Despite these advances, the widespread emergence of
drug-resistant Plasmodium falciparum strains, particularly those with resistance linked to
mutations in the P/MDR1 and Kelch 13 (K13) genes, has compromised the effectiveness
of artemisinin-based combination therapies (ACTs), the cornerstone of current treatment
protocols. This resistance poses a significant threat to malaria control efforts in endemic
regions [2].

To address this growing resistance, there is an urgent need to identify novel therapeutic
targets within the P. falciparum life cycle [4]. One promising avenue lies in targeting the
parasite’s tightly regulated gene expression machinery, particularly during its asexual
blood stages [5]. These processes are largely governed by chromatin-based mechanisms [6].
Understanding how gene expression is regulated through chromatin modifications is
crucial for developing new antimalarial treatments [7]. Chromatin remodeling plays a
pivotal role in orchestrating stage-specific transcription, with bromodomain-containing
proteins acting as central mediators through their ability to recognize acetylated lysine
residues on histones [8]. Structurally, bromodomains feature an all-« protein fold, a left-
handed four-helix bundle (xZ, xA, aB, and «C), each separated by loop regions of variable
lengths with two loops linking the helices aZ and oA (ZA), and «B and «C (BC). These
loops extend to one side of the bundle and combine to create a hydrophobic pocket that
recognizes the acetyl-lysine residues of histone [9].

Among the bromodomain proteins in P. falciparum, bromodomain protein 1 (BDP1)
is noteworthy [10]. This 55 kDa nuclear protein, distinguished by a single C-terminal
bromodomain and an N-terminal ankyrin repeat domain, is one of five predicted bro-
modomain proteins with no orthologs out of the ten identified bromodomain proteins
(i.e., bromodomain protein 1-8 (BDP1-8), spin echo T1 (SET1), and general control non-
depressible protein 5 (GCND)) in Plasmodium falciparum genome [11,12]. BDP1 and GCN5
have been functionally studied and observed to play critical roles in Plasmodium falciparum
transcriptional regulation [13].

BDP1 is highly conserved across apicomplexans [14]. It acts as a co-regulator of the
AP2-I transcription factor, facilitating the expression of genes involved in erythrocyte
invasion [10]. AP2-I activates the expression of a subset of invasion-related genes and
recruits BDP1 by binding to upstream regulatory regions of these genes [14,15]. This
interaction is essential for the transcriptional regulation of multiple gene families required
for P. falciparum red blood cell (RBC) invasion [14]. The overexpression of PfBDP1 correlates
with the upregulation of invasion-associated genes, while its knockdown results in impaired
parasite development and reduced red blood cell invasion. These observations underscore
its functional importance in parasite survival and virulence [8].
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PfBDP1 also forms a regulatory complex with PfBDP2 and acetylated histones such
as H2A.Z, H2B.Z, H3, and H4, contributing to the chromatin-based control of gene expres-
sion [10,16,17]. This makes it an attractive target for small molecule inhibition. Although
targeting protein—protein interactions is traditionally challenging, the druggability of bro-
modomains has been demonstrated in recent years through the successful development of
selective inhibitors [7,18]. Structural studies, including co-crystallization of PfGCN5 with
triazolophthalazine-based compounds, have provided valuable insights into the histone
binding disruption modes [19].

RMM23 was reported as a selective inhibitor of PfBDP1, as demonstrated by in vitro
assays and conditional knockdown experiments, which confirmed its effective binding to
the target protein and subsequent inhibition of Plasmodium falciparum growth [20]. In Silico
screening of a pharmacophore model derived from the crystal structure of PF3D7_0110500
(PDB ID: 4PY6), crystallized with the PLK1 kinase/BRD4 dual inhibitor BI-2536, has also
been reported [21].

A molecular docking study using the crystal structures of PFGCN5 (PDB ID: 5TPX)
and PfBDP1 (PDB ID: 3FKM) identified 42 molecules capable of interacting with conserved
asparagine residues in their binding pockets [19]. However, limitations in the available
PfBDP1 (PDB ID 3FKM) crystal structure, having a portion of the ZA loop (residues
362-366) absent, restricted its use [22]. This loop is a crucial component of the inhibitor-
binding pocket of bromodomains [23]. To overcome this, the current study employed the
more complete structure of PfBDP1 (PDB ID: 7M97), which includes the full ZA loop to
improve the docking reliability.

In this study, we employed a combination of molecular and computational biology
techniques to determine the mutation levels of the PfBDP1 gene and to identify its potential
inhibitors. The findings from this study lay the groundwork for advancing antimalarial
drug development, with the potential to deliver more precise, effective, and safe treatment
options for high-risk populations [24,25].

2. Results

2.1. Ex Vivo Study
2.1.1. Malaria Prevalence and Sample Size Estimation

During the study period, a total of 22,513 malaria-positive cases were identified among
183,962 outpatient consultations, resulting in an overall malaria prevalence rate of 12.24%.
Among the confirmed cases, 45.13% were male while 54.86% were female. The average age
across all enrolled participants was 26 years, with patients spanning various age categories.
The temporal distribution of malaria diagnoses in relation to outpatient visits over a year is
presented in Figure 1.

To determine the appropriate sample size, the following statistical formula was applied:

n=T?x P (1—P)/M? (1)

where

n = required sample size;
T = Z-score for a 95% confidence level (1.96);

P = prevalence rate (0.1224);

M = margin of error (0.05);

n=1.962 x 0.1224 (1 — 0.1224)/(0.05)?;

n =3.8416 x 0.1074/0.0025;

n = 165.

Hence, the final estimated sample size was 165 participants.
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Figure 1. Monthly distribution of malaria patients relative to outpatients within one year.

2.1.2. PfBDP1 Gene Sequencing and Alignment

The sequence alignment result showed that no P/BDP1 gene mutations were detected
in isolates from Ota, Ogun state, Nigeria (Figure 2). BLASTN search showed 100% sequence
identity when compared with the GenBank database for all genes (Table 1).

Table 1. PBDP1 gene identity matrix compared with the 3D7 reference sequence.

PfBDP1 Gene
Reference Sequence PfBDP1 B1 PfBDP1 B2 PfBDP1 B3
PfBDP1 gene reference sequence 100 100 100
PfBDP1 B1 100 100 100
PfBDP1 B2 100 100 100

PfBDP1 B3 100 100 100
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Figure 2. Sequence alignment of the PfBDP1 gene compared with Plasmodium falciparum 3D7 chromo-

some 10 sequences.

2.2. In Silico Study
2.2.1. Protein Structure Retrieval and Alignment

Figure 3a,b presents the crystal structures of PfBDP1 (PDB ID: 7M97) and PfGCN5
(PDB ID: 5TPX) complexed with a ligand (PubChem ID: 7H7). The structural alignment
analysis between PfBDP1 and PfGCN5 yielded a root mean square deviation (RMSD) of
0.748 and a sequence identity of 25.69%. These findings suggest low sequence conservation
between PfBDP1 and PfGCNb5. Furthermore, among the eleven amino acid residues
interacting at the PfGCNS active site, only three (CYS409A, TYR412A, and ASN413A) were
conserved in the active site of PFBDP1 (Figure 3c).
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Figure 3. (a) Crystal structure of PfBDP1 (PDB ID: 7M97). (b) Crystal structure of PfGCN5 (PDB
ID: 5TPX) co-crystallized with a ligand (PubChem ID: 7H7). (c) Structural alignment of PfBDP1 (PDB
ID: 7M97, magenta) and PfGCNS5 (PDB ID: 5TPX, green), highlighting conserved amino acid residues

at their active sites.

2.2.2. Active Site Determination of PfBDP1 Crystal Structure

The active site prediction for PfBDP1 using CASTp 3.0 identified eleven poten-
tial binding pockets. Among these, pocket one contained the following amino acid
residues: ILE355A, PHE356A, LYS358A, LEU359A, VAL360A, ASP361A, GLN365A,
CYS367A, TYR370A, PRO377A, MET378A, SER379A, ILE405A, ASN408A, CYS409A,
TYR412A, ASN413A, and VAL419A in Chain A (Figure 4).
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Figure 4. Predicted binding pocket of PfBDP1 (PDB ID: 7M97), as identified with CASTp 3.0.

The three conserved residues shared between the active sites of PfBDP1 (PDB ID:
7M97) and PfGCN5 (PDB ID: 5TPX), along with all binding pocket residues from the
PfBDP1 apo structure, were found within pocket one. Therefore, pocket one was chosen as
the preferred binding site for virtual screening.

Additionally, pocket one includes GLN365A, a key residue within the interhelical
aZ-oA (ZA) loop. This highly flexible loop is a critical component of the bromodomain-
inhibitor-binding pocket and is absent in the apo form of the PfBDP1 crystal structure.

2.2.3. Pharmacophore Modeling

The co-crystallized ligand of PfGCN5 (PubChem ID: 7H7) was not suitable for use
as the control ligand in pharmacophore modeling due to the low percentage identity
(25.69%) between the crystal structures of PfBDP1 (PDB ID: 7M97) and PfGCNS5 (PDB
ID: 5TPX). Instead, bromosporine was chosen as the control ligand for pharmacophore
modeling. Bromosporine is a broad-spectrum bromodomain inhibitor that can interact
with the conserved Asn413 of PfBDP1 through hydrogen bonds [22].

The pharmacophore model was developed based on the structure of bromosporine,
incorporating five features: one aromatic group, two hydrogen bond donors, and two
hydrophobic regions (Table 2). To identify the best potential inhibitors, the Pharmit filters
were applied using Lipinski’s rule of five [26] and Veber’s rule [27] (Table 3), ensuring the
selection of drug-like molecules. This process resulted in 1785 drug-like molecules from
nine different databases on the Pharmit server, which were then used for virtual screening
(Table 4).
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Table 2. The five features of the pharmacophore model.
Pharmacophore Features Radius (A) X (A) Y (A) Z (A)
Aromatic 1.10000 2.4667 —1.6340 0.09153
Aromatic 1.10000 —3.6099 —2.0197 —0.1098
Hydrogen donor 0.5 4.081 0.402 —1.0166
Hydrogen donor 0.5 —2.8861 1.3781 0.0286
Hydrogen acceptor 0.5 —0.9829 2.7091 0.1325
Table 3. Pharmacophore hit screen filters using Lipinski’s rule of five and Veber’s rule.
Hit Screen Filter Values
Molecular weight 0 <500
Rotatable bonds 0<10
LogP 0<5
Polar Surface Area 0 <140
Aromatics 0<5
Hydrogen Bond Acceptor 0<10
Hydrogen Bond Donor 0<5
Table 4. Number of hits from pharmacophore modeling using the Pharmit server.
. NCI O
Pharmit © CHEMBL25 ChemDiv ~ ChemSpace MCULE M g MolPort l(ihemggflrl LabNetwork Zinc Total Hits
epository
Conformers 23,136,925 21,562,497 250,205,463 223,460,579 378,880,344 114,798,054 574,117 22,051,020 123,399,574
Molecules 1,752,844 1,456,120 50,181,678  45257,086 126,471,502 8,015,098 52,237 1,794,286 13,190,317
Hits 392 61 214 366 34 207 4 81 426 1785

2.2.4. Virtual Screening

A total of 9 top hit molecules were selected from a pool of 1785 drug-like compounds
based on their high binding affinities to the active site of PfBDP1, with values ranging from
—9.8 to —10.7 kcal/mol (Table 5). These affinities were higher than those of bromosporine
and chloroquine, which had binding affinities of —7.8 kcal/mol and —6.1 kcal/mol, respec-
tively. Figure 5 displays the chemical structures of the nine selected top molecules, along
with those of bromosporine and chloroquine.

Table 5. The binding affinity of the top nine best-hit molecules, bromosporine, and chloroquine,
against the PfBDP1 active site.

Docked Ligand Binding Affinity (kcal/mol) Pubchem CIDs
NSC173206 -10.7 299845
LN00641055 —10.2 346990321
CHEMBL1917932 —10.1 136203003

ZINC8755777 —-10.1 40813976
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Table 5. Cont.

Docked Ligand Binding Affinity (kcal/mol) Pubchem CIDs
CHEMBL2216838 -9.9 44540403
CHEMBL4555703 -9.9 155556807
CHEMBL1917929 -9.9 136196540
CHEMBL4470706 -9.8 155534625
ZINC9217995 -9.8 40972669
Bromosporine —7.8 72943187
Chloroquine —6.1 2719
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Figure 5. Chemical structure of the nine best-hit molecules against PfBDP1 (PDB ID: 7M97), bromo-
sporine, and chloroquine: (a) NSC173206, (b) LN00641055, (c) CHEMBL1917932, (d) ZINC8755777,
(e) CHEMBL2216838, (f) CHEMBL4555703, (g) CHEMBL1917929, (h) CHEMBL4470706,
(i) ZINC9217995, (j) bromosporine, and (k) chloroquine.
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2.2.5. Post-Screening Analysis

Figure 6 illustrates the oral bioavailability radar of the nine best-hit molecules, bro-
mosporine, and chloroquine. The colored zone represents the suitable physicochemical
space for oral bioavailability. Only two molecules (LN00641055 and CHEMBL2216838)
fall within this space. However, all nine molecules have molecular weights of less than
500 g/mol and are within the permissible range for their physicochemical characteristics,
which is important for their easy absorption and the ability to reach their site of action
when administered as drugs.

b. C.
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Figure 6. SwissADME oral bioavailability radar of the nine best-hits, bromosporine, and chloroquine.
(a) NSC173206, (b) LN00641055, (c) CHEMBL1917932, (d) ZINC8755777, (e) CHEMBL2216838,
(f) CHEMBLA4555703, (g) CHEMBL1917929, (h) CHEMBL4470706, (i) ZINC9217995. LIPO (lipophilicity):
—0.7 < XLOGP3 < 5.0; SIZE: 150 g/mol < MV < 500 g/mol; POLAR (polarity): 20 A2 < TPSA < 130 A2;
INSOLU (insolubility): —6 < Log S (ESOL) < 0; INSATU (insaturation): 0.25 < fraction Csp3 < 1;
FLEX (flexibility): 0 < number of rotatable bonds < 9.

Figure 7 presents an egg plot of the nine best-hit molecules, bromosporine, and
chloroquine. All the best-hit molecules are within the boiled egg’s white region, indicating
their ability to be passively absorbed through the gastrointestinal tract. The molecules are
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represented as blue dots, showing that P-glycoprotein can efflux them from the central
nervous system, except for LN00641055 and CHEMBL1917932, which are represented by
red dots, indicating their inability to be effluxed by P-glycoprotein. P-glycoprotein is an
ATP-dependent transmembrane protein that plays a key role in the efflux of compounds
across the blood-brain barrier (BBB).

WLOGP
1
6
5
ChIorgquine
) exeMEFhgr
9 o
LNOQR4ARRE 1917932
3 Bromog rine
R
5 cHeEmB 2216838 ZINCETS5T7T
1 Q
NSC173206
0
-
2 Legends
BBB
-3 HIA
0 PGP+
4
0 20 40 60 80 100 120 140 160 180 tpsA O PGP

Figure 7. SwissADME BOILED-Egg plot of the nine best-hits, bromosporine, and chloroquine. In this
plot, points located in the boiled egg’s yolk indicate molecules predicted to permeate through the
blood-brain barrier passively. Points located in the boiled egg’s white indicate molecules predicted
to be passively absorbed through the gastrointestinal tract. Blue dots represent molecules predicted
to be effluxed from the central nervous system by P-glycoprotein. Red dots represent molecules
predicted not to be effluxed from the central nervous system by P-glycoprotein.

Table 6 summarizes the physicochemical and pharmacokinetic properties, drug-
likeness, drug score, lipophilicity, water solubility, synthetic accessibility, and toxicity
risks for the nine best-hit molecules, bromosporine, and chloroquine. Six of the nine
best-hit molecules (CHEMBL1917932, ZINC8755777, CHEMBL2216838, CHEMBL4555703,
CHEMBL1917929, and ZINC9217995) showed high drug scores and positive drug-likeness
values. CHEMBL2216838 had a drug score of 0.78 and drug-likeness of 8.60, which are
higher than those of chloroquine (drug score 0.25 and drug-likeness 7.39).
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Table 6. Physicochemical properties, drug-likeness, and toxicity risk prediction of the nine best-hit molecules, bromosporine, and chloroquine, using SwissADME
and OSIRIS Property Explorer.

NSC173206 LN00641055 * CHEMBL1917932 * ZINC8755777 * CHEMBL2216838 * CHEMBL4555703 * CHEMBL1917929 CHEMBL4470706 ZINC9217995 Bromosporine Chloroquine
Physicochemical
Properties
Mz’gl'/‘r”n‘:ght 444.49 415.49 429.26 488.47 375.42 363.32 394.81 379.77 486.49 404.44 319.9
NRB 0 6 5 7 4 2 5 2 7 7
NHA 4 5 4 6 4 5 4 4 5 7
NHD 4 3 4 3 3 2 4 2 3 2 8
TPSA (AZ) 98.62 99.50 111.27 116.84 86.04 7391 111.27 79.36 107.61 135.96 28.16
Lipophilicity 2.70 410 2.84 2.74 2.14 3.25 2.35 3.49 3.26 1.67 401
(cLogP)
Water solubility
(LOG ESOL) —5.50 —5.80 —4.41 —4.76 -3.77 —4.19 —3.81 —4.62 —5.15 —2.96 —4.55
Drug-likeness —0.33 —1.67 3.68 6.40 8.60 0.31 5.61 —0.50 2.96 —9.91 7.39
Drug score 0.31 0.14 0.49 0.53 0.78 0.39 0.59 0.31 0.46 0.31 0.25
Pharmacokinetics
GI Absorption High High High High High High High High High Low High
BBB Permeant No No No No No No No No No No Yes
51\1{1{1)11?021‘ Yes No Yes No Yes Yes Yes Yes Yes Yes Yes
i}g;gg;? Yes Yes No Yes Yes No No No No No No
CYP2C9 No Yes No Yes No No No No Yes Yes No
Inhibitor
1(1?1\}{15)21?0? No No No Yes Yes Yes No Yes Yes Yes Yes
Synthetic 6.24 3.81 342 434 3.5 2.72 341 2.69 427 345 2.76
accessibility ’ : ) ) ' ’ ’ . ) ’ .
Toxicity risks
Mutagenic Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk
Tumorigenic Low risk High risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk High risk
Irritant Low risk Medium Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk
Reproductive Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk High-Risk

*—The six selected best-hit molecules after post-screening analysis based on positive drug score and drug-likeness.
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Figure 8 displays the 2D and 3D bond interactions between the lead molecule
CHEMBL2216838 and the amino acid residues in the active site of PfBDP1. CHEMBL2216838
formed a conventional hydrogen bond interaction with I1e355, Met378, and Asn413, a
carbon-hydrogen bond interaction with Cys409, a Pi T-shaped bond interaction with
Phe356, and an alkyl and Pi alkyl bond interaction with Val360, Lys364, Ile405, and Val419.
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Figure 8. Interactions between the molecule CHEMBL2216838 and PfBDP1 (PDB ID: 7M97): (a) 2D
representation of the interactions between CHEMBL2216838 and the amino acids in the active site of
PfBDP1, and (b) 3D visualization of the binding interactions between CHEMBL2216838 and the amino
acids in the active site of PfBDP1 (PDB ID: 7M97), highlighting the structural and binding details.

2.2.6. Molecular Dynamics Simulation of the Lead Molecule and PfBDP1 Complex

Figure 9 illustrates a PFBDP1 RMSD plot, histogram, and RMSF (A) plot against the
residue position. The PfBDP1 RMSD plot indicates that the RMSD fluctuates steadily
between 0.8 and 4.0 A after an initial rise from 0.00. This suggests that the complex
undergoes an initial structural adjustment before stabilizing within this range (Figure 9a).
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Figure 9. (a) PfBDP1 root mean square deviations (RMSD) plot and corresponding histogram, and
(b) PfBDP1 root mean square fluctuation (RMSF) (A) plotted against the residue position.

The PfBDP1 RMSF plot shows a fluctuation of about 1.6 A around the N-terminal
(turn region), indicating higher flexibility in this area. Within the secondary structure
elements (alpha-helices and beta-strands), the fluctuation remains stable between 0.6 and
1.8 A. A notable rise to 4.8 A is observed at the C-terminal (loop region), suggesting greater
flexibility in the loop region compared to that of the structured regions. The secondary
structure elements fluctuate less, indicating a more rigid conformation compared to that of
the more flexible unstructured regions (turns and loops) (Figure 9b).

These data provide insights into the dynamic behavior of the PfBDP1 protein and its
interaction with CHEMBL2216838, highlighting areas of flexibility and rigidity within the
protein structure.

Figure 10 presents an RMSD plot, histogram, RMSF plot, and torsion profile of
CHEMBL2216838. The CHEMBL2216838 RMSD plot shows values between 0.4 and
2.0 A, which are significantly smaller than the RMSD of PfBDP1 (Figure 10a). This indi-
cates that CHEMBL2216838 experiences relatively less fluctuation during the simulation,
suggesting a stable binding to the protein.
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Figure 10. (a) RMSD plot and histogram of CHEMBL2216838, (b) RMSF plot of CHEMBL2216838,

and (c) torsion profile of CHEMBL2216838.
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The atom-by-atom breakdown of the CHEMBL2216838 RMSF correlates with the
2D structure of the ligand, highlighting fluctuations at specific positions. The “Fit Ligand
on Protein” line displays a stable ligand fluctuation between 0.5 and 1.5 A, with a peak
fluctuation observed at the carbon atom at position 14 (Figure 10b). This suggests that,
while most of the ligand remains stable, this atom experiences greater mobility.

The ligand torsions plot shows a summary of the structural changes in every rotatable
bond (RB) in CHEMBL2216838 during the simulation trajectory. The top panel shows the
2D schematic of CHEMBL2216838 with color-coded rotatable bonds. The dial plot (or radial
chart) illustrates how each torsion angle changes throughout the simulation, starting from
the center and evolving radially outward. The bar plots corresponding to each torsion angle
show the probability density of the torsion values, offering a visual summary of how the
ligand’s flexibility evolves during the simulation (Figure 10c). Together, these plots provide
a detailed analysis of the stability, flexibility, and structural changes in CHEMBL2216838
during the MD simulation in the context of its interaction with PfBDP1.

Figure 11 displays a PCA plot, PCA cluster plot, PC1 on RMSF, and the dynamic
cross-correlation matrix (DCCM) analysis from the MD simulation of CHEMBL2216838 in
complex with PFBDP1 (PDB ID: 7M97). By applying a correlation analysis, the motion of
the protein was decomposed into independent principal components (PCs), revealing key
patterns in conformational changes. The PC2 vs. PC1, PC2 vs. PC3, and PC3 vs. PC1 graphs
visualize the dominant motions of the system, with an eigenvalue rank plot illustrating the
cumulative variance explained by each PC. The first principal component (PC1) accounts for
52.72% of the total variance, while the combined first three principal components (PC1, PC2,
and PC3) explain 73.71% of the variance. The PCA plots feature a gradient color scheme
(blue — white — red), denoting the progression of the MD simulation. Clusters of trajectory
snapshots were observed in black and red hues, representing different conformational
states of the protein-ligand complex (Figure 11a,b). Blue represents the initial conformation,
white indicates an intermediate state, and red signifies the final conformation.

The residue-wise loading results for PC1 (black) and PC2 (blue) show a 0.1A fluctu-
ation around the N-terminal (turn region), indicating higher flexibility. A stable fluctua-
tion of 0.0-0.12 A is observed within the secondary structure elements (alpha-helices and
beta-strands), while a rise in fluctuation to 0.5 A is seen at the C-terminal (loop region),
signifying greater flexibility in the loop region (Figure 11c).

The DCCM analysis reveals patterns of correlated movements between residues. The
DCCM diagram shows more persistent negative correlations than positive ones, indicating
that many residues move in opposite directions throughout the simulation (Figure 11d).
In contrast, positive correlations suggest that residues move in the same direction. This
analysis provides insights into the coordinated movements of different regions of the
protein during the simulation.

Figure 12 presents the radius of gyration and the number of hydrogen bond inter-
actions between CHEMBL2216838 and the active site of PfBDP1 (PDB ID: 7M97). The
Rg-time fluctuations for PfBDP1 remained within an acceptable range of 1.50 nm to 1.75
nm, indicating a relatively stable protein structure. In contrast, the Rg-time fluctuations
for CHEMBL2216838 were observed between 0.00 nm and 0.50 nm (Figure 12a). A higher
Rg value suggests a loosely packed protein conformation, often associated with decreased
flexibility and increased stability.
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Figure 11. Principal component analysis (PCA) results, including PC2 vs. PC1, PC2 vs. PC3, and PC3
vs. PC1 plots, along with an eigenvalue rank plot indicating cumulative variance at each data point.
(a) PCA plots color-coded from blue to red based on simulation time, (b) PCA plots displaying two
distinct clusters in black and red, (c) residue-wise loadings for PC1 (black) and PC2 (blue), and (d)
dynamic cross-correlation matrix (DCCM) analysis.
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Figure 12. (a) Radius of gyration (Rg) of the PfBDP1-CHEMBL2216838 complex over the simula-
tion period, and (b) number of hydrogen bonds formed between PfBDP1 and CHEMBL2216838
throughout the 100 ns simulation.

Conversely, a lower Rg value indicates a more compact structure, which can enhance
stability while reducing flexibility [28]. The stability and specificity of ligand binding are
significantly influenced by hydrogen bonds and hydrophobic interactions. Throughout
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the 100 ns MD simulation time, four hydrogen bond interactions were observed between
CHEMBL2216838 and the active site residues of PfBDP1 (Figure 12b). These interactions
include three conventional hydrogen bonds with ILE355, MET378, and ASN413, and one
carbon-hydrogen bond interaction with CYS409.

These findings indicate that CHEMBL2216838 forms stable interactions with PfBDP1,
contributing to its binding affinity and potential inhibitory activity against the protein.

2.3. Validation of MCL Through Biological Assays
2.3.1. Parasite-Inhibitory Activity

MCL was evaluated in an in vivo parasite-inhibitory assay. The results showed a
significant reduction in parasitemia, with an EC5g of 37.32 uM on day 3 and 22.26 uM on
day 7, confirming its dose-dependent antiplasmodial activity [29].

2.3.2. Combination Therapy

When administered in combination with artemisinin as a single oral dose over 3 days,
MCL achieved a parasite clearance rate of 48%, outperforming both artemisinin alone
(34.41%) and chloroquine alone (37.87%). This suggests potential synergistic or additive
effects with established antimalarial agents [29].

2.3.3. Target Validation by Gene Expression Analysis

Quantitative RT-PCR analysis demonstrated that MCL significantly downregulated
the expression of PfAP2-I and PfBDP1 by 8.08-fold and 79.07-fold, respectively, at a
maximum tested concentration of 50 uM. This supports the computational prediction that
these transcriptional regulators are plausible molecular targets of the compound [30].

2.3.4. Acute Toxicity

An acute oral toxicity study of MCL conducted over 14 days revealed only mild
to moderate toxicity at all tested doses, suggesting an acceptable preliminary safety
profile [29].

3. Discussion

Considering the declining effectiveness of current antimalarial therapies and the
increasing incidence of drug-resistant Plasmodium strains [2,31], there is an urgent need to
adopt novel strategies for drug discovery. These strategies include the repurposing and
optimization of existing compounds, the identification of new molecular targets, and the
development of innovative small molecule inhibitors [32].

This present study carried out a year-long epidemiological investigation (August
2021 to August 2022) among malaria-infected individuals in a high-transmission region of
Nigeria. Although the overall transmission rate was relatively modest at 12.24%, seasonal
variation was evident, with a substantial rise during the rainy season (59.17%). This
seasonal pattern highlights persistent malaria transmission in the study location.

Given the role of parasite genetic variability in contributing to artemisinin resistance
and the therapeutic failures of artemisinin-based combination therapies (ACTs), analyzing
genetic mutations in clinical isolates is critical. In this study, the sequencing of the PfBDP1
gene revealed no polymorphisms, as all isolates maintained the wild-type alleles. This
genetic conservation suggests that PfBDP1 may serve as a stable and viable target for future
drug development.

Building on these findings, this study advanced computational drug discovery ap-
proaches aimed at targeting PfBDP1. Through pharmacophore modeling of a vast molecu-
lar database and virtual screening of 1785 small molecule inhibitors against the active site of
PfBDP1 (PDB ID: 7M97), several promising candidates were identified. From this pool, nine
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top-performing compounds emerged, which were subsequently refined to six based on
detailed post-screening evaluations. Among these, CHEMBL2216838 stood out as the most
promising lead compound, demonstrating superior binding affinity and pharmacokinetic
potential, thus warranting further investigation in downstream drug development efforts.

CHEMBL2216838 exhibited a high binding affinity of —9.9 kcal/mol to the active site
of PfBDP1. Additionally, it demonstrated better physicochemical and pharmacokinetic
properties while posing a lower toxicity risk profile compared to that of other molecules,
including bromosporine (a reference inhibitor) and chloroquine (a standard antimalar-
ial drug).

Post-screening analysis examined physicochemical properties and pharmacokinetic
parameters such as gastrointestinal (GI) absorption, blood—brain barrier permeability, and
interactions with CYP 450 enzymes, using SwissADME [33]. All nine molecules displayed
high gastrointestinal absorption but were unable to permeate the blood-brain barrier.

The SwissADME BOILED-Egg plot of the nine best-hits predicted that P-glycoprotein
could actively efflux the molecules out of the central nervous system, potentially reducing or
nullifying their effectiveness. Given P-glycoprotein’s significant role in ADMET properties
and drug transport, several scientific studies have been conducted to better understand
its interactions with the substrates of drug molecules. The activity of this efflux pump is
known to influence drug pharmacokinetics and contribute to multidrug resistance [34].

Drug-metabolizing enzymes play a vital role in drug clearance by converting lipophilic
molecules into more water-soluble metabolites, which are then excreted through the kidneys
or bile [35,36]. The inhibition or activation of these enzymes can lead to clinically significant
drug-drug interactions [35]. Patients suffering from infectious and inflammatory diseases
may be particularly vulnerable to adverse drug reactions and altered drug metabolism due
to such interactions [37].

Cytochrome P450 (CYP450) enzymes are essential for metabolizing small molecules,
aiding in tissue and organ protection. Among the various isoforms, CYP1A2, CYP2C19,
CYP2C9, and CYP2D6 are among the five most crucial for drug metabolism [36,38]. CYP1A2
catalyzes the hydroxylation of aromatic amines and other oxidative reactions [39]. Due
to its high expression in the liver, CYP1A2 is involved in metabolizing several therapeuti-
cally significant drugs and endogenous compounds [39,40]. Drug interactions involving
CYP1A2 often result from the reversible or irreversible inhibition of its active site by small
molecule inhibitors.

CYP2C9 plays a crucial role in metabolizing weakly acidic compounds, including war-
farin, nonsteroidal anti-inflammatory drugs (NSAIDs), and endogenous substances such as
steroids and arachidonic acid [41,42]. Meanwhile, CYP2C19 is responsible for metabolizing
proton pump inhibitors (PPIs) and activating the anticoagulant clopidogrel into its active
form [43]. This enzyme also contributes to the metabolism of certain antidepressants [44].

CYP2D6 is involved in metabolizing a wide range of clinically significant drugs
from various therapeutic classes, accounting for approximately 15-25% of all prescribed
medications, despite its relatively low expression in the liver [45]. It is highly susceptible to
inhibition by numerous compounds, even those that are not its direct substrates, due to
their strong binding affinity to the enzyme [46]. Some of these inhibitors are potent enough
to alter a patient’s metabolic phenotype, a phenomenon known as phenocopying. The
structure—activity relationships of CYP2D6 substrates and inhibitors have been instrumental
in the development of pharmacophore models [47].

CHEMBL2216838 was predicted to inhibit CYP1A2, CYP2C19, and CYP2Dé6, but not
CYP2C9, which is essential for metabolizing the NSAIDs commonly used to treat malaria
symptoms. Lipophilicity, measured as the consensus LogP value, is a key property in
drug development. To improve prediction accuracy, multiple methods (iLOGP, XLOGP3,
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WLOGP, MLOGP, and SILICOS-IT) were used to assess the compound’s lipophilicity [48].
CHEMBL2216838 exhibited consensus LogP values below five, suggesting optimal absorp-
tion and efficient penetration through cell membranes.

The OSIRIS Property Explorer tool was employed to predict solubility, drug-likeness,
drug score, and potential toxicity [49]. Solubility is a key factor in drug development,
affecting formulation, handling, absorption, and the delivery of active molecules at low
pharmacological doses [50]. According to OSIRIS Property Explorer, CHEMBL2216838
exhibited a high solubility value of —3.91, surpassing that of chloroquine (—4.06).

Drug-likeness is an important measure used to assess whether a compound possesses
the properties necessary for an active oral drug. It is a delicate balancing act between
molecular characteristics and structural features that dictates if a new molecule is like a
known drug [51]. The Lipinski rule of five serves as a widely accepted guideline in this
evaluation, stipulating that a drug-like molecule should have a molecular weight below
500 g/mol, fewer than 10 hydrogen bond acceptors, fewer than 5 hydrogen bond donors,
fewer than 10 rotatable bonds, and a polar surface area (PSA) below 140 A. A positive
drug-likeness value suggests that a compound contains structural features commonly
found in commercial drugs [52]. CHEMBL2216838 demonstrated the highest drug-likeness
score of 8.60, outperforming the standard drug chloroquine (7.39).

Drug score is another critical parameter in drug assessment. It integrates multiple
factors, such as the partition coefficient (cLogP), solubility (cLogS), molecular weight, drug-
likeness, and toxicity risk [53]. The drug score ranges from no risk (0.81-1.0) to medium
risk (0.61-0.8) to high risk (less than 0.6). A higher drug score increases the chances of a
molecule becoming a candidate [54,55], and CHEMBL2216838 achieved a drug score of 0.78,
categorizing it within the medium-risk range. Furthermore, toxicity assessments indicated
that CHEMBL2216838 and seven other compounds exhibited low risks of mutagenicity,
tumorigenicity, irritation, and reproductive toxicity.

To evaluate the stability of the binding interaction between CHEMBL2216838 and the
active site residues of PfBDP1, molecular dynamics (MD) simulations were performed [53].
Stability is crucial for the ligand’s ability to effectively inhibit PfBDP1 [56]. Throughout
the simulation period, the root mean square deviation (RMSD) and root mean square
fluctuation (RMSF) of both the protein and the ligand were monitored in order to assess
the structural stability and binding conformation.

The RMSD value quantifies changes in protein conformation by comparing two sets of
atomic coordinates over time [57]. RMSF further identifies which structural elements exhibit
the most deviation from their mean positions. RMSF represents the average displacement
of a particle, such as a protein residue, relative to a reference position [57].

PfBDP1 RMSD fluctuated consistently between 0.8 and 4.0A after first rising from
0.00. For CHEMBL2216838, the RMSD values ranged between 0.4 and 2.0 A, which were
significantly lower than those of PfBDP1. This indicates that CHEMBL2216838 remains
stable within the active site, maintaining a single binding mode. The RMSF analysis pro-
vided insights into the fluctuations in amino acid residues and ligand atoms, highlighting
their role in binding and interaction entropy. The ‘Fit Ligand on Protein’ line displays the
CHEMBL2216838 RMSF as being between 0.5 and 1.5A, with respect to PfBDP1.

The torsional analysis examined the conformational strain experienced by CHEMBL2216838
when maintaining a protein-bound state. During the simulation, all rotatable bonds in
CHEMBL2216838 underwent conformational adjustments, as reflected in the torsion plot
spanning the simulation timeframe (0.00-100.00 sec). Furthermore, molecular dynamics
confirmed a stable hydrogen bond interaction between CHEMBL2216838 and the conserved
Asn413 residue of PfBDP1, aligning with findings from prior docking studies [22].
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Although the in silico inhibitory study is primarily theoretical and requires experimen-
tal data to confirm the presented hypotheses, our earlier experimental findings showed
that MCL significantly reduced parasitemia and downregulated PfBDP1 expression. These
findings lend credence to our in silico predictions and highlight the compound’s potential
antimalarial mechanism of action.

Another potential limitation of this study involves an engineered GLU458SER mu-
tation in the crystal structure of PfBDP1 (PDB ID: 7M97). However, this mutation is
located outside of the active ZA flexible loop region, suggesting that it is unlikely to im-
pact PfBDP1’s structural integrity or function. Additionally, both glutamine (wild-type)
and serine (mutant) are neutral polar hydrophilic amino acids, further indicating that the
mutation may not significantly alter the protein’s behavior.

Collectively, our data reinforce the hypothesis that PfBDP1 plays a critical regulatory
role in erythrocyte invasion and parasite proliferation. The gene’s high conservation and
functional relevance suggest that it is a promising antimalarial target.

4. Materials and Methods

4.1. Ex Vivo Study
4.1.1. Study Location and Participant Recruitment

This study was carried out in Ota, located in Ogun State, southwestern Nigeria. The
parasitological and epidemiological assessments took place from August 2021 to August
2022, encompassing both the wet season (April to October) and the dry season (November
to March). All procedures followed the established protocols. The participants included
malaria-positive individuals who gave informed consent prior to inclusion.

The inclusion criteria for this study comprised individuals of all age groups with con-
firmed Plasmodium falciparum infection and parasitemia levels of at least 2000 parasites/pL
within 48 h of sample collection. The exclusion criteria comprised individuals who had
received antimalarial therapy within the previous two weeks, had mixed infections (e.g.,
P. falciparum, P. vivax, or P. ovale), parasitemia below 2000 parasites/uL, or had coexist-
ing health conditions such as sickle cell disease. Ethical clearance was obtained from
the Covenant Health Research Ethics Committee (CHREC) under the reference number
CHREC/081/2021.

4.1.2. Sample Collection and Processing

Blood samples (2 mL) were collected from symptomatic malaria patients and examined
using Giemsa-stained thick and thin blood films under a light microscope by a trained
phlebotomist. The samples were preserved under cold chain conditions and immediately
transported to the Molecular Biology Laboratory at Covenant University. For verification,
the presence of Plasmodium spp. was reconfirmed using polymerase chain reaction (PCR).

4.1.3. Molecular Procedure

Genomic DNA was isolated from the malaria-positive samples using the Zymo
Research® DNA Extraction Kit (Zymo Research Corporation, Irvine, CA, USA), follow-
ing the manufacturer’s guidelines. Sample purity and concentration were assessed with
a NanoDrop™ One Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Further molecular testing included the detection of single-nucleotide
polymorphisms (SNPs). The confirmation of P. falciparum infection was achieved through
MSP2 gene (185 bp) amplification using species-specific PCR primers.
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4.1.4. DNA Amplification and Sequencing

The amplification of the PfBDP1 gene was performed on a Mastercycler X50s PCR
system (Eppendorf, Hamburg, Germany) using an initial denaturation at 94 °C for 5 min,
followed by 40 cycles of denaturation at 94 °C for 40 s, gene-specific annealing for 1 min,
extension at 60 °C for 1 min, and a final elongation step at 60 °C for 7 min. The reaction
volume was 25 pL. The products were analyzed via 1.5% agarose gel electrophoresis,
stained with 4 pL ethidium bromide, and run at 100 V/cm for 1 h. Gel images were
captured using the Bio-Rad Gel Doc™ XR+ system and quantified with Image Lab™
software #1709690. Band intensities were compared against 100 bp and 1000 bp DNA
ladder markers. Sequencing was outsourced to Inqaba Biotec West Africa (Oyo, Nigeria),
and the resulting sequences were aligned to the reference Pf3D7 strain for the PfBDP1 gene
using Geneious Prime 2022.1 (NCBI database).

4.2. In Silico Study
4.2.1. Protein Structure Retrieval and Alignment

The crystal structures of PfBDP1 (PDB ID: 7M97) and PfGCNS (PDB ID: 5TPX) are
available on the Protein Data Bank (PDB) [23] and were retrieved from the database.
PfGCNS histone acetyltransferase (HAT) (PDB ID: 5TPX) is a homolog of PfBDP1 and
has a crystal structure co-crystallized with a ligand (PubChem ID: 7H?) [17]; however, the
PfBDP1 (PDB ID: 7M97) crystal structure is not co-crystallized with a ligand. Pymol (The
PyMOL Molecular Graphics System, Version 1.2r3pre, Schrédinger, LLC.) was used to
conduct a structural alignment between the crystal structure of PfBDP1 (PDB ID: 7M97)
and PfGCNS5 (PDB ID: 5TPX) to aid in the determination of the PfBDP1 (PDB ID: 7M97)
active site.

4.2.2. Active Site Determination of PfBDP1

Three factors were considered when determining the active site of PfBDP1 used for
the virtual screening analysis. The first is the amino acid residues reported from a previous
docking study using the apo form of the PfBDP1 3D structure (PDB ID 3FKM). This study
reported that amino acid residues ILE355A, PHE356A, LYS358A, VAL360A, ASP361A,
TYR412A, ASN413A, and VAL419A are present in the active site of the apo form of the
PfBDP1 3D structure (PDB ID: 3FKM) [22].

The second is the result of the amino acid sequence alignment between PfBDP1 and
PfGCNBS. Since PfGCNS is a homolog of PfBDP1 and has been co-crystallized with a
ligand, Clustal Omega [58] was used to align the amino acid sequences of PfBDP1 and
PfGCNS5 to determine the similar amino acid residues in the active site of both proteins.
PDBsum [59] was used to visualize the similar amino acid residues present at the active
site of both proteins.

The third is the result of active site prediction of PfBDP1 using the Computed Atlas of
Surface Topography of Proteins (CASTp) 3.0, a web-based tool that describes and quantifies
geometrical and topological characteristics of protein structures, such as surface pockets,
internal cavities, and cross channels [60,61]. PFBDP1’s crystal structure was retrieved from
PDB and was loaded onto the CASTp 3.0 Server. These three results were combined and
used to decide on a suitable ligand binding pocket on PfBDP1’s (PDB ID: 7M97) active site.

4.2.3. Pharmacophore Modeling

The Pharmit server was utilized to construct a pharmacophore model based on the
PfBDP1 crystal structure (PDB ID: 7M97) and a reference ligand [62]. Pharmit is an online
platform comprising nine molecular databases containing millions of drug-like compounds
that can be screened against specific proteins [63]. The server operates using a pharma-
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cophore modeling approach combined with the AutoDock Vina scoring algorithm [30].
To develop the pharmacophore model, the PfBDP1 crystal structure and the reference
ligand were uploaded to the Pharmit server. The model was generated by identifying key
structural features of the reference ligand. A pharmacophore query feature was defined,
specifying the extent to which a database molecule must align with the given molecular
configuration. For a compound to be considered a match, its pharmacophore feature points
must overlap with the corresponding spheres in the query. Increasing the feature radius
enhances the likelihood of identifying matching molecules [63].

4.2.4. Preparation of the Protein and Ligands for Virtual Screening

The PfBDP1 crystal structure was designated as the receptor and prepared using
Chimera software. This preparation involved structure minimization, the addition of
Gasteiger charges, the incorporation of polar hydrogen atoms, the merging of non-polar
hydrogen atoms, the removal of non-amino-acid residues, and the completion of any
missing amino acid residues [64].

To facilitate molecular docking, OpenBabel was used to convert the receptor file from
.pdb format to an AutoDock-compatible .pdbqt format. Similarly, PyRx was employed
to convert ligand files from .sdf to .pdbqt format. Ligand preparation included charge
assignment, conformer generation, and geometry optimization using AutoDockTools 4.2.6,
which was subsequently used for screening simulations [65,66].

4.2.5. Virtual Screening

AutoDock Vina was used to conduct the virtual screening of potential hit molecules
against the active site of PfBDP1 (PDB ID: 7M97) [67]. A grid box was defined around
the active site residues with dimensions of 43.035 A x 12.568 A x 39.675 A using a grid
spacing of 0.375 A. The grid was set with 60, 50, and 60 points along the x, y, and z axes,
respectively. Following docking simulations, the nine best-hit compounds were selected
based on their binding affinity to the PfBDP1 active site. Chloroquine was included as
a reference drug due to its extensive use in in vitro and in vivo studies assessing malaria
parasite inhibition.

4.2.6. Post-Screening Analysis

Post-screening analysis was conducted using Swiss ADME predictor [68], OSIRIS
Property Explorer [69], and Discovery Studio [70]. The SwissADME predictor provided
insights into the physicochemical properties, pharmacokinetics, oral bioavailability, water
solubility, lipophilicity, and medicinal chemistry of the top selected hits, along with the
reference ligand (bromosporine) and the standard drug (chloroquine) [68].

OSIRIS Property Explorer was utilized to assess drug-likeness, drug score, molecular
weight, consensus lipophilicity (cLogP), total polar surface area (TPSA), solubility, and
potential toxicity risks, including mutagenicity, tumorigenicity, irritation, and reproductive
toxicity [71].

A lead molecule was selected based on high binding affinity, drug-likeness, drug score,
favorable physicochemical properties, and low-risk toxicity properties. Discovery Studio
was used to visualize the 2D and 3D bond interactions between the lead molecule and the
active site of PfBDP1 [70].

4.2.7. Molecular Dynamics Simulation of the Lead Molecule and PfBDP1 Complex
Molecular dynamics (MD) simulations were performed to assess the stability of the
best-hit molecule in complex with PfBDP1 using the GROMACS simulation package
(version 5.1.4) and the CHARMM27 force field [72]. The SwissParam online tool was used
to generate a molecular topology file compatible with CHARMM?27, and an explicit water
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model was employed for solvation. The protein-ligand complex was immersed in a solvent
environment, with Na* ions replacing water molecules to ensure charge neutrality.

Following solvation, energy minimization was performed, followed by NVT and NPT
equilibration over 5 ns. The V-rescale thermostat and Berendsen barostat were applied to
maintain a temperature of 298 K and a pressure of 1 bar, respectively. The system then
underwent a 100 ns MD simulation with a 2 fs time step per run. Long-range electrostatic
interactions were managed using a 1 nm cutoff and the Smooth Particle Mesh Ewald (PME)
method [73].

Post-simulation analysis was conducted using Visual Molecular Dynamics (VMD)
software [74]. Structural stability and dynamics were evaluated by plotting the root mean
square deviation (RMSD), root mean square fluctuation (RMSF) of the ligand, ligand torsion
profile, radius of gyration (Rg), hydrogen bonding interactions, principal component
analysis (PCA), and the dynamic cross-correlation map (DCCM). These analyses were
performed using XMGRACE (version 5.1.19) and Bio3D on the Galaxy Europe platform [75].

4.3. Experimental Support for Computational Predictions

Computational and biological validation of 7-[(7-methoxy-4, 5-dihydro-1H-benzo
[g] indazol-3-yl) carbonyl]-2-phenyl-5, 6, 7, 8-tetrahydropyrazolo [1, 5-a] pyrido [4, 3-d]
Pyrimidin-9 (1H)-one (MCL) was previously conducted against Pf AP2-I and PfBDP1 [29,30].
A summary of those results is presented in the Results Section to support the current com-
putational findings.

5. Conclusions

This study makes a significant contribution to the ongoing search for novel antimalar-
ial drug targets by providing both molecular and computational evidence for PfBDP1
as a promising therapeutic target. By demonstrating the conservation of the PfBDP1
gene in field isolates and identifying high-affinity small molecule inhibitors, particularly
CHEMBL?2216838, the research highlights a viable pathway for the development of next-
generation antimalarial agents.

The use of integrated bioinformatics, virtual screening, and molecular dynamics
simulations strengthens the predictive power of the findings and supports the structural and
pharmacological relevance of PfBDP1 inhibition. The identification of CHEMBL2216838
as a lead compound with favorable binding affinity, drug-likeness, and safety profile,
surpassing those of existing drugs like chloroquine, sets the stage for preclinical validation
and further structure-based drug design efforts.

Given the persistent threat of drug-resistant malaria, these findings provide a foun-
dational basis for expanding the antimalarial drug pipeline, offering hope for more
effective, targeted, and safe therapies for populations at greatest risk, particularly in
sub-Saharan Africa.
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