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The impact of Iso-mukaadial
acetate on Plasmodium falciparum
transcriptional gene regulation
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Malaria remains prevalent globally despite various intervention strategies aimed at preventing its
transmission. With the decreasing effectiveness of antimalarial drugs, medicinal plant extracts have
been proposed as alternatives. Iso-mukaadial acetate extracted from Warburgia salutaris has shown
anti-plasmodial activity, but the mechanism of inhibition is unknown. In this study, RNA sequencing
analysis of P. falciparum NF54 strain treated with IMA was conducted to determine the possible
targets of IMA. The expression profiles of P. falciparum genes regulated by IMA and chloroquine
(antimalarial control) during the intraerythrocytic stage were analyzed with gene ontology tools,
including PlasmoDB, ShinyGO and g: Profiler. IMA and chloroquine upregulated genes linked to
parasite biological processes and cell adhesion molecular binding functions, including PFEMP1, RIFIN,
and STEVOR. Chloroquine specifically downregulated DNA replication processes involving DNA
replication licensing factors MCM3 and DNA helicase, while IMA downregulated peptidyl-proline
modification and glycolytic pathways. KEGG analysis suggested glycolysis-gluconeogenesis and
pentose phosphate pathway enzymes (e.g., glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and glucose-6-phosphate dehydrogenase (G6PD)-6-phosphogluconolactonase) as theoretical IMA
targets, whose suppression could hypothetically reduce ATP and NADPH production, weakening
parasite energy supply and antioxidant defenses. The inhibition of DNA replication components (MCM
complex, DNA topoisomerases) by IMA, and the downregulation of DNA replication/repair proteins
by chloroquine, may both impair genome integrity, contributing to the observed anti-plasmodial
effects. IMA treatment was assumed to be associated with impairment of parasite energy metabolism,
redox balance and DNA replication machinery. These effects differ from chloroquine, which primarily
targeted DNA replication and repair processes, yet both drugs upregulated adhesion-associated gene
families. Changes in the expression of metabolic and replication genes induced by IMA suggest the
compounds potential as an anti-plasmodial candidate, warranting further biochemical validation of its
mechanism of effect.
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Malaria is one of the oldest diseases known to humans, and historically, the fight against it relied heavily on
plant-based remedies. Despite these longstanding efforts, it continues to pose a major global health burden,
with Plasmodium falciparum responsible for most of the 263 million cases and 597,000 deaths reported in 2023!.
The decreasing effectiveness of commonly used antimalarial drugs against P. falciparum has necessitated urgent
efforts for the development of new drugs and vaccines that are more efficacious, safe, and affordable especially
for developing countries?. The isolation of quinine from Cinchona bark and artemisinin from Artemisia annua
represented key milestones in this fight®. Warburgia salutaris, a South African medicinal plant traditionally used
for various ailments, has attracted interest among phytochemists and traditional healers** for its potential in
managing malaria symptoms. Ethnobotanical research shows that decoctions from its leaves, bark, and roots
have been used to treat fever, a hallmark symptom of malaria®. One of its bioactive constituents, iso-mukaadial
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acetate (IMA), has demonstrated potent anti-plasmodial activity with IC,; of 1.43 uM®, identifying IMA as
a promising natural candidate for further development. IMA is a drimane sesquiterpenoid with an acetate
functional group attached. It has been demonstrated to enhance glucose uptake’, inhibit heat shock proteins
70 — 1 and 90%%, and induce apoptosis in cancer cells!’. Similar phytochemical compounds such as warburganal,
mukaadial and, muzigadialnextracted from Warburgia stuhlmannii Engl. root bark have demonstrated anti-
plasmodial activity!!~1.

Advancing the research and development of antimalarial drugs requires a deeper understanding of the
complex P. falciparum life cycle. Therefore, investigating the adaptation mechanisms of the parasite during its
life cycle, particularly through the study of Plasmodium -produced proteins, could lead to the identification of
novel drug targets'. These targets can be exploited for the development and design of antimalarial compounds
that inhibit the progression and survival of the parasite!”. Transcriptomic approaches can offer insight into the
Plasmodium transcriptome, thus reflecting genome expression dynamics'®. This, in turn, supports proteomics
research focused on asexual malaria blood-stage profiling of expressed Plasmodium proteins, which regulates
pathways and facilitates parasite development, maturity, pathogenesis, and transmission'”"!8. Transcriptional
profiling using high-throughput ribonucleic acid (RNA) sequencing allows for a comprehensive analysis of
RNA content at whole-genome transcription level. This method is instrumental in defining and quantifying
RNA within cells or tissues under various developmental, physiological, and pathological conditions. This
approach provides insights into gene structure, gene expression regulation, gene product function, and genome
dynamics!®?. In this study, we applied RNA sequencing to compare the gene expression profiles during the
intraerythrocytic stage following treatment with iso-mukaadial acetate (IMA) versus chloroquine (CQ) with the
aim of identifying biological processes of differently regulated genes. The differential gene expression revealed
insights into the molecular functions and pathways underlying IMA effect that can be used as starting point
to determine IMA’s potential molecular targets.CQ was included as a reference antimalarial to benchmark the
transcriptional response of IMA-treated parasites.

Methods and materials
In vitro Plasmodium falciparum drug sensitivity assay and RNA extraction preparation
The chloroquine-sensitive Plasmodium falciparum NF54 strain was maintained in RPMI-1640 medium at 37
°C under a controlled atmosphere (5% CO,, 3% O, 93% N,)?!. Cultures were synchronized to the ring stage
using 5% (w/v) D-sorbitol. For drug sensitivity assays, synchronized cultures (2% parasitaemia, 2% haematocrit)
were seeded into 96-well plates and treated with serial dilutions of Iso- mukaadial acetate (IMA) or chloroquine
(CQ; positive control) starting at 10 uM. Drug-free cultures served as negative controls. After 48 h, plates were
frozen at — 70 °C, thawed, and parasite growth was quantified via a parasite lactate dehydrogenase (pLDH) assay.
pLDH activity was measured by adding 100 pL Malstat™ reagent and 20 uL of a nitroblue tetrazolium-phenazine
ethosulfate (1:1) mixture, followed by incubation at 37 °C for 40 min. The reaction was stopped with 5% acetic
acid, and absorbance was read at 620 nm. Growth inhibition curves and ICs, values were determined using
GraphPad Prism’ 5.0.0.

For RNA extraction, ~ 10 mL of synchronized ring-stage cultures (2% parasitaemia, 2% haematocrit) was
treated with 10 uM IMA or CQ for 24 h. Untreated cultures were included as negative controls. After incubation,
1 mL aliquots were stored at —80 °C until RNA extraction.

RNA extraction and library preparation

Total RNA was extracted from 1 mL P, falciparum cultures following Ponts et al. (2012)?2. Cultures were thawed
on ice, centrifuged (700 x g, 5 min), and pellets were lysed in prewarmed TRIzol (37 °C; 5:1 ratio) for 5 min.
Chloroform (1 mL) was added, and samples were centrifuged (12,000 x g, 4 °C, 30 min). The aqueous phase
was transferred to a new tube, RNA was precipitated with 0.8 volumes ice-cold isopropanol, and pellets were
collected by centrifugation (12,000 x g, 4 °C, 30 min), air-dried, and resuspended in 100 uL RNase-free DEPC-
treated water. Samples were DNase-treated (11.3 uL 10x DNase I buffer, 2 uL DNase I, 30 min, on ice) and
quantified using a NanoDrop ND-1000 spectrophotometer (2800-3200 ng/uL concentration recorded). RNA
integrity was assessed via LabChip GX (PerkinElmer).

Human rRNA was removed using the MGIEasy rRNA depletion kit, and Plasmodium RNA libraries were
prepared using the MGIEasy RNA Library Prep Set (10 ng-1 g input) according to the manufacturer’s protocol.
Libraries were converted into single-stranded circular DNA and sequenced on an Illumina MiSeq platform at
the Agricultural Research Council (South Africa).

Quality assessment and trimming of the sequencing reads

The raw RNA fastq files of all three conditions (IMA, CQ and drug-free) were evaluated for quality and
adapter contamination via FastQC software?’. Low-quality reads and adapter sequences were trimmed with
Trimmomatic?!. The processed reads were aligned to the Plasmodium falciparum 3D7 reference genome
(GCF_000002765.5) from the National Center for Biotechnology Information (NCBI) using HISAT with default
settings®®. The HISAT output SAM files were sorted and converted to binary BAM files via SAMtools?*?’. Gene-
level counts were obtained from the processed BAM files via FeatureCounts software version 1.6.12% enabling
the quantification of gene expression differences between CQ, IMA-treated and drug-free parasites. DESeq2
package in R? was used to identify differentially expressed genes (DEGs) using default parameters, which
included controlling for fold change cutoffs, log,-fold-change shrinkage, and custom P values. Genes with a
P value, adjusted for a false discovery rate (FDR) of < 0.05°**!, and a log,-fold change (log,FC) of at least + 1
between the studied groups were considered DEGs and retained for further analysis.
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Differential gene expression analysis, gene enrichment, and pathway analysis

The enriched GO terms and pathways of DEGs were analyzed via gene set enrichment analysis (GSEA) tools
such as ShinyGO (http://bioinformatics.sdstate.edu/go/), g: Profiler (https://biit.cs.ut.ee/gprofiler/convert), and
PlasmoDB (https://plasmodb.org/plasmo/app/)32-34. Pathway biology and GSEA were performed to identify key
biological processes and molecular functions associated with the differentially expressed genes in the IMA and
CQ-treated parasites compared to drug-free parasites®.

Ethical approval

This research has received ethical approval from the University of Johannesburg (reference: 2021-08-03/
Salomane_Simelane), as well as from the University of the Witwatersrand Human Research Ethics Committee
(M190579), Animal Ethics Committee (20190701-70), and Institutional Biosafety Committee (20190404).

Results and discussions

In vitro anti-plasmodial activity of IMA and CQ

The in vitro intraerythrocytic stage of the chloroquine-sensitive (NF54) strain of P. falciparum exhibited
concentration-dependent sensitivity to IMA and CQ. Previous reports indicated that IMA had an ICs, of 0.044
+ 0.10 pg/mLS, which equates to 1.42 + 0.32 pM when converted (UM = (ug/mL/MW)*1000). In this present
study, IMA exhibited an IC,, value of 2.49 + 0.49 uM and CQ had 0.013 uM, which was 190 times more potent
than IMA (P < 0.05) as shown in Fig. 1 below.

According to the Medicines for Malaria Venture (MMV) guidelines, a potential anti-plasmodial compounds,
whether derived from a plant extract or synthesized, is considered potent if it has an IC, value of < 1 uM and
between 1 and 10 uM is considered highly active’*-38, Therefore,, the observed IC, of 2.49 uM regards IMA as an
active compound with a promising anti-plasmodial activity. To determine how IMA exacts its Inhibitory activity,
RNA Sequencing transcriptomics studies was used to identify the possible mode of inhibition.

Comparative analysis of DEGs induced by iso-mukaadial acetate treatment

The IMA-induced DEGs were visualized via enhanced volcano plots (Fig. 2). The most significantly down- and
upregulated genes were identified based on the log, FC on the x-axis, which indicates the level of gene expression
relative to normal expression levels. Table S1 shows top 50 IMA-induced down- and upregulated Plasmodium
genes. The statistical significance of the expressed genes was determined based on the -Log,, FDR-associated
P value for the down- and upregulated genes***°. Differential expression analysis from normalizing gene-level
counts using drug-free parasites resulted in 3047 IMA-induced DEGs, of which 2292 were downregulated, and
755 were upregulated compared with those in the CQ-induced group, which resulted in a total of 914 DEGs,
with 462 upregulated and 452 downregulated genes as shown in Figure S1 and the corresponding Table S2.

The enhanced volcano plot in Fig. 2 shows that IMA-supplemented Plasmodium cells had more differently
regulated genes that were expressed compared to CQ-supplemented cells as shown in Figure S1. To understand
the most prevalent Plasmodium gene products for both CQ and IMA supplemented cells, a Venn diagram
(Figure S6) of all the up and downregulated genes was generated to identify the most common regulated genes.
The data was processed by removing all conserved genes with no known functions and the 18/28 S non-coding
ribosomal RNA. Both CQ and IMA induced regulated genes were compared based on their Log, Fold Change
values as outlined. A two-colour conditional formatting was used, with red representing downregulated genes
and blue representing upregulated genes values, as shown in Table S3. A total of 603 common Plasmodium gene
products were identified, with 445 gene product description annotated. Compared to CQ, IMA supplementation
demonstrated a downregulation effect for most of the shared or common Plasmodium genes.
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Fig. 1. Dose response analysis of CQ and IMA on asexual blood stage of P. falciparum NF54 done using pLDH
assay. IC,, of CQ=0.013 uyM and IMA =2.49 uM.
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Fig. 2. An enhanced volcano plot of IMA-induced P. falciparum genes during the intraerythrocytic stage.
Log,FC represents the differentially expressed genes plotted against -Log, ;FDR denoting significant genes.
An FDR of 0.001 was used to determine the genes with the greatest statistical significance. More significant
Plasmodium genes were upregulated than downregulated.

The enriched down- and upregulated GO terms during the intraerythrocytic development
stage

To interpret the biological significance of the down- and upregulated genes, key biological processes and
molecular functions that occur during the intraerythrocytic development stage*!, GO enrichment analysis was
conducted to evaluate the IMA-induced regulated genes compared with those of CQ. The enrichment analysis
was performed using ShinyGO and calculations were done by comparing the baseline frequency of the complete
set of annotated Plasmodium genes for a specific GO term in the P. falciparum 3D7 target species to the observed
frequency of the IMA-induced regulated genes under the same GO term3>*2. Further analysis for pathway IDs
or GO terms was conducted using g: Profiler to identify Plasmodium proteins associated with the GO terms.
PlasmoDB was also utilized to confirm the enrichment analysis of IMA- and CQ-induced regulated genes and to
determine the corresponding gene product descriptions. GO molecular function was used to illustrate activities
at the molecular level, carried out by the down- and upregulated genes, either as individual entities or as part of
assembled complexes of P. falciparum gene products®.

Plasmodium transcriptome induced by Iso-mukaadial acetate

The enrichment analysis of IMA-induced downregulated genes revealed significantly affected biological
processes and molecular functions, as potential molecular MOA of IMA responsible for its anti-plasmodial
effects via GSEA*4. The transcriptomic changes induced by IMA, shown as downregulated and upregulated
genes, are presented in an enhanced volcano plot (Fig. 2).

Analysis of upregulated P. falciparum genes induced by IMA
The top enriched GO terms for biological processes, ranked by fold enrichment (Fig. 3A), were primarily linked
to symbiont adhesion (GO:0020035, GO:0044650, GO:0044406), modulation by symbionts (GO:0044003,
GO:0044068, GO:0020013), and erythrocyte aggregation (GO:0034117, GO:0098609, GO:0020013). These
processes—also observed with CQ treatment (Figure S2)—were largely driven by the RIFIN gene product
(Log,FC=8.5864; Logo,FDR=98.8093), STEVOR (Log,FC=7.3640; Log,oFDR=35.2440), and PfEMP1
(Log,FC=6.4013; Log1oFDR =135.1785). In CQ-treated samples, the same gene products were also upregulated,
with PfEMP1 (Log,FC=4.1843; Log,ocFDR=6.0852), STEVOR (Log,FC=4.9523; Log,oFDR=32810), and
RIFIN (Log,FC=5.9518; Log:1,FDR =10.8991) showing notable fold changes.

The symbiont modulation interconnected biological network (Fig. 3B) was facilitated by PfEMPI,
STEVOR, and RIFIN, which are parasite-derived variant surface antigens involved in the cytoadherence of
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Fig. 3. Gene ontology biological processes of upregulated Plasmodium genes associated with IMA treatment.
(A) The lollipop chart illustrates the cytoadherence to microvasculature mediated by Plasmodium proteins as
the most enriched process and the most significantly involved biological process based on a higher Log, ,FDR
value. (B) An interconnected network diagram illustrating the connections between cell adhesion modulated
by Plasmodium proteins. The size of the green nodes indicates more significantly enriched gene sets, whereas
thicker edges represent a greater number of overlapping genes.

infected erythrocytes to healthy host erythrocytes*>4. These proteins have been observed to facilitate parasite
sequestration and entry into erythrocytes, thus promoting parasite survival within the host?. The expression
of P/EMP1 has been associated with increased cytoadherence of infected erythrocytes to endothelial cells in
different organs and immune system invasion by generating different antigens?¢, allowing the parasite to remain
in the host®>*. In a study involving pregnancy- associated malaria (PAM), the upregulation of a single var
gene, PAEMP1 was observed in P. falciparum parasite isolates after selection for adhesion to glycosaminoglycan
chondroitin sulphate in vitro and PAM was linked to clonally variant surface antigen, which was the central
process in the pathogenesis of P. falciparum infection®. As such, P/EMPI represents a therapeutic target, and
understanding its MOA may lead to the development of strategies to hinder P/EMP1-mediated cytoadherence to
reduce the burden of infection®. Similarly, RIFIN and STEVOR proteins expressed on the surface of parasitized
erythrocytes also contribute to enhanced immune system evasion, increased cytoadherence, and altered
pathogenicity. As such, they are also possible targets for antimalarial drug development?*>°1:2,

The interconnected symbiont adhesion shown in Fig. 3B was also mediated by a reticulocyte-binding
protein (Log,FC=2.9425; Log;0,FDR=5.763) and an erythrocyte-binding antigen 140 (Log,FC=2.3312;
Log1oFDR =23.0296). Microtubule-based processes and the movement of cells or subcellular components were
supported by several proteins, including actin-related protein 1 (ARP1; Log,FC=2.3369; Log;oFDR =13.6508),
centrosomal protein CEP135 (Log,FC=8.0934; Logio,FDR=214.8149), WD repeat-containing protein
(Log.FC=5.1617; Log1cFDR = 97.8210), dynactin subunit 2 (Log,FC =5.3582; Log:oFDR = 67.4926), and dynein
heavy and light chains (Log,FC=4.1839; Log,oFDR =44.2857; Log,FC=15.9158; Log,0FDR =87.1616).
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Molecular functions of upregulated genes induced by IMA
The upregulated GO terms related to molecular functions were ranked according to fold enrichment (Fig. 4A).
These GO terms included microtubule motor activity, dynein intermediate chain binding, cell adhesion
molecule binding, host cell surface and receptor binding, all of which are facilitated mostly by P. falciparum
erythrocyte membrane protein 1 (PfEMP1), virulence-associated protein 1 (VAPI), erythrocyte binding
antigen-181 (EBA-181), reticulocyte binding protein homolog 5 & 4 (Rh5 & Rh4) and Duffy binding-like (DBL)
merozoite surface proteins. The most significant IMA-induced upregulated molecular functional activities are
cell adhesion molecule binding and host cell surface (Fig. 4B). Compared with those induced by CQ (Figure
S3), the enriched molecular function GO terms included host cell surface binding, cyclic compound binding,
nucleoside binding, protein dimerization activity and structural molecule activity. Host cell surface binding is
facilitated by GPI-anchored micronemal antigen, apical membrane antigen 1 (AMAL), circumsporozoite (CS)
protein, cytoadherence-linked asexual protein 3.1 (CLAG3.1), erythrocyte binding antigen-140 (EBA-140),
PfEMP1, merozoite TRAP-like protein, merozoite surface protein, and reticulocyte binding protein 2 homolog a.
These proteins facilitate parasite sequestration and entry into erythrocytes, promoting parasite survival within
the host?”. The upregulation of VAP1, EBA-181, and Rh5 & Rh4 proteins has been associated with virulence and
binding mechanism of Plasmodium species®®. The upregulation of VAP1 promotes adhesion to host endothelial
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Fig. 4. Gene ontology for the molecular functions of IMA-induced upregulated genes. (A) Lollipop chart
showing that cell adhesion binding activity was the most enriched and the most significant molecular function,
with a logl0FDR > 8. (B) A hierarchical clustering tree summarizing the correlations among the significant
molecular functional activities, with pathways sharing genes clustered together. Larger blue dots indicate more
significant FDR values.
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cells in various tissues, preventing clearance of erythrocytes infected by the spleen. EBA-181 is upregulated for
merozoite invasion into erythrocytes, and Rh5 and Rh4 form part of the reticulocyte-binding protein homologs
important for invasion mechanism of merozoites®*. The expression of these virulent genes/proteins mediate
Plasmodium invasion into erythrocytes during the intraerythrocytic development stage. The incorporation of
small inhibitor molecules that target these virulent genes in combination with IMA could hypothetically reduce
Plasmodium invasion.

Analysis of downregulated P. falciparum genes induced by IMA

The top 20 downregulated GO terms for biological processes were ranked based on fold enrichment (Fig. 5A).
The most significantly downregulated biological processes involved peptidyl-proline modification (GO:0018208)
and peptidyl-prolyl isomerization (GO:0000413), both of which are catalyzed by peptidyl-prolyl cis-trans
isomerase (PPIase), with a Log,FC of —5.6296 and a Log, FDR of 5.7352. PPIases are responsible for controlling
Plasmodium proteins folding by catalyzing the isomerization of peptide bonds at proline residues™, and their
downregulation could lead to accumulation of misfolded Plasmodium proteins, causing stress to the cellular
machinery®®%. The glycolytic process (GO:0006096) and carbohydrate catabolic process (GO:0016052) linked
to ATP generation from ADP and ADP metabolic processes were also downregulated®®>°. Key enzymes affected
included L-lactate dehydrogenase, (Log,FC = -2.5694; Log, ,FDR of 41.5215); enolase (Log,FC = -2.2364;
Log,,FDR = 49.6179); fructose-bisphosphate aldolase, (LogZFC = -1.9181; Log, ,FDR = 45.4065); GAPDH
(Log,FC = -2.2332; Log, ,FDR = 139.4728); pyruvate kinase (Log,FC = -2.1387; and Log, ,FDR = 53.5869).
The most significant biological processes with CQ dosing are DNA replication processes (Figure S4A), which
are potentially impacted by DNA synthesis disruption due to downregulated of glycolic and redox enzymes®’.

Plasmodium parasites rely on glycolysis as the primary source of energy, especially during the intraerythrocytic
stages®!, the downregulation of enolase limits the formation of phosphoenolpyruvate, which is an important key
step in ATP production and is required for essential parasitic cellular functions®?. The downregulated expression
of GAPDH halts the glycolytic pathway, limiting glucose metabolism and leading to reduced ATP generation®3%4,
Therefore, reduced ATP production Plasmodium during the intraerythrocytic development stage®>® due to
IMA exposure resulted in suppression of Plasmodium metabolic pathways, as indicated by the downregulation
of these glycolytic enzymes, causing disturbances in parasitic energy metabolism, protein homeostasis, and
general survival.

The DNA replication processes (GO:0006268, 0065004) shown in Fig. 5B and Figure S4B were also affected,
with significant downregulation of key proteins, including the DNA mismatch repair protein MSH6 (Log,FC
—6.3356; Log, (FDR 7.10859), DNA repair protein RAD51 (Log,FC —4.8835; Log, FDR 4.4462), DNA replication
licensing factor MCM3 (Log,FC -2.1358; Log ,FDR 15.0226), DNA topoisomerase 3 (Log,FC —4.7543;
Log,,FDR 4.2404), GINS subunit Psf3 (Log,FC —4.2178; Log, ,FDR 3.4372), and replication protein A1 (Log,FC
—6.1249; Log, ,FDR 6.6831). IMA exposure likely induced DNA damage through oxidative stress, compromising
genomic integrity during the intraerythrocytic stage®”. This was exacerbated by reduced expression of DNA
repair proteins such as RAD51 and topoisomerase 3, which are essential for maintaining replication and repair
machinery®®®. Downregulation of the licensing factor MCM3 further disrupted replication initiation, limiting
DNA synthesis and cell division’’. The parasite’s capacity to divide and multiply during the intraerythrocytic
stage could have been hampered by IMA-induced disruption, leading to imperfect or partial DNA replication”’.

Additionally, replication fork stalling and increased parasite mortality may have resulted from difficulties
with DNA unwinding caused by downregulated DNA topoisomerase 3, which also hinders transcription and
replication’!72. Replication stress and inadequate DNA synthesis can occur by downregulating the GINS
complex subunit Psf3, which compromises replication fork stability and hinders the ability of the parasite to
replicate its genome’>’%. As a major eukaryotic ssDNA-binding protein, reduced replication protein A1 (RPA1)
expression can cause single-stranded DNA to become unstable, increasing the possibility of DNA damage and
hindering repair”®. Collectively, the downregulation of these proteins could have halted the cell cycle, collapsed
the replication fork, and decreased parasite survival in the IMA-treated parasites. The potential of DNA
replication machinery being affected by CQ was also observed with the downregulation of DNA replication
and repair proteins, suggesting a disruption in the parasite’s ability to maintain its genome integrity’®. The
lowered expression of DNA helicase could have impeded the progression of the replication fork, causing slower
DNA replication and leading to cell cycle arrest and reduced cell proliferation’’. The downregulation of the
DNA replication licensing factor MCM3, which could have interfered with the replication licensing process, is
important for preparing DNA for replication. This disruption results in incomplete or faulty DNA replication,
therefore hindering the parasite’s ability to divide and proliferate during the intraerythrocytic development
stage”".

Molecular functions of downregulated genes included by IMA

The GO molecular functions of the IMA-induced downregulated genes included but were not limited to folding
chaperones, peptidase activity, ubiquitin binding, phosphatase activity, DNA binding and replication, as shown
in Fig. 6 compared to Figure S5 for CQ supplementation. These molecular functions were sorted according to
fold enrichment. GO term analysis revealed the activities of these folding chaperones are facilitated by heat
shock proteins (Hsps 90, 110, 70, and 60), a T-complex protein 1 subunit, chaperonins and the DNAJ protein®7°.
Phosphoprotein phosphatase activity is carried out by a group of phosphatases, including serine/threonine
protein phosphatases, protein phosphatases PPM 5-7, and protein tyrosine phosphatases®®8!.

A reduction in HSP60 expression can disrupt mitochondrial function, which is crucial for energy production
and parasite development®2. The T-complex protein 1 subunit forms part of the chaperonin complex (CCT), which
assists in the folding of actin and tubulin, which are essential cytoskeletal components, and the downregulation
of this chaperonin complex can cause improper folding of P. falciparum actin and tubulin, resulting in a more
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Fig. 5. Gene Ontology analysis of biological processes associated with downregulated Plasmodium genes
in response to IMA treatment. (A) The lollipop chart illustrates the peptidyl-proline/prolyl modification
process as the most enriched process and the DNA-protein complex process as the most significantly
involved biological process based on a higher Logl10FDR value. (B) An interconnected network illustrating
the connections between the generated biological processes. The size of the green nodes indicates more
significantly enriched gene sets, whereas thicker edges represent a greater number of overlapping genes.
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chart illustrates the protein folding chaperone as the most enriched and the most significant molecular
function with a higher -Log, FDR > 5. (B) A hierarchical clustering tree summarizing the correlations among
the significant molecular functional activities, with pathways sharing genes clustered together. Larger blue dots
indicate more significant FDR values.

defective cell membrane and cellular movement’®%, Downregulated phosphatase activity can disrupt cellular
signaling, impair cell cycle regulation, and alter stress response mechanisms®!. This decreased expression may
have weakened the parasite’s ability to manage stress and compromised critical signaling pathways needed for
cell proliferation and invasion, thus reducing the parasite’s adaptability when dosed with IMA.

The stress response, stability, and protein folding of Plasmodium when exposed to IMA may depend on
heat shock proteins (HSPs). The downregulation of several HSPs and other chaperone-related proteins might
have potentially impair critical cellular functions such as DNA replication and the ability to maintain protein

homeostasis during stress®!.

Transcriptional network interactions of IMA regulated genes
According to the network interactions between the down- and upregulated genes that were determined when

supplemented with IMA, heat shock protein 70 (Hsp70) (PF3D7_0831700) seems to have formed the most
interactions with other Plasmodium proteins, as demonstrated in Fig. 7.
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Fig. 7. Protein-protein interaction network of Plasmodium proteins when the parasite was supplemented with
iso-mukaadial acetate (IMA). The interactions were determined via String (https://string-db.org/), which uses
Log,FC to denote the downregulated (red) and upregulated (blue) genes.

Hsp70 is a molecular chaperone that is expressed in response to stress. It has various functions, such as
facilitating the folding of recently produced proteins, facilitating the movement of proteins and vesicles within
cells, facilitating the assembly and disassembly of complexes, and breaking down proteins that are no longer
needed’>%,

Consequently, this chaperone extensively regulates protein balance by overseeing both the quality control
and disposal of proteins under typical and stressful circumstances®”. Another Hsp70 (PF3D7_0917900)
was determined to be the main intermediate connector. Both of these Hsp70s interact with downregulated
phosphoglycerate kinase (PGK) (PF3D7_09225000) and elongation factor 1-alpha (PF3D7_1357000), which
enhances the GTP-dependent attachment of aminoacyl-tRNA to the A-site of ribosomes in the course of protein
synthesis®. The current work adds to our previous claims, demonstrating IMA as an inhibitor of the chaperone
activity of P falciparum essential proteins such as Hsp70° and Hsp90®. The Inhibition of these chaperones disrupts
the parasite’s ability to maintain protein quality control and proper folding, ultimately impairing its survival
under both normal and stress-induced conditions. Moreover, the observed interactions with proteins involved
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in metabolism and translation suggest that the inhibitory effects of IMA may extend beyond chaperone function,
either through direct interaction or by network interruption mechanism, and thus potentially affecting multiple
targets within the parasite’s biology. Nonetheless, additional studies are still required to confirm the inhibitory
role of IMA on P. falciparum. Taken together, these results highlight the multifaceted role of Hsp70s in parasite
viability and underscore the potential of IMA as a promising candidate for antimalarial drug development.
Targeting chaperone-mediated pathways may therefore represent an effective strategy for disrupting essential
cellular functions in P. falciparum, offering new avenues for therapeutic intervention. Future studies investigating
the broader network of protein interactions and the stage-specific effects of IMA inhibition will be valuable in
fully elucidating its mechanism of action and therapeutic potential.

Most of the network interactions are observed with the downregulated genes compared with the upregulated
genes, forming only three interactions. The upregulated anaphase-promoting complex subunit 3 (PF3D7_0501700;
Log,FC 7.7654) is also interconnected with the abovementioned Hsp70s. P. falciparum erythrocyte membrane
protein 1 (P/EMP1) (PF3D7_0400400) was associated with downregulated genes encoding zinc finger protein
(PF3D7_1008100) and chromodomain-helicase-DNA-binding protein 1 (PF3D7_1023900).

Analysis of IMA and CQ similar expressed genes

The 603 commonly expressed genes (Figure S8) shown in Table S3 demonstrated both IMA and CQ mechanisms
of action based on the drug-induced stress response and compensatory mechanisms. CQ’s mechanism of action
has been previously determined to involve inhibiting heme polymerase and preventing heme detoxification
into hemozoin®. Heme accumulation was suggested to inhibit glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and thioredoxin reductase (TrxR), thus disrupting mechanism for DNA synthesis®’. In our study,
GAPDH deregulation Log2 FC value was observed at 0.5435 and — 2.2332 for CQ and IMA, respectively.
These values theoretically suggest that parasite death by CQ was not through GAPDH inhibition. However, for
IMA this is possible mode of inhibition affecting glycolysis. The thioredoxin systems are important for redox
regulation, protection against oxidative stress. TrxR and Thioredoxins (Trx) play crucial roles in maintaining the
parasite’s redox balance and enabling its survival within the host cell!. Thioredoxin (Trx) 1, which is reduced by
TrxR back to their active form®* was observed at Log2FC 0.6014 and — 6.8967 with CQ and IMA. Trx 2 isoform
was downregulated by CQ with Log2 FC of —4.1278. While with IMA drug exposure Trx 3 was upregulated
and TrxR downregulated with Log2 FC 2.9378 and — 6.1547; respectively. The downregulation of the parasite
thioredoxin systems supposedly lead to the increased vulnerability to oxidative stress causing impaired protein
regulation and eventually parasite death®>%.

Furthermore, chloroquine resistance has been attributed to the P falciparum chloroquine resistance
transporter (PfCRT), a member of the ATP-binding cassette (ABC) transporter protein family***>.ABC4 and
ABCS5 exhibited a fold expression of Log2FC —6.2547 at Logl0FDR 5.2409 and — 4.7324 at Log10FDR 2.9203,
respectively in our study. The downregulation of these ABC transporter proteins is linked to impaired efflux of
CQ’s from the digestive vacuole, facilitating continued haemoglobin degradation inhibition of parasite proteases
for nutrient salvaging and maintaining the colloid-osmotic balance of the infected erythrocyte®. Different gene
id’s denoting erythrocyte membrane protein 1 (P/EMP1) were observed to be upregulated up until Log2FC of 5
with both CQ and IMA. Therefore, hypothetically the resulted anti-plasmodial activity of IMA was not through
PfEMP1 when compared to CQ.

IMA -induced Kyoto encyclopedia of genes and genomes pathway analysis

KEGG pathway analysis®’~° revealed biological processes that were strongly impacted by IMA downregulated
genes. Gaining insight into these downregulated pathways can aid in understanding how IMA impacts parasite
signaling, metabolism, or other biological functions. The KEGG pathways that were significantly downregulated
were the pentose phosphate pathway, DNA replication pathway and glycolysis/gluconeogenesis pathway, which
were of particular interest, as we investigated the effects of IMA on these pathways. The Enzyme Commission
(EC) numbers were used to denote each identified gene or enzyme found in the abovementioned pathways!®.

Glycolysis/gluconeogenesis KEGG pathway analysis

The glycolytic process and carbohydrate catabolic process linked to ATP generation from ADP and ADP
metabolic processes®® were among the most downregulated GO terms related to essential P. falciparum biological
processes following IMA treatment!!. Understanding how the decreased expression of glycolytic proteins affects
the survival of P. falciparum is paramount for the development and design of IMA as a potential antimalarial
agent. The downregulated glycolysis/gluconeogenesis enzymes (Figure S7'? included phosphoglucomutase
(5.4.2.2), hexokinase (2.7.1.1), glucose-6-phosphate isomerase (5.3.1.9), 6-phosphofructokinase (2.7.1.11),
fructose-bisphosphate  aldolase (4.1.2.13), triose-phosphate isomerase (5.3.1.1), glyceraldehyde-3-
phosphate dehydrogenase (1.2.1.12), phosphoglycerate kinase (2.7.2.3), phosphoglycerate mutase (5.4.2.11),
phosphoenolpyruvate carboxykinase (4.1.1.49), pyruvate kinase (2.7.1.40), acetate-CoA ligase (6.2.1.1), and
dihydrolipoyl dehydrogenase (1.8.1.4)!%%. The number of ECs of these enzymes is highlighted in red to indicate
and emphasize where they are found in the glycolytic pathway and which downstream enzymatic reactions they
influence.

Since glycolysis is crucial for ATP production in P. falciparum, which thrive in low-oxygen environments
and relies on glycolysis for energy'®, the downregulation of core glycolytic enzymes such as hexokinase,
6-phosphofructokinase, aldolase, and pyruvate kinase suggests that the primary pathway for glucose metabolism
is likely impaired!®>!%, The inhibition of these enzymes could therefore decrease ATP generation, deprive the
parasite of energy and increase parasite death. The current study further supports the recent findings of Zuma
and colleagues (2025), who demonstrated a protein-ligand binding interaction between IMA and P. falciparum
hexokinase. Through both computational and in vitro approaches, IMA was shown to bind directly to hexokinase
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with measurable affinity. This interaction highlights the potential for developing novel antimalarial drugs that
specifically target this mechanism, highlighting hexokinase as an important target molecule!?’”. Glyceraldehyde-
3-phosphate dehydrogenase and triose phosphate catalyze key steps in glycolysis, turning triose phosphates
into pyruvate®®!%, Therefore, the decreased expression of these proteins further impedes the production of
ATP and NADH, upsetting the cellular redox balance and reducing energy output. Two enzymes involved in
gluconeogenesis and acetyl-CoA synthesis are phosphoenolpyruvate carboxykinase (PEPCK)!% and acetate-
CoA ligase. Downregulation of the latter enzymes implies decreased acetate conversion to acetyl-CoA and a
compromised ability to produce glucose from noncarbohydrate precursors. The decreased amounts of acetyl-
CoA may restrict biosynthesis pathways, impacting the production of lipids and other macromolecules necessary
for parasite survival!'”.

Therefore, targeting these enzymes may be a promising approach for antimalarial treatments®®!!!. By fully
understanding these downregulated enzymes, important metabolic checkpoints can be identified and potentially
used to further optimize the inhibition of vital P. falciparum energy and biosynthesis pathways by IMA.
Furthermore, to convert glucose into pyruvate for energy production, the glycolytic route requires the enzymes
6-phosphofructokinase (2.7.1.11), glucose-6-phosphate isomerase (5.3.1.9), and fructose-bisphosphate aldolase
(4.1.2.13)!'2. Given that P. falciparum thrives in an environment with limited energy, the downregulation of
these enzymes via the glycolytic route implies a decrease in glycolytic flow, which decreases ATP generation.

Pentose phosphate pathway KEGG analysis

Adjacent to the glycolysis/gluconeogenesis pathway is the interconnected pentose phosphate pathway (PPP)
(Figure $81%2, which performs several tasks involving the parasite’s high requirement for nucleotides, reducing
power, and carbon intermediates for several metabolic processes''’. Both ribulose-phosphate 3-epimerase
(5.1.3.1) and glucose-6-phosphate dehydrogenase (G6PD)—-6-phosphogluconolactonase (1.1.1.49) are involved
in the oxidative and nonoxidative stages of the PPP, respectively. The PPP supplies P. falciparum ribose-5-
phosphate for nucleotide synthesis and NADPH for redox equilibrium!!. In this case, the downregulation of
both enzymes implies that P. falciparum would be less able to synthesize nucleotides for DNA replication and
repair and manage oxidative stress (due to less NADPH) caused by IMA. Additionally, a crucial enzyme in the
nonoxidative PPP is transketolase (2.2.1.1), which is connected to glycolysis by transforming sugars such as
ribose-5-phosphate into glyceraldehyde-3-phosphate!!®. The decreased expression of transketolase might make
it more difficult for the parasite to strike a balance between the synthesis of amino acids and nucleotides and
energy generation!!®. For the synthesis of the sugar backbone of nucleotides, deoxyribose-phosphate aldolase
(4.1.2.4) and ribose-phosphate pyrophosphokinase (PRPP synthetase; 2.7.6.1) are essential. For example, the
production of phosphoribosyl pyrophosphate (PRPP), a precursor in nucleotide synthesis, requires PRPP
synthetase!'”. When these enzymes are downregulated, nucleotide availability is drastically reduced, impairing
the parasite’s capacity to synthesize and repair DNA!17:118,

The downregulation of the PPP and glycolytic enzymes indicated a weakened antioxidant defense mechanism
(due to less NADPH) and decreased energy production, increasing the vulnerability of the parasite to oxidative
harm caused by the presence of IMA within the parasite!!*!?. P. falciparum may also have trouble maintaining
adequate nucleotide pools, which could impair its ability to replicate, repair, and transcribe DNA'2L. This is
indicated by the downregulated expression of enzymes necessary for nucleotide biosynthesis, such as ribose-
phosphate pyrophosphokinase and PRPP synthetase. Given P. falciparum’s reliance on the glycolysis and PPP
pathways for energy and survival, further suppression of these downregulated enzymes may increase the
parasite’s metabolic stress, resulting in parasite death!?2. Because IMA takes advantage of nucleotide synthesis
vulnerability, the parasite cannot successfully replicate and repair its DNA, which eventually limits its capacity
for survival and replication.

DNA replication KEGG pathway analysis

IMA-induced DNA damage may be indirectly due to oxidative stress affecting the genomic integrity of intra-
erythrocytic parasites. This is perpetuated by the downregulation of DNA topoisomerases a-primase and
e-complex, which are important for the DNA replication and repair machinery required to overcome IMA-
induced damage®®®. However, their lower expression indicates impaired DNA repair machinery, resulting in
decreased Plasmodium DNA replication and potentially affecting parasite survival and proliferation. Replication
licensing is essential for obtaining P. falciparum DNA ready for replication, and it is disrupted when the DNA
replication licensing component MCM complex is downregulated as shown in Fig. 8 below!?. The capacity of
intraerythrocytic parasites to divide and multiply may be hampered by this disruption, leading to imperfect or
partial DNA replication”’.

Additionally, replication fork stalling and increased parasite mortality may result from problems with DNA
unwinding caused by downregulated DNA topoisomerase complexes that hinder transcription and replication.
Reduced replication protein Al (RPA1) expression causes single-stranded DNA to become unstable, increasing
the possibility of DNA damage and hindering repair. As a result of IMA treatment, downregulation of this
protein could have halted the cell cycle, caused replication fork collapse, and decreased parasite survival.

The ability of P, falciparum to replicate and repair its DNA may be significantly impacted by the downregulation
of replication factor C subunit 1 (RFC1) and P. falciparum proliferating cell nuclear antigen (PCNA), which may
limit the ability of the parasite to multiply within host cells!**!25. Reduced PCNA expression results in delayed
or insufficient replication by lowering the efficiency of DNA synthesis. Since fewer repair proteins are available
to fix any errors or damage, this can slow the replication fork and increase DNA damage!?°. Furthermore, the
decreased expression of RFCI can prevent DNA synthesis from starting because it interferes with the assembly
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treated with IMA. The downregulated enzymes are represented with numbers and highlighted in red.

of the RFC complex and the ability of PCNA to load onto DNA. This could hinder genome duplication, lower
rates of proliferation, and possibly initiate reactions that damage DNA'?’.

Since P. falciparum behaves as an auxotroph, relying on de novo pathways for pyrimidine nucleotide
biosynthesis and the purine salvage pathway for synthesizing cofactors and nucleic acids essential for merozoite
formation'?®. Hypoxanthine-Xanthine Phosphoribosyl transferase (HGPRT), a purine salvage enzyme
responsible for reversibly transferring phosphoribosyl moiety of phosphoribosyl pyrophosphate (PRPP) to the
nucleobase 6-oxopurines to produce monophosphorylated nucleotides required for nucleic acids synthesis'?
was differentially downregulated at Log2FC —1.3128 by IMA dosing. This could have impeded parasite’s nucleic
acid synthesis, crucial for its growth and DNA replication during the asexual intraerythrocytic stage!*. The
binding affinity of IMA to HGPRT was demonstrated by molecular dynamics simulations, ultra-violet (UV)
visible spectrometer analysis and microscale thermophoresis studies'®!. The binding affinity studies had
supported the previously observed in vitro antimalarial results and IMA - HGPRT complex.

While in vitro validation studies are increasingly becoming standard in transcriptomic research,
practical constraints such as limited resources can sometimes hinder their application. Nevertheless, in this
document, we present data that corroborate our earlier findings, confirming that IMA acts as an inhibitor of
the chaperone activity of key Plasmodium proteins, including Hsp70° and Hsp908. Additionally, our recent
work has demonstrated the binding affinity of IMA to hexokinase!'?’, further supporting its modulatory role
in glycolytic enzymes. Collectively, these results strengthen the evidence for IMA as a multifaceted inhibitor,
with the potential to target multiple essential proteins in P. falciparum. These findings not only enhance our
understanding of IMA’s mechanism of action but also underscore its potential as a promising candidate for
antimalarial drug development.

Conclusion

IMA and CQ were observed to hinder Plasmodium survival by suppressing key proteins, including DNA
polymerase and the DNA replication licensing component MCM complex, that are essential for DNA synthesis
and repair during the intraerythrocytic cycle. IMA theoretically disrupted parasite metabolism by inhibiting
critical enzymes in glycolysis and the pentose phosphate pathway, leading to the reduced ATP and NADPH
production, energy depletion, and increased oxidative stress. Even though both IMA and CQ upregulated
adhesion-associated gene families (P/EMP1) to increase cytoadherence of infected erythrocytes to endothelial
cells in different organs, allowing the parasite to remain in the host and enhancing immune system invasion. The
combined effects on DNA replication, energy metabolism, and redox homeostasis limited the parasite’s ability to
adapt within host cells during drug exposure. KEGG pathway analysis of the downregulated genes highlighted
potential IMA targets, including glyceraldehyde-3-phosphate dehydrogenase, DNA replication proteins, and
pentose phosphate pathway enzymes. One of the limitations of our study is the insufficient number of biological
replicates, which may impact the robustness and generalizability of our findings. In the second phase of this
study, we aim to include a greater number of replicates to strengthen the reliability of our results. Additionally,
investigating stage-specific inhibition using transcriptomic assays would provide higher-resolution insights into
the molecular effects and better elucidate the mechanisms resulting from IMA treatment.

Data availability

The RNA sequencing data generated in this study is available under NCBI BioProject accession number PRJ-
NA1240819 with the title: RNA Sequencing of *P. falciparum* treated with IMA. Accessible link: (https://www.
ncbi.nlm.nih.gov/bioproject/?term=PRJNA1240819).
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