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INTRODUCTION
Several approaches were utilized to identify 

potential drug targets aiming to design and develop 
novel drugs in treatment of protozoal diseases, e.g., 
bioinformatics analyses, functional genomic studies, 
and phenotypic screening. Several reviews were 
published to discuss the recent advances in essential 
molecules required for survival, growth, replication, 
and virulence of protozoa causing tropical diseases 
with high morbidity and mortality risks worldwide. 
Among them, heat shock protein 90 (HSP90) 
isoforms[1], plasma membrane ion channels and 
transporters[2], protein lipidation enzymes[3], Sarco/
endoplasmic reticulum calcium ATPase (SERCA) 
transporter[4], ubiquitin (Ub) and ubiquitin-like (Ubl) 
modifiers[5], and host mechanistic target of rapamycin 
(mTOR)[6]. The latter is linked with phosphoinositide 
3-kinase (PI3K) that controls cell signaling and 
functions employed in several cellular processes. 
Identification of a specific parasitic interaction and its 
essential role in pathogenicity and immunopathology, 
or survival and proliferation will lead to recognition 
of potential drug targets[6].

American scientists[7] discussed the apicoplast role 
in spite of absence of photosynthesis requirement. 
Isopentenyl pyrophosphate biosynthesis and its 
metabolic 1-deoxy-D-xylulose-5-phosphate (DOXP) 
pathway was suggested. This was evidenced by 
inhibition of Plasmodium growth in vitro, and in vivo 
using Fosmidomycin, a specific DOXP inhibitor[7]. 
A Swiss review was published recently discussing 
the role of apicoplast transporters and their 
potentiality as drug targets in Plasmodium spp. The 
parasitophorous vacuole (PV) membrane works 
as a molecular sieve for proteins and metabolites 
transport and distribution via the apicoplast to the 
cytosol, endoplasmic reticulum (ER), Golgi apparatus, 
and mitochondrion. Metabolic pathways within the 
apicoplast, targeted by several antibiotics such as 
clindamycin and doxycycline, confirmed its drug 
target potentiality[8]. On the other hand, ferredoxin/
ferredoxin-NADP+ reductase (Fd/FNR) system, one 
of the redox systems within the apicoplast, was 
identified essential for Plasmodium survival. A recent 
study demonstrated that both molecules (Fd and FNR) 
are individually dispensable in erythrocytic stages, 
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ABSTRACT

In the last two decades, transporters attracted much attention in identification of potential drug targets 
against intracellular protozoa. Several membrane molecules exhibit essential roles in trafficking pathways 
for nutrients, essential enzymes and virulence factors. In this context, P. falciparum possesses a complex 
of genomic plasticity-encoding transporters with high potentiality for aneuploidy, and gene expression 
modulation in response to drug exposure. Therefore, it is able to undergo gene mutations in enzymes controlling 
drug uptake, and evade host immune response by antigenic variations as well. The genetic mechanism of 
antimalarial drug resistance arises early with monotherapy using fast-acting drugs or a single targeting drug. 
Accordingly, combined therapy acting on multiple targets would decrease the emergence of drug resistance. 
Evolutionary technology on genetic approach enabled researchers to identify and propose novel Plasmodium 
drug targets. The main objective of this part is to review potential drug targets for apicomplexans and discuss 
recent approaches in identifying Plasmodium targets, as well as advances in the design and development of 
novel antimalarial drugs.

Abbreviations: AMA1: Apical membrane antigen 1; ART: Artemisinin; CP: Cysteine protease; eIF2: Eukaryote initiation 
factor 2; ER: Endoplasmic reticulum; HAT: Histone acetyltransferase; HDAC: Histone deacetyltransferase; HSP: Heat 
shock protein; HTS: high-throughput screening; PAT: Palmitoyl-acyltransferase; PIK: Phosphoinositide kinase; PK: 
Protein kinase; PKA: Cyclic AMP-dependent PK; PTM: Post-translational modification; PV: Parasitophorous vacuole; 
MSP1: Merozoite surface protein 1; NMT: N-myristoyl transferase; RON2: Rhoptry neck protein 2; SERCA: Sarco/
endoplasmic reticulum calcium ATPase; TK: Tyrosine kinase; Topo: Topoisomerase; Ub: Ubiquitin; Ubl: Ubiquitin-like.



   Drug targets in Plasmodium spp.                                                                                                                                                                                               Abaza 

239

but the Fd/FNR system is essential for survival, i.e., 
simultaneous knocking down of both encoding genes 
was lethal. It was hypothesized that the Fd/FNR system 
provides reducing power to several iron-sulfur cluster-
dependent proteins in the apicoplast. Due to Fd/FNR 
absence in human, the study proposed it an attractive 
drug target[9].

To persist longer in their host, apicomplexans 
developed different mechanisms to tolerate 
unfavorable stress conditions utilizing development 
of latent life cycle stages. In this context, Plasmodium 
spp. possess a well-developed capacity to sense 
environmental changes and initiate an integrated 
stress response (ISR). The latter provides a rapid 
adaptive change, i.e., progression to a latent state 
through gene regulation switching from proliferative 
to dormant states. In their review[10], the scientitsts 
defined ISR as a post-transcriptional mechanism 
of gene regulation widely conserved in eukaryotes. 
They claimed that ISR is mediated by stress-induced 
phosphorylation of α subunit of eukaryote initiation 
factor 2 (eIF2) to transiently repress protein synthesis. 
The reviewers discussed mechanisms involved in relief 
of translational repression and conversion from latency 
into proliferative states causing malaria relapse. In the 
latter, few hepatic merozoites of P. vivax, and P. ovale 
have the ability to differentiate into quiescent stages 
(hypnozoites) in the liver serving as reservoir for 
malaria for years[10].

Mitochondria, distinctive double-membrane 
organelles, involved in several metabolic pathways, e.g., 
energy conversion, respiration, thermogenesis, calcium 
homeostasis, cell signaling, and apoptosis. Except for 
Cryptosporidium spp., apicomplexan mitochondria 
are characterized by massive gene transcription 
and translation with sequence rearrangements and 
functional reductions. Mitochondrial genomes and 
mitogenomics revealed the loss of several subunits 
of conserved mitochondrial ribosomes, and genes 
encoding transfer RNAs. It was suggested that 
this functional reduction was saved for apicoplast 
proteins. After comparing mitochondrial functions 
in apicomplexans and the evolutionarily related 
alveolates, the reviewers proposed cyclooxygenases 
(Cox 1 and Cox 3), and cytochrome bc1 complex 
potential drug targets. While the former are enzymes 
for thromboxane formation, the latter is a subunit of 
ubiquinol-cytochrome c reductase complex. Except 
for cox 3 gene, all other genes are conserved among all 
apicomplexans[11].

Drug targets in Plasmodium spp.
The Malaria Drug Accelerator (MalDA) (https://

www.malariada.org/), a public-private partnership 
formed in 2012, constitutes 15 leading scientific 
laboratories expertises. Its primary objective is 
to improve and accelerate development of novel 
antimalarial drugs by identifying essential druggable 
targets. In 2021, two reviews were published. The 
first[12] discussed advantages and limitations of the most 

common approaches, such as phenotypic screening 
(chemogenomics) and target-based screening (genome-
wide associated studies). For validation and prior to 
clinical trials, both approaches require additional steps 
regarding cytotoxicity, structure-activity relations, 
mutations identification in the genes encoding drug 
uptake, and druggability, i.e. pharmacokinetics and 
pharmacodynamics. With the concept that gene 
mutations may arise during long term cultures, the 
reviewers validated using CRISPR/Cas9 technology to 
achieve drug validation. The reviewers also discussed 
other approches utilized in identification of novel drug 
targets such as metabolomics, chemical proteomics, 
and reverse genetic approach[12]. The second review[13] 
discussed process and criteria for target prioritization 
with the aim of identifying potential targets already 
processed in drug discovery programs or those 
possessing insufficient validation data for further 
progress. The reviewers classified plasmodial drug 
targets into four categories, high priority targets, 
those under considerations, new emerging targets, 
and deprioritized targets. They also updated progress 
carried out for the first two categories, and highlighted 
specific requirements to validate or invalidate the 
last two categories. It is worth mentioning that 
Plasmodium monoacylglycerol lipase was the only 
new emerging target that was discussed regarding its 
chemical, structural, genetic validation, cytotoxicity 
and druggability, as well as its resistance potential[13].

During the last years (2019-2022), several 
studies[14-21] were published discussing new approaches 
to identify novel drug targets for Plasmodium spp. 
Stanway et al.[14] hypothesized that identifying genes 
encoding the high metabolic activities behind rapid 
development of a single sporozoite (invading the liver) 
into thousands of daughter-merozoites (invading RBCs) 
should reveal several potential drug targets. Utilizing in 
silico tools, the investigators analyzed the screening in 
context of genomic, transcriptomic, and metabolomics 
data of P. berghei hepatic stages metabolism. Compared 
to erythrocytic stages, seven essential metabolic 
processes were identified: type II fatty acid synthesis, 
translational elongation factor, and metabolism of 
five components: heme, amino sugar, tricarboxylic 
acid, lipoate, and shikimate[14]. Tricarboxylic acid is an 
organic carboxylic acid, and the best-known example 
is citric acid, lipoate is an anti-oxidant, and shikimate 
is a metabolic pathway for biosynthesis of folates and 
aromatic amino acids.

Incorporation of platinum group metals such 
as iridium into bioactive ligands enhanced their 
antimalarial activity with neglected toxicity towards 
mammalian cells[15]. Nanotechnology was also utilized 
in development of a delivery system for drugs that 
exhibited satisfactory antimalarial activity. A series of 
azacarbazoles were synthesized and evaluated against 
P. falciparum chloroquine-sensitive and -resistant 
strains. The led compound (No. 3) was nanoemulsified, 
and analyzed for its pharmacokinetics properties, 
stability, and cytotoxicity to Caco-2 cell lines. 
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Compared to non-encapsulated formulation, intra-
gastric administration of encapsulated nanoemulsion 
to experimentally infected mice exhibited 2.8, and 4.2 
more activity against both strains, respectively[16].

A Pakistani study retrieved drug targets proposed 
in recent studies and utilized comparative proteomics 
analyses to scan them against human orthologues. 
Results revealed six P. falciparum novel drug targets 
that had not been indexed in the DrugBank. Using in 
silico, molecular docking studies, and pharmacophore 
modelling-based virtual screening, they proposed 
diadenosine tetraphosphate hydrolase (DDTPH) a 
potential drug target. Since DDTPH is a membranous 
enzyme in the infected RBCs, it regulates the levels of 
signaling molecules, i.e., hydrolyzes DDTPH to ATP 
and AMP. This hydrolysis mediates and enhances P. 
falciparum cellular communication and function[17]. 
Similarly, utilizing drug repositioning approach and in 
silico methods, a South African study screened ~800 
DrugBank compounds against 36 P. falciparum drug 
targets. The top leading compounds were selected 
for further molecular docking, and phenotypic in 
vitro studies. Results revealed four active compounds 
(Fingolimod, Abiraterone, Prazosin, and Terazosin), 
and the first two drugs showed relevant IC50 values 
(2.21, and 3.37 μM)[18]. 

Virtual screening approach was also used to identify 
compounds with inhibitory activity against Plasmodium 
actin I since it is expressed in all erythrocytic stages and 
plays several functions including motility, transport, 
and division. The investigators succeeded to select 
five potential compounds, and recommended further 
in vitro and in vivo studies to validate proposing actin 
I a promising drug target[19]. In Thailand, a recent 
study evaluated a mitochondria-penetrating peptide 
(MPP) termed (Fxr)3 as a novel antimalarial drug. The 
investigators observed (Fxr)3 intensive localization in 
mitochondria of merozoites that entered the infected 
RBCs without membrane disruption with subsequent 
death of erythrocytic stages. Compared to atovaquone, 
(Fxr)3 exhibited significant lethal effects on both freshly 
isolated, and laboratory cultured strains as well as a 
chloroquine-resistant strain, with minimum toxicity 
towards various mammalian cells[20].

Since glycolysis is the sole energy-yielding process 
in Plasmodium spp., an Indian study proposed 
phosphoglycerate mutase (PGM), a glycolytic enzyme, 
a potential drug target. By conditional knockdown, the 
investigators confirmed PfPGM essential role in intra-
erythrocytic stages development, and survival. The 
study characterized PfPGM1 structure that revealed its 
existence in tetramer form, and in-depth oligomerization 
analysis showed that this tetramerization contributed 
to the optimal enzymatic function in vitro, and in 
vivo. Understanding PGM enzymatic mechanism of 
action might provided a promising strategy to design 
and develop a specific inhibitor as novel antimalarial 
drug[21].

Similarly, other reviews were recently published 
discussing usefulness of new scaffolds[22,23], proposals 

of new approaches[24], potential plasmodial drug 
targets[25,26], and novel antimalarial drugs in clinical 
trials[27]. It was reported that use of new chemical 
scaffolds, utilizing molecular hybridization, exhibited 
slightly better antimalarial activity than using the 
antimalarial drug without scaffolds[22]. On the other 
hand, multiple available drugs targeting hemozoin 
formation or ATP4 transporter were produced from 
natural products that have an indole scaffold. An 
Ethiopian report reviewed several indole scaffolds 
that showed potent anti-plasmodial properties. The 
reviewers recommended synthesis of novel indole 
analogues holding two pharmacophore units to bear 
both hemozoin, and ATP4 inhibitors. It was suggested 
that such a multi-target drug therapy would decrease 
emerging drug resistant strains[23]. 

In vitro evolution and whole genome analysis 
was proposed. It is a new approach with three steps: 
1) in vitro exposure of Plasmodium strain to sub-
lethal doses of a certain compound until reaching 
increased IC50 that indicates drug resistance; 2) 
whole genome sequencing of resistant parasites to be 
compared to the non-exposed parasites; 3) detected 
genetic changes would pinpoint genes encoding 
drug targets[24]. In addition, molecules involved in 
Plasmodium epigenetic processes and mitochondrial 
metabolic pathways were proposed promising drug 
targets. Koumpoura and her colleagues[25] reviewed 
a recent evolution conducted to synthesize selective 
efficient inhibitors targeting three essential molecules. 
They included DNA methyltransferases, one of post-
translational modifications (PTMs) involved in 
epigenetic processes, and cytochrome bc1 complex, 
and dihydroorotate dehydrogenase (DHODH) involved 
in essential mitochondrial metabolic pathways. 
Another recent review proposed hematin-artemisinin 
(ART) adducts novel antimalarial drugs. Action of ART, 
an endoperoxide drug is activated by bio-reductive 
reaction by heme (FeII-PPIX) leading to radical oxygen 
species (ROS), and inhibition of heme detoxification. 
Besides, ROS cause radical-induced protein alkylation 
with subsequent inactivation of several biological 
processes essential for Plasmodium survival and 
growth. The reviewers reported that relationship 
between endoperoxide drugs and heme relied on two 
concepts, Plasmodium redox homeostasis and heme 
detoxification. Since heme alkylation alters the heme/
hematin ratio of the iron porphyrin IX complex, it 
induces an imbalance in Plasmodium redox hemostasis 
of iron species. Therefore, metalloporphyrins, hematin-
adducts, irreversibly bind with β-hematin to initiate 
heme detoxification inhibition. In ART resistance, 
the reviewers recommended combined treatment of 
hematin adducts with ART since the highly lipophilic 
lactone from ART contributes to overcome the poor 
lipophilicity of metalloporphyrins[26]. Shibeshi et al.[27] 
summarized the results of studies that proposed 
Plasmodium glucose transporter, protein kinases (PKs), 
and proteases potential drug targets. The reviewers 
also discussed several metabolic pathways involved 
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in the digestive vacuole, mitochondria and apicoplast 
that render them drug targets. Currently in clinical 
trials, they listed 13 drugs inhibiting the growth of the 
erythrocytic stages. Among them were Cipargamin, 
Fosmidomycin, Albitiazolium, DSM265, KAF156, 
MMV048, and M5717[27].

[I] Growth and replication
1. Nucleic acids synthesis (salvage pathways)

In a short communication, Brazilian investigators 
identified an essential nucleotide hydrolase; 
S-adenosyl-L-homocysteine hydrolase (SAHH) in 
Plasmodium spp. The enzyme is involved in purine 
salvage pathway, with no homolog in human RBCs, 
hence a potential drug target. They investigated the 
efficacy of a SAHH inhibitor in vitro, and observed 
significant reduction in development of erythrocytic 
stages, and number of reinvaded RBCs[28]. A recent 
interesting approach was utilized by a study conducted 
to evaluate using subversive substrates instead of 
selective inhibitors of enzymes and/or transmembrane 
transporters involved in purine salvage pathway. 
Since allopurinol, a nucleoside derivative, exhibited 
in vitro anti-T. cruzi activity[29], Spanish investigators 
synthesized 81 purine derivatives and pyrimidine 
analogs with benzoxy or aromatic or triazolylmethoxy 
groups at positions 6, 8, and 9 of the purine ring. The 
investigators conducted primary phenotypic screening 
at three fixed concentrations that kept Plasmodium 
growth <30%, followed by cytotoxicity assays. 
Compounds 33 and 76 with triazolylmethoxy group at 
C6 were the most potent against Plasmodium with no 
cytotoxicity to mammalian cell lines. An in silico docking 
study proved that Plasmodium hypoxanthine guanine 
phosphoribosyl-transferase (HGPRT) a potential 
target. It was concluded that purine-based chemotypes 
represented a new strategy for further optimization to 
be used as novel antimalarial drug[30]. 

As previously reviewed[31], adenosine deaminase 
(ADA), purine nucleoside phosphorylase (PNP), 
and HGXPRT are essential enzymes in purine 
salvage pathway. Besides, inosine monophosphate 
dehydrogenase (IMPDH) obtained from Staphylococcus 
aureus, an enzyme producing NADH over time to 
monitor the activity of purine pathway, gained much 
attention for treatment of multi-drug resistant bacterial 
and fungal infections, i.e., a valuable drug target. Since 
traditional high-throughput screening (HTS) approach 
focuses on a single target, American investigators 
performed in vitro assay for the simultaneous HTS of 
potential inhibitors against PfADA, PfPNP, PfHGXPRT, 
and SaIMPDH. After expression in Escherichia coli, the 
recombinant enzymes were used to simulate purine 
pathway in vitro to be screened against online library. 
Results revealed identification of five compounds with 
inhibitory efficacy against all investigated enzymes. The 
investigators validated this approach to be effectively 
utilized for development of novel drugs with inhibitory 
activity against multiple targets[32]. 

On the other hand, dihydroorotate dehydrogenase 
(DHODH) is an essential enzyme for de novo pyrimidine 
synthesis. In his review, Belete[33] claimed that DHODH 
was inhibited by DSM265, and KAF156 that were 
evaluated in either phase I or II clinical trials[33]. After 
identification of the crystal structure of Plasmodium 
aspartate transcarbamoylase (ATCase), involved in 
pyrimidine de novo biosynthesis pathway, a review[34] 
summarized the studies conducted on PfATCase 
structure. The reviewers aimed to develop allosteric 
inhibitors with selective binding affinity with its pocket 
that supports its catalytic mechanisms. Since PfATCase 
exists in two distinct states with different substrate 
affinity, and activity, the reviewers hypothesized that 
further understanding of the mechanism of PfATCase 
inhibition would provide an opportunity for novel 
antimalarial drug development[34].

2. DNA replication
(A) Topoisomerases (Topos): Plasmodium spp. 
genomic analyses revealed seven genes encoding 
Topos, one for each I, II and III, while two genes 
encode Topo VI (α, and β) and DNA gyrase (A and 
B). Chalapareddy et al.[35] showed existence of two 
putative Topos (VIA and VIB) belonging to type IIB 
Topo. Therefore, a suggestive Topos nomenclature 
was introduced; subfamily IA has two putative Topos 
(IIIα, and IIIβ), IB (IVα, and IVβ), IIA (Vα, and Vβ), and 
IIB (VIα, and VIβ), and Arabic numbers were used; i.e., 
3 through 6. Indian investigators observed that Topo 
VIA possessed the Topo primase domain present in 
type IIA, involved in DNA cleavage. Besides, it showed 
significant similarity with Spo11, a Topo-like enzyme 
with an essential role in solving topological problems 
during meiotic recombination. Knocking out gene 
encoding Topo VIB revealed inhibition of mitochondrial 
replication leading to schizont death. Accordingly, the 
investigators proposed PfTopo VIβ a promising drug 
target[35].

Six synthetic isoflavonoid derivatives (LQBs) were 
investigated against Topo I of both P. falciparum and 
human (HsTopo I). All investigated compounds were 
previously used in cancer therapy beside their anti-
parasitic activity in vitro and in vivo. Because the study 
had no access to PfTopo I, the investigators conducted 
computational molecular docking studies validating 
LQBs fitting into the binding sites of known Topo I 
inhibitors (Camptothecin and Topotecan). Although 
all compounds fitted at the DNA cleavage site, LQB223 
was selected because it showed similar docking energy 
to anti-cancer inhibitors. Utilizing experimental assays 
using chloroquine-resistant and –sensitive isolates, 
LQB223 exhibited the highest therapeutic index against 
both isolates[36]. 

The potential antimalarial activity of acriflavine 
(ACF) that exhibited potential anti-cancer and 
antibacterial activities was investigated. It was 
found that ACF significantly cleared parasitemia 
in experimentally infected mice and suppressed 
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parasite growth of chloroquine sensitive and resistant 
isolates in vitro. The potential ACF inhibitory activity 
against P. falciparum gyrase B was demonstrated[37]. 
Although ciprofloxacin and GSK299423 (gyrase 
inhibitor) exhibited inhibitory activity against P. 
falciparum Topo II and gyrase B, respectively, the 
investigators recommended further studies for crystal 
structures identification to characterize their binding 
sites[38]. Structure activity studies demonstrated that 
fluoroquinolones, bacterial poisons, possess potential 
toxic activity against P. falciparum gyrase. However, 
further studies with more structural modifications 
improving their efficacy as novel antimalarial drugs 
were recommended[39].

(B) Helicases: They are a highly conserved group 
of enzymes that play an essential role in all aspects 
of DNA and RNA metabolism; i.e., replication, repair 
and transcription. They are motor proteins with 
powerful ability to resolve DNA or dsRNA into single 
strands deriving energy from ATP hydrolysis. It was 
reported that the identified RNA helicase (DOZI) in 
Plasmodium spp. binds with RNA proteins complex of 
macrogametocytes to suppress translational control of 
protein synthesis. These RNA-binding proteins (Pufs) 
are responsible for storage of untranslated mRNAs 
as stress granules or germ granules described in 
erythrocytic gametocytes (Puf1 and Puf2), and salivary 
gland sporozoites (Puf2). Both Bufs were suggested 
to maintain sporozoites’ infectivity for days in the 
salivary glands[40]. Gene sequencing of P. falciparum 
genome showed three ATP-dependent DNA helicases, 
and PfRuvB was proved an essential factor for intra-
erythrocytic schizogony. A study was conducted in 
2016, the investigators demonstrated the inhibitory 
activity of the commonly used DNA helicase inhibitors 
on PfRuvB3 activity. The investigators recommended 
subjecting recombinant PfRuvB3 for further studies to 
design a novel specific inhibitor as novel antimalarial 
drug[41]. 

Recently, two Indian studies[42,43] were conducted 
on Plasmodium helicases. In the first, the investigators 
reported existence of two proteins crucially involved in 
P. falciparum mitochondrial genome repair, PfRad51, 
and Bloom helicase (PfBlm). Loss of both proteins 
resulted in blockage of the repair of the chromosomal 
and nuclear DNA double stranded breaks, respectively 
in P. falciparum mitochondrial genome. They were 
recruited to schizonts mitochondria for DNA repair 
due to exposure to endogenous and physiologic 
DNA-damaging agents. The investigators observed 
that both recombinant proteins were expressed 
in the mitochondrial DNA once chromosomal and 
nuclear genomes were repaired. To achieve its role, 
PfBlm should interacte with PfRad51, and PfTopoIII. 
Overexpression or selective inhibition, using Rad51 
and Blm inhibitors, kinetically increased or blocked 
mitochondrial DNA repair, respectively. Therefore, 
PfRad51, and PfBlm were suggested promising drug 
targets[42]. Utilizing in silico analyses, the second study 

identified and biochemically characterized PfDDX17, 
an active RNA helicase. It was highly expressed in 
trophozoites and mainly localized in infected RBCs 
membrane. Knocking down of PfDDX17 demonstrated 
significant impairment in the progression of intra-
erythrocytic stages differentiation[43]. 

(C) Microtubules (MTs) of  the Plasmodium 
cytoskeleton play an essential role in the mitotic 
and meiotic replication required for proliferation. 
Since evidence from genetic Plasmodium studies 
revealed tubulin essential role in microtubules 
nucleation, assembly, and polarity establishment, 
Indian investigators performed molecular dynamics 
simulations to explore tubulin structure stability. Results 
revealed high potentiality of proposing Plasmodium 
tubulin promising drug target[44]. On the other hand, 
kinesin (K) superfamily includes several families of 
motor proteins with specialized MTs functions such as 
translocation, and organization of mitotic and meiotic 
spindles. A British study identified PfK5 structural and 
biochemical characters, and observed three issues. First 
PfK5 had highly conserved α- and β-tubulin that played 
a MT-organizing role within mitotic spindles. Second, 
loop5 in the drug-binding site of PfK5 motor domain 
represented a good opportunity for development of a 
selective allosteric inhibitor. Third, knockout studies 
of P. berghei K5 significantly reduced sporozoites in 
mosquito salivary glands. Accordingly, it was suggested 
using K5 allosteric inhibitors as novel antimalarial 
drug, and to decrease malaria transmission as well[45]. 

3. Gene expression and regulation
Plasmodium life cycle constitutes sexual forms in 

mosquitos and specialized asexual stages in vertebrate 
hosts with distinct cellular environments throughout 
stages differentiation. Therefore, it requires a 
specialized elaborated adaptation using several PTMs 
that provide spatiotemporal control of cellular activity 
including acylation/deacetylation, phosphorylation, 
methylation, glycosylation, protein lipidation, and 
sumoylation (ubiquitination). Notably, SUMOs (small 
ubiquitin-like modifiers, Ubl modifiers), are required 
to fine tune their target protein in Plasmodium spp. via 
covalent attachment, altering its stability, conformation, 
localization, or affinity to binding partners. They 
include Ub-related modifier 1 (URM1), Ub-fold 
modifier 1 (UFM1), and autophagy-related proteins 8 
and 12 (ATG8 and ATG12). British reviewers assigned 
regulation of endosomal processes, mitochondrial 
functions, and autophagy for URMI, UFM1, ATGs, 
respectively. Since Ubl modifiers are essential across 
all Plasmodium life cycle stages, development of specific 
inhibitors might yield an effective drug against multiple 
stages[5]. 

(A) Histone modifying enzymes: Genomic analysis of 
P. falciparum showed 25 histone modifying enzymes; 
10 histone acetyltransferases (HATs), 7 histone 
deacetyltransferases (HDACs), and 8 bromodomain-
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containing proteins (BDPs)[46]. In a recent report, 
a review[47] claimed three features for Plasmodium 
histone modifying enzymes. First, among Plasmodium 
HATs, only MYST and GCN5 attracted much attention 
due to their essential roles in gene activation and DNA 
repair controlling life cycle stages, and upregulation 
of virulence gene expression upon stress induction, 
respectively. Therefore, MYST and GCN5 play crucial 
roles in antigenic variation, and emergence of 
antimalarial drug resistance, respectively. Second, in 
vitro studies showed the efficacy of HDAC1 inhibitors 
on Plasmodium growth however, they exhibited 
unsatisfactory results in vivo. Therefore, the reviewers 
proposed using HDAC1 inhibitors as a combined 
therapy. Third, further characterization of Plasmodium 
BDPs was recommended to develop selective 
inhibitors particularly against those involved in vivo 
pathogenesis[47]. Later, a network-based comprehensive 
computational approach was utilized to conduct an 
interactome study, i.e. analysis of combined networks 
for host-P. falciparum relationship and protein–protein 
interactions. Results revealed identification of a 
potential drug target (C6KTD2) for which the knocking 
down of its encoding gene showed its essentiality in 
chromatin structure, histone lysine methylation, and 
gene expression[48]. 
(i) HATs: Sequence analysis of PfGCN5 allowed 
Indian investigators to identify the difference in the 
catalytic pocket between P. falciparum and its human 
homologue. Utilizing virtual screening, ten compounds 
were identified with high affinity towards PfGCN5 than 
its human orthologe. In vitro studies revealed that 
compounds of C14 complex exhibited inhibitory potency 
against growth with no cytotoxic effects[49]. In silico 
docking studies conducted on the crystal structures of 
PfGCN5 using specific BDPs inhibitors showed growth 
inhibition of P. falciparum erythrocytic stages[50].  In 
addition, in silico analysis demonstrated its homology 
to human HAT (TIP60). Indian investigators succeeded 
to show its successful acetylation of its substrate, 
i.e. histone H4. Significant inhibition of P. falciparum 
growth in vitro was achieved using NU9056, a selective 
TIP60 inhibitor. The investigators recommended 
future studies to identify further compounds, utilizing 
HTS and in vitro assays, capable of inhibition of PfMYST 
catalytic activity. Accordingly, PfMYST was proposed 
a potential drug target[51]. In a recent study, it was 
demonstrated that PfGCN5 regulated gene expression 
of P. falciparum stress responsive genes during intra-
erythrocytic stages. Utilizing transcriptomics, the 
investigators showed increased PfGCN5 genome-
binding sites upon ART exposure. In addition, inhibition 
of PfGCN5 in ART-resistant strains increased their ART 
sensitivity. Accordingly, CGN was proposed promising 
drug targets in ART-resistant strains. An interesting 
diagram was drawn illustrating mechanisms proposed 
for ART resistance in P. falciparum, and the role played 
by PfGCN5 to increase ART-resistance generation[52].
(ii) HDACs: Among the identified HDACs, only 
PfHDAC1 showed significant homologous level with 

high potentiality for development of selective inhibitor 
against apicomplexan diseases. The inhibitory activity 
of four HDAC inhibitors, clinically approved for cancer 
therapy, against Plasmodium spp. was investigated. 
Although Vorinostat (SAHA), Panobinostat, Belinostat, 
and Romidepsin exhibited dose-dependent activity, 
the investigators did not support their use as novel 
drugs. The study hypothesized that HDAC differentially 
inhibited stage specific HDAC isoforms. The 
investigators recommended further studies to develop 
selective or pan HDAC inhibitors[53]. The previous anti-
cancer drugs were investigated against P. knowlesi 
in vitro and in vivo. In vitro results revealed potent 
inhibitory activity of all drugs except Romidepsin with 
8–45 fold selectivity for P. knowlesi over mammalian 
cell lines. In vivo results showed significant reduction 
in parasitemia on administration of oral dose (25 
mg/kg twice daily for four days) of either SAHA or 
Panobinostat. Since P. falciparum HDAC1 showed 
high identity with that of P. knowlesi, the investigators 
generated a 3-dimensional structure of PkHDAC1 and 
they observed high selective binding affinity towards 
PkHDAC1 versus mammalian cell lines[54]. 

In treatment of falciparum malaria, two other 
studies utilized SAHA in a combined therapy regimen, 
either with primaquine[55], or with BIX-01294, another  
anti-cancer therapy[56]. Both exhibited low micromolar 
potency against chloroquine-resistant and –sensitive 
strains of P. falciparum and P. berghei with low 
cytotoxicity in vitro. Recently, Australian investigators 
hypothesized that poor in vivo efficacy of anti-cancer 
drugs such as SAHA and Panobinostat was attributed, 
in part, to their suboptimal pharmacokinetic profiles. 
To minimize their metabolism, a series of achiral 
analogues of AR-42, an anticancer HDAC inhibitor, were 
developed and investigated against P. falciparum intra-
erythrocytic stages in vitro, P. berghei intra-erythrocytic 
stages ex vivo, and P. berghei exoerythrocytic forms in 
hepatocytes in vivo. Results reveled inhibitory potency 
of 13 analogues against P. falciparum (3D7 strain) 
intra-erythrocytic stages. Among them, only four were 
with more than 50-fold selectivity for P. falciparum 
versus mammalian cells. Oral administration (50 mg/
kg/d single dose for four days) cured parasitemia in P. 
berghei infected mice[57].

In 2018, novel series of PfHDACs inhibitors were 
investigated in vitro against erythrocytic stages of 
P. falciparum and P. berghei. Two inhibitors showed 
sub-micromolar efficacy against chloroquine-resistant 
and -sensitive strains, and one of them (MC1742 12) 
displayed nano-molar activity against P. falciparum 
isolates, with extremely low toxicity against murine 
and human cell lines in vitro[58]. An Indian study utilized 
molecular docking and virtual screening to identify 
novel potential inhibitors against PfHDAC1. Out of 20 
compounds, 14 exhibited inhibitory activity against 
various P. falciparum drug resistant and sensitive 
strains at nanoscale concentrations with minimum 
cytotoxic effects against mammalian cell lines[59]. 
Later, virtual screening of 51 inhibitors revealed that 
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MC1742-12 displayed in vitro satisfactory results 
against P. falciparum, but it failed to reduce parasitemia 
in P. berghei-infected mice[60].
(iii) BDPs: As previously explained[31], BDPs are 
conserved acetyl-lysine-specific protein-interaction 
modules that play important roles in regulating 
gene expression and mutations. In other words, 
they are proteins with a domain known to recognize 
acetyl-lysine residues on histones. Change in BDP 
expressions was linked to several human diseases, 
e.g., cancer, diabetes, and neurological disorders. 
Therefore, BDP serve as potential drug targets, 
i.e., interfering with lysine acetylation mediated 
signaling. Although seven BDP encoding genes were 
identified in P. falciparum, only two were partially 
characterized, the HAT PfGCN5 that proved to have a 
bromodomain with a lysine acetyltransferase activity, 
and PfBDP1. Using virtual screening, a study was 
conducted to investigate 42 compounds against P. 
falciparum growth. In silico docking studies showed 
that all compounds interacted with the conserved 
bromodomain of PfGCN5. Unfortunately, when tested 
against P. falciparum (Dd2 strain) intra-erythrocytic 
stage in vitro, they exhibited ~50% growth inhibitory 
activity. Moreover, in vitro cytotoxicity assays showed 
that only one compound (SGC-CBP30) had ∼7-fold 
better selectivity for PfGCN5 versus mammalian cell 
lines. The investigators recommended future studies 
investigating further compounds to achieve better in 
vitro results accompanied with in vivo studies[61].

(B) Protein lipidation enzymes: Commonly observed 
in all apicomplexans cell membrane, protein lipidation 
enzymes [N-myristoltransferase (NMT), and palmitoyl 
acyltransferase (PAT)] play an essential role in 
trafficking of virulence factors between membrane 
compartments. In P. falciparum, ~30 NMTs were 
identified, e.g. glideosome-associated protein 45 
(GAP45) that was functionally assigned to motility[62]. 
A British review[63] discussed NMTs as potential drug 
targets in intracellular parasites. Plasmodium spp. 
possess a single NMT isoform for N-myristoylation 
of several proteins involved in PTMs. These  include 
glutamate receptor associated protein-1 (GRASP1) for 
Golgi functions, ADP-ribosylation factor-1 (ARF1) for 
trafficking, glideosome associated protein (GAP45) for 
host cell invasion, calcium-dependent protein kinase-1 
(CDPK1), calpain for membrane localization during life 
cycle stages regulation and progression, and adenosine 
kinase (AK) for energy metabolism[63].

In a recent study, British investigators proposed 
other functions for NMTs that comprised schizonts 
development, merozoites egress and RBCs de novo 
invasion. Treated intra-erythrocytic stages during 
schizogony with IMP-1002, NMT inhibitor, resulted 
in a significant disruption of rhoptry function. 
The investigators identified 16 NMT substrates 
that significantly reduced myristoylation on NMT 
inhibitor treatment. Among them, GAP45, and loss 
of its myristoylation led to significant impairment 

of motor complex function that prevented RBC’s de 
novo invasion. It was concluded that inhibition of 
myristoylation in Plasmodium spp. resulted in the 
formation of pseudoschizonts with impairment of 
merozoites development and egress, and loss of RBCs 
de novo invasion[64].

On the other hand, Brown et al.[65] reviewed PATs 
and claimed that they were mainly localized in the 
Golgi apparatus and ER. However, several PATs in P. 
falciparum spp. were localized in rhoptries involved 
in secretion of factors necessary for RBCs invasion[65]. 
In addition to their role in PTMs, evidences confirmed 
additional stage-specific functions of PATs. In contrast 
to NMTs, investigating PATs functions are challenged 
by absence of specific inhibitors, hence it was suggested 
that compounds with PATs inhibitory activity should 
be a high priority for further studies to develop novel 
therapeutic agents[3].
Lipolyation: Lipoic acid (LA), an organosulfur 
compound with antioxidant effects, is a cofactor for the 
action of two lipoate ligases (LipL1 and LipL2). Both 
enzymes are involved in protein lipoylation, another 
form of protein lipidation. While LipL1 lipolyates the 
H protein of glycine cleavage complex (GcvH), LipL2 
lipolyates the E2 subunits of pyruvate dehydrogenase, 
and α-ketoglutarate dehydrogenase. Both enzymes 
are involved in lipoate biosynthesis in the apicoplast. 
Besides, LipL1 is a mitochondrial enzyme, while LipL2 
exists in mitochondrion and apicoplast. In addition to 
their role in PTMs, LA proved its essential role in redox 
regulation. Since LipL1 and LipL2 inhibitors are used as 
anti-cancer drugs, the reviewers recommended further 
studies investigating the efficacy of these inhibitors 
against Plasmodium in vitro and in vivo[66].

(C) Sumoylation: In eukaryotes, sumoylation is an 
evolutionarily conserved PTM in which a small Ubl 
modifier (SUMO) modulates several biological and 
molecular processes, i.e., protein-protein interactions. 
Sumoylation is formed by the covalent linkage of 
SUMO (12 kDa) to the lysine residues on the protein 
substrate. In P. falciparum, three molecules trigger 
the current PTM, E1-activating enzyme (PfSUMO-E1), 
E2-conjugating enzyme (PfSUMO-E2), and PfSUMO-E3 
ligase. Through sumoylation, fine-tuning of cellular 
functions are maintained by modulations of protein 
stability, enzymatic activity, and interactions affinity. 
In addition, its role in regulating gene expression, 
oxidative stress response, and proteasome pathways 
renders PfSUMO, and the involved enzymes potential 
drug targets. Besides, SUMO removal is catalyzed 
by SUMO-specific isopeptidases/proteases, and P. 
falciparum genome revealed two genes encoding 
SUMO-specific protease (PfSENPs 1 and 2). In a recent 
report[67], the reviewers drew a schematic overview 
of PfSUMO machinery roles throughout the intra-
erythrocytic stages. They also discussed the functional 
conserved role played by ubiquitination in merogony 
development of erythrocytic schizonts to extracellular 
merozoites. They concluded that synergism between 
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ubiquitination and SUMOylation cascade following 
proteasome pathway activation might contribute 
to Plasmodium virulence by regulating the protein 
turnover[67]. In the same year, the investigators who 
utilized host-P. falciparum interactome approach 
suggested another potential drug target (C6KTB7). 
They claimed its involvement in the ubiquitination 
pathway required for regulation of several cellular 
signaling crucial for virulence of malignant malaria[48].

(D) Coenzyme A (CoA) synthesis: Pantothenate 
(Pan, vitamin B5) is the precursor of CoA synthesis, an 
essential cofactor required for oxidation and acetylation 
of pyruvate, a fatty acid in the citric acid cycle. Since CoA 
synthesis is essentially required for gene regulation, 
and PTMs, de Vries and her colleagues[68] reviewed 
the biological and pharmacological aspects related 
to Pan synthesis and its metabolization to CoA in 
apicomplexans focusing on Plasmodium spp. Notably, 
CoA synthesis is a five-step reaction that requires Pan, 
four ATP molecules, and cysteine, and several enzymes. 
Among them are pantothenate kinase (PANK), 
dephospho-CoA kinase (DPCK), phosphopantetheine 
adenylyl-transferase (PPAT), phosphopantothenoyl-
cysteine decarboxylase (PPCDC), and synthetase 
(PPCS). The reviewers discussed genomic analyses 
and in vivo studies conducted in P. falciparum, P. yoelii, 
and P. berghei. In vitro studies revealed potential 
dispensability of genes encoding PANK only in P. 
falciparum, and those encoding PPCDC and PPCS in all 
species. They observed that PANK was essential for the 
viability of intra-erythrocytic stages in P. yoelii, and P. 
berghei. Since DPCK showed higher homology to the 
human orthologues, the reviewers proposed PPAT a 
potential drug target. Due to its weak homology to the 
human bifunctional PPAT/DPCK enzyme, previous 
studies investigating the efficacy of pantothenamides 
(PnAms) as inhibitory compounds targeting CoA 
synthesis were reviewed. Further studies were 
recommended to investigate PnAms (Amb180780, 
KuWei173, and MMV689258) against PfPPT activity[68]. 
One year later, an in silico study utilizing genetic, 
metabolomics, and chemogenomics analyses validated 
two compounds (MMV019721 and MMV084978) 
targeting acetyl-CoA synthetase (PfAcAS). Both 
compounds exhibited significant growth inhibitory 
activity against exoerythrocytic and erythrocytic P. 
falciparum stages[69].

4. Translational control of protein synthesis
Diverse Plasmodium transmission stages rely on 

dynamic translational control to rapidly adapt on 
their host and vector. The asexual replication stages 
are closely timed and mediated by internal triggers, 
while the sexual stages are highly dependent on 
external signals. German reviewers tabulated updated 
molecules involved in machinery of P. falciparum 
translational regulation. They discussed the essential 
role of 1) IF2α kinases (eIK1, eIK2, and PK4), 2) the 
interaction between eIF4E and eIF4G, 3) DOZI, a RNA 

helicase, 4) the interaction of poly(A)-binding protein 
(PABP) to facilitate mRNA pseudo-circularization 
that activates transcript stabilization, and 5) the 
deadenylation process to induce degradation of mRNA 
decay using two complexes, CNOT and RNA exosome. 
The former is a highly conserved complex comprising 
two deadenylases, a nuclear one to control gene 
expression, while the cytoplasmic enzyme degrades 
mRNA decay. On the other hand, RNA exosome, a multi-
protein complex, acts after mRNA decay deadenylation 
degrading various types of RNA molecules. The 
expression of erythrocyte membrane protein 1 (EMP1), 
the major P. falciparum virulence factor, is also under 
strict control of both transcriptional and translational 
regulation mechanisms. Therefore, molecules involved 
in the molecular machinery of Plasmodium translational 
control significantly represent attractive new avenues 
for development of novel antimalarial drugs[70].

Translational eIF2 is a ribosomal component 
working as a translational machine for protein 
synthesis between three Plasmodium genomes; nuclear, 
mitochondrial, and apicoplast. The essential role of 
RNA helicase (DOZI) in repression of translational 
control of protein synthesis was previously described 
(Helicases). When salivary gland sporozoites are 
injected into the host, they develop into clinically 
silent hepatic (exoerthrocytic) stages. After a few 
days, the intra-erythrocytic cycle develops with active 
processing of translational protein synthesis in rings 
and trophozoites that is repressed later in schizonts. 
This translational suppression was associated with 
increased levels of eIF2α kinase 4 (PK4) in P. berghei 
schizonts to phosphorylate eIF2α. Accordingly, it was 
hypothesized that this translation arrest, a conserved 
mechanism in Plasmodium spp. that was mediated 
by eIF2α phosphorylation, might be responsible for 
the generation of hypnozoites in P. vivax, and P. ovale 
causing malaria relapse[40]. Plasmodium eIF kinases 
provide an essential role not only in sensing stressful 
conditions, but also in initiating a specific translational 
mechanism to reprogram gene expression involved in 
disease latency (quiescence). Plasmodium genomics 
revealed three eIF2α kinases (eIK1, eIK2, and PK4), 
and each possesses specific regulatory regions triggerd 
by different stress conditions. It was observed that 
PK4 was activated in response to ER stress leading 
to eIF2α phosphorylation, i.e., essential enzyme for 
development and differentiation of intra-erythrocytic 
stages, and gametocytogenesis as well. American 
reviewers[10] described existance of germ granules, 
stored as untranslated mRNAs, in the transmitted 
sporozoites. They recommended further studies 
exploring the specific role of eIF2α phosphorylation in 
formation of P. vivax, and P. ovale hypnozoites. Future 
studies were also encouraged to discover mechanisms 
underlining conversion of hypnozoites to proliferative 
stages causing malaria relapse[10].

The first report describing the use of M5717 
that targets eukaryote elongation factor (eEF2) in 
Plasmodium spp., was published in 2021. A clinical trial 
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was conducted in two parts to characterize its safety, 
tolerability, antimalarial activity, and pharmacokinetics 
in healthy volunteers. Previous in vitro and in vivo 
studies showed high selective inhibitory activity 
against hepatic and erythrocytic stages. A single dose of 
M5717 was well tolerated and showed initial clearance 
of asexual blood stages that lasted for 35-55 h. Its 
pharmacokinetic profile confirmed high potentiality for 
the development of novel antimalarial drug. The study 
recommended using M5717 in a combined therapy with 
other antimalarial drugs with different modes of action 
and rapid onset to avoid recrudescence acquired from 
mutations in the gene encoding eEF2[71]. Surprisingly, 
combined M5717 and pyronaridine treatment was 
investigated against P. falciparum erythrocytic stages 
in vitro, and in well-established P. falciparum infection 
in severe combined immunodeficient mice (SCID) in 
vivo. Since the former is a slow acting drug targeting 
eEF2, while the latter exhibits rapid action through 
inhibition of hemozoin formation, no pharmacokinetic 
interactions were observed[72].

As previously explained[31], the genetic code is a 
set of three letters (AUG) of nucleotides; adenosine 
(A), uracil (U) and guanosine (G) called codons. The 
rate of translational protein synthesis machinery is 
maintained by upstream AUGs (uAUGs). Therefore, both 
uAUGs position relative to the protein coding region, 
and their ability to form an upstream open reading 
frame (uORF) determine translation machinery. In 
Plasmodium spp., mRNAs translational efficiency is a 
complex process fine-tuned by cis- and trans-acting 
factors. It was reported that Plasmodium mRNAs 
showed unusual 5' untranslated regions suggesting 
cis-acting sequence complexity that exhibited an 
essential role on translational efficiency via fine-tuning 
protein synthesis levels. In vitro recent American study 
compared the role of cis-acting regulatory sequences 
in P. falciparum and human. The study characterized 
P. falciparum mRNAs with high or low translational 
efficiency, their termination status of upstream AUGs, 
and 5' untranslated regions (5′ UTR) composition. 
Results revealed remarkable conservation between 
P. falciparum and human since the investigators 
characterized unusual features of Plasmodium 5′ UTR. 
Features included its length, base content, and high 
upstream AUGs prevalence, suggesting its significant 
role in tuning translational efficiencies. Therefore, 
cis-acting sequence complexity was proposed as 
a promising drug target for development of novel 
antimalarial drug[73].

Utilizing a computational metabolic network for 
estimation of pathogen essential genes in P. falciparum, 
a recent study predicted five potential drug targets with 
no homology to human orthologues. From these, the 
investigators selected RNA pseudouridylate synthase 
putative (RPuSP) because no molecular docking studies 
were yet recorded. Notably, RPuSP is a member of RsuA 
family of enzymes essentially involved in translational 
protein synthesis and cell growth. The investigators 
succeeded to predict PfRPuSP 3-dimensional structure, 

and its virtual screening revealed seven compounds 
with remarkable interactions with its active binding 
sites. Further studies to validate their efficacy in vitro 
and in vivo were recommended[74].

[II] Survival
1. Protein kinases (PKs)

After discussing several PKs inhibitors, Arendse 
et al.[75] considered two issues prior to selecting 
a kinase as a promising drug target, absence of a 
human homologue, and conserved phosphorylated 
site in the selected PK target. Therefore, a kinase-
specific proteomic approach accompanied by in vitro 
kinase assays, and advanced gene editing to identify 
and validate the potential PK drug target, were 
recommended. Two main differences were observed 
between Plasmodium and human kinomes: 1) absence 
of tyrosine kinase (TK) and tyrosine-like kinase (TLK), 
and 2) presence of unique conservative several atypical 
PKs (aPKs) in P. falciparum[75]. 

To update PKs, and identify antimalarial 
drugs, kinomics and chemogenomics studies 
complemented with bioinformatics pipeline analyses 
of eight Plasmodium spp. were conducted. The study 
investigated a list of drugs targeting a selected subset 
of the top-ranked PKs on the in vitro growth of two P. 
falciparum isolates, sensitive and multidrug-resistant 
strains. Kinomics revealed that P. falciparum expressed 
21 kinases belonging to the FIKK group (aPK), while 
other Plasmodium spp. expressed only one. The 
investigators suggested 33 eukaryote PKs (ePKs), and 
two additional aPKs (RIO, and PI4K) in the investigated 
species, beside FIKKs in P. falciparum. Chemogenomics 
revealed only three compounds with inhibitory activity 
against 30% of erythrocytic stages growth, with 
neglected cytotoxicity on mammalian cells[76].
(A) The ePKs: Several ePKs were proposed promising 
drug targets. According to in vitro and in vivo potent 
efficacy of calcium channel blockers, a Brazilian 
study conducted in silico studies to identify PK5 and 
glycogen synthase kinase 3β (GSK3 β) as molecular 
targets[77]. Recently, a study demonstrated several 
evidences proposing GSK3β a promising drug 
target in P. falciparum because 1) it is involved in 
apical membrane antigen 1 (AMA1) activation, 2) 
its inhibitors possess in vitro potent and selective 
inhibitory activity, in low micro-molar concentrations, 
3) several auto-phosphorylation sites with regulatory 
activity were identified, and 4) inactivation of its 
N-terminal was mediated by cyclic AMP-dependent 
PKs, e.g., PKA and PKB[78]. Later, Lasonder et al.[79] 
claimed that ePKs involved in transmembrane 
signaling pathways to facilitate communication within 
Plasmodium merozoites were potential drug targets. 
Extracellular signals transduction leads to increased 
levels of intracellular messengers [calcium and cyclic 
nucleotides (cAMP and cGMP)] with subsequent 
activation of calcium-dependent PK (CMPK), and PKA, 
and PKG, respectively[79]. In this context, PKA signaling 
was established an essential kinase for the proliferation 
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of P. falciparum erythrocytic stages. The mechanisms 
involved in the tight regulation of PKA catalytic subunit 
(PfPKAc) activity showed its essential role in RBCs 
invasion by egressed merozoites and subsequent 
proliferation. Using reverse genetics approach, 
the investigators showed that PfPKA decreased or 
augmented expression that essentially contributes 
in regulating gametocyte-infected erythrocyte 
deformability, i.e,. with decreased transmission. 
Moreover, 3-phosphoinositide-dependent protein 
kinase-1 (PfPDK1) was observed to activate PfPKAc 
acting as a crucial upstream modifier in the tight 
regulation of PfPKA signaling pathway. Therefore, both 
ePKs were proposed potential drug targets[80]. 
(B) The aPKs: In addition to FIKKs group, two aPKs 
were characterized in Plasmodium spp., PI3K and PI4K, 
and both proved essential in several cellular processes 
including proliferation, survival, trafficking, and 
intracellular signaling[81]. Later, it was claimed that all 
research focused on PI3K and PI4K in phase II clinical 
trials, with less attention on phosphatidylinositol 
phosphate kinases (PIPKs)[75]. 

Utilizing gene knocking out techniques, eight aPKs 
belonging to FIKK family were identified as potential 
drug targets. Among them, six FIKKs were exported 
into infected RBCs including three (9.1, 10.1, and 10.2) 
involved in growth and survival, and three (4.2, 7.1 
and 12) involved in merozoites egress through altering 
infected RBC membrane rigidity. The role of FIKK4.2 
in RBC adhesive properties and knob morphology was 
asserted. Two non-exported FIKKs (3 and 9.5) were 
involved in de novo RBC invasion and mitotic nuclear 
division, respectively[82]. 
(C) Novel drugs: In 2018, a study investigated the 
antimalarial potential efficacy of synthesized dihydro-
pyrimidinones, calcium channel blockers against P. 
falciparum chloroquine-resistant strains in vitro, and 
P. berghei–infected mice in vivo. Only three compounds 
with potent in vitro activity and in vivo lower cytotoxicity 
were selected for in silico study to identify P. falciparum 
molecular target[77]. Recently, German investigators 
demonstrated that divalent heavy metal ions and metal 
chelating proteins inhibited PfGSK3 activity[78].

In his review, an Ethiopian scientist[33] claimed 
that inhibition of the identified Plasmodium aPKs 
using MMV048 was processed in phase II, and IIa 
clinical trials in Ethiopia[83]. Recently, Lasonder et al.[79] 
described in their review two obstacles in developing 
new drugs with satisfactory inhibitory potency to 
cyclic nucleotides PKs (cAMP and cGMP). They were 
poor membrane permeability of cyclic nucleotides, 
and the structural similarity between P. falciparum 
kinase domains and those of host because they may 
be conserved across all eukaryotes. Accordingly, the 
reviewers proposed three alternatives. First, some 
PK domains are surrounded by additional domains 
essential for their signaling pathways that could serve 
as specific targets for selective inhibition of the PK 
of interest, without targeting host kinases. Second 
is utilizing allosteric inhibitors that bind at a site 

other than the enzyme catalytic active site. Third is 
using genetic manipulation (CRIPR-Cas9) that allows 
researchers to alter gene DNA sequences modifying its 
function[79].

2. Transporters
Molecules expressed by P. falciparum to create 

new permeation pathways (NPPs) and transporters 
involved in nutrients acquirement were discussed[84]. 
The reviewers discussed nutrient trafficking through 
three barriers. First, NPPs modifications to allow 
nutrients transfer through RBCs plasma membrane 
were created by CLAG3 proteins, and RhopH complex. 
Second, two proteins were identified responsible for 
nutrients trafficking through PV membrane, EXP2, 
and RON3 secreted by dense granules and rhoptry 
bulb, respectively. Notably, EXP2 is the pore-forming 
component of the Plasmodium translocon of exported 
proteins. Third, transport through parasite plasma 
membrane requires several transporters, among 
them ion channels, aquaglyceroporins, equilibrative 
nucleoside transporters, ABC transporters, and a 
variety of P-ATPases[84].
(A) Nucleoside transporters (NTs): Similar to 
H. sapiens, there are four equilibrative NTs (eNTs) 
in Plasmodium spp. importing nucleosides and 
nucleobases through plasma membrane[85]. Since 
Plasmodium spp. synthesize pyrimidine de novo, the 
reviewers claimed that Plasmodium eNT1 was the major 
transporter employed in importing purine nucleosides 
and nucleobases for purine slavage pathway. It was 
identified in all life-cycle stages with a small peak in 
early trophozoites. Knocking down of its encoding 
gene is conditionally lethal depending on purine 
concentrations in host blood. Comparing with PfeNT1, 
tow differences were observed in PfeNT2; absence in 
sporozoites, and localization in internal membranes, 
predominantly ER. Membranes localization of PfeNT3 
is unknown but is in constant expression levels in intra-
erythrocytic stages without clear evidence to import 
purine. Lastly, PfeNT4 is  detected in all erythrocytic 
stages and sporozoites, and displays a low substrate 
affinity for most transported purine nucleosides and 
nucleobases. However, it possessed marked affinity 
to adenine derivatives, and its functional role is not 
known. Because erythrocytic purines concentration is 
not sufficient to build Plasmodium DNA genome, other 
purine-transport pathways were identified[85].
(B) Metabolite transporters: Australian investigators 
reported that Plasmodium spp. extruded L-lactate, 
a metabolite of glycolysis, through a formate 
nitrite transporter (FNT)[86]. Two years later, 
German researchers investigated the efficacy of a 
compound (MMV007839), identified as a new class 
of fluoroalkyl vinylogous acids. Results revealed its 
significant inhibitory potency against PfFNT and 
killed intra-erythrocytic stages in vitro with sub-lethal 
concentrations. The investigators demonstrated that 
MMV007839 produced a single nucleotide exchange 
in the gene encoding PfFNT[87]. In 2020, a review 
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reported three plasma membrane transporters, 
hexose, lactate:H+, and choline, for glucose/fructose, 
lactate and choline transport, respectively, proposing 
them potential drug targets since they were essential 
transporters to maintain neutral intracellular pH[33].
(C) Primary and secondary active transporters: 
In their review, Meier et al.[2] tabulated all inhibitors 
investigated in the last two decades that showed potent 
inhibitory activity against Plasmodium transporters. 
Among them, several inhibitors are currently in clinical 
trials such as aquaporin (AQP) transporters, and 
SERCA that is also termed ATP4. Plasmodium SERCA, a 
P type ATPase transporter responsible for maintaining 
low cytosolic sodium concentration, is absent in 
mammals, i.e., potential drug targets[4]. Cipargamin, a 
PfATP4  inhibitor, was reported a novel antimalarial 
drug in clinical trials II for parenteral administration[88]. 
However, the study demonstrated variable inter-
species differences in drug susceptibility[88]. 

The essential role of ATP2, a P4-ATPase, in the 
maintenance of erythrocytic stages membrane lipid 
asymmetry was demonstrated[89]. Plasmodium P4-
ATPases are involved in the asymmetric phospholipid 
distribution through plasma membranes through their 
trafficking to the cytosol. Using recombinant P. chabaudi 
ATP2, the study predicted its mechanism of action, 
and demonstrated that its activity was upregulated by 
phosphatidylinositol 4-phosphate (PI4P)[89].

3. Mitochondrial respiratory chain
Although several drugs are used targeting 

Plasmodium mitochondrial respiratory chain 
machinery, none escapes drug resistance due to gene 
mutations. This is because almost all exhibit a mode 
of action targeting single active site of cytochrome 
bc1 complex. A study[90] designed a selective inhibitor 
of P. falciparum nicotinamide adenine dinucleotide 
(PfNADH) with simultaneous allosteric inhibitory 
potency on both active sites of PfNDH2. The 
investigators claimed that RYL-581 was the first report 
of developing multi-targeting allosteric inhibitory drug 
as novel antimalarial drug[90].

[III] Virulence
1. Proteases

In fact, no protease was established as a virulence 
factor in Plasmodium spp., however 12 proteases were 
proposed potential drug targets in a review published 
in 2019[91]. The reviewers proposed five cysteine 
[falcipains/vivapains 1 and 2, serine repeat antigens 5 
and 6, and dipeptidyl aminopeptidase I (DPAPI)], three 
metallo (DPAP III, alanyl, and leucyl aminopeptidases), 
two aspartyl (plasmepsins II and V), a threonine (HsIV), 
and a subtilisin-like protease. Three crucial biological 
processes are assigned to proteases; 1) hemoglobin 
(Hb) degradation, 2) synthesis of protein required 
for growth, survival, and differentiation, and 3) RBCs 
invasion and egress[91]. Several protease inhibitors 
were investigated as novel antimalarial drugs, but 
with only in vitro significant results. In fact, the main 

obstacle in development of a specific selective CP 
inhibitor is the inefficiency of activity-based probes 
(ABPs) that determine the specificity of the tested 
inhibitors. Notably, ABPs are small molecules that use 
the enzymatic mechanism of an enzyme to covalently 
modify its active site. Unfortunately, the developed ABPs 
used nowadays for CPs target either endopeptidases 
(falcipians) or dipeptidyl aminopeptidases, but 
not both. In 2020, a study designed a new series of 
fluorescent broad-spectrum ABPs able to label the 
enzymatic mechanism of both CPs. The investigators 
claimed that it becomes feasible to design selective CP 
inhibitors using dipeptidic vinyl sulfone probes[92].
(A) Cysteine proteases (CPs): Falcipains and 
vivapains are the major CP in P. falciparum, and 
P. vivax, respectively. Both CPs have a conserved 
structural-functional relationship, C and N terminal 
domains for Hb degradation, four small subdomains 
for food vacuolar, ER trafficking, an inhibitory 
subdomain, and a hot spot interaction at the interface 
of pro- and mature domains for auto-processing[91]. In 
2018, an Indian study presented the first trial to use 
azapeptides, a new generation of allosteric inhibitors, 
against falcipains 2 and 3. Without cytotoxic effects, 
two compounds arrested in vitro growth on a dose-
dependent manner via blocking falcipains auto-
processing. However, due to falcipains processing in a 
cellular compartment with high lipid cell wall content, 
only partial inhibition was occasionally observed. 
Further studies were recommended to synthesize 
other azapeptides compounds with high lipophilicity 
to access such cellular compartments with higher 
potency[93]. In his review, Abaza[94] reported that 
investigated inhibitors against the major CPs included 
peptide, non-peptide, peptidomimetic, and allosteric 
site inhibitors. Both peptide and non-peptide inhibitors 
exhibited unsatisfactory in vivo results due to their 
poor pharmacological profiles and their susceptibility 
to degradation by host enzymes. However, no efficient 
CP inhibitor was validated until then for the treatment 
of malaria[94].
(B) Aspartylproteases: Plasmodium genome showed 
10 plasmepsins (PLMs), however, only four (II, V, IX 
and X) were suggested promising drug targets. While 
II and V contribute in Hb degradation, IX and X are 
involved in RBC’s invasion and egress cascade[95]. The 
crystal structure of PLMs II, and V showed conserved 
features with relative evolutionary divergence 
from host’ aspartyl proteases that increased their 
potentiality as drug targets[91]. Their inhibition by 
statine and allophenylnorstatin-based inhibitors that 
block Hb degradation was suggested[33]. Utilizing a 
HTS approach, an oral bioavailable lead compound 
(WM382) was identified with selective in vitro and in 
vivo inhibitory effects on PLMs IX and X, with complete 
cure in experimentally P. berghei-infected mice. The 
investigators demonstrated both PLMs essential role 
in the processing, maturation, and activation of SUBs 1 
and 2, with subsequent maturation of AMA1, merozoite 
surface protein-1, and serine repeat antigen-5, essential 
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molecules in invasion and egress cascade. Further 
studies were recommended to validate WM382 in 
clinical trials[95]. 
(C) Metalloproteases (MPs): Alanyl and leucine 
aminopeptidases (M1 and M17, respectively) were 
identified contributing in Hb digestion. All PfM17 and 
most of PfM1 were strictly localized in the cytosol. 
Besides, PfM1 was expressed in three isoforms, one of 
which was minimally expressed in the PV[96]. Because 
both MPs possess tightly bound zinc ions in their active 
site, the reviewers recommended investigating zinc 
ion chelating agents that inactivate MPs proteolytic 
functions[91]. In an attempt to develop inhibitors with 
dual activity against both MPs, a report studied their 
binding sites and substrates preferences in three 
species, P. falciparum, P. vivax and P. berghei. Althoug the 
results revealed largely conserved substrate specificity 
profiles., the investigators succeeded to recognize an 
approach that changed the substrate length and its 
intra-peptide sequence, i.e. high possibility to develop 
selective inhibitors[97]. In the same year, the same 
Australian investigators identified the metal active 
site of PfM17 and PvM17 that played a structural role 
regulating M17 catalytic activity. The investigators 
demonstrated that binding of metal ions to M17 active 
site regulated the dynamic equilibrium between 
inactive oligomers to active hexamers. This means that 
conversion of inactive oligomers (mono, di, and tetra) 
to active hexamer is a dynamic process directionally 
controlled by the metal active site. Accordingly, the 
study suggested M17 oligomerization a novel approach 
for developing new antimalarial drug instead of using 
MP inhibitors that block M17 active site[98].
(D) Threonine proteases: Plasmodium HsIV showed 
high similarity and conservancy in all species with 
highly different similarity to human orthologues. In 
addition to PLMs II and V, PLM III previously known as 
histoaspartyl proteases and expressed in merozoites’ 
digestive vacuole, was recently proposed a potential 
drug target[99].
(E) Subtilisin-like protease 1 (SUB1): It has an 
additional role in processing proteases required for 
RBCs invasion and egress cascade. The crystal structure 
of Plasmodium SUB1 showed scissile bond allowing 
unusual interaction of its active site with substrate 
residues on prime and non-prime sides. Mature SUB1 
was strongly suggested a novel drug target[91].

2. Heat Shock proteins (HSPs)
Since it belongs to HSP70 family, glucose-regulated 

protein (GRP78), also known as BiP, was investigated 
as novel drug target[100]. It is a luminal molecule 
in ER to maintain hemostasis and has an essential 
role in protein folding and membrane modification. 
Plasmodium GRP78 proved its essentiality for schizonts 
and gametocytes survival and growth. During stress 
conditions, accumulation of misfolded proteins triggers 
the unfolded protein response (UPR) to restore normal 
ER hemostasis. American investigators[100] evaluated 
the binding affinity of several GRP78 inhibitors 

against recombinant Plasmodium and human GRP78. 
In comparison to chloroquine, they evaluated their 
efficacy against drug-sensitive and -resistant P. 
falciparum strains in vitro. Only Apoptozole showed 
statistically significant activity between sensitive and 
resistant P. falciparum strains. Unfortunately, the drug 
exhibited limited binding activity towards PfGRP78 
due to its lower possession of phosphonucleotides 
required for ATP hydrolysis. To increase its affinity 
toward PfGRP78, Apoptozole required further studies 
to identify and characterize PfGRP78-Apoptozole 
structure interaction[100]. Later, the efficacy of allosteric 
modulators (SANC190 and SANC651) against P. 
falciparum HSP70 isoforms were investigated. Both 
compounds exhibited significant allosteric modulatory 
activity that changed PfHSP70 conformation leading to 
its failure to respond to ATP binding affinity essentially 
required for its expression[101].

Recently, an American study identified P. falciparum 
HSP40 chaperone with a C-terminal thioredoxin (Trx) 
domain, termed PfJ2 localized in ER. Besides, four 
protein disulfide isomerases (PDIs), members of the 
Trx superfamily, with a redox regulatory role on PfJ2 
were identified. Knocking down of the genes encoding 
PDIs revealed that PfPDI8 was essentially required for 
growth and survival of asexual erythrocytic stages. The 
investigators suggested that PfJ2-PfPDI8 interaction 
acted with GRP78 (HSP70-BiP) to accelerate ER 
protein folding. The investigators demonstrated that 
interaction between ER-PfJ2 and PfPDI8 could be 
blocked by covalent inhibitors. Therefore, oxidative 
folding process in P. falciparum EC was proposed a 
drug target and using these inhibitors in a combined 
multi-target therapy[102].

[IV] Other targets
1. Molecules for invasion and egress cascade

As previously mentioned, molecules contributing 
in invasion and egress cascade are potential drug 
targets, e.g., ePKs involved in transmembrane signaling 
pathways[79], FIKKs[82], SUBs 1 and 2[91], and PLMs IX 
and X[95]. In an editorial[103], a diagram was drawn 
demonstrating essential molecules involved in egress of 
hepatic and erythrocytic merozoites, and gametocytes 
in the host, as well as sporozoites in mosquitoes. The 
diagram also showed molecules involved in RBCs 
invasion and cell traversal, and all these molecules 
were tabulated[103].

The cytoadherence linked asexual genes (CLAG), 
members of multigene family, are Plasmodium spp. 
conserved genes. They encode proteins localized in the 
rhoptries of newly formed merozoites that are termed 
RhopH proteins. American reviewers drew a schematic 
diagram describing their synthesis and trafficking from 
egressed merozoites to new RBCs. In trophozoites, 
RhopH proteins, in particular RhopH2 and RhopH3, are 
trafficked to the RBC membrane, contributing either 
in nutrient uptake or cytoadherence to receptors on 
blood vessel endothelium. Except for P. falciparum 
that possess five clag genes, other Plasmodium spp. 
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possess at least two per species. In addition to nutrient 
uptake, cytoadherence, and de novo RBCs invasion, 
RhopH proteins contribute to PV formation, liposomes 
synthesis, and increased RBCs permeability via 
increasing anion channels formation[104]. Three years 
later, the same group of investigators identified two 
PfRhopH3 isoforms, termed CLAG3.1 and CLAG3.2 
that were directly involved in the formation of 
plasmodial surface anion channels (PSACs). The study 
demonstrated the mechanism involved by CLAG3 
isoforms to form PSACs, and recommended future 
studies validating CLAG3 potential drug target[105]. 

Investigated compounds inhibiting RBCs invasion, 
either in the developing schizont or during merozoite 
invasion were reviewed. This therapeutic approach is 
a promising strategy because the majority of molecules 
required for RBCs invasion has no equivalents in human, 
i.e., developing selective inhibitors is highly considered. 
The reviewers claimed that although several compounds 
with invasion-inhibitory activity were investigated, 
none proved to possess activity against RBC invasion to 
date. Accordingly, future studies were recommended to 
develop inhibitors targeting merozoite surface protein 
1 (MSP1), AMA1, and rhoptry neck protein 2 (RON2)[106]. 
More recently, an Australian study conducted in silico 
HTS and identified several drugs that inhibited RBCs 
invasion and egress cascade. Among them, only three 
compounds were suggested as specific inhibitors, two 
of them blocked RBCs invasion through either blocking 
merozoite invasion or inhibiting ring development. 
The third direct inhibitor blocked egress via inhibition 
of the RBCs membrane breakdown. The investigators 
suggested that these inhibitors could complement 
current antimalarial drugs[107].

Exposure of released merozoites to low blood 
potassium concentration is followed by their 
stimulation by increased cytosolic calcium levels that 
inducs AMA1 secretion from micronemes. A study[108] 
demonstrated the role of PfPKA in simultaneous 
AMA1 phosphorylation, an essential molecule in 
RBCs invasion. The investigators showed several 
differences between P. falciparum and P. yoelii. In the 
former, merozoites invaded new RBCs immediately 
after egress, while it required several minutes after 
merozoites egress in the latter. Second, deleting gene 
encoding PfPKA had no significant role in new RBCs 
invasion since PfAMA1 was phosphorylated by another 
PK (PfGS3K). In contrast, AMA1 impaired expression 
with altered growth and RBCs invasion was observed 
in deletion of the gene encoding PyPKA. Third, RON2 
expression was not affected by pka gene deletion in P. 
yoelii. Accordingly, it was suggested that P. falciparum 
AMA1-RON2 interaction played the major role in RBC 
de novo invasion[108].

A recent study[109] characterized one of the 
essential proteins expressed by P. falciparum to 
localize on the surface of erythrocytic stages by 
glycosylphosphatidylinositol (GPI) anchors. Confirmed 
by a knocking down study, the characterized putative 
phosphomannomutase (PMM), also termed HAD5, was 

essential for RBCs de novo invasion and egress cascade. 
Notably, GPI anchored proteins are essential components 
for egress of merozoites (MSP1 and rhoptry-associated 
membrane antigen), gametocytes (Pfs25 and Pfs230), and 
sporozoites (circumsporozoite protein). The investigators 
succeeded to identify the 3D X-ray crystal structure of 
PfHAD5 and developed a substrate analog that specifically 
inhibited HAD5 compared to human PMMs[109].

2. The Hb trafficking pathway: Phosphoinositide lipids 
(PPIs) play key roles in cell motility, and cytoskeletal 
reorganization. Hence, they are distributed throughout 
cellular membranes, and concentrated in Golgi apparatus, 
and endosomes. In Plasmodium spp., they have a crucial 
role in Hb trafficking pathway from infected RBCs 
cytosol to the digestive vacuoles of intra-erythrocytic 
stages. Knocking down the gene encoding the specific 
putative phosphoinositide-binding protein (PfPX1) 
led to significant growth alteration. The investigators 
demonstrated its binding with phosphatidylinositol-
3-phosphate (PI3P) localized in the digestive vacuole’ 
membrane to facilitate Hb trafficking. Therefore, 
Plasmodium PX1 was proposed a potential drug target, 
and inhibitors of phosphoinositide metabolism through 
inhibition of PI3K, and PI4K are currently in development 
as novel antimalarial drugs[110].

3. Vitamins: Possibile use of the enzymatic routes of 
vitamins biosynthesis for the discovery of new generation 
of antibiotics as novel antimalarial drugs was investigated. 
Since vitamins B1 (thiamin) and B6 (pyridoxal) are 
involved in crucial metabolic process of carbohydrates 
and amino acids, molecules involved in their biosynthesis 
were proposed potential drug targets. Using proteomic 
and genomic data available for bacteria, a study[111] 
demonstrated that thiamin required three enzymes (ThiM, 
ThiM, and ThiE), while pyridoxal required only two (Pdx1 
and Pdx2). Absence of these enzymes in humans renders 
them potential drug targets[111]. One year later, the same 
Brazilian investigators published a review and claimed 
the inability to knock down genes encoding Pdx1 and 
Pdx2, i.e. crucial enzymes for Plasmodium survival. They 
discussed pyridoxal involvement in several metabolic 
pathways protecting Plasmodium against oxidative 
stress, i.e., increased survival rate in stress environment. 
Both enzymes structure and dynamics, their crystal 
structures reported for P. berghei and other eukaryotes, 
and the mode of their interaction to synthesize pyridoxal 
were summarized. Two questions were raised regarding 
possibility of targeting Pdx1-Pdx2 interaction site, and 
availability of Pdx1, and Pdx2 inhibitors to disrupt 
pyridoxal de novo biosynthesis[112].

4. Lactate dehydrogenase: Since three calcium channel 
blockers exhibited satisfactory efficacy in vitro and in 
vivo, Brazilian investigators conducted in silico studies 
to identify new P. falciparum molecular target. They 
proposed L-lactate dehydrogenase potential drug 
target[77]. Since hybrid molecules might overcome re-
emergence of drug resistance, Malaysian investigators 
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synthesized a new series of 4-aminoquinoline hybrids 
to be screened against chloroquine-resistant and 
-sensitive P. falciparum strains in vitro. With low 
cytotoxic effect against Vero cultured cells, hybrid 
(4b) displayed significant antimalarial activity against 
both strains with low IC50. A molecular docking study 
confirmed the potentiality of lactate dehydrogenase as 
promising drug target[113].

5. Host-directed anti-malarial drugs 
(A) Eryptosis enhancement: Similar to all 
intracellular protozoa, Plasmodium spp. manipulate 
host cell signaling pathways, e.g. programmed cell 
death pathway. Since RBCs life span is ~115 days, they 
undergo apoptotic features such as nuclear apoptosis, 
cell shrinkage and membrane ruffling, i.e. gradual 
degradation (eryptosis). For rapid establishment 
of P. falciparum in host RBCs, erythrocytic stages 
induce significant stress on host cell signaling to delay 
eryptosis. To avoid drug resistance for anti-malarial 
drugs, a review[114] was published discussing host 
apoptotic signaling pathways for future perspectives 
using host-directed therapies to enhance eryptosis. 
In addition to eryptosis enhancement, the reviewers 
discussed Plasmodium molecules expressed to 
manipulate host apoptotic signaling pathway through 
buffering intracellular calcium levels, exporting amino 
acids, and blocking host cellular kinases[114].
(B) Host TK: Interestingly, a new strategy was 
proposed utilizing the absence of TK in Plasmodium 
spp. Human RBCs are known to express TK involved in 
phosphorylation of the cytoplasmic domain of band 3 
(cdb3), a RBC’ transmembrane protein. Phosphorylated 
cdb3 within RBC membrane cytoskeleton accelerates 
separation of Ankyrin and spectin-based membrane 
cytoskeleton from the lipid bilayer, resulting in 
membrane breakdown. A recent study observed 
significant increase of cdb3 phosphorylation on 
maturation of Plasmodium merozoites. Therefore, 
the investigators hypothesized that merozoites might 
trigger host TK to increase cdb3 phosphorylation 
facilitating their egress, i.e. inhibition of host TK would 
prevent merozoites egress. Library online search for 
kinase inhibitors with potential antimalarial activity 
revealed only one subset, Syk inhibitors. Although 
the investigators observed insignificant results, they 
suggested that selective Syk inhibitors might be 
potential novel anti-malarial drugs without future 
drug resistance. In 2020, the hypothesis utilizing host 
target for development of novel antimalarial drug was 
achieved in a clinical trial in Vietnam and Laos[115].

CONCLUDING REMARKS
1. The online website (MalDA) was constructed to 

accelerate development of novel antimalarial drugs 
by identifying essential druggable targets. Several 
approaches were utilized, however two were 
commonly reported, phenotypic screening, and 
target-based screening. 

2. Although Plasmodium PKs, proteases, and transporters 
attracted much attention, metabolic pathways involved 
in apicoplast, and mitochondrion remain attractive 
drug targets. The PV membrane works as molecular 
sieve for proteins, nutrients, and metabolites transport 
to be distributed via the apicoplast to several organelles 
including the mitochondrion. Therefore, among the 
proposed drug targets are apicoplast DOXP, and Fd/
FNR system, and mitochondrial DHODH, Cox 1, Cox 3, 
and cytochrome bc1 complex.

3. Drugs currently in clinical trials in either phase include 
DSM265 and KAF156 (targeting DHODH), Cipargamin 
(targeting ATP4), Fosmidomycin (targeting DOXP), 
MMV048 (targeting PIKs), M5717 (targeting eEF2), 
and pantothenamides (targeting PPAT in acetyl-CoA 
synthetase).

4. Since PTMs provide crucial regulatory control of cellular 
activity during distinct life cycle stages, molecules 
involved in histone modifying enzymes (HATs, HDACs, 
and BDPs), phosphorylation (PKs), protein lipidation 
(NMTs, and PATs), lipolyation (LipL1, and LipL2), and 
SUMOylation (SUMO-Es) are proposed potential drug 
targets. 

5. Vitamin biosynthesis pathways are also proposed 
potential drugs targets. Vitamin B5 (pantothenate) is 
the precursor of CoA synthesis, an essential cofactor 
required for gene regulation, and PTMs. Since they 
are absent in human, involvement of ThiM, ThiM, 
and ThiE in B1 biosynthesi, and Pdx1 and Pdx2 in B6 
biosynthesis renders them potential drug targets. 

6. Although Plasmodium proteases arsenal includes 
12 proteases proposed potential drug targets, and 
plays crusial functional roles, no single protease was 
established as a virulence factor. 

7. Among Plasmodium potential drug targets are several 
molecules involved in invasion and egress cascade, 
e.g. proteases (PLMs IX and X, SUBs 1 and 2), aPKs 
(FIKKs), and ePKs (calcium-dependent PK, and cyclic 
nucleotides PKs), 

8. Cytoadherence linked asexual genes (CLAG) encode 
rhoptries proteins (RhopH2 and RhopH3). To facilitate 
de novo RBCs invasion, trafficking of both proteins to a 
new RBC membrane is the initial step for cytoadherence 
that increased RBCs permeability, and PV formation.

9. Two approaches were suggested to develop host-
directed antimalarial drugs; eryptosis enhancement, 
and TK absence in Plasmodium spp.

Conflict of interest: No conflict of interest.
Funding statement: None.

REFERENCES                                                            

1. Faya N, Penkler DL, Bishop O� . Human, vector and parasite 
Hsp90 proteins: A comparative bioinformatics analysis. 
FEBS Open Bio; 2015; 5:916-927.

2. Meier A, Erler H, Beitz E. Targeting channels and transporters 
in protozoan parasite infections. Front Chem 2018; 6: 88.



PUJ 2022; 15(3): 238-255

252

3. Ritzefeld M, Wright MH, Tate EW. New developments 
in probing and targeting protein acylation in malaria, 
leishmaniasis and African sleeping sickness. Parasitology 
2018; 145(2):157-174.

4. Dick CF, Meyer-Fernandes JR, Vieyra A. The functioning of 
Na+-ATPases from protozoan parasites: Are these pumps 
targets for antiparasitic drugs? Cells 2020; 9(10):2225.

5. Karpiyevich M, Artavanis-Tsakonas K. Ubiquitin-like 
modifiers: Emerging regulators of protozoan parasites. 
Biomolecules 2020; 10(10):1403.

6. Rashidi S, Mansouri R, Ali-Hassanzadeh M, Mojtahedi Z, 
Shafiei R, Savardashtaki A, et al. The host mTOR pathway 
and parasitic diseases pathogenesis. Parasitol Res 2021; 
120(4):1151-1166.

7. Nair SC, Striepen B. What do human parasites do with a 
chloroplast anyway? PLOS Biology 2011; 9(8):e1001137.

8. Kloehn J, Lacour CE, Soldati-Favre D. The metabolic 
pathways and transporters of the plastid organelle in 
Apicomplexa. Curr Opin Microbiol 2021; 63:250-258.

9. Swift RP, Rajaram K, Elahi R, Liu HB, Prigge ST. Roles 
of ferredoxin-dependent proteins in the apicoplast 
of Plasmodium falciparum parasites. mBio 2022; 
13(1):e0302321.

10. Holmes MJ, Augusto LDS, Zhang M, Wek RC, Sullivan WJ 
Jr. Translational control in the latency of apicomplexan 
parasites. Trends Parasitol 2017; 33(12): 947-960.

11. Berná L, Rego N, Francia ME. The elusive mitochondrial 
genomes of apicomplexa: Where are we now? Front 
Microbiol 2021; 12:751775.

12. Yang T, Ottilie S, Istvan ES, Godinez-Macias KP, Lukens 
AK, Baragaña B, et al. MalDA: Accelerating malaria drug 
discovery. Trends Parasitol 2021; 37(6):493-507.

13. Forte B, Ottilie S, Plater A, Campo B, Dechering KJ, Gamo FJ, 
et al. Prioritization of molecular targets for antimalarial 
drug discovery. ACS Infect Dis 2021; 7(10):2764-2776.

14. Stanway RR, Bushell E, Chiappino-Pepe A, Roques 
M, Sanderson T, Franke-Fayard B, et al. Genome-
scale identification of essential metabolic processes 
for targeting the Plasmodium liver stage. Cell. 2019; 
179(5):1112-1128.e26.

15. Mbaba M, Golding TM, Smith GS. Recent advances in 
the biological investigation of organometallic platinum-
group metal (Ir, Ru, Rh, Os, Pd, Pt) complexes as 
antimalarial agents. Molecules 2020; 25(22):5276.

16. Jaromin A, Parapini S, Basilico N, Zaremba-Czogalla M, 
Lewińska A, Zagórska A, et al. Azacarbazole n-3 and n-6 
polyunsaturated fatty acids ethyl esters nanoemulsion 
with enhanced efficacy against Plasmodium falciparum. 
Bioact Mater 2020; 6(4):1163-1174.

17. Ali F, Wali H, Jan S, Zia A, Aslam M, Ahmad I, et al. 
Analyzing the essential proteins set of Plasmodium 
falciparum Pf3D7 for novel drug targets identification 
against malaria. Malar J 2021; 20(1):335.

18. Diallo BN, Swart T, Hoppe HC, Tastan Bishop O� , Lobb K. 
Potential repurposing of four FDA approved compounds 
with anti-plasmodial activity identified through 
proteome scale computational drug discovery and in 
vitro assay. Sci Rep 2021; 11(1):1413.

19. Guleria V, Pal T, Sharma B, Chauhan S, Jaiswal V. 
Pharmacokinetic and molecular docking studies to 

design antimalarial compounds targeting actin I. Int J Health 
Sci (Qassim) 2021; 15(6):4-15.

20. Somsri S, Mungthin M, Klubthawee N, Adisakwattana P, 
Hanpithakpong W, Aunpad R. A mitochondria-penetrating 
peptide exerts potent anti-Plasmodium activity and localizes 
at parasites' mitochondria. Antibiotics (Basel) 2021; 
10(12):1560.

21. Tehlan A, Bhowmick K, Kumar A, Subbarao N, Dhar SK. 
The tetrameric structure of Plasmodium falciparum 
phosphoglycerate mutase is critical for optimal enzymatic 
activity. J Biol Chem 2022; 298(3):101713.

22. Lee S-M, Kim M-S, Hayat F, Shin D. Recent advances in the 
discovery of novel antiprotozoal agents. Molecules 2019; 
24(21):3886.

23. Surur AS, Huluka SA, Mitku ML, Asres K. Indole: The after 
next scaffold of antiplasmodial agents? Drug Des Devel Ther 
2020; 14:4855-4867.

24. Carolino K, Winzeler EA. The antimalarial resistome: 
Finding new drug targets and their modes of action. Curr 
Opin Microbiol 2020; 57:49-55.

25. Koumpoura CL, Robert A, Athanassopoulos CM, Baltas 
M. Antimalarial inhibitors targeting epigenetics or 
mitochondria in Plasmodium falciparum: Recent survey 
upon synthesis and biological evaluation of potential drugs 
against malaria. Molecules 2021; 26(18):5711.

26. Quadros HC, Silva MCB, Moreira DRM. The role of the iron 
protoporphyrins heme and hematin in the antimalarial 
activity of endoperoxide drugs. Pharmaceuticals (Basel) 
2022; 15(1):60.

27. Shibeshi MA, Kifle ZD, Atnafie SA. Antimalarial drug 
resistance and novel targets for antimalarial drug discovery. 
Infect Drug Resist 2020; 13:4047-4060.

28. Silva LS, Prado GC, Quintana PG, Heise N, Miranda KR, 
Eduardo J L Torres EJL, et al. Plasmodium falciparum 
invasion and intra-erythrocytic development are impaired 
by 2', 3'-dialdehyde adenosine. Microbes Infect 2018; 
20(3):205-211.

29. Hulpia F, Van-Hecke K, Da Silva FC, Batista DGJ, Maes L, 
Caljon G, et al. Discovery of novel 7-aryl 7-deazapurine 
3′-deoxy-ribofuranosyl nucleosides with potent activity 
against Trypanosoma cruzi. J Med Chem 2018; 61:9287-
9300.

30. Martinez-Peinado N, Lorente-Mací�as A� , Garcí�a-Salguero 
A, Cortes-Serra N, Fenollar-Collado A� , Ros-Lucas A, et al. 
Novel purine chemotypes with activity against Plasmodium 
falciparum and Trypanosoma cruzi. Pharmaceuticals (Basel) 
2021; 14(7):638.

31. Abaza SM. Recent advances in identification of potential 
drug targets and development of novel drugs in parasitic 
diseases. Part II. Parasite targets. PUJ 2022; 15(1):22-38.

32. Grube CD, Gill CP, Roy H. Development of a continuous assay 
for high throughput screening to identify inhibitors of the 
purine salvage pathway in Plasmodium falciparum. SLAS 
Discov 2022; 27(2):114-120.

33. Belete TM. Recent progress in the development of new 
antimalarial drugs with novel targets. Drug Des Devel Ther 
2020; 14: 3875-3889.

34. Wang C, Krüger A, Du X, Wrenger C, Groves MR. Novel highlight 
in malarial drug discovery: Aspartate transcarbamoylase. 
Front Cell Infect Microbiol 2022 MAR 4; 12:841833.



   Drug targets in Plasmodium spp.                                                                                                                                                                                               Abaza 

253

35. Chalapareddy S, Bhattacharyya MK, Mishra S, 
Bhattacharyya S. Radicicol confers mid-schizont arrest 
by inhibiting mitochondrial replication in Plasmodium 
falciparum. Antimicrob Agents Chemother 2014; 
58:4341-4352.

36. Cortopassi WA, Penna-Coutinho J, Aguiar AC, Pimentel 
AS, Buarque CD, Costa PR, et al. Theoretical and 
experimental studies of new modified isoflavonoids as 
potential inhibitors of topoisomerase I from Plasmodium 
falciparum. PLoS One 2014; 9(3):e91191.

37. Dana S, Prusty D, Dhayal D, Gupta MK, Dar A, Sen S, et al. 
Potent antimalarial activity of acriflavine in vitro and in 
vivo. ACS Chem Biol 2014; 9(10):2366-2373.

38. Mudeppa DG, Kumar S, Kokkonda S, White J, Rathod 
PK. Topoisomerase II from human malaria parasites: 
Expression, purification, and selective inhibition. J Biol 
Chem 2015; 290(33):20313-20324.

39. Girdwood TSC, Nenortas E, Shapiro TA. Targeting the 
gyrase of Plasmodium falciparum with topoisomerase 
poisons. Biochem Pharmacol 2015; 95(4):227-237.

40. Zhang M, Joyce BR, Sullivan WJ Jr, Nussenzweig V. 
Translational control in Plasmodium and Toxoplasma 
parasites. Eukaryot Cell 2013; 12(2):161-167.

41. Limudomporn P, Moonsom S, Leartsakulpanich U, 
Suntornthiticharoen P, Petmitr S, Weinfeld M, et al. 
Characterization of Plasmodium falciparum ATP-
dependent DNA helicase RuvB3. Malar J 2016; 15: 526.

42. Jha P, Gahlawat A, Bhattacharyya S, Dey S, Kumar 
KA, Bhattacharyya MK. Bloom helicase along with 
recombinase Rad51 repairs the mitochondrial genome 
of the malaria parasite. mSphere 2021; 6(6):e0071821.

43. Sourabh S, Chauhan M, Yasmin R, Shehzad S, Gupta 
D, Tuteja R. Plasmodium falciparum DDX17 is an RNA 
helicase crucial for parasite development. Biochem 
Biophys Rep 2021; 26:101000.

44. Hema K, Ahamad S, Joon HK, Pandey R, Gupta D. Atomic 
resolution homology models and molecular dynamics 
simulations of Plasmodium falciparum tubulins. ACS 
Omega 2021; 6(27):17510-17522.

45. Cook AD, Roberts AJ, Atherton J, Tewari R, ToPf M, Moores 
CA. Cryo-EM structure of a microtubule-bound parasite 
kinesin motor and implications for its mechanism and 
inhibition. J Biol Chem 2021; 297(5):101063.

46. Kanyal A, Rawat M, Gurung P, Choubey D, Anamika K, 
Karmodiya K: Genome-wide survey and phylogenetic 
analysis of histone acetyltransferases and histone 
deacetylases of Plasmodium falciparum. FEBS J 2018, 
285:1767-1782.

47. Fioravanti R, Mautone N, Rovere A, Rotili D, Mai A. 
Targeting histone acetylation/deacetylation in parasites: 
An update (2017-2020). Curr Opin Chem Biol 2020; 
57:65-74.

48. Agamah FE, Damena D, Skelton M, Ghansah A, Mazandu 
GK, Chimusa ER. Network-driven analysis of human-
Plasmodium falciparum interactome: Processes for 
malaria drug discovery and extracting in silico targets. 
Malar J 2021; 20(1):421.

49. Kumar A, Bhowmick K, Vikramdeo KS, Mondal N, 
Subbarao N, Dhar SK. Designing novel inhibitors against 

histone acetyltransferase (HAT: GCN5) of Plasmodium 
falciparum. Eur J Med Chem 2017; 138:26-37.

50. Moustakim M, Clark PG, Trulli L, Fuentes de Arriba AL, 
Ehebauer MT, Chaikuad A, et al. Discovery of a PCAF 
bromodomain chemical probe. Angew Chem Int Ed Engl 
2017, 56:827-831.

51. Sen U, Nayak A, Khurana J, Sharma D, Gupta A. Inhibition 
of PfMYST histone acetyltransferase activity blocks 
Plasmodium falciparum growth and survival. Antimicrob 
Agents Chemother 2021; 65(1):e00953-20.

52. Rawat M, Kanyal A, Sahasrabudhe A, Vembar SS, Lopez-
Rubio J-J, Karmodiya K. Histone acetyltransferase PfGCN5 
regulates stress responsive and artemisinin resistance 
related genes in Plasmodium falciparum. Sci Rep 2021; 
11:852.

53. Engel JA, Jones AJ, Avery VM, Sumanadasa SDM, Ng SS, Fairlie 
DP, et al. Profiling the anti-protozoal activity of anti-cancer 
HDAC inhibitors against Plasmodium and Trypanosoma 
parasites. Int J Parasitol Drugs Drug Resist 2015; 5(3):117-
126.

54. Chua MJ, Arnold MS, Xu W, Lancelot J, Lamotte S, Spath 
GF, et al. Effect of clinically approved HDAC inhibitors on 
Plasmodium, Leishmania and Schistosoma parasite growth. 
Int J Parasitol Drugs Drug Resist 2017, 7:42-50.

55. Beus M, Rajic Z, Maysinger D, Mlinaric Z, Antunovic M, 
Marijanovic I, et al. SAHAquines, novel hybrids based on 
SAHA and primaquine motifs, as potential cytostatic and 
antiplasmodial agents. Chemistry Open 2018, 7:624-638.

56. Soumyanarayanan U, Ramanujulu PM, Mustafa N, Haider S, 
Fang Nee AH, Tong JX, et al. Discovery of a potent histone 
deacetylase (HDAC) 3/6 selective dual inhibitor. Eur J Med 
Chem 2019, 184:111755.

57. Chua MJ, Tng J, Hesping E, Fisher GM, Goodman CD, Skinner-
Adams T, et al. Histone deacetylase inhibitor AR-42 and 
achiral analogues kill malaria parasites in vitro and in mice. 
Int J Parasitol Drugs Drug Resist 2021; 17:118-127.

58. Diedrich D, Stenzel K, Hesping E, Antonova-Koch Y, Gebru 
T, Duffy S, et al. One-pot, multi-component synthesis and 
structure-activity relationships of peptoid-based histone 
deacetylase (HDAC) inhibitors targeting malaria parasites. 
Eur J Med Chem 2018, 158:801-813.

59. Kumar A, Dhar SK, Subbarao N. In silico identification 
of inhibitors against Plasmodium falciparum histone 
deacetylase 1 (PfHDAC-1). J Mol Model 2018; 24(9):232.

60. Bouchut A, Rotili D, Pierrot C, Valente S, Lafitte S, Schultz 
J, et al. Identification of novel quinazoline derivatives as 
potent anti-plasmodial agents. Eur J Med Chem 2019, 
161:277-291.

61. Chua MJ, Robaa D, Skinner-Adams TS, Sippl W, Andrews 
KT. Activity of bromodomain protein inhibitors/binders 
against asexual-stage Plasmodium falciparum parasites. Int 
J Parasitol Drugs Drug Resist 2018; 8(2):189-193.

62. Wright MH, Clough B, Rackham MD, Rangachari K, Brannigan 
JA, Grainger M, et al. Validation of N-myristoyltransferase as 
an anti-malarial drug target using an integrated chemical 
biology approach. Nat Chem 2014; 6:112-121.

63. Tate EW, Bell AS, Rackham MD, Wright MH. 
N-Myristoyltransferase as a potential drug target in malaria 
and leishmaniasis. Parasitology 2014; 141(1):37-49.



PUJ 2022; 15(3): 238-255

254

64. Schlott AC, KnuePfer E, Green JL, Hobson P, Borg 
AJ, Morales-Sanfrutos J, et al. Inhibition of protein 
N-myristoylation blocks Plasmodium falciparum intra-
erythrocytic development, egress and invasion. PLoS 
Biol 2021; 19(10):e3001408.

65. Brown RW, Sharma AI, Engman DM. Dynamic protein 
S-palmitoylation mediates parasite life cycle progression 
and diverse mechanisms of virulence. Crit Rev Biochem 
Mol Biol 2017; 52(2):145-162.

66. Rei-Yan SL, Wakasuqui F, Du X, Groves MR, Wrenger C. 
Lipoic acid metabolism as a potential chemotherapeutic 
target against Plasmodium falciparum and Staphylococcus 
aureus. Front Chem 2021; 9:742175.

67. de Oliveira SD, Kronenberger T, Palmisano G, Wrenger C, 
de Souza EE. Targeting SUMOylation in Plasmodium as 
a potential target for malaria therapy. Front Cell Infect 
Microbiol 2021; 11:685866.

68. de Vries LE, Lunghi M, Krishnan A, Kooij TWA, Soldati-
Favre D. Pantothenate and CoA biosynthesis in 
apicomplexa and their promise as anti-parasitic drug 
targets. PLoS Pathog 2021; 17(12):e1010124.

69. Summers RL, Pasaje CFA, Pisco JP, Striepen J, Luth MR, 
Kumpornsin K, et al. Chemogenomics identifies acetyl-
coenzyme A synthetase as a target for malaria treatment 
and prevention. Cell Chem Biol 2022; 29(2):191-201.

70. Bennink S, Pradel G. The molecular machinery of 
translational control in malaria parasites. Mol Microbiol 
2019; 112(6):1658-1673.

71. McCarthy JS, Yalkinoglu O� , Odedra A, Webster R, Oeuvray 
C, Tappert A, et al. Safety, pharmacokinetics, and 
antimalarial activity of the novel Plasmodium eukaryotic 
translation elongation factor 2 inhibitor M5717: A first-
in-human, randomised, placebo-controlled, double-
blind, single ascending dose study and volunteer 
infection study. Lancet Infect Dis 2021; 21(12):1713-
1724.

72. Rottmann M, Jonat B, Gumpp C, Dhingra SK, Giddins MJ, 
Yin X, et al. Preclinical antimalarial combination study 
of M5717, a Plasmodium falciparum elongation factor 
2 inhibitor, and pyronaridine, a hemozoin formation 
inhibitor. Antimicrob Agents Chemother 2020; 
64(4):e02181-19.

73. Garcia VE, Dial R, DeRisi JL. Functional characterization 
of 5' UTR cis-acting sequence elements that modulate 
translational efficiency in Plasmodium falciparum and 
humans. Malar J 2022; 21(1):15.

74. Afolabi R, Chinedu S, Ajamma Y, Adam Y, Koenig R, 
Adebiyi E. Computational identification of Plasmodium 
falciparum RNA pseudouridylate synthase as a viable 
drug target, its physicochemical properties, 3D structure 
prediction and prediction of potential inhibitors. Infect 
Genet Evol 2022; 97:105194.

75. Arendse LB, Wyllie S, Chibale K, Gilbert IH. Plasmodium 
kinases as potential drug targets for malaria: Challenges 
and opportunities. ACS Infect Dis 2021; 7(3):518-534.

76. Borba JVVB, Silva ADCE, do Nascimento MN, Ferreira 
LT, Rimoldi A, Starling L, et al. Update and elucidation 
of Plasmodium kinomes: Prioritization of kinases as 
potential drug targets for malaria. Comput Struct 
Biotechnol J 2022; 20:3708-3717.

77. Rogerio KR, Carvalho LJM, Domingues LHP, Neves BJ, Filho 
JTM, et al. Synthesis and molecular modelling studies of 
pyrimidinones and pyrrolo[3,4-d]-pyrimidinodiones as new 
anti-plasmodial compounds. Mem Inst Oswaldo Cruz 2018; 
113(8): e170452.

78. Pazicky S, Alder A, Mertens H, Svergun D, Gilberger T, Löw 
C. N-terminal phosphorylation regulates the activity of 
glycogen synthase kinase 3 from Plasmodium falciparum. 
Biochem J 2022; 479(3):337-356.

79. Lasonder E, More K, Singh S, Haidar M, Bertinetti D, Kennedy 
EG, et al. cAMP-dependent signaling pathways as potential 
targets for inhibition of Plasmodium falciparum blood 
stages. Front Microbiol 2021; 12: 684005.

80. Hitz E, Wiedemar N, Passecker A, Graça BAS, Scheurer C, 
Wittlin S, et al. The 3-phosphoinositide-dependent protein 
kinase 1 is an essential upstream activator of protein kinase 
A in malaria parasites. PLoS Biol 2021; 19(12):e3001483.

81. Kandepedu N, Gonzàlez Cabrera D, Eedubilli S, Taylor 
D, Brunschwig C, Gibhard L, et al. Identification, 
characterization, and optimization of 2, 8-disubstituted-1, 
5-naphthyridines as novel Plasmodium falciparum 
phosphatidylinositol-4-kinase inhibitors with in vivo 
efficacy in a humanized mouse model of malaria. J Med 
Chem 2018; 61(13):5692-5703.

82. Siddiqui G, Proellochs NI, Cooke BM. Identification of 
essential exported Plasmodium falciparum protein kinases 
in malaria-infected red blood cells. Br J Haematol 2020; 
188(5):774-783.

83. Blascod DL, Wittyd MJ, Doninid C, Taylor D, Abay E, 
Njoroge M, et al. UCT943: A next generation Plasmodium 
falciparum PI4K inhibitor preclinical candidate for the 
treatment of malaria. Antimicrob Agents Chemother 2018; 
62(9):e00012-18.

84. Counihan NA, Modak JK, de Koning-Ward TF. How malaria 
parasites acquire nutrients from their host. Front Cell Dev 
Biol 2021; 9:649184.

85. Frame IJ, Deniskin R, Arora A, Akabas MH. Purine import 
into malaria parasites as a target for antimalarial drug 
development. Ann NY Acad Sci 2015; 1342(1):19-28.

86. Marchetti RV, Lehane AM, Shafik SH, Winterberg M, Martin 
RE, Kirk K. A lactate and formate transporter in the intra-
erythrocytic malaria parasite, Plasmodium falciparum. Nat 
Commun 2015; 6:6721.

87. Golldack A, Henke B, Bergmann B, Wiechert M, Erler H, 
Blancke A, et al. Substrate-analogous inhibitors exert 
antimalarial action by targeting the Plasmodium lactate 
transporter PfFNT at nanomolar scale. PLoS Pathog 2017; 
13:e1006172.

88. Van Schalkwyk DA, Moon RW, Duffey M, Leroy D, Sutherland 
CJ. Exvivo susceptibility to new antimalarial agents differs 
among human-infecting Plasmodium species. Int J Parasitol 
Drugs Drug Resist 2021; 17:5-11.

89. Lamy A, Macarini-Bruzaferro E, Dieudonné T, Perálvarez-
Marí�n A, Lenoir G, Montigny C, et al. ATP2, The essential 
P4-ATPase of malaria parasites, catalyzes lipid-stimulated 
ATP hydrolysis in complex with a Cdc50 β-subunit. Emerg 
Microbes Infect 2021; 10(1):132-147.

90. Yang Y, Tang T, Li X, Michel T, Ling L, Huang Z, et al. Design, 
synthesis, and biological evaluation of multiple targeting 
anti-malarials. Acta Pharm Sin B 2021; 11(9):2900-2913.



   Drug targets in Plasmodium spp.                                                                                                                                                                                               Abaza 

255

91. Mishra M, Singh V, Singh S. Structural insights into key 
Plasmodium proteases as therapeutic drug targets. Front 
Microbiol 2019; 10:394.

92. Tan MSY, Davison D, Sanchez MI, Anderson BM, Howell 
S, Snijders A, et al. Novel broad-spectrum activity-based 
probes to profile malarial cysteine proteases. PLoS One 
2020; 15(1):e0227341.

93. Pant A, Kumar R, Wani NA, Verma S, Sharma R, Pande V, et 
al. Allosteric site inhibitor disrupting auto-processing of 
malarial cysteine proteases. Sci Rep 2018; 8(1): 16193.

94. Abaza SM. Expression of cysteine proteinases and 
cystatins in parasites and use of cysteine proteinase 
inhibitors in parasitic diseases. Part II (2): Plasmodium 
spp. PUJ 2019; 12(2):72-93.

95. Favuzza P, de Lera Ruiz M, Thompson JK, Triglia T, Ngo A, 
Steel EWJ, et al. Dual plasmepsin-targeting antimalarial 
agents disrupt multiple stages of the malaria parasite life 
cycle. Cell Host Microbe 2020; 27(4):642–658.e12.

96. Mathew R, Wunderlich J, Thivierge K, Cwiklinski K, 
Dumont C, Tilley L, et al. Biochemical and cellular 
characterization of the Plasmodium falciparum M1 
alanyl aminopeptidase (PfM1AAP) and M17 leucyl 
aminopeptidase (PfM17LAP). Sci Rep 2021; 11(1):2854.

97. Malcolm TR, Swiderska KW, Hayes BK, Webb CT, Drag M, 
Drinkwater N, et al. Mapping the substrate specificity of 
the Plasmodium M1 and M17 aminopeptidases. Biochem 
J 2021; 478(13):2697-2713.

98. Malcolm TR, Belousoff MJ, Venugopal H, Borg NA, 
Drinkwater N, Atkinson SC, et al. Active site metals 
mediate an oligomeric equilibrium in Plasmodium M17 
aminopeptidases. J Biol Chem 2021; 296:100173.

99. Sojka D, S�nebergerová P, Robbertse L. Protease inhibition: 
An established strategy to combat infectious diseases. Int 
J Mol Sci 2021; 22(11):5762.

100. Chen Y, Murillo-Solano C, Kirkpatrick MG, Antoshchenko 
T, Park H-W, Pizarro JC. Repurposing drugs to target the 
malaria parasite unfolding protein response. Sci Rep 
2018; 8: 10333.

101. Amusengeri A, Astl L, Lobb K, Verkhivker GM, Bishop 
O� T. Establishing computational approaches towards 
identifying malarial allosteric modulators: A case study 
of Plasmodium falciparum HSP70s. Int J Mol Sci 2019 8; 
20(22):5574.

102. Cobb DW, Kudyba HM, Villegas A, Hoopmann MR, Baptista 
RP, Bruton B, et al. A redox-active crosslinker reveals an 
essential and inhibitable oxidative folding network in the 
endoplasmic reticulum of malaria parasites. PLoS Pathog 
2021; 17(2):e1009293.

103. Abaza SM. Editorial: Invasion and egress cascade in 
intracellular protozoa: Part 1. PUJ 2021 14(1):1-6.

104. Gupta A, Thiruvengadam G, Desai SA. The conserved 
CLAG multigene family of malaria parasites: Essential 

roles in host-pathogen interaction. Drug Resist Updat 2015; 
18:47-54.

105. Gupta A, Balabaskaran-Nina P, Nguitragool W, Saggu GS, 
Schureck MA, Desai SA. CLAG3 self-associates in malaria 
parasites and quantitatively determines nutrient uptake 
channels at the host membrane. mBio 2018; 9(3): DOI: 
10.1128/mBio.02293-17.

106. Burns AL, Dans MG, Balbin JM, de Koning-Ward TF, Gilson 
PR, Beeson JG, et al. Targeting malaria parasite invasion of 
red blood cells as an antimalarial strategy. FEMS Microbiol 
Rev. 2019 May; 43(3): 223–238.

107. Dans MG, Weiss GE, Wilson DW, Sleebs BE, Crabb BS, de 
Koning-Ward TF, et al. Screening the medicines for malaria 
venture pathogen box for invasion and egress inhibitors of 
the blood stage of Plasmodium falciparum reveals several 
inhibitory compounds. Int J Parasitol 2020; 50(3):235-252.

108. Ishizaki T, Asada M, Hakimi H, Chaiyawong N, Kegawa Y, 
Yahata K, et al. cAMP-dependent protein kinase regulates 
secretion of apical membrane antigen 1 (AMA1) in 
Plasmodium yoelii. Parasitol Int 2021; 85:102435.

109. Frasse PM, Miller JJ, Polino AJ, Soleimani E, Zhu JS, Jakeman 
DL, et al. Enzymatic and structural characterization of 
HAD5, an essential phosphomannomutase of malaria-
causing parasites. J Biol Chem 2022; 298(2):101550.

110. Mukherjee A, Crochetière ME� , Sergerie A, Amiar S, 
Thompson LA, Ebrahimzadeh Z, et al. A phosphoinositide-
binding protein acts in the trafficking pathway of 
hemoglobin in the malaria parasite Plasmodium falciparum. 
mBio 2022; 13(1):e0323921.

111. Barra ALC, Dantas L, Dantas LC, Morão LG, Gutierrez RF, 
Polikarpov I, et al. Essential metabolic routes as a way to 
escape from antibiotic resistance. Front Public Heal 2020; 
8:26.

112. Barra ALC, Ullah N, Morão LG, Wrenger C, Betzel C, 
Nascimento AS. Structural dynamics and perspectives of 
vitamin b6 biosynthesis enzymes in Plasmodium: Advances 
and open questions. Front Cell Infect Microbiol 2021; 
11:688380.

113. Shamsuddin MA, Ali AH, Zakaria NH, Mohammat MF, 
Hamzah AS, Shaameri Z,et al. Synthesis, molecular docking, 
and antimalarial activity of hybrid 4-aminoquinoline-
pyrano[2,3-c]pyrazole derivatives. Pharmaceuticals (Basel) 
2021; 14(11):1174.

114. Boulet C, Doerig CD, Carvalho TG. Manipulating eryptosis of 
human red blood cells: A novel antimalarial strategy? Front 
Cell Infect Microbiol 2018; 8:419.

115. Kesely K, Noomuna P, Vieth M, Hipskind P, Pantaleo A, 
Turrini F, et al. Identification of tyrosine kinase inhibitors 
that halt Plasmodium falciparum parasitemia. PLoS One 
2020; 15(11): e0242372.


