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Abstract

Apicomplexan parasites have challenged researchers for nearly a century. A major challenge to developing efficient treatments
and vaccines is the parasite’s ability to change its cellular and molecular makeup to develop intracellular and extracellular
niches in its hosts. Ca®" signaling is an important messenger for the egress of the malaria parasite from the infected ery-
throcyte, gametogenesis, ookinete motility in the mosquito, and sporozoite invasion of mammalian hepatocytes. Calcium-
dependent protein kinases (CDPKs) have crucial functions in calcium signaling at various stages of the parasite’s life cycle; this
therefore makes them attractive drug targets against malaria. Here, we summarize the functions of the various CDPK isoforms
in relation to the malaria life cycle by emphasizing the molecular mechanism of developmental progression within host tissues.
We also discuss the current development of anti-malarial drugs, such as how specific bumped kinase inhibitors (BKIs) for
parasite CDPKs have been shown to reduce infection in Toxoplasma gondii, Cryptosporidium parvum, and Plasmodium falciparum.
Our suggested combinations of BKIs, artemisinin derivatives with peroxide bridge, and inhibitors on the Ca(2+)-ATPase
PfATP6 as a potential target should be inspected further as a treatment against malaria.
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Introduction

Apicomplexan parasites are a distinct group of protozoan
parasites that cause several human diseases. For example,

Toxoplasma gondii infects about one-third of the global
human population and causes severe disease in immunocom-
promised patients and pregnant women via brain inflamma-
tion and lung infection'~. Plasmodium falciparum, the
causative agent of malaria, is another apicomplexan parasite
which causes over 1 million deaths per year worldwide'~.
Unique to these protozoan parasites are a conserved set of
specialized apical organelles, called apicoplasts, and a
shared mechanism for motility that is important for active
penetration into their host cells*. The complexity of api-
complexan parasite biology has been a major obstacle to the
development of a fully protective vaccine for diseases like
malaria. A major obstacle to vaccine development is that
the parasite has the ability to change its own cellular and
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Figure |. The malaria parasite life cycle depicted in the mosquito and human host. During a blood meal, a mosquito inoculates
sporozoites into a human host. Sporozoites human infect liver cells and mature into schizonts, which rupture and release merozoites.
Liberated merozoites invade erythrocytes and undergo successive rounds of intracellular replication, egress, and reinvasion as ring-stage
trophozoites, schizonts, and merozoites, respectively. During this time, some parasites differentiate into male microgametyocytes and
female macrogametocytes and are ingested by a mosquito during a blood meal. Inside the mosquito, the microgametes penetrate the
macrogametes to form zygotes. The zygotes develop into ookinetes which invade the mid-gut wall of the mosquito and develop into
oocysts. The oocysts grow, rupture, and release sporozoites, which travel to the mosquito’s salivary glands where they are
re-transmitted into a new host. CDPKs have been involved in many steps involving motility and development as shown in the diagram

and discussed further in the text.

molecular contents, for development in both mammalian
hosts and the mosquito vector®.

Secondary messengers like calcium (Ca”") control a
number of significant pathways in apicomplexan parasites
and are important intermediaries in the stages of the apicom-
plexan life cycle’. In apicomplexans, a major intermediary
of Ca®" signaling is a family of calcium-dependent protein
kinase (CDPK), a serine/threonine kinase that is also present
in plants, green algae, and ciliates, but not mammals’ .
Although CDPK variants have a similar structure and
mechanism of action, they have different roles throughout
the parasite’s life cycle due to their expression timing and
pattern, post-translation regulation and modification, and
substrate sensitivity and specificity toward calcium'’. Fig. 1
shows the life cycle-dependent expression of different
CDPKs. This figure exhibits the essential role for the regu-
lation of CDPKs for development at each stage of the Plas-
modium sp. life cycle. Because CDPKs play an important
role in calcium signaling at various stages of the parasite’s
life cycle™'?, they are attractive drug targets for malarial
treatment and/or prevention''.

Characteristics of Calcium-dependent
Protein Kinases in Malaria Parasite

Toxoplasma possesses more than 20 different CDPKs, while
Plasmodium sp. and Cryptosporidium sp. have less than 10.
Most of these CDPKs have been linked to protein secretion,
invasion, and differentiation'*'®. P. falciparum CDPK
(PfCDPK) is important for transduction pathways that lead
to increased calcium concentrations associated with impor-
tant physiological processes''. CDPK structure is typically
composed of an N-terminal kinase domain separated from
the C-terminal calmodulin-like domain by a small junction
domain''. The calmodulin-like domain has four EF-hand
motifs which can be activated by calcium ions®''. A number
of CDPK members contain additional structural features
which include N-terminal extensions, a varied number of
EF hands, and additional domains such as pleckstrin homol-
ogy (PH)!.

The calcium-binding domain of the four EF hands of
CDPK is highly homologous to calmodulin-dependent
kinases (CaMKs)*. Although CaMKs are auto-inhibited by
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Figure 2. P. falciparum calcium-dependent protein kinases
(CDPKs). EF: EF-hand motifs, KD: kinase domain, PH: pleckstrin
homology. CDPKs: an N-terminal protein kinase domain, a
C-terminal calmodulin-like domain with calcium-binding EF-hand
motifs. CDPK6 and CDPK?7 are unique from the rest of the CDPKs.

a C-terminal helix*, the CDPK counterparts are regulated by
their calcium-binding domain. Specifically, CDPKs undergo
conformational changes that activate their ability to regulate
other proteins by means of phosphorylation in response to
rapid and transient increases in the concentration of cyto-
plasmic calcium. Apicomplexans have five main classes of
CDPKs based on protein domain structures”®!!; however,
the CDPK family in P. falciparum has seven members
(CDPK1-7) that are categorized into only four of the five
classes''. The structures of these seven CDPK proteins can
be found in Fig. 2. It is these subtle differences in CDPK
proteins that allows for differential function within the dif-
ferent stages of the Plasmodium sp. life cycle. In this sum-
mary, we recapitulate the unique characteristics of
P. falciparum CDPKs and the various functions they are
linked to in certain stages of the Plasmodium life cycle.
CDPK belongs to the category of serine/threonine-protein
kinases that phosphorylates the hydroxyl group of serine or
threonine in the presence of the cellular Ca®" /calmodulin
messenger'*'°. The shared sequence of all family member
identities ranges from nearly 53% (CDPK1 and CDPK2) to
31% (CDPK6 and CDPK?7), as indicated in Table 1. The
differences in length and sequence indicate that members
of the CDPK family can act upon a range of substrates to
fulfill a variety of functions (Tables 1 and 2). CDPKs have
two main domains: a Ser/Thr kinase domain and an
EF-hand-type calcium-binding domain'. Thus, the model
structure of CDPK consists of four parts: a variable

Table I. The Protein Sequence Identities (%) between the seven
CDPKs of P. falciparium.

CDPKI CDPK2 CDPK3 CDPK4 CDPK5 CDPKé
CDPKI
CDPK2 39
CDPK3 43 45
CDPK4 53 41 39
CDPKS5 40 45 47 41
CDPKé6 35 35 32 33 33
CDPK7 38 39 39 42 38 31

N-terminus, a catalytic kinase domain (KD), a junction
domain (JD) and the calmodulin-like domain (CLD) respon-
sible for calcium binding. The N-terminal region is less con-
served among CDPK proteins and plays a significant role in
the CDPK—membrane association during myristoylation'>.
The catalytic KD is the conserved region to which the ATP
binds and phosphorylates the hydroxyl residues of serine and
threonine in the substrates. The CLD is composed of four
EF-hand motifs (helix—loop—helix type) and is implicated in
binding intracellular calcium. The JD is the autoregulatory
domain that connects the KD and the CLD, and plays a key
role in the regulation of CDPKs. The CDPK is normally
activated by Ca®" via binding of the CLD to the junction.
The junction and calmodulin-like regions form the CDPK
activation domain (CAD), which is responsible for activating
the enzyme in the presence of calcium and maintaining the
enzyme in an inactive state in the absence of calcium'>™"’.

As mentioned earlier, P. falciparum CDPKs are classified
into four categories''*. The first category contains proteins
with canonical CDPK structures containing four C-terminal
EF-hand motifs. The second category contains proteins with
three C-terminal EF hands. The other two groups of CDPKs
have one or more N-terminal EF hands followed by a Ser/
Thr KD and three or four C-terminal EF-hand motifs'. In
Fig. 2, we summarize the structures of all the 7 CDPKs in
P. falciparum, indicating the positions of the various domains.

The physical properties of the CDPK proteins are sum-
marized in Table 2. Briefly, the molecular weights of the
CDPK proteins range from 58.4 to 265.1 kDa, while their
isoelectric points (pl) fall between 5.32 and 9.36. Also, the
number of amino acids and formula of each CDPK is pro-
vided (Table 2). Schwartz et al. in 2001 indicated that whole
proteome pl values and subcellular localization are corre-
lated'®. Knowing the pI can be a powerful tool for predicting
protein and protein—membrane interactions, or to determine
the family member isoforms'®. The pl values of different
isoforms are significant to pharmaceutical applications, sen-
sing, and nonspecific adsorption. These pharmaceutical
numbers are affected by the amino acid composition, chem-
ical side chain modifications, and the three-dimensional
molecular conformation®*".

Of all the CDPKs, CDPK1 exhibits unique structural fea-
tures which have strong potential for therapeutic purposes.
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Table 2. The Physical Properties of P. falciparium CDPK Proteins.

Gene Location Transcript (bp) Protein (aa) Protein MW  Isoelectric point Formula

CDPKI1  Chr 2: 720,437-722,661 1575 524 60799.53 7.48 Ca623H4143N6870796S 16
CDPK2 Chr 6: 449,291-451,461 1530 509 58464.75 6.66 Ca620H4138N6860794S 16
CDPK3  Chr 3: 422,379-424,680 1689 562 65288.09 9.36 C945H4680N7720483753)
CDPK4  Chr 7: 755,763-757,696 1587 528 60779.74 6.50 C,717H4330N71204823520
CDPK5 Chr 13: 1 ,528,502 -1 ,530,208 1707 568 66248.07 6.12 C2967H4634N7700390527
CDPKé Chr |1:872,031-877,678 4854 1617 191814.14 5.32 Caas4H13035N228902719549
CDPK7 Chr |1: 909,366-916,324 6798 2265 265136.39 5.73 Ci1479H18210N3238038345¢9
Table 3. Summary of CDPK Proteins Involvement in Malaria Parasite Development.

Protein PubMed ID Function Species Reference

CDPKI1 XP_001349680.1 Ookinete development; release of translational repression of P. falciparum Sebastian et al., 2012

mRNAs; exflagellation
CDPK2 XP_966095.1
by male gametes
CDPK3 XP_001351174.1

CDPK4 XP_001349078.1
to the mosquito

Egress of merozoites

Oocyst development

Parasite development in the RBCs

CDPK5 XP_001350105.1
CDPKé XP_001347910.1
CDPK7 XP_001347913.1

Ookinete development; fertilization of the female gametes
Ookinete motility; mosquito mid-gut invasion

Microgamete egress and invasion; DNA synthesis; transmission

P. berghei
P. falciparum Bansal et al., 2017

Ishino et al., 2006;
Siden-Kiamos et al., 2006
P. falciparum Billker et al., 2004;

P. berghei Ojo et al,, 2014

P. falciparum Dvorin et al., 2010

P. falciparum Wang et al., 2015

P. falciparum Wang et al., 2015

P. berghei

Note: CDPK, calcium-dependent protein kinase; RBCs, red blood cells.

An extended ATP-binding pocket was observed in the crys-
tal structure of CDPK1 showing the presence of the smallest
amino acid, present in a “gate-keeper” position. The smallest
amino acid, glycine, is close to the adenine recognition
site?2. Therefore, inhibitors of CDPKs can achieve analo-
gous selectivity for their targets via interacting with this
hydrophobic pocket at the back of the ATP binding site,
access to which is blocked in most eukaryotic protein
kinases by a big “gate-keeper” residue.

CDPKs in the Development of the
Plasmodium sp

Gametogenesis in the mid-gut of the mosquito is activated
by the ingestion of gametocytes during a blood meal (Fig.
1)°. The emergence of the parasite relies on the secretion of
osmiophilic bodies from the cytosol of the gametocyte and
these may contain enzymatic intercessors of host cell lysis>.
CDPK1 is expressed throughout the parasite’s life cycle,
which suggests it has multiple roles in different stages of the
parasite (Fig. 1)’. In gametogenesis and ookinete formation,
CDPK1 is critical for the transcription of a subset of trans-
lationally restrained mRNAs which encode the major ooki-
nete surface proteins, p28 and p25. Several groups have
shown that a knockdown of P. berghei CDPK1 (PbCDPK1)
expression prevents ookinete development’~****, Addition-
ally, Bansal et al. (2018) showed that CDPK1 knock-out

parasites exhibit slow-asexual proliferation, indicating a crit-
ical defect in both male and female gamete formation. Cor-
respondingly, in female macrogametocytes, the CDPKI
initiates the release of the translational repression of mRNAs
and is treated as a potential target for malaria infection®.
This, together with the important role of CDPK1 in mosquito
infection and parasite invasion, reaffirms the role of CDPK1
in gametocyte motility.

In addition to CDPK1, CDPK2 has been shown to be
critical in male gametocyte development. Bansal et al.
(2017) showed PfCDPK2 as a significant factor in the devel-
opment of the male gametes inside red blood cells (RBCs)'".
Furthermore, PFCDPK2 may function in the fertilization of
the female gametes by male gametes, as well as the devel-
opment of ookinetes''. However, the exact role PfCDPK2
plays in the female gamete fertilization remains to be
identified.

Cytoplasmic Plasmodium CDPK3 is produced in the
ookinete stage of the malaria parasite, and regulates
ookinete motility for the invasion of the mosquito
mid-gut®**2°. Thus, the signaling pathway implicating
intracellular calcium and CDPK3 may activate ookinete
motility for crossing through this phase, promoting the
ookinete invasion in the mid-gut®. The activation of ooki-
nete motility is critical for the survival and proliferation
of the parasite. Therefore, linking CDPK3 to this role is
not farfetched (Table 3).
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CDPK4 has an essential function in male gametogenesis
induced by mosquito xanthurenic acid following intracellu-
lar calcium mobilization®®?’. It is possible that CDPK4 is
involved in different stages of genome replication during the
male gametocytes exflagellation''"**. In microgametocyte
activation, CDPK4 is required to enter S-phase in the rodent
parasite P. berghei, as shown through studies using selective
inhibitors of CDKP4 blocking exflagellation®’*®. Further-
more, CDPK4 activity is required to initiate axoneme moti-
lity and eventually to complete cytokinesis*®. Consequently,
CDPK4 is considered a potential target for producing the
vaccine responsible for blocking transmission””. When the
CDPK4 is blocked, the parasite cannot enter the S-phase,
leading to an abrupt halt of the cell cycle.

The presence of ookinetes in the hemocoel of mosquitoes
can sequester to the mid-gut wall and transform into oocysts
that subsequently lead to formation of sporozoites®. The sur-
vival of the malaria parasite in the mosquito and its trans-
mission to the host relies on the ookinetes that cross the
mid-gut epithelial barrier for onward development of
oocysts. When there are defects in gametogenesis, fertili-
zation, ookinete formation and motility, cell traversal, and
oocyst development, there will be a reduction in the num-
ber of mature oocysts®. A recent report suggested that
Toxoplasma gondii CDPK3, the ortholog of PfCDPKI,
and CDPK6 may be involved in oocyst development".
Deletion of PbCDPK3 leads to a defect in ookinete trans-
mission to the mid-gut of the mosquito, terminating
oocysts production'®?°. Likewise, Plasmodium CDPK4
has been reported to be important for oocyst formation?’->®
(Table 3). That is, the disruption of the Plasmodium
CDPK4 gene causes severe defects in both sexual repro-
duction and mosquito transmission®’.

CDPKs in Infection and Maturation of
Sporozoites

According to Aly et al., the Plasmodium genome possesses a
large number of predicted kinases including a family of
CDPKs®. CDPKs are responsible for the triggering of
calcium-mediated signaling pathways within the sporo-
zoite, and are thought to be essential to induce exocytosis
of molecules required for sporozoite invasion®. In malaria
parasites, intracellular Ca®" signals are translated into
stage-specific cellular responses by CDPKs, which com-
bine its N-terminal KD with a C-terminal, calmodulin-
like regulatory domain in a single polypeptide'?.
Interestingly, this domain architecture is limited to alveo-
lates and plants, which promotes a unique activation
mechanism distinct from that of related mammal
calmodulin-dependent protein kinases*>!. As a result, the
CDPKs are the best target for therapeutic purposes.

The significant role of CDPK4 in malaria transmission is
explained by its multiple functions®®. CDPK4 has been
reported to be important for sporozoite motility®”-*%,
Remarkably, in relation to the apicomplexan parasite

T. gondii, the functional ortholog of CDPK4 (TgCDPKI1)
is essential in the egress and invasion of the parasite into the
host cell?®*2. Furthermore, the transcription level of a newly
described member of the Plasmodium CDPK6 was high in
P. falciparum sporozoites®>°, indicating a potential role in
formation of sporozoites.

In a recent study, PFCDPK7 was found to be an effector of
phosphatidylinositol phosphate (PIP) signaling. Thus,
PfCDPK7 forms a complex with PI(4,5)P, and leads to para-
site development in the erythrocyte®*. The transcription pro-
files get to the pinnacle at ring and late trophozoite stages,
respectively>®. Therefore, these kinases are both pleiotropic
regulators of the cell cycle during gametogenesis, as well as
a wide range of controllers of multiple other biological pro-
cesses”® (Table 3). A recent study by Kumar and colleagues
on PfCDPK?7 knock-out parasites indicated that the ring
development was greatly affected, which was suggested by
stunted parasite morphology. That is, PfCDPK7 disruption
caused a major reduction in the growth of the erythrocyte
stage parasites, as maturation of ring-form trophozoites
(rings) to mature trophozoites was significantly stalled*>.
Also, the number of merozoites in PFCDPK7 knock-out schi-
zont saw lower expression than in the wild-type parasites.
Thus, it is indeed possible that defects in the early life cycle
developmental stages, including inefficient nutrient uptake,
affect parasite division and that PFCDPK7 may be involved
in cell division®. Gene disruption of the PRCDPK?7 ortholog
in T. gondii suggests its essential role for parasite growth via
cell division. Also, TgCDPK7-KO parasites showed defec-
tive parasite division and weakened centrosome duplica-
tion®**>. Since Plasmodium and Toxoplasma divide
through rather different processes of schizogony and endo-
dyogeny, the CDPK7 may regulate the division in these
parasites through different mechanisms™>.

CDPK]1 is potentially significant in asexual blood stages
since it has resisted disruption in P. falciparum and P. ber-
ghei*>>®. Transcription of CDPK1 is similar to that of genes
responsible for invasion of erythrocytes by merozoites via
molecular motors®>. PfCDPK1 is linked to the egress of
merozoites from mature schizonts*®>’, phosphorylation of
motor complex proteins®®, and the invasion of merozoites
into RBCs''***°. However, PbCDPK 1’s function appears to
be redundant during invasion and egress within asexual
stages and sporozoites. P. berghei has six CDPK homologs
and multiple CDPKs are expressed in the same parasitic
stage, so it is likely that their functions overlap’. For exam-
ple, TgCDPK3 as the 7. gondii ortholog of CDPKI is dis-
pensable for tachyzoite invasion and motility, and recent
reports indicate from the destruction of the immune system
that CDPK1 may not be essential in erythrocyte stages of
P. falciparum®-*'. In 2012, Sebastian et al. showed that
when a promoter-swap technique is employed to express
P. berghei CDPK1 (PbCDPK1) at almost undetectable levels
in asexual blood stages, no effect was detected on parasite
development during these stages®. Again, a study that
knocked out the Pbcdpkl gene conclusively demonstrated
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that PbCDPK1 is entirely expendable in blood stages, with
no effect on any stage of asexual parasite development’*',
Overall, this suggests that CDPK1 in P. falciparum may also
be redundant in the erythrocytic stages of its life cycle.

Recent research indicates that PfCDPK2 is one of the
CDPKs whose transcription levels peak at both ring and
trophozoite stages, and that failure to disrupt PFCDPK2 via
knock-out suggests an indispensable role of the kinase in
the asexual stages of the malaria parasite*>. Phosphopep-
tides for CDPK2 have also been identified in mature
schizont-stage parasites, indicating that the protein
becomes phosphorylated in vivo''***. Lauciello et al.
recently identified potential phosphorylated substrates of
pfCDPK2 via sequence alignment with the CDPK artificial
substrate myelin basic protein (MBP) including, but not
limited to, mitochondria phosphate carrier protein (MCP),
histone H2B, and PF3D7_0704100, a conserved membrane
protein. Since there is a 91% probability of mitochondrial
signal peptide in PFCDPK2, there is good reason to believe
that CDPK2 does phosphorylate MCP as calcium signals
for other metabolic events during the ring and trophozoite
stages***>. Quite recent post-translational modification
analysis of the schizont stage has identified PFCDPK2
phosphopeptides, indicating an in vivo phosphorylation
on three sites, namely Ser-18, Thr-227, and Thr-2283343,

In addition, PfCDPKS5 has been demonstrated to play
important roles in the egress of merozoites from schizonts*®
(Fig. 1, Table 3). Here, PfCDPKS lacking parasites stalled
as complete schizonts, despite normal maturation of egress
proteases and ligands for invasion. Also, merozoites
released from arrested schizonts were capable of invading
new erythrocytes, showing separate pathways of egress and
invasion. The arrest of the role of cyclic guanosine
monophosphate-dependent protein kinase and independent
processing of protease was downstream. Thus, PfCDPKS5
plays an essential role during the blood stage of malaria
replication*®.

To migrate from skin to hepatocytes, sporozoites must be
able to evade immune recognition. While migration within
RBCs equips the sporozoites with a unique capacity to avoid
detection by the host’s immune system, thereby avoiding
destruction by phagocytic cells*’, it also facilitates the con-
tact of sporozoites with several other host factors that influ-
ence sporozoite infectivity to hepatocytes. CDPK6 regulates
the sporozoite’s switch from migratory to invasive upon
sensing high levels of hepatocyte-specific sulfate proteogly-
cans (HSPGs) once the RBCs reach the liver*®. Therefore,
inhibiting CDPK6 would likely halt the life cycle progres-
sion of the malaria parasite by preventing progression to
schizonts in the liver, and is a potential therapeutic target.

Essential CDPKs as Potential Drug Targets
against the Malaria Parasite

An urgent need for the development of new therapeutic
drugs with a novel mechanism of action against infection

caused by malaria has promoted massive efforts on devel-
oping new therapeutic treatments. However, a major diffi-
culty for therapeutic drug targeting is achieving selectivity
by blocking multiple essential parasite enzymes to prevent
the rapid emergence of drug resistance, while being non-
toxic to the host*>. To improve upon current treatment and
prevention methodologies with the next generation of anti-
malarial drugs, new research models must be developed
and targeted at various critical stages of the malaria life
cycle. Ideally, these new targets would be found only
within the parasite without any homologs in the host. Since
the CDPKs are present in the parasite only, there is hope for
the design of selective inhibitors against the P. falciparum
parasite associated with calcium signaling pathway-related
factors such as ryanodine receptors, potential IP3 receptors,
sarco/endoplasmic reticulum Ca?-ATPase PfATP6, and
dihydroartemisinin'>*~>!,

The functional and structural properties of various
CDPKs have been studied comprehensively. Based on the
findings, bumped kinase inhibitors (BKIs) have been devel-
oped. This group of inhibitors is composed of bulky C3 aryl
substituents that are able to enter the hydrophobic pocket in
the ATP binding site and act as ATP competitive inhibitors.
Studies have shown that the BKIs inhibit 7. gondii CDPK1
at low nano-molecular levels and interrupt the infection of
cells at early stages'>%. Currently, a library of BKIs has
been created and successfully examined against 7. gondii
and C. parvum'*>*>* Although BKIs selectively inhibit
CDPKI1 from apicomplexans within a respectable struc-
ture—activity relationship**>>, they do not block mamma-
lian kinases because mammalian kinases have larger amino
acid residues adjacent to the hydrophobic pocket, which
block the entry of the bulky C3 aryl group. In Plasmodium
sp., BKIs do not affect intra- and extraerythrocytic stages in
humans. Rather, they inhibit microgametocyte exflagella-
tion, oocyst formation, and sporozoite production, which is
necessary for transmission to mammals and in mosquitoes
in the sexual stages'>?°.

As we previously described, CDPK1 is essential for
microneme secretion, host cell invasion, and egress of
T. gondiilz, properties which constitute a potential target in
T. gondii and related apicomplexans such as Cryptospori-
dium'*>®. Some BKI derivatives, especially BKI-1294, are
efficacious against Neospora caninum CDPKI1 in functional
assays'>*!. Moreover, BKI-1294 was also confirmed with
high efficacy against acute neosporosis and toxoplasmo-
sis’™*>7 in vivo, and offers prominent protection against ver-
tical transmission of N. caninum in the pregnant mouse
model'*>%. Furthermore, in a C. parvum bovine model,
BKI-1294 targeting CDPK1 reduces the oocyst shedding
with no prominent side effects®. Apart from BK-1294, two
other more effective BKIs, BKI-1517 and BKI-1553, have
been shown to significantly reduce infection®”.

Although the BKIs show excellent potency in vitro and in
vivo as anti-malarial drugs, they also exhibited significant
inhibition on human Ether-Related Gene (hERG) with
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Table 4. Potential Drugs Targeting CDPKs.

Drug name Company CDPK targets Parasite stage targets References

Purfalcamine Sigma-Aldrich CDPKI Merozoite Miller et al., 2013

Azabenzimididazoles Sigma-Aldrich CDPKI Schizogony Lemercier et al., 2009; Ansell et al., 2014
Imidazopyridazines Merck CDPKI CDPK4 Schizogony Trophozoite Lemercier et al., 2009; Ansell et al., 2014
Pyrazolopyrimidines Sigma-Aldrich CDPKI CDPK4 Gametocyte Ansell et al., 2014; Chapman et al,, 2013

potential cardiotoxicity®”®'. This side effect promoted fur-
ther extensive research and finally led to the discovery of the
current TgCDPK1 inhibitor that combines high activity and
distinct selectivity with promising pharmacokinetic proper-
ties along with low hERG activity®'®%. Furthermore, the use
of iterative design led to a change in direction away from
hERG inhibitory activity and higher toxicity levels to
humans to produce BKI-1517 and BKI-1553%°. According
to Schaefer et al., further studies will be needed to examine
whether BKI-1517 and BKI-1553 will be efficacious at a
dosage acceptable for humans®.

Often, kinases are targeted in therapies to inhibit signal-
ing pathways; however, a kinase-based drug for malaria has
not yet been discovered. Some attempts for targeting the
P. falciparum kinases by utilizing cyclin-dependent kinases,
glycogen synthase kinase 3 (GSK3), protein kinase 5 (PK5),
along with CDPKs are currently being explored with their
structurally diverse inhibitors in search of a potent anti-
malarial drug'>®*~”. There is potential in prioritizing
multiple essential targets within parasite kinases, including
CDPKs, which possess a malaria-only domain architecture
that is not found in mammals.

In a recent study by Miller et al., the ability of PFCDPK1
to catalyze the transfer of the y-phosphate group from
(v-33P) ATP to the biotinylated substrate peptide in the
presence of potential PFCDPK1 inhibitors was identified®®.
The capabilities of about 50 compounds to inhibit the kinase
activity, were identified*®®®, including a compound named
purfalcamine, reported to bind to PFCDPK1 and blocks the
development of late schizonts®®. In another study, 70
PfCDPK1 inhibiting compounds with sub-micromolar activ-
ities were identified®®®°. Pyrazolopyrimidines, azabenzimi-
didazoles, and imidazopyridazines are other inhibitors of
PfCDPK 1 recently identified®®”" (Table 4).

In another recent study, using a functional model of
Eimeria tenella, researchers performed a screen against
EtCDPK4 and identified seven specific inhibitors. These
include W-7, H-7, H-89, staurosporine, Ro-31-8220, myris-
toylated peptide, and D-sphingosine. The assessment of the
seven specific inhibitors was based on the effect of Ca*"
concentrations on EtCDPK4 kinase activity. Out of the seven
inhibitors, only D-sphingosine had no effect on EtCDPK4
kinase activity'.

Current efforts to inhibit CDPK1function could be
enhanced by CDPKS as an extra target since it was recently
confirmed to be involved in P. falciparum schizont rup-
ture®>®, Also, due to its early requirement for transmission,

CDPKA4 is treated as an important secondary target for a pan-
CDPK inhibitor, as the other CDPK family members are
either not essential in at least one Plasmodium species or
absent from most malaria species infecting humans. Since
the gate-keeper residues within CDPK1 and CDPK4 are
perfectly conserved between P. falciparum and P. berghei,
the ATP-binding pocket of CDPK1 and CDPK4 may be the
best targets for the design of selective inhibitors for multiple
apicomplexan species’.

Another compound, artemisinin, together with its
semi-synthetic derivatives including dihydroartemisinin,
artesunate, and artemether, has been used in the clinic for
anti-malarial therapy for many years’®. As a sesquiterpene
lactone anti-malarial drug containing an infrequent peroxide
bridge, which is considered as responsible targeting site for
the drug acting mechanism, calcium homeostasis is very
important along with CDPKs**>"72"7*_ Pharmacological
evidence demonstrated that the attendance of IP3 and
ryanodine receptor channels signaling as calcium-induced
calcium release are responsible for this calcium homeostasis,
because these derivatives with infrequent peroxide bridge
have several P-type Ca®>" ATPases involved in the ER-
type reuptake mechanism at the proposed target sites’®.
Recently, research into extracellular Ca*" linking to the tri-
chocysts associated with fastest dense core-secretory vesicle
exocytosis has elucidated that calcium homeostasis is critical
in many physiological and pathological processes including
protein secretion, motility, cell invasion, and differentia-
tion’"”>. With the involvement of putative mitochondrial
Ca(2+)/H(+) exchanger, IP3/cADPR-mediated endoreticu-
lar calcium release via RyRs, and parasites-only CDPKs, our
suggestion of a combination of different compounds from
diverse calcium signaling pathways, such as a cocktail of
BKI plus artemisinin, is worthy of more intensive studies.

A number of studies indicated an effective treatment of
uncomplicated P. falciparum malaria by dihydroartemisi-
nin—piperaquine and a combination of artemisinin semi-
synthetic derivatives’®’®. Further findings have suggested
that using dihydroartemisinin—piperaquine for intermittent
preventive treatment of malaria is associated with a 68%
reduction in the risk of infection at delivery, an 84% reduc-
tion in the incidence of clinical malaria during pregnancy,
and a 22% reduced risk of anemia at delivery compared with
the current intermittent preventive treatment of sulfadoxine—
pyrimethamine strategy’’. A report has suggested a near
complete prevention of malaria transmission in all patients
given 0.125 mg/kg or higher dosage of primaquine when
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given in combination with dihydroartemisinin—pipera-
quine’®. However, recent studies have reported a 15-60%
rate of late clinical failures after the treatment of malaria
with dihydroartemisinin—piperaquine in Cambodia’®. As
discussed above, BKIs as inhibitors of CDPKs have been
developed with efficient properties'****3%¢° and artemi-
sinin with its semi-synthetic derivatives functions with an
infrequent peroxide bridge®®. Recently, Ca(2+)-ATPase
PfATP6 was observed as strong potential drug target’>">.
However, the declining effectiveness of artemisinin-based
combination therapies (ACTs), especially of dihydroartemi-
sinin—piperaquine, may destroy the gains made during the
last decade in controlling malaria’. It is essential to develop
broader combinations not only within the artemisinin deri-
vatives, but also with other calcium-associated signaling
pathways to design enhanced combination treatments. The
development of new treatments often leads to a reduction in
resistance, but drug discovery is a daunting task that takes
years of effort and huge investment®'. A marked decrease in
deaths caused by malaria worldwide is linked to the use of
effective ACTs against P. falciparum and recently P. vivax.
However, resistance to these artemisinins is now causing the
failure of P. falciparum ACTs in Africa and Southeast
Asia®** The primary gene in P. falciparum ACT resistance
is multidrug resistance 1 (Pfindrl). Unveiling the basis of its
role is essential for the design of improved anti-malarial
therapeutics®. However, it is reported that parasites that
were cleared slowly after artemisinin treatment have muta-
tions of malarial kelchl3 (K13) gene in the propeller
domain®', which leads to a prolonged ring stage with an
increased stress response®*®.

Conclusion

Since CDPKs have essential functions in apicomplexan
parasites and are absent in mammalian hosts, the mechanism
involved in CDPKs would provide promising targets for
research on drugs against related apicomplexan parasites
such as those that cause toxoplasmosis and malaria. There-
fore, the CDPK family has received massive attention as a
source of potential drug targets. Although multiple studies
have identified CDPKs’ critical role in regulating several
biological processes in apicomplexan parasites, the mole-
cular mechanism remains unclear in these protozoan para-
sites. The critical roles of CDPKs in transduction pathways
under physiological calcium levels associated with game-
togenesis, zygote, ookinete formation, oocyst formation,
and parasite development in host erythrocytes will be key
components to developing effective anti-malarial drugs.
The crucial functions of the CDPKs on the regulation of
invasive motility in Plasmodium indicate the CDPKs as a
potential therapeutic target for preventing parasite motility
and blocking malarial infection.

Because CDPKI1 has an enlarged ATP-binding pocket
due to the presence of glycine at the “gate-keeper” position
near to the adenine recognition site, some selective inhibitors

against their kinase activity, such as BKI-1294, have been
generated. Furthermore, CDPKS5 has been confirmed to
function in P. falciparum schizont rupture, whereas CDPK4
has the perfect and early requirement for transmission.
Therefore, the current efforts to inhibit CDPKI1 function
enhanced by both CDPK4 and CDPKS as extra targets have
produced strong and potential anti-malarial drugs including
W-7, H-7, H-89, staurosporine, Ro-31-8220, myristoylated
peptide, and D-sphingosine. Furthermore, some suggested
combinations of BKIs, artemisinin derivatives with peroxide
bridge, and inhibitors of the Ca(2+)-ATPase PfATP6 as
potential targets should be further examined as therapeutic
treatments against malaria.
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