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1. Introduction

   Malaria is a life-threatening parasitic disease native to the 
tropical and sub-tropical countries of South-East Asia, the African 
subcontinent and South America. It is one of the oldest diseases 
known and recorded by humans and the references to malaria 
outbreaks have been dated back to the ancient texts of Indian, 
Chinese, Greek and Mesopotamian civilizations[1]. Despite being 
an ancient disease, it exists even today and spreads rapidly in 
the under-developed and developing nations of the world[2]. The 
disease infects more than 207 million people globally and kills 
approximately 6 00 000 individuals a year[3]. Among the 2.5 million 
reported infections in South-East Asia each year, 41% of deaths are 
reported from India[4,5]. The causative agents are the Apicomplexa 
parasites of Plasmodium species, with Plasmodium falciparum (P. 
falciparum) being responsible for the highest recorded morbidity 

and mortality[6-8]. The disease is prevalent in only tropical and 
sub-tropical countries of the world. This is due to the fact that 
the malaria parasite requires two different hosts (the human and 
the mosquito) and tropical climate coupled with unhygienic 
environment of the poor nations favoring mosquito breeding. 
The foremost concern in malaria chemotherapy and treatment is 
the ever increasing incidences of drug resistance in the malaria 
parasite[9]. The general idea is that drug resistance results due to 
a series of spontaneous mutations that confer the parasite with a 
reduced sensitivity to that particular drug. Also drug resistance 
appears to develop faster in regions where a large population 
of parasites are exposed to a specific drug pressure. Natural 
selection takes care that sensitive parasites are destroyed, while 
resistant ones would survive and spread[10]. The current scenario 
is most alarming in several regions of Thailand, Cambodia and 
Myanmar, where multidrug resistant malaria outbreaks have 
compelled the medical authority to shift to the last line drug 
(artemisinin derivatives)[9]. Advances in science and technology 
has enabled scientists to probe deep into the malaria parasite for 
the discovery of novel drug targets. In the face of ever increasing 
instances of drug resistance, the need for new antimalarial 
molecules to combat malaria in the endemic regions is the 
pressing need of the hour.
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2. Drug resistance shortening the life-span of antimalarials

   Drug resistance in malaria has grown to be a surmounting 
challenge in the control and eradication of the disease. A reported 
resistance to a certain antimalarial compound in a malaria endemic 
region implies that the drug shall no longer be useful for malaria 
chemotherapy in that area with a fair possibility of spreading of 
the resistant parasite to other adjoining locations. Currently, there 
are scientific reports describing resistance to most of the popular 
antimalarials except the latest artemisinin derivatives which are 
considered as the last line of defence against the parasite (Table 
1). The distribution of drug resistant parasite and resistant malaria 
infections was reported across the globe. South America and the 
African subcontinent were the most deadly endemic areas with 
resistance reported to more than just chloroquine, sulphadoxine-
pyrimethamine combinations and mefloquine (Table 1). Quinine 
was the most primitive antimalarial drug used by man. It was 
initially extracted from the bark of the cinchona tree[11]. Resistance 
to quinine was first reported in the 1910 and resulted in synthetic 
derivatives of quinine such as chloroquine and mefloquine 
dominating the antimalarial drug market[12]. Table 2 shows the 
popular antimalarial medications and their year of introduction for 
malaria chemotherapy, year of publication of first reported resistance 
and the underlying target whose mutation confers resistance to the 
drug. Chloroquine resistance against P. falciparum was first reported 
in Thai-Cambodian border of Southeast Asia and Colombia of South 
America in late 1957 (Table 2). Ever since chloroquine resistance 
has become a serious concern and has spread to other endemic parts 
of the world. Soon, chloroquine resistance spreads to most of African 
subcontinent by 1978 and Asia and Oceania by 1989[21]. In India, 
the first instance of chloroquine resistance was reported in 1973 in 
Assam (Karbi-Anglong and Nowgong District)[22].
   The rising chloroquine resistance had shifted the first line of 
drug choice to sulphadoxine-pyrimethamine combination. Sooner 
resistance to sulphadoxine-pyrimethamine was also reported along 
the Thai-Cambodian border in 1960s. Resistance to another popular 
drug, mefloquine was first reported near the borders of Thailand-
Cambodia in late 1980s[23]. Table 2 depicts the present status of 

popular antimalarial drugs, the year of their discovery and the year 
in which the first report of resistance was published for the drug.
   P. falciparum is an extremely complex organism and can easily 
adapt to changes in microenvironments, different hosts, metabolic 
changes and drug pressure. Molecular causes of resistance to 
different antimalarials have been probed by scientific community. 
For example, chloroquine resistance of P. falciparum is attributed to 
the enhanced capacity of the resistant parasite to expel chloroquine 
out of the cell (through transporter proteins) at a rate that does not 
allow chloroquine to accumulate in levels required for the inhibition 
of heme polymerization[24].
   Recent studies have identified genes pfmdr-1 and 2 and pfcrt, that 
play crucial role in the resistance to quinolone based drugs such 
as chloroquine and quinine[25,26]. Similarly, folate inhibitors like 
sulphadoxine-pyrimethamine inhibit the Plasmodium dihydrofolate 
reductase (DHFR). Mutations in DHFR confers sulphadoxine-
pyrimethamine resistance to P. falciparum[27]. Similarly, the 
molecular target of sulphonamide is the dihydropteroate synthase of 
the parasite. Mutations in dihydropteroate synthase result in resistant 
strains which are 400–800 fold less sensitive to the drug[28]. Drug 
resistance has raised the fear, morbidity and mortality associated 
with malaria and has rendered treatment very difficult. Newer 
approaches to tackle drug resistance (such as the use of combination 
therapies) have already been resorted[29,30]. The alternative strategy 
is to discover novel antimalarial molecules targeting the well-
established drug targets in P. falciparum using a thorough literature 
mining. Throughout several decades, scientists have identified a 
plethora of drug targets in the malaria parasite and many of which 
have been shown to be essential for parasite survival. 

3. Potential drug targets in P. falciparum

   The sequencing of the P. falciparum genome in 2002 is a milestone 
development in malaria research[31]. Since then, the identification 
of key parasite genes and metabolic pathways has been a research 
priority. High throughput transcriptomics and proteomic profiling 
of different stages of the malaria parasite have helped in identifying 
proteins playing key roles in specific life cycle stages[32,33]. High 

Table 1 
Distribution of drug resistance across the globe.

Regions Resistance reported
Chloroquine Sulphadoxine- 

pyrimethamine
Mefloquine

Central America (Mexico, Belize, Guatemala, Honduras, El Salvador, Nicaragua, Costa Rica, NW Panama) No No No
Caribbean (Haiti and Dominican Republic) No No No
South America (Southeast Panama, Columbia, Peru, Brazil, Venezuela, Ecuador, Bolivia) Yes Yes Yes
Western Africa Yes Yes Yes
Southern Africa Yes Yes No
Eastern Africa Yes Yes No
Indian subcontinent Yes No No
South-East Asia and Oceania Yes Yes Yes
East Asia (China) Yes Yes Yes

Table 2 
Present scenario of popular antimalarial medications and resistance against them.

Antimalarial medications Target pathway/process in 
parasite

Year of 
introduction

Year of first 
reported resistance

Proteins associated with 
resistance

Function References

Quinine Heme polymerization 1632 1910 Pfmdr1, PfCRT, Pfnhe1 Transporters [13,14]
Chloroquine Heme polymerization 1945 1957 PfCRT Transporter [15,16]
Sulfadoxine-pyrimethamine Folate metabolism 1967 1969 PfDHPS, PfDHFR Folic acid biosynthesis [12,17]
Mefloquine Hemoglobin digestion 1977 1982 Pfmdr1 Transporter [18,19]
Artemisinin Antioxidant system, 

membrane transport
1994 2010 Pfmdr1, SERCA Transporter [20]

Pfmdr1: P. falciparum multi-drug resistance transporter 1; PfCRT: P. falciparum chloroquine resistance transporter; Pfnhe1: P. falciparum sodium/hydrogen 
exchanger; PfDHPS: P. falciparum dihydropteroate synthetase; PfDHFR: P. falciparum dihydrofolate reductase; SERCA: sarco/endoplasmic reticulum 
Ca2+-ATPase.
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throughput proteomics has revealed 43% of the identified genes 
being expressed in the sporozoite stage, 35% being expressed 
during merozoite stage, 42% being expressed in trophozoite and 
schizont stage and 47% of the identified genes being expressed in 
gametocyte stage[34]. The quest to identify novel drug targets in 
the malaria parasite has driven generations of biologists to probe 
different classes of Plasmodium enzymes. Due to the exhaustive 
nature of this review, we shall limit our discussion to P. falciparum 
targets belonging to the following three classes of enzymes: (i) 
oxido-reductases, (ii) hydrolases and (iii) protein kinases.

3.1. Crucial oxidoreductases of P. falciparum as the drug 
targets 

   Oxidoreductases are enzymes which catalyze the transfer 
of electrons from the donor molecule (also called reductant) 
to an acceptor molecule (also known as the oxidant) through 
the involvement of cofactors such as NADP or NAD+. These 
enzymes are essential since they control the redox biochemistry 
of the cell. In P. falciparum, several oxidoreductases have been 
thoroughly characterized and has been summarized (Table 3). The 
list of characterized drug targets in the human malaria parasite 
P. falciparum belong to the oxidoreductase group of enzyme 
nomenclature. Data have been collected through exhaustive 
literature mining. The dihydroorotate oxidase (DHODH) of the 
parasite appears to be the most critically studied oxidoreductases 
for drug development[54]. It is a flavin-dependent mitochondrial 
enzyme, participating in the de novo pyrimidine biosynthesis of 
the malaria parasite and is an attractive drug target due to the 
absence of pyrimidine salvage in malaria parasites. The enzyme 
has been shown to be essential in parasite growth as RNA interfere 
induced inhibition of DHODH results in growth inhibition[35]. 
Several inhibitors to P. falciparum dihydroorotate dehydrogenase 
has been reported such as coenzyme Q analogs, orotate analogs 

and a series of brequinar analogs have been reported to inhibit this 
crucial parasite enzyme[36-38]. 
Table 3 
Drug targets in the malaria parasite belonging to oxidoreductase group of 
enzyme classification.

Drug target in Plasmodium species References
DHODH [35-39]
Succinate dehydrogenase [40]
Dihydrofolate reductase [10,41,42]
NADH dehydrogenase [43]
Glutathione reductase [44,45]
Thioredoxin reductase [46,47]
Cytochrome c reductase [48]

Ribonucleoside-diphosphate reductase [49-51]
HMBPP reductase [52,53]

   Succinate dehydrogenase is another essential enzyme which 
participates in the Krebs cycle. The enzyme from P. falciparum 
has been thoroughly characterized and it has been shown to 
be inhibited by coenzyme Q analog, 5-hydroxy-2-methyl-1,4-
naphthoquinone, with an IC50 as low as 5 µmol/L[40]. DHFR is an 
enzyme which reduces dihydrofolic acid to tetrahydrofolic acid, 
through the involvement of electron donor nicotinamide adenine 
dinucleotide phosphate. Cycloguanil and proguanil has been 
shown to inhibit P. falciparum DHFR in vitro[42]. Interestingly, 
the anticancer drug methotrexate also inhibits P. falciparum 
dihydrofolate reductase and the drug has been shown to inhibit 
parasite growth in vitro[41]. Similarly, 6-[2’-(3’-methyl)-1’,4’-
naphthoquinolyl] hexanoic acid, a 5-substituted tetrazoles is 
shown to inhibit P. falciparum glutathione reductase, an essential 
antioxidant enzyme of the cell[44]. 

3.2. Crucial hydrolases of P. falciparum as drug targets

   Hydrolases are crucial enzymes of the cell which aids in the 
breakdown of macromolecules such as proteins into smaller 
fragments or monomers. Several hydrolases of the malaria 
parasite have been cloned, characterized and probed for inhibitor 
development (Table 4). The list of characterized drug targets in 
the human malaria parasite P. falciparum belong to the hydrolase 
group of enzyme nomenclature. Data have been collected through 
exhaustive literature mining. Protein arginine and lysine methylations 
are important post-translational modifications within cells which 
control several aspects of cell biology such as division, apoptosis 
and transcriptional regulation[63-65]. During methylation event, 
methyl group from cofactor S-adenosylmethionine is transferred 
to target arginine or lysine residues of proteins. The byproduct 
of methylation reactions, S-adenosylhomocysteine (AdoHcy) is 
recycled by the cellfor reuse. AdoHcy is hydrolyzed to adenosine 
and L-homocysteine (Hcy) by a crucial enzyme called S-adenosyl-
l-homocysteine hydrolase[66]. The crystal structure of AdoHcy 
hydrolase from P. falciparum has been elucidated and is invaluable 
for inhibitor development against the malaria parasite[55]. Synthetic 
compounds such as (6’R)-6’-C-methylneplanocin A has been shown 
to inhibit Plasmodium AdoHcy hydrolase[56]. Aminopeptidases 
are crucial enzymes which breaks down polypeptides to amino 
acids in cells. Plasmodium aminopeptidases have been extensively 
studied and targeted for antimalarial development. Compounds such 
as bestatin and nitrobestatin have been shown to inhibit leucine 
aminopeptidase in P. falciparum and Plasmodium berghei (P. 
berghei)[59]. The asexual intra-erythrocytic stages of parasite growth 
largely depend on the parasite’s ability to breakdown of host cell 
hemoglobin for its nutrition. The proteolytic cleavage of hemoglobin 
into short oligopeptide fragments occur in an acidic organelle known 
as the food vacuole[67]. P. falciparum dipeptidyl aminopeptidase I 
is such an enzyme which participates in hemoglobin digestion[60]. 
Aminopeptidases and proteases of the malaria parasite have been 
a popular class of drug targets due to the fact that hemoglobin 
digestion and host cell egress are two essential protease-dependent 
processes key to malaria pathogenesis[68,69]. Plasmepsins are aspartic 
acid proteases which extensively participate in host hemoglobin 
degradation in the food vacuole and are the popular choice of drug 
target for inhibitor development[70]. In P. falciparum RNA interfere, 
mediated blocking of falcipains has demonstrated morphological 
anomalies, growth inhibition and hemoglobin accumulation within 
the parasite, demonstrating the essentiality of falcipains in malaria 
life-cycle[71]. Plasmepsins in P. falciparum have been extensively 
targeted for antimalarial development[61,62].
Table 4 
Drug targets in the malaria parasite belonging to hydrolase group of 
enzyme classification.

Drug target in Plasmodium species References
S-adenosyl-l-homocysteine hydrolase [55,56,57,58]
Leucine aminopeptidase [59]
Dipeptidyl aminopeptidase 1 [60]
Plasmepsins (aspartic acid proteases) [61,62]

3.3. Crucial protein kinases of P. falciparum as drug targets

   Protein kinases are defined as enzymes that chemically modify 
other proteins by adding a phosphate moiety to them, thus 
modifying the function of the target protein. The phosphorylation 
of target proteins usually results in a change in its function, 
cellular localization of rate of enzyme activity. The importance 
of protein kinases in driving the cellular signaling system can be 
well understood from the fact that the human genome contains 
518 protein kinases, which make up an approximate 2% of the 
genome[72].
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   Similarly, the genome sequence of P. falciparum has revealed 
the presence of 65 eukaryotic protein kinases which approximately 
amounts to 1.6% of the transcriptionally active genes[73,74]. Up to 
30% of the Plasmodium proteins exist in their phosphorylated state 
during any instance along the asexual blood stages of the parasite. 
Protein kinases have always been considered as an important 
group of drug-targets for many reasons[75]. The primary reason is 
that the chemical kinetics of a phosphorylation reaction and the 
overall structural features of most polyketide synthase are basically 
conserved which means that an array of small molecules can bind 
to their catalytic site, displacing the natural substrate ATP[76]. 
Secondly, the reversible protein phosphorylation mechanism is a 
recurring theme in the regulation of cellular homeostasis, growth, 
proliferation and differentiation in all forms of life ranging from 
archaea to human[77]. Several kinase inhibitors have been developed 
against a myriad of diseases against diabetes, neuropathic diseases, 
cancer, inflammation and autoimmune disorders[78]. Apart from the 
clinically approved drugs, a plethora of kinase inhibitors are currently 
in the late phases of clinical trials or a variety of disease models[79]. 
Significant differences in the structure and signaling mechanisms of 
the human and Plasmodium protein kinases suggest that selective 
inhibition of the parasite protein kinases are possible[80]. Many 
recombinant protein kinases from the Plasmodium genome have 
been characterized in terms of their kinase activity and inhibition 
(Table 5). The list of characterized drug targets in the human 
malaria parasite P. falciparum belong to the kinase group of enzyme 
nomenclature. Data have been collected through exhaustive literature 
mining.
Table 5 
Drug targets in the malaria parasite belonging to kinase group of enzymes.

Drug target in Plasmodium species References
CDPK7 [81,82]
CDPK6 [83-86]
CDPK4 [87,88]
PfPK5 [80]
Pfmap1 and Pfmap2 [89]
Phosphatidylinositol 4-phosphate 5-kinase [90]
Tyrosine kinase-like kinase 3 [91]
PfPK9 [92]
PfPK7 [93]
Phophoenol-pyruvate carboxykinase [94]
Choline kinase [95]
Guanylate kinase [96]

CDPK: Cyclin dependent protein kinase; PfPK: P. falciparum protein kinase;  
Pfmap: P. falciparum mitogen activated protein kinases.

   Many cyclin dependent kinases (CDKs) have been characterized in 
P. falciparum[74,97]. The kinase activities of two CDKs, P. falciparum 
protein kinase 5 (PfPK5) and P. falciparum mitogen activated protein 
kinase related kinase, have been shown to be regulated by the cyclin 
binding events. The activities of CDKs from the malaria parasite have 
been shown to be highly regulated with a high degree of conservation 
in the catalytic residues. Interestingly, Plasmodium CDKs have been 
shown to exhibit auto-phosphorylation activity in vitro[97]. The 
structure of the P. falciparum cyclin dependent protein kinase 4 from 
P. falciparum has been solved and this structure has been exploited 
for the development of several anti-parasitic compounds (such as 
pyrazolopyrimidine and imidazopyrazine derivatives) which prevent 
the transmission of the parasite from human to mosquito[87,88,98].
   Interestingly, Plasmodium CDKs have also been shown to 
be inhibited by mammalian cyclin dependent kinase inhibitors 
in vitro, implying a conservation of key structural aspects and 
functional residues in both the mammalian and Plasmodium 
CDKs[99]. The crystal structure of another parasite CDK PfPK5 
coupled with its substrate and inhibitor binding studies have 
revealed the central role of P. falciparum CDKs in the regulation 

of cellular proliferation[80]. The discovery of several CDPK 
inhibitors have come in handy in unraveling the cellular functions 
of CDPKs in the malaria parasite[100]. Knockout of CDPK genes 
in the murine malaria parasite P. berghei has revealed that CDPKs 
are indispensable for several processes such as parasite ookinete 
motility, formation of microgametes and the invasion of hepatocytes 
by the sporozoites[83,101-103]. Ca ions have been shown to regulate 
the activity of CDPKs by acting as a second messenger and the sub-
cellular localization of some of the Plasmodium CDPKs have been 
shown to be governed by the protein’s N-terminal acylation[104]. 
N-terminal acylation along with the stage-specific expression 
profiles of target genes, contributes to the CDPK signaling specificity 
in response secondary messenger. A recent study has demonstrated 
P. falciparum CDPK1 to be essential for the parasite to complete the 
erythrocytic cycle[105]. This study also reports that the treatment of 
asexual stage parasites with CDPK1 inhibitor prevents merozoite 
egression. 
   Mitogen activated protein kinases (MAPKs) are important sub-
groups of protein kinases which are known to regulate cell cycle 
proliferation and cellular differentiation in eukaryotes in response 
to a wide variety of internal or external stimuli[106]. P. falciparum 
contains 2 atypical MAPKs Pfmap1 and Pfmap2. Studies have 
shown that Pfmap1 and Pfmap2 act in a supplementary fashion 
i.e., inactivation of Pfmap1 does not hinder detectable parasite 
growth in vitro but the over-expression of Pfmap2 in the Pfmap 
1−mutant parasites clearly indicates that Pfmap 1 serves as an 
important function in the parasites and this function must be taken 
over or supplemented by the other MAPK (Pfmap2) in the absence 
of Pfmap1[107]. The function of Pfmap2 appears to be essential 
for the parasite to complete the erythrocytic asexual cycle[107]. 
The regulatory mechanisms of P. falciparum MAPKs remain to be 
elucidated although some studies suggest that Plasmodium never in 
mitosis gene A kinase might act as a regulator of Pfmap2[108,109]. 
Another protein kinase known as glycogen synthase kinase 3 (GSK3) 
has been well characterized in P. falciparum. P. falciparum GSK3 has 
been found to localize within a specific multifunctional organelle 
common to apicomplexan parasites, the Maurer’s clefts[110]. P. 
falciparum GSK3 is believed to be a secretory kinase which is 
exported to the host erythrocyte[111].
   The AGC sub-group of protein kinases (named after the 
protein kinase A, G, and C families, i.e, protein kinase A, protein 
kinase C and protein kinase G) are serine/threonine kinases of 
cytoplasmic origin whose activities are regulated by different 
secondary messengers such as cyclic AMP (cAMP) or lipids. Three 
kinases of the AGC sub-group have been well characterized in 
P. falciparum. PfPK A is the only cAMP dependent kinase in the 
parasite. Inhibition of PfPK A blocks parasite growth in vitro[112]. 
Although the mechanism of the effect of PfPK A inhibition on 
parasite growth is not clear, one hypothesis proposes that PfPK A 
acts as a cAMP dependent modulator of anion channel conductance 
of the host erythrocyte[113]. Experiments on P. falciparum blood 
stages indicate that cAMP dependent PfPK A signaling regulates 
the level of cytosolic calcium thereby keeping a tight control over 
the parasite cell division in vitro[114]. cAMP and Ca-dependent 
signaling have been shown to regulate the exocytosis of microneme 
from parasite cytosol in P. berghei and hence is an essential step in 
the invasion of hepatocytes[115]. PfPK G of parasite is found to be 
selectively inhibited over its human counterpart by trisubstituted 
pyrrole based compounds[116]. It has also been demonstrated in 
related apicomplexan parasite, Toxoplasma gondii, that a single 
amino acid substitution in the ATP-binding site, makes the protein 
kinase G resistant to inhibition by the above compounds[117]. Further 
studies have revealed the role of Toxoplasma gondii protein kinase 
G in gliding motility, secretion of micronemes, attachment to host 
erythrocyte and invasion[118]. The above trisubstituted pyrrole based on 
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compounds failed to block the rounding up of gametocytes in vitro in 
malaria parasites expressing a resistant version of the PKG gene. This 
demonstrates a key role of protein kinase G in gametocyte activation in 
apicomplexan parasites[119]. PfPK B is the third characterized kinase in 
this group. Regulation of mammalian protein kinase B is governed by 
phosphoinositides which interact with the PH domain of protein kinase 
B[120]. Protein kinase B from Plasmodium however lacks a PH domain. 
It is activated when calcium-bound calmodulin binds to the calmodulin-
binding domain at the N-terminal region of the kinase[121,122]. 
This type of novel calmodulin based signaling pathway, involving 
activation of protein kinase B was recently discovered in P. falciparum. 
Experimental evidences that PfPK B phosphorylates a glideosome-
associated protein which raises an expectation that in the near future, 
the functions of many more Plasmodium kinases would be unraveled. 
   There are several protein kinases that do not resemble structurally to 
any of the established eukaryotic protein kinase groups, and hence are 
classified under orphan kinases. PfPK7 is one such orphan kinase in 
the malaria parasite that has been extensively studied. The C-terminal 
lobe of PfPK7 shows the highest homology to mitogen-ativated protein 
kinase kinases, while its N-terminal domain is homologous to fungal 
protein kinase A[93]. Malaria parasites in which PfPK7 is deleted shows 
slower growth rate, produces lesser number of daughter merozoites, as 
well as demonstrates impairment in oocyst formation, suggesting this 
kinase as an important drug target[123]. Another well studied orphan 
kinase from Plasmodium is the PfPK9 which demonstrates the ability to 
auto-phosphorylate itself as well as phosphorylate exogenous substrates 
in vitro[92]. Auto-phosphorylation specifically occurs on three residues. 
When any of the critical residues are mutated, enzyme activity is 
abolished, which suggests a potentially complex mechanism of 
regulation of this kinase in vivo. Recombinant PfPK9 displays selective 
phosphorylation of an E2 ubiquitin-conjugating enzyme from parasite 
extract, thereby down-regulating its ubiquitin-conjugating activity. 
These findings suggest the pivotal role played by PfPK9 in proteasome 
regulation of Plasmodium[92].

4. The prospects and challenges in target based antimalarial 
discovery

   Malaria is rightly classified as a neglected tropical disease[124,125]. 
The term (neglected) arises due to the non-involvement of 
pharmaceutical companies in antimalarial drug research and 
development[126,127]. This is exemplified by the fact that out of the 
1 393 drugs approved by the Food and Drug Administration for clinical 
use between 1975–2000, only four drugs (0.3%) were discovered 
and approved for malaria chemotherapy[126]. The primary reason 
for this negligence is the poverty of the infected populations and the 
meager economy of the countries in the endemic regions[128]. To 
quote Mr. Bill Gates (http://www.gatesfoundation.org/Media-Center/
Speeches/2011/10/Bill-Gates-Malaria-Forum), the malaria parasite has 
been killing children and sapping the strength of whole populations for 
tens of thousands of years. It is impossible to calculate that the harm 
malaria has done to the world. The solution to malaria can only come 
when focused research from academia and public sector is merged with 
the infrastructure of the pharma industries through active partnerships 
and collaborations[129,130]. This perceived negligence for tropical anti-
parasitic drug discovery has gradually moved towards betterment 
since 2000, with more than 20 new antimalarial agents discovered 
and approved for clinical use. This success is primarily attributed to 
the progress in partnerships between the public research organizations 
and top notch pharmaceutical companies[131]. With the grant of new 
funds for anti-parasitic drug development particularly by organizations 
and non-governmental organizations like the Bill and Melinda Gates 
Foundation, The Wellcome Trust, the Irish Aid, Medicines for Malaria 
Venture and the Drugs for Neglected Diseases initiative, more focused 
research has been in-progress towards the development of novel 

antimalarial drugs. 
   Despite the success, there are several challenges in the path towards 
development of novel drugs for malaria. The drug discovery process 
in general is an arduous challenge with high risk and attrition rates. 
For antimalarial discovery, the challenges seem to be even more due 
to the following reasons. Firstly, pharmaceutical industries are more 
keen towards spending on the research and development for chronic 
and life-style related diseases such as cancer, heart-care and diabetes 
rather than neglected diseases such as malaria for reasons pertaining to 
profit[128]. Secondly, many of the candidate antimalarials in human trial 
in the endemic regions require follow-up health checkups to determine 
any long term side-effect of the drugs. This is not always possible 
in the under-developed nations due to a serious lack in health-care 
infrastructure. Thirdly, antimalarials are primarily developed keeping in 
mind the endemic populations who dwell in high transmission zones. 
Many of these endemic regions are teeming with malaria patients, 
with limited medical resources. Oral drug formulations are thus the 
ideal. However, obtaining drugs with high efficacy as well as good 
bioavailability is a challenge. Lastly, drug resistance in the endemic 
regions shorten the life-span of antimalarials. Such widespread 
resistance is alarming since the available repertoire of antimalarials 
is limited. To keep this ever-evolving, life-threatening parasite at bay, 
novel drugs need to be discovered targeting well characterized, crucial 
enzymes of P. falciparum of next generation antimalarial drugs.
  
Conflict of interest statement

   I declare that I have no conflict of interest.

Acknowledgments

   The author acknowledges Dr. Vishal Trivedi of Malaria Research 
Group of the Indian Institute of Technology Guwahati for his insights in 
drug targets for malaria chemotherapy. The author also acknowledges 
ICGEB, New Delhi for access to top-notch scientific journals. The work 
of literature mining, data analysis, report preparation and manuscript 
writing for this review was facilitated by the infrastructure provided to 
the author by the Translational Bioinformatics Group of ICGEB, New 
Delhi, which is funded by DBT, Government of India.

References

[1]   �Centers for Disease Control and Prevention. Control CfD and Prevention. 
The history of malaria, an ancient disease. Atlanta: Centers for Disease 
Control and Prevention; 2010. [Online] Available from: http://www.cdc.
gov/malaria/about/history/ [Acceseed on 3rd March, 2016]

[2]   �WHO Expert Committee on Malaria. Seventeenth report. World Health 
Organ Tech Rep Ser 1979; (640): 1-71.

[3]   �World Health Organization. Fact sheet on the World Malaria Report 2014. 
Geneva: World Health Organization; 2014. [Online] Available from: http://
www.who.int/malaria/media/world_malaria_report_2014/en/ [Acceseed on 
3rd March, 2016]

[4]   �Sharma RK, Thakor HG, Saha KB, Sonal GS, Dhariwal AC, Singh N. 
Malaria situation in India with special reference to tribal areas. Indian J 
Med Res 2015; 141(5): 537-45.

[5]   �Dash AP, Valecha N, Anvikar AR, Kumar A. Malaria in India: challenges 
and opportunities. J Biosci 2008; 33(4): 583-92.

[6]   �Greenwood BM, Bojang K, Whitty CJ, Targett GA. Malaria. Lancet 2005; 
365(9469): 1487-98.

[7]   �Liu W, Li Y, Learn GH, Rudicell RS, Robertson JD, Keele BF, et al. Origin 
of the human malaria parasite Plasmodium falciparum in gorillas. Nature 
2010; 467(7314): 420-5.

[8]   �Snow RW, Guerra CA, Noor AM, Myint HY, Hay SI. The global 
distribution of clinical episodes of Plasmodium falciparum malaria. Nature 
2005; 434(7030): 214-7.



Arnish Chakraborty/Asian Pac J Trop Dis 2016; 6(7): 581-588586

[9]   �Wernsdorfer WH. Epidemiology of drug resistance in malaria. Acta Trop 

1994; 56(2-3): 143-56.
[10] �Le Bras J, Durand R. The mechanisms of resistance to antimalarial drugs in 

Plasmodium falciparum. Fundam Clin Pharmacol 2003; 17(2): 147-53.
[11] �Lee MR. Plants against malaria. Part 1: Cinchona or the Peruvian bark. J R 

Coll Physicians Edinb 2002; 32(3): 189-96.
[12] �Björkman A, Phillips-Howard PA. The epidemiology of drug-resistant 

malaria. Trans R Soc Trop Med Hyg 1990; 84(2): 177-80.
[13] �Sullivan DJ Jr, Matile H, Ridley RG, Goldberg DE. A common mechanism 

for blockade of heme polymerization by antimalarial quinolines. J Biol 
Chem 1998; 273(47): 31103-7.

[14] �Cheruiyot J, Ingasia LA, Omondi AA, Juma DW, Opot BH, Ndegwa JM, et 
al. Polymorphisms in Pfmdr1, Pfcrt, and Pfnhe1 genes are associated with 
reduced in vitro activities of quinine in Plasmodium falciparum isolates 
from western Kenya. Antimicrob Agents Chemother 2014; 58(7): 3737-43.

[15] �Wernsdorfer WH, Payne D. The dynamics of drug resistance in 
Plasmodium falciparum. Pharmacol Ther 1991; 50(1): 95-121.

[16] �Durand R, Jafari S, Vauzelle J, Delabre JF, Jesic Z, Le Bras J. Analysis 
of pfcrt point mutations and chloroquine susceptibility in isolates of 
Plasmodium falciparum. Mol Biochem Parasitol 2001; 114(1): 95-102.

[17] �Peters W. Resistance of human malaria I, III, and IV. In: Chemotherapy and 
drug resistance in malaria. 2nd ed. London: Academic Press; 1987, p. 543-
68.

[18] �Price RN, Uhlemann AC, Brockman A, McGready R, Ashley E, Phaipun 
L, et al. Mefloquine resistance in Plasmodium falciparum and increased 
pfmdr1 gene copy number. Lancet 2004; 364(9432): 438-47.

[19] �Foley M, Tilley L. Quinoline antimalarials: mechanisms of action and 
resistance. Int J Parasitol 1997; 27(2): 231-40.

[20] �Price RN. Artemisinin drugs: novel antimalarial agents. Expert Opin 
Investig Drugs 2000; 9(8): 1815-27.

[21] �Payne D. Spread of chloroquine resistance in Plasmodium falciparum. 
Parasitol Today 1987; 3(8): 241-6.

[22] �Sehgal PN, Sharma MID, Sharma SL, Gogai S. Resistance to chloroquine 
in falciparum malaria in Assam State, India. J Com Dis 1973; 5(4): 175-80.

[23] �Wongsrichanalai C, Pickard AL, Wernsdorfer WH, Meshnick SR. 
Epidemiology of drug-resistant malaria. Lancet Infect Dis 2002; 2(4): 209-
18.

[24] �Krogstad DJ, Gluzman IY, Kyle DE, Oduola AM, Martin SK, Milhous 
WK, et al. Efflux of chloroquine from Plasmodium falciparum: mechanism 
of chloroquine resistance. Science 1987; 238(4831): 1283-5.

[25] �Povoa MM, Adagu IS, Oliveira SG, Machado RLD, Miles MA, Warhurst 
DC. Pfmdr1Asn1042AspandAsp1246Tyrpolymorphisms, thought to be associated 
with chloroquine resistance, are present in chloroquine-resistant and-
sensitive Brazilian field isolates of Plasmodium falciparum. Exp Parasitol 

1998; 88(1): 64-8.
[26] �Fidock DA, Nomura T, Talley AK, Cooper RA, Dzekunov SM, Ferdig 

MT, et al. Mutations in the P. falciparum digestive vacuole transmembrane 
protein PfCRT and evidence for their role in chloroquine resistance. Mol 
Cell 2000; 6(4): 861-71.

[27] �Jelinek T, Rønn AM, Lemnge MM, Curtis J, Mhina J, Duraisingh MT, et al. 
Polymorphisms in the dihydrofolate reductase (DHFR) and dihydropteroate 
synthetase (DHPS) genes of Plasmodium falciparum and in vivo resistance 
to sulphadoxine/pyrimethamine in isolates from Tanzania. Trop Med Int 
Health 1998; 3(8): 605-9.

[28] �Triglia T, Menting JG, Wilson C, Cowman AF. Mutations in 
dihydropteroate synthase are responsible for sulfone and sulfonamide 
resistance in Plasmodium falciparum. Proc Natl Acad Sci U S A 1997; 
94(25): 13944-9.

[29] �Borrmann S, Adegnika AA, Matsiegui PB, Issifou S, Schindler A, 
Mawili-Mboumba DP, et al. Fosmidomycin-clindamycin for Plasmodium 
falciparum infections in African children. J Infect Dis 2004; 189(5): 901-8.

[30] �Egan TJ, Kaschula CH. Strategies to reverse drug resistance in malaria. 
Curr Opin Infect Dis 2007; 20(6): 598-604.

[31] �Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, et al. 
Genome sequence of the human malaria parasite Plasmodium falciparum. 

Nature 2002; 419(6906): 498-511.
[32] �Llinas M, Bozdech Z, Wong ED, Adai AT, DeRisi JL. Comparative whole 

genome transcriptome analysis of three Plasmodium falciparum strains. 
Nucleic Acids Res 2006; 34(4): 1166-73.

[33] �Florens L, Liu X, Wang Y, Yang S, Schwartz O, Peglar M, et al. Proteomics 
approach reveals novel proteins on the surface of malaria-infected 
erythrocytes. Mol Biochem Parasitol 2004; 135(1): 1-11.

[34] �Florens L, Washburn MP, Raine JD, Anthony RM, Grainger M, Haynes JD, 
et al. A proteomic view of the Plasmodium falciparum life cycle. Nature 
2002; 419(6906): 520-6.

[35] �McRobert L, McConkey GA. RNA interference (RNAi) inhibits growth of 
Plasmodium falciparum. Mol Biochem Parasitol 2002; 119(2): 273-8.

[36] �Baldwin J, Michnoff CH, Malmquist NA, White J, Roth MG, Rathod 
PK, et al. High-throughput screening for potent and selective inhibitors of 
Plasmodium falciparum dihydroorotate dehydrogenase. J Biol Chem 2005; 
280(23): 21847-53.

[37] �Krungkrai J, Krungkrai SR, Phakanont K. Antimalarial activity of orotate 
analogs that inhibit dihydroorotase and dihydroorotate dehydrogenase. 
Biochem Pharmacol 1992; 43(6): 1295-301.

[38] �Boa AN, Canavan SP, Hirst PR, Ramsey C, Stead AM, McConkey 
GA. Synthesis of brequinar analogue inhibitors of malaria parasite 
dihydroorotate dehydrogenase. Bioorg Med Chem 2005; 13(6): 1945-67.

[39] �Heikkila T, Thirumalairajan S, Davies M, Parsons MR, McConkey AG, 
Fishwick CW, et al. The first de novo designed inhibitors of Plasmodium 
falciparum dihydroorotate dehydrogenase. Bioorg Med Chem Lett 2006; 
16(1): 88-92.

[40] �Suraveratum N, Krungkrai SR, Leangaramgul P, Prapunwattana P, 
Krungkrai J. Purification and characterization of Plasmodium falciparum 
succinate dehydrogenase. Mol Biochem Parasitol 2000; 105(2): 215-22.

[41] �Dar O, Khan MS, Adagu I. The potential use of methotrexate in the 
treatment of falciparum malaria: in vitro assays against sensitive and 
multidrug-resistant falciparum strains. Jpn J Infect Dis 2008; 61(3): 210-1.

[42] �Fidock DA, Nomura T, Wellems TE. Cycloguanil and its parent compound 
proguanil demonstrate distinct activities against Plasmodium falciparum 
malaria parasites transformed with human dihydrofolate reductase. Mol 
Pharmacol 1998; 54(6): 1140-7.

[43] �Krungkrai J, Kanchanarithisak R, Krungkrai SR, Rochanakij S. 
Mitochondrial NADH dehydrogenase from Plasmodium falciparum and 
Plasmodium berghei. Exp Parasitol 2002; 100(1): 54-61.

[44] �Biot C, Bauer H, Schirmer RH, Davioud-Charvet E. 5-substituted tetrazoles 
as bioisosteres of carboxylic acids. Bioisosterism and mechanistic studies 
on glutathione reductase inhibitors as antimalarials. J Med Chem 2004; 
47(24): 5972-83.

[45] �Zhang YA, Hempelmann E, Schirmer RH. Glutathione reductase inhibitors 
as potential antimalarial drugs. Effects of nitrosoureas on Plasmodium 
falciparum in vitro. Biochem Pharmacol 1988; 37(5): 855-60.

[46] �Krnajski Z, Gilberger TW, Walter RD, Cowman AF, Müller S. Thioredoxin 
reductase is essential for the survival of Plasmodium falciparum 
erythrocytic stages. J Biol Chem 2002; 277(29): 25970-5.

[47] �Luersen K, Walter RD, Muller S. Plasmodium falciparum-infected red 
blood cells depend on a functional glutathione de novo synthesis attributable 
to an enhanced loss of glutathione. Biochem J 2000; 346: 545-52.

[48] �Fieser LF, Berliner E. Naphthoquinone antimalarials; general survey. J Am 
Chem Soc 1948; 70(10): 3151-5.

[49] �Barker RH Jr, Metelev V, Rapaport E, Zamecnik P. Inhibition of 
Plasmodium falciparum malaria using antisense oligodeoxynucleotides. 
Proc Natl Acad Sci U S A 1996; 93(1): 514-8.

[50] �Chakrabarti D, Schuster SM, Chakrabarti R. Cloning and characterization 
of subunit genes of ribonucleotide reductase, a cell-cycle-regulated enzyme, 
from Plasmodium falciparum. Proc Natl Acad Sci U S A 1993; 90(24): 
12020-4.

[51] �Lytton SD, Mester B, Libman J, Shanzer A, Cabantchik ZI. Mode of action 
of iron (III) chelators as antimalarials: II. Evidence for differential effects on 
parasite iron-dependent nucleic acid synthesis. Blood 1994; 84(3): 910-5.

[52] �Rohrich RC, Englert N, Troschke K, Reichenberg A, Hintz M, Seeber F, 



Arnish Chakraborty/Asian Pac J Trop Dis 2016; 6(7): 581-588 587

et al. Reconstitution of an apicoplast-localised electron transfer pathway 

involved in the isoprenoid biosynthesis of Plasmodium falciparum. FEBS 

Lett 2005; 579(28): 6433-8.

[53] �Vinayak S, Sharma YD. Inhibition of Plasmodium falciparum ispH (lytB) 

gene expression by hammerhead ribozyme. Oligonucleotides 2007; 17(2): 

189-200.

[54] �Phillips MA, Rathod PK. Plasmodium dihydroorotate dehydrogenase: a 

promising target for novel anti-malarial chemotherapy. Infect Disord Drug 

Targets 2010; 10(3): 226-39.

[55] �Bujnicki JM, Prigge ST, Caridha D, Chiang PK. Structure, evolution, 

and inhibitor interaction of S-adenosyl-L-homocysteine hydrolase from 

Plasmodium falciparum. Proteins 2003; 52(4): 624-32.

[56] �Shuto S, Minakawa N, Niizuma S, Kim HS, Wataya Y, Matsuda A. New 

neplanocin analogues. 12. Alternative synthesis and antimalarial effect of 

(6’R)-6’-C-methylneplanocin A, a potent AdoHcy hydrolase inhibitor. J 

Med Chem 2002; 45(3): 748-51.

[57] �Kitade Y, Kozaki A, Gotoh T, Miwa T, Nakanishi M, Yatome C. Synthesis 

of S-adenosyl-L-homocysteine hydrolase inhibitors and their biological 

activities. Nucleic Acids Symp Ser 1999; (42): 25-6.

[58] �Messika E, Golenser J, Abu-Elheiga L, Robert-Gero M, Lederer E, 

Bachrach U. Effect of sinefungin on macromolecular biosynthesis and cell 

cycle of Plasmodium falciparum. Trop Med Parasitol 1990; 41(3): 273-8.

[59] �Nankya-Kitaka MF, Curley GP, Gavigan CS, Bell A, Dalton JP. 

Plasmodium chabaudi chabaudi and P. falciparum: inhibition of 

aminopeptidase and parasite growth by bestatin and nitrobestatin. Parasitol 

Res 1998; 84(7): 552-8.

[60] �Klemba M, Gluzman I, Goldberg DE. A Plasmodium falciparum dipeptidyl 

aminopeptidase I participates in vacuolar hemoglobin degradation. J Biol 

Chem 2004; 279(41): 43000-7.

[61] �Noteberg D, Hamelink E, Hultén J, Wahlgren M, Vrang L, Samuelsson B, 

et al. Design and synthesis of plasmepsin I and plasmepsin II inhibitors with 

activity in Plasmodium falciparum-infected cultured human erythrocytes. J 

Med Chem 2003; 46(5): 734-46.

[62] �Romeo S, Dell’Agli M, Parapini S, Rizzi L, Galli G, Mondani M, et al. 

Plasmepsin II inhibition and antiplasmodial activity of Primaquine-Statine 

‘double-drugs’. Bioorg Med Chem Lett 2004; 14(11): 2931-4.

[63] �Bedford MT, Clarke SG. Protein arginine methylation in mammals: who, 

what, and why. Mol Cell 2009; 33(1): 1-13.

[64] �Boisvert FM, Chenard CA, Richard S. Protein interfaces in signaling 

regulated by arginine methylation. Sci STKE 2005; 2005(271): re2.

[65] �Lee DY, Teyssier C, Strahl BD, Stallcup MR. Role of protein methylation 

in regulation of transcription. Endocr Rev 2005; 26(2): 147-70.

[66] �Chiang PK. S-adenosylhomocysteine hydrolase. In: Paton DM, editor. 

Methods used in adenosine research. New York: Springer US; 1985, p. 127-

45.

[67] �Banerjee R, Goldberg DE. The Plasmodium food vacuole. In: Rosenthal 

PJ, editor. Antimalarial chemotherapy. New York: Humana Press; 2001, p. 

43-63.

[68] �Olliaro PL, Goldberg DE. The Plasmodium digestive vacuole: metabolic 

headquarters and choice drug target. Parasitol Today 1995; 11(8): 294-7.

[69] �Blackman MJ. Malarial  proteases and host cell  egress:  an 

‘emerging’cascade. Cell Microbiol 2008; 10(10): 1925-34.

[70] �Coombs GH, Goldberg DE, Klemba M, Berry C, Kay J, Mottram JC. 

Aspartic proteases of Plasmodium falciparum and other parasitic protozoa 

as drug targets. Trends Parasitol 2001; 17(11): 532-7.

[71] �Malhotra P, Dasaradhi PV, Kumar A, Mohmmed A, Agrawal N, Bhatnagar 

RK, et al. Double-stranded RNA-mediated gene silencing of cysteine 

proteases (falcipain-1 and -2) of Plasmodium falciparum. Mol Microbiol 

2002; 45(5): 1245-54.

[72] �Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein 

kinase complement of the human genome. Science 2002; 298(5600): 1912-

34.

[73] �Anamika, Srinivasan N, Krupa A. A genomic perspective of protein kinases 

in Plasmodium falciparum. Proteins 2005; 58(1): 180-9.

[74] �Ward P, Equinet L, Packer J, Doerig C. Protein kinases of the human 

malaria parasite Plasmodium falciparum: the kinome of a divergent 

eukaryote. BMC Genomics 2004; 5: 79.

[75] �Cohen P. Protein kinases-the major drug targets of the twenty-first century? 

Nat Rev Drug Discov 2002; 1(4): 309-15.

[76] �Gray N, Détivaud L, Doerig C, Meijer L. ATP-site directed inhibitors of 

cyclin-dependent kinases. Curr Med Chem 1999; 6(9): 859-75.

[77] �Hunter T. Protein kinases and phosphatases: the yin and yang of protein 

phosphorylation and signaling. Cell 1995; 80(2): 225-36.

[78] �Noble ME, Endicott JA, Johnson LN. Protein kinase inhibitors: insights 

into drug design from structure. Science 2004; 303(5665): 1800-5.

[79] �Giamas G, Stebbing J, Vorgias CE, Knippschild U. Protein kinases as 

targets for cancer treatment. Pharmacogenomics 2007; 8(8): 1005-16.

[80] �Holton S, Merckx A, Burgess D, Doerig C, Noble M, Endicott J. Structures 

of P. falciparum PfPK5 test the CDK regulation paradigm and suggest 

mechanisms of small molecule inhibition. Structure 2003; 11(11): 1329-37.

[81] �Kumar P, Tripathi A, Ranjan R, Halbert J, Gilberger T, Doerig C, et al. 

Regulation of Plasmodium falciparum development by calcium-dependent 

protein kinase 7 (PfCDPK7). J Biol Chem 2014; 289(29): 20386-95.

[82] �Morlon-Guyot J, Berry L, Chen CT, Gubbels MJ, Lebrun M, Daher W. The 

Toxoplasma gondii calcium-dependent protein kinase 7 is involved in early 

steps of parasite division and is crucial for parasite survival. Cell Microbiol 

2014; 16(1): 95-114.

[83] �Coppi A, Tewari R, Bishop JR, Bennett BL, Lawrence R, Esko JD, et al. 

Heparan sulfate proteoglycans provide a signal to Plasmodium sporozoites 

to stop migrating and productively invade host cells. Cell Host Microbe 

2007; 2(5): 316-27.

[84] �Ejigiri I, Sinnis P. Plasmodium sporozoite-host interactions from the dermis 

to the hepatocyte. Curr Opin Microbiol 2009; 12(4): 401-7.

[85] �Koyama FC, Chakrabarti D, Garcia CR. Molecular machinery of signal 

transduction and cell cycle regulation in Plasmodium. Mol Biochem 

Parasitol 2009; 165(1): 1-7.

[86] �Tewari R, Straschil U, Bateman A, Böhme U, Cherevach I, Gong P, et al. 

The systematic functional analysis of Plasmodium protein kinases identifies 

essential regulators of mosquito transmission. Cell Host Microbe 2010; 

8(4): 377-87.

[87] �Ojo KK, Eastman RT, Vidadala R, Zhang Z, Rivas KL, Choi R, et al. A 

specific inhibitor of PfCDPK4 blocks malaria transmission: chemical-

genetic validation. J Infect Dis 2014; 209(2): 275-84.

[88] �Vidadala RS, Ojo KK, Johnson SM, Zhang Z, Leonard SE, Mitra A, 

et al. Development of potent and selective Plasmodium falciparum 

calcium-dependent protein kinase 4 (PfCDPK4) inhibitors that block the 

transmission of malaria to mosquitoes. Eur J Med Chem 2014; 74: 562-73.

[89] �Dorin D, Alano P, Boccaccio I, Cicéron L, Doerig C, Sulpice R, et al. An 

atypical mitogen-activated protein kinase (MAPK) homologue expressed 

in gametocytes of the human malaria parasite Plasmodium falciparum. 

Identification of a MAPK signature. J Biol Chem 1999; 274(42): 29912-20.

[90] �Santiago TC, Zufferey R, Mehra RS, Coleman RA, Mamoun CB. The 

Plasmodium falciparum PfGatp is an endoplasmic reticulum membrane 

protein important for the initial step of malarial glycerolipid synthesis. J 

Biol Chem 2004; 279(10): 9222-32.

[91] �Abdi A, Eschenlauer S, Reininger L, Doerig C. SAM domain-dependent 

activity of PfTKL3, an essential tyrosine kinase-like kinase of the human 

malaria parasite Plasmodium falciparum. Cell Mol Life Sci 2010; 67(19): 

3355-69.

[92] �Philip N, Haystead TA. Characterization of a UBC13 kinase in Plasmodium 

falciparum. Proc Natl Acad Sci U S A 2007; 104(19): 7845-50.

[93] �Dorin D, Semblat JP, Poullet P, Alano P, Goldring JP, Whittle C, et al. 

PfPK7, an atypical MEK-related protein kinase, reflects the absence of 

classical three-component MAPK pathways in the human malaria parasite 

Plasmodium falciparum. Mol Microbiol 2005; 55(1): 184-96.

[94] �Hayward RE. Plasmodium falciparum phosphoenolpyruvate carboxykinase 

is developmentally regulated in gametocytes. Mol Biochem Parasitol 2000; 

107(2): 227-40.



Arnish Chakraborty/Asian Pac J Trop Dis 2016; 6(7): 581-588588

[95] �Choubey V, Maity P, Guha M, Kumar S, Srivastava K, Puri SK, 

et al. Inhibition of Plasmodium falciparum choline kinase by 

hexadecyltrimethylammonium bromide: a possible antimalarial mechanism. 

Antimicrob Agents Chemother 2007; 51(2): 696-706.

[96] �Tarun AS, Peng X, Dumpit RF, Ogata Y, Silva-Rivera H, Camargo N, et al. 

A combined transcriptome and proteome survey of malaria parasite liver 

stages. Proc Natl Acad Sci U S A 2008; 105(1): 305-10.

[97] �Doerig C, Endicott J, Chakrabarti D. Cyclin-dependent kinase homologues 

of Plasmodium falciparum. Int J Parasitol 2002; 32(13): 1575-85.

[98] �Wernimont AK, Artz JD, Finerty P Jr, Lin YH, Amani M, Allali-Hassani A, 

et al. Structures of apicomplexan calcium-dependent protein kinases reveal 

mechanism of activation by calcium. Nat Struct Mol Biol 2010; 17(5): 596-

601.

[99] �Li Z, Le Roch K, Geyer JA, Woodard CL, Prigge ST, Koh J, et al. Influence 

of human p16(INK4) and p21(CIP1) on the in vitro activity of recombinant 

Plasmodium falciparum cyclin-dependent protein kinases. Biochem 

Biophys Res Commun 2001; 288(5): 1207-11.

[100]�Graeser R, Wernli B, Franklin RM, Kappes B. Plasmodium falciparum 

protein kinase 5 and the malarial nuclear division cycles. Mol Biochem 

Parasitol 1996; 82(1): 37-49.

[101]�Ishino T, Orito Y, Chinzei Y, Yuda M. A calcium-dependent protein kinase 

regulates Plasmodium ookinete access to the midgut epithelial cell. Mol 

Microbiol 2006; 59(4): 1175-84.

[102]�Siden-Kiamos I, Ecker A, Nybäck S, Louis C, Sinden RE, Billker O. 

Plasmodium berghei calcium-dependent protein kinase 3 is required for 

ookinete gliding motility and mosquito midgut invasion. Mol Microbiol 

2006; 60(6): 1355-63.

[103]�Billker O, Dechamps S, Tewari R, Wenig G, Franke-Fayard B, Brinkmann 

V. Calcium and a calcium-dependent protein kinase regulate gamete 

formation and mosquito transmission in a malaria parasite. Cell 2004; 

117(4): 503-14.

[104]�Moskes C, Burghaus PA, Wernli B, Sauder U, Dürrenberger M, Kappes B. 

Export of Plasmodium falciparum calcium-dependent protein kinase 1 to 

the parasitophorous vacuole is dependent on three N-terminal membrane 

anchor motifs. Mol Microbiol 2004; 54(3): 676-91.

[105]�Kato N, Sakata T, Breton G, Le Roch KG, Nagle A, Andersen C, et al. 

Gene expression signatures and small-molecule compounds link a protein 

kinase to Plasmodium falciparum motility. Nat Chem Biol 2008; 4(6): 347-

56.

[106]�Owens DM, Keyse SM. Differential regulation of MAP kinase 

signalling by dual-specificity protein phosphatases. Oncogene 2007; 

26(22): 3203-13.

[107]�Dorin‐Semblat D, Quashie N, Halbert J, Sicard A, Doerig C, Peat E, 

et al. Functional characterization of both MAP kinases of the human 

malaria parasite Plasmodium falciparum by reverse genetics. Mol 

Microbiol 2007; 65(5): 1170-80.

[108]�Dorin D, Le Roch K, Sallicandro P, Alano P, Parzy D, Poullet P, 

et al. Pfnek-1, a NIMA-related kinase from the human malaria 

parasite Plasmodium falciparum biochemical properties and possible 

involvement in MAPK regulation. Eur J Biochem 2001; 268(9): 2600-8.

[109]�Lye YM, Chan M, Sim TS. Pfnek3: an atypical activator of a MAP 

kinase in Plasmodium falciparum. FEBS Lett 2006; 580(26): 6083-92.

[110]�Lanzer M, Wickert H, Krohne G, Vincensini L, Braun Breton C. 

Maurer’s clefts: a novel multi-functional organelle in the cytoplasm of 

Plasmodium falciparum-infected erythrocytes. Int J Parasitol 2006; 

36(1): 23-36.

[111]�Droucheau E, Primot A, Thomas V, Mattei D, Knockaert M, Richardson 

C, et al. Plasmodium falciparum glycogen synthase kinase-3: molecular 

model, expression, intracellular localisation and selective inhibitors. 

Biochim Biophys Acta 2004; 1697(1-2): 181-96.

[112]�Syin C, Parzy D, Traincard F, Boccaccio I, Joshi MB, Lin DT, et al. 

The H89 cAMP-dependent protein kinase inhibitor blocks Plasmodium 

falciparum development in infected erythrocytes. Eur J Biochem 2001; 

268(18): 4842-9.

[113]�Merckx A, Le Roch K, Nivez MP, Dorin D, Alano P, Gutierrez GJ, et al. 

Identification and initial characterization of three novel cyclin-related 

proteins of the human malaria parasite Plasmodium falciparum. J Biol 

Chem 2003; 278(41): 39839-50.

[114]�Beraldo FH, Almeida FM, da Silva AM, Garcia CR. Cyclic AMP 

and calcium interplay as second messengers in melatonin-dependent 

regulation of Plasmodium falciparum cell cycle. J Cell Biol 2005; 

170(4): 551-7.

[115]�Ono T, Cabrita-Santos L, Leitao R, Bettiol E, Purcell LA, Diaz-

Pulido O, et al. Adenylyl cyclase alpha and cAMP signaling mediate 

Plasmodium sporozoite apical regulated exocytosis and hepatocyte 

infection. PLoS Pathog 2008; 4(2): e1000008.

[116]�Gurnett AM, Liberator PA, Dulski PM, Salowe SP, Donald RG, 

Anderson JW, et al. Purification and molecular characterization of 

cGMP-dependent protein kinase from Apicomplexan parasites. A novel 

chemotherapeutic target. J Biol Chem 2002; 277(18): 15913-22.

[117]�Donald RG, Allocco J, Singh SB, Nare B, Salowe SP, Wiltsie J, et al. 

Toxoplasma gondii cyclic GMP-dependent kinase: chemotherapeutic 

targeting of an essential parasite protein kinase. Eukaryot Cell 2002; 

1(3): 317-28.

[118]�Wiersma HI, Galuska SE, Tomley FM, Sibley LD, Liberator PA, 

Donald RG. A role for coccidian cGMP-dependent protein kinase in 

motility and invasion. Int J Parasitol 2004; 34(3): 369-80.

[119]�Diaz CA, Allocco J, Powles MA, Yeung L, Donald RG, Anderson JW, 

et al. Characterization of Plasmodium falciparum cGMP-dependent 

protein kinase (PfPKG): antiparasitic activity of a PKG inhibitor. Mol 

Biochem Parasitol 2006; 146(1): 78-88.

[120]�Marte BM, Downward J. PKB/Akt: connecting phosphoinositide 

3-kinase to cell survival and beyond. Trends Biochem Sci 1997; 22(9): 

355-8.

[121]�Kumar A, Vaid A, Syin C, Sharma P. PfPKB, a novel protein kinase 

B-like enzyme from Plasmodium falciparum: I. Identification, 

characterization, and possible role in parasite development. J Biol Chem 

2004; 279(23): 24255-64.

[122]�Vaid A, Sharma P. PfPKB, a protein kinase B-like enzyme from 

Plasmodium falciparum: II. Identification of calcium/calmodulin as its 

upstream activator and dissection of a novel signaling pathway. J Biol 

Chem 2006; 281(37): 27126-33.

[123]�Dorin-Semblat D, Sicard A, Doerig C, Ranford-Cartwright L, Doerig C. 

Disruption of the PfPK7 gene impairs schizogony and sporogony in the 

human malaria parasite Plasmodium falciparum. Eukaryot Cell 2008; 

7(2): 279-85.

[124]�Carlton JM, Sina BJ, Adams JH. Why is Plasmodium vivax a neglected 

tropical disease? PLoS Negl Trop Dis 2011; 5(6): e1160.

[125]�Hotez PJ, Molyneux DH, Fenwick A, Kumaresan J, Sachs SE, Sachs 

JD, et al. Control of neglected tropical diseases. N Engl J Med 2007; 

357(10): 1018-27.

[126]�Trouiller P, Olliaro P, Torreele E, Orbinski J, Laing R, Ford N. Drug 

development for neglected diseases: a deficient market and a public-

health policy failure. Lancet 2002; 359(9324): 2188-94.

[127]�Trouiller P, Olliaro PL. Drug development output from 1975 to 

1996: What proportion for tropical diseases? Int J Infect Dis 1998; 

3(2): 61.

[128]�Yamey G. The world’s most neglected diseases - ignored by the 

pharmaceutical industry and by public-private partnerships. BMJ 

2002; 325: 176-7.

[129]�Nwaka S, Ridley RG. Virtual drug discovery and development for 

neglected diseases through public-private partnerships. Nat Rev 

Drug Discov 2003; 2(11): 919-28.

[130]�Widdus R. Public-private partnerships for health: their main targets, 

their diversity, and their future directions. Bull World Health Organ 

2001; 79(8): 713-20.

[131]�Horton J. Drug development for tropical diseases-present situation, 

future perspectives. Trends Parasitol 2003; 19: 6.


